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RESUMEN 

El proyecto se enmarca en el área de recursos energéticos renovables. La presente 
investigación se centra en un doble objetivo: Por un lado, la elaboración de una 
metodología para el desarrollo de atlas de recurso energético solar mediante el uso de 
Modelos Numéricos de Predicción Meteorológica (MNPM) y por otro el estudio de la 
respuesta de diferentes tecnologías de módulos fotovoltaicos en función de las condiciones 
climáticas, en particular irradiación y temperatura. El estudio se ha focalizado en una 
región climática semiárida específica: el sur del estado de Sonora en México. 

En el Capítulo 1 se hace un recorrido sobre el estado actual y los avances en el sector 
energético y en especial en las energías renovables primeramente de México, después del 
estado de Sonora y por último de la región sur del estado. México, como país productor de 
petróleo siempre se ha caracterizado por tener una política energética basada en productos 
fósiles como fuente. De hecho, México siempre ha sido un país energéticamente 
independiente, incluso excedentario, eso sí, con producción variable. De hecho, en los 70’s 
el país paso por un boom de producción que se detuvo a partir de 1980, manteniéndose 
hasta principios del nuevo milenio. A partir de ahí, hubo un pequeño aumento y una 
posterior disminución en el consumo de petróleo y un ligero aumento en el consumo de gas 
natural. Hasta el año 2013, la producción energética del país siempre sobrepasaba el 
consumo nacional, pero a partir de ahí el índice de independencia energética se redujo, 
manteniendo una tendencia a la baja para los próximos años, no solo por la disminución de 
la producción de derivados del petróleo sino además por el aumento de la demanda 
energética en los últimos años. Esto supone sin duda una situación de desventaja energética 
para el país al requerir de la importación de energía. En esta coyuntura, el gobierno 
mexicano en los últimos 3 años ha creado instrumentos legales para promover el uso de 
energías renovables a diferentes escalas. Dichos instrumentos planean incrementar el uso 
de la capacidad instalada en renovables hasta 17.5 GW para el 2020 como meta mínima. 

Una de las aplicaciones articuladas por el gobierno mexicano, a través de la Secretaria de 
Energía fue la creación de un portal donde se recopilan diferentes estudios realizados, 
sobre la evaluación de los recursos energéticos renovables de la nación, por distintas 
instituciones públicas. Los resultados de estos estudios dan valores orientativos que 
identifican zonas de posible explotación del recurso. Desgraciadamente, las metodologías 
empleadas para obtener los datos a disposición no son claras y las resoluciones tanto 
espaciales como temporales son deficientes. En estas condiciones, la información 
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disponible no es suficiente para un dimensionado responsable de plantas de explotación del 
recurso energético. En el trabajo se describen en detalle los estudios a disposición, sus 
características y sus carencias.

A nivel cualitativo, y como tendencia general, todos los estudios prevén una alta capacidad 
de recurso solar en  el país, así como una alta capacidad eólica en ciertas regiones como el 
istmo de Tehuantepec, Baja California y Tamaulipas y media-baja en el resto de regiones. 
Además, se considera la existencia de un alto nivel de recurso geotérmico de alta entalpia 
en la mayoría de los estados, y una notable capacidad de producción de energía oceánica. 
Como dato de interés, los proyectos de extracción de energías renovables ya en 
funcionamiento  solo representan el 8.4% de la capacidad total de producción. 

El trabajo que se presenta, se centra de modo específico en la región de Sonora, en 
particular en la zona sur de la región, por lo cual sus características interesan de modo 
particular. El sur de Sonora es una región semiárida que comprende un territorio que 
abarca 14 municipios y aglutina el 38% de la población del estado. Los niveles de 
marginalidad social son altos en dos municipalidades, existiendo alguna otra con niveles 
medio-alto de marginalidad. El estado de Sonora se caracteriza por ser un estado seco, 
aunque  el sur dispone de un conjunto de presas hidráulicas que fomentan la existencia de 
agricultura extensiva en la región. A pesar de ello, existen problemas en la distribución del 
agua asociados a perdidas en los canales de distribución y a la fuerte estacionalidad en el 
reabastecimiento de las presas. Este reabastecimiento proviene de los ríos que vienen de las 
montañas y por tanto su caudal, al depender de las épocas de lluvias resulta altamente 
variable. De hecho, existen años con largos periodos de sequía, lo cual  conlleva una sobre 
explotación de los mantos acuíferos, lo  que constituye otro problema regional. 

En términos energéticos el sur de Sonora  se abastece de grandes centrales hidroeléctricas y  
de turbogas. Existen además algunos proyectos de huertas solares en la región así como 
registros del uso de paneles fotovoltaicos, generadores eólicos y bombas de agua eólicas en 
lugares remotos de la región. Los problemas sociales, de agua y la falta de competencia 
energética hacen del sur de Sonora una región ideal para instalaciones de energías 
renovables, como el abastecimiento energético eólico o solar, que vendría facilitado por la 
existencia de mapas adecuados de recurso energético, de los que no se dispone en la 
actualidad. 

El Capítulo 2 comienza con una recopilación de los modelos de irradiación solar más 
utilizados  y referenciados en la literatura, sus características y su capacidad de predicción 
y su nivel de validación. Una vez evaluados, se seleccionó como más adecuado para la 
zona en estudio un Modelo Numérico de Predicción Meteorológica, de amplia utilización 
en la  predicción de  variables climatológicas y eventos meteorológicos e incluso en 
estudios de cambio climático a pesar de su pobre resolución espacial. Para el trabajo que se 
presenta se seleccionó un modelo numérico de mesoescala, el  WRF (Weather Research 
Forecast por sus siglas en inglés) altamente replicable, usado habitualmente para 
investigación y meteorología y sobretodo, fácilmente configurable para cualquier
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característica climatológica del planeta. En base a este modelo, se elaboró una metodología 
para generar una base de datos de irradiación global horizontal de la región del sur de 
Sonora. Una de las innovaciones aportadas, es la propuesta de definición de un año de 
irradiación media tipo, el cual permite seleccionar los días más representativos de una base 
de datos de 30 años, que conlleva  un importante ahorro en los tiempos de ejecución de los 
procesos de simulación. La base de datos se obtuvo a partir del modelo numérico global 
ERA-Interim, desarrollado por el Centro Europeo de Previsiones Meteorológicas a Plazo 
Medio. Un año tipo de irradiación media es aquel en el cual cada día es seleccionado en 
modo que su irradiación sea la más cercana a la media del mismo día en la base histórica 
de 30 años disponible. Para esto, se calcula la media de cada día en los 30 años, se 
compara cada día con esta media y el día que tenga la menor diferencia con la media se 
selecciona como el día tipo y así hasta completar los 365 días del año tipo. Esta 
metodología constituye  una base de datos global que puede ser usada para cualquier lugar 
del planeta sin la necesidad de bases de datos locales. 

En estas condiciones se elaboran los mapas de recurso solar en la región. Los resultados 
obtenidos se validan con una serie de 32 estaciones agro-meteorológicas con un rango 
histórico de datos de 3 a 8 años y frecuencia horaria. Estas estaciones fueron seleccionadas 
por su calidad de entre las más de mil existentes en la zona, tras la aplicación de filtros 
estrictos de calidad. Los resultados obtenidos  con WRF se comparan con los resultados de 
un MNPM global abierto (ERA-Interim, con parametrización de cúmulos) en condiciones 
idénticas y en la región en estudio. Los resultados se evalúan mediante dos estimadores 
estadísticos, MBE y rRMSE. Como principales resultados, cabe destacar que a nivel anual, 
ERA-Interim presenta valores solo ligeramente mejores que WRF. De hecho, ERA-Interim 
muestra mejores prestaciones en los meses de verano, mientras que el modelo WRF 
muestra mejores valores en invierno. En cuanto a las medidas de correlación (R2) entre los 
datos obtenidos por los modelos frente a las observaciones experimentales, ésta es más que 
aceptable en ambos modelos (ERA-Interim 0.93; WRF 0.88).

Como resumen, la precisión obtenida con el modelo WRF es buena y la resolución alta en 
comparación a resultados de investigaciones previas. Además, aunque el estudio realizado 
ha sido optimizado para la región del Sur de Sonora, los resultados obtenidos pueden ser 
extrapolados a cualquier otra región de características climáticas  similares. Por último, el 
uso del año de irradiación media tipo propuesta optimiza los tiempos de simulación.

En el Capítulo 3, para mejorar la respuesta del modelo WRF, se realizó un estudio de 
sensibilidad de parametrizaciones de cúmulos. La necesidad de este estudio, surge de los 
resultados del capítulo anterior, donde se observó cómo los peores resultados del modelo 
WRF aparecen asociados a meses con fenómenos climatológicos adversos en periodos de 
nubosidad muy variable como los monzones. En el estudio, se comparan siete 
parametrizaciones de los efectos convectivos que afectan indirectamente la irradiación 
solar y directamente la formación de hidrometeoros en la parametrización de microfísica 
del modelo WRF. Las parametrizaciones seleccionadas para la comparación son: Kain 
Fritsch(KF), Betts Miller Janjic (BM), Grell Freitas (GF), Old Simplified Arakawa 
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Schubert (OSAS), Grell 3 (G3), Tiedtke (Ts) y por ultimo New Simplified Arakawa 
Schubert (NSAS). Además se agregaron los resultados del modelo ERA-Interim para 
comparación. Dado que se habían detectado diferencias de comportamiento entre verano e 
invierno, ambos periodos fueron estudiados separadamente. Como representativo del 
verano, se seleccionó el mes de Julio que es el que presentaba mayores errores en el 
capítulo anterior. Los mejores resultados en este caso los presenta la parametrización 
NSAS, seguida de la OSAS. El resto de las parametrizaciones exhiben errores más altos 
que ERA-Interim. En el caso del invierno, el mes seleccionado para simular fue diciembre. 
Los resultados muestran mayor similitud entre todos los casos y una mayor exactitud en 
tres casos KF, G3 y NSAS con casi el mismo error estimado. En estas condiciones, se 
puede afirmar que  globalmente la parametrización de cúmulos New Simple Arakawa-
Schubert resultó la más adecuada. 

Tratando de profundizar sobre los resultados obtenidos, se realizaron estudios de 
predicción de precipitación  con las parametrizaciones KF y NSAS ya que estas muestran 
comportamientos extremos en verano y resultan semejantes en invierno. Las predicciones 
se compararon con las observaciones experimentales. Como variables de estudio se 
utilizaron aquellas que estiman los hidrometeoros (hielo, gotas de lluvia, nubes, granizo y 
nieve) producidos por la parametrización de microfísica, los cuales afectan directamente la 
densidad óptica de la atmosfera y afectan la salida de irradiación solar en la superficie del 
modelo en cada caso. Se observa cómo, en verano, el modelo simulado con KF, presenta 
menor densidad de humedad en la atmosfera promedio que el caso simulado con NSAS. Es 
decir, en el caso simulado con KF existe una menor permanencia de humedad en la 
atmosfera, lo cual aumenta la irradiación solar recibida en la superficie. De ahí la 
sobreestimación respecto a las observaciones de las estaciones meteorológicas. Por último, 
se realizó una tercera prueba para determinar la respuesta del modelo en una estación del 
año intermedia (primavera), tanto para NSAS como para KF. En este caso, también se 
analizó la previsión de hidrometeoros y se comprobó cómo es la convectividad producida 
por el monzón norteamericano la que afecta los resultados de las simulaciones. 

Como resumen, los resultados obtenidos por el modelo WRF con la parametrización NSAS 
fueron los cercanos a las observaciones, con errores estadísticos menores del 6%, en 
cualquier periodo del año. Esto permite proponer esta configuración  para la elaboración de 
una base de datos de irradiación global horizontal en las condiciones establecidas en el 
estudio. Además, el resultado obtenido en este ejercicio supera los resultados previamente 
obtenidos en la literatura, lo cual supone un nuevo punto de partida  para el uso de este tipo 
de modelos numéricos de predicción meteorológica. 

Hasta este momento, se ha trabajado en la evaluación de recurso solar con la mayor 
precisión y una buena resolución tanto espacial como temporal. Sin embargo hay otro 
parámetro a tener en cuenta a la hora de la explotación de la energía solar fotovoltaica: La 
elección de la tecnología apropiada, en función de su respuesta, su vida útil y, por 
supuesto, su precio. 
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En el Capítulo 4 se presenta un estudio comparativo experimental sobre la respuesta de 
diferentes tecnologías de paneles fotovoltaicos en función de las características climáticas 
de la zona de aplicación con el objetivo de seleccionar la tecnología fotovoltaica apropiada.  
De esta manera, un mapa de recursos podría ir acompañado de un tipo óptimo de generador 
fotovoltaico por regiones. Para ello, se ha puesto en funcionamiento un sencillo dispositivo 
experimental en el que se han incorporado paneles de silicio monocristalino, de silicio 
policristalino  y de capa delgada, todos ellos de diferentes marcas comerciales. En el caso 
de paneles de silicio policristalino se evalúan dos tecnologías de producción: el método 
Czochralski, que consideramos tecnología estándar y el método metalúrgico de calidad 
solar o UMG. En el caso de paneles de capa delgada, se ha trabajado con paneles de los 
denominados CIS (Cobre, Indio y Selenio).  

De una manera comparable al estudio de recurso energético solar estudiado en los 
capítulos anteriores, este capítulo comienza con una breve descripción de los diferentes 
tipos de tecnologías de paneles fotovoltaicos. En modo general, los datos de que se dispone 
se centran en la eficiencia de los sistemas en condiciones standard y de los parámetros 
óptimos de funcionamiento en esas condiciones. Existen sin embargo otras características 
más específicas, como el comportamiento en condiciones extremas que rara vez son 
tenidas en cuenta. Como ejemplo, lugares de muy altos o muy bajos niveles de irradiación 
y/o temperaturas extremas. Sin embargo, es bien sabido que los módulos fotovoltaicos 
muestran, en particular su potencia, una fuerte correlación tanto con la irradiación como 
con la temperatura de funcionamiento. Como no existen estudios sistemáticos de estos 
parámetros, se ha puesto en funcionamiento un sencillo dispositivo experimental, que 
permita estudios experimentales comparativos de funcionamiento de cuatro tipos de 
paneles solares, atendiendo exclusivamente a su respuesta en condiciones climatológicas 
extremas. Todos los datos han sido obtenidos en sol real y en condiciones normales de 
operación.

Para cada una de las tecnologías se han realizado medidas de las curvas I-V características 
en un amplio rango de niveles de irradiación y temperatura ambiental, así como medidas
termográficas de control. A partir de los datos experimentales, se ha podido calcular los 
parámetros de dependencia de las variables significativas (corriente, voltaje y potencia) 
tanto con la irradiación como con la temperatura mediante ajuste de las curvas 
características. En todos los casos, la dependencia observada es lineal.

Los resultados obtenidos muestran como la tecnología policristalina presenta una menor 
dependencia con la variación de temperatura, en particular la estándar. Por tanto, en el caso 
de instalaciones en condiciones extremas de temperatura, sería ésta la tecnología más 
apropiada. Este es el caso de la región del Sur de Sonora, caracterizada por altas 
temperaturas, pero también lo sería para regiones polares con temperaturas particularmente 
bajas. Le sigue la  tecnología monocristalina con dependencia media-baja siendo la CIS 
aquella que muestra el peor comportamiento.
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En cuanto a la dependencia con la irradiación, el razonamiento es un poco más 
complicado. Dependencias menores, son óptimas para niveles bajos, mientras altas 
dependencias serán las más adecuadas para zonas de altos niveles de irradiación. En este 
caso, la tecnología CIS de capa delgada es la que mejor se comporta para zonas de altos 
niveles de irradiación, seguida de la tecnología policristalina UMG. Por el contrario, la 
tecnología monocristalina constituirá la mejor solución para zonas poco irradiadas, seguida 
de la tecnología policristalina estándar. 

Si bien dados los altos niveles de irradiación propias de la región semidesértica del sur de 
Sonora lo módulos fotovoltaicos de película delgada (CIS), serían el candidato idóneo, las 
altas temperaturas donde los CIS han mostrado los peores resultados, hacen difícil la 
decisión. De hecho, la tecnología policristalina UMG, presenta el mejor compromiso y 
puede por tanto ser considerado como el candidato más adecuado. 

Como conclusión, los estudios presentados analizan el recurso solar a un nivel de detalle 
nunca llevado en la región, constituyendo un punto de partida en la predicción del recurso 
solar por medio de modelos numéricos meteorológicos ya que presenta resultados jamás 
alcanzados en la literatura. Una de las principales innovaciones del trabajo radican en el 
detallado estudio de las condiciones de nubosidad propias de la época de lluvia de la región 
mediante optimización de las parametrizaciones de cúmulos, siendo la denominada New 
Simple Arakawa Schubert la que proporciona el mejor compromiso. En el apartado de 
identificación de la tecnología fotovoltaica apropiada, se han evaluado cuatro tecnologías 
resolviéndose que es la policristalina UMG la que muestra las mejores prestaciones lo que 
permitirá mejorar las futuras tomas de decisiones en cuanto a las aplicaciones de sistemas 
fotovoltaicos en la región de estudio. 

Como recomendaciones futuras, será de especial interés profundizar en el estudio de las 
parametrizaciones utilizadas en por el modelo WRF, en particular en las correspondientes a 
la radiación de onda corta ya que también pueden afectar la predicción de los niveles  de 
irradiación solar horizontal. De particular interés,  resultaría también  extraer los valores de 
las diferentes componentes (difusa y directa) de irradiación solar, cara a evaluar la 
capacidad de producción de los diversos tipos de instalaciones solares, en particular 
fotovoltaicas y termosolares. Uno de las dificultades asociadas a este último estudio es la 
ausencia en muchos casos de estaciones meteorológicas locales que permitan validar las 
salidas del modelo con estas componentes y que cuenten con un histórico aceptable de 
datos con medidas de irradiación difusa. 

Con respecto a la selección de tecnología apropiada, la continuación del trabajo pasa 
incorporar otras tecnologías al estudio (tecnología de silicio amorfo de capa delgada o 
paneles solares multicapa). En la misma dirección es de interés el estudio de la influencia 
de la resistividad en la respuesta de los módulos solares. Por último, un detallado estudio 
de tiempo de vida útil de las diferentes tecnologías, o en su defecto estudios de 
envejecimiento en condiciones extremas permitiría añadir una variable de crucial interés en 
la toma de decisiones sobre tecnología fotovoltaica apropiada.
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ABSTRACT

The project is framed in the field of renewable energy resources. This research focuses on 
two objectives: firstly, the development of a methodology for the development of solar 
energy resource maps using Numerical weather prediction models (NWP) and secondly the 
study of the response of different PV module technologies depending on weather 
conditions, particularly irradiation and temperature. The study has focused on a specific 
semi-arid climatic region: the southern state of Sonora in Mexico.

In Chapter 1 a tour of the current status and developments in the energy sector, especially 
in renewable energy primarily from Mexico, after the state of Sonora and finally the 
southern region of the state is made. Mexico, as an oil-producing country has always been 
characterized by having an energy policy based on fossil products as a source. In fact, 
Mexico has always been an energy independent country, even surplus, albeit with varying 
production. In fact, in the 70s the country went through a production boom that stopped 
since 1980, continuing until the beginning of the new millennium. From there, there was a 
small increase and subsequent decline in oil consumption and a slight increase in the 
consumption of natural gas. Until 2013, the country's energy production always exceeded 
domestic consumption, but from there the rate of energy independence was reduced while 
maintaining a downward trend for the coming years, not only by decreasing the production 
of oil derivatives but also because of the increased energy demand in recent years. This is 
undoubtedly a situation of energy disadvantage for the country that requires imported 
energy. At this juncture, the Mexican government in the past three years has created legal 
instruments to promote renewable energy use at different scales. These instruments are 
planning to increase the use of renewable installed to 17.5 GW in 2020 as a minimum 
target of power capacity.

One application articulated by the Mexican government, through the Ministry of Energy 
was to create a web portal where various studies on the assessment of the renewable 
energy resources of the nation by various public institutions are collected. The results of 
these studies provide guidelines, which identify areas of potential exploitation of the 
resource. Unfortunately, the methodologies used to obtain the data available are not clear 
and both spatial and temporal resolutions are poor. Under these conditions, the available 
information is not sufficient for a plant responsible exploitation of energy resources 
dimensioning. On the Chapter further details of the studies available, their characteristics 
and their shortcomings are shown. 
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At qualitative level, and as a general trend, all studies provide a high capacity of solar 
resource in the country, as well as high wind capacity in certain regions such as the 
Isthmus of Tehuantepec, Baja California and Tamaulipas and low-mid capacity in the rest 
of the regions. In addition, is considered the existence of a high level of high enthalpy 
geothermal resource in most states, and a remarkable production capacity of ocean energy. 
As a matter of interest, extraction renewable energy projects are already operational and 
represent only 8.4% of the total production capacity.

The work presented focuses specifically on the Sonora state, particularly in the southern 
part of the region, so their characteristics interested in a particular way. Southern Sonora is 
a semiarid region comprising an area covering 14 municipalities and encompasses 38% of 
the state's population. Social marginalization levels are high in two municipalities, and 
some other with medium-high levels of marginality. The state of Sonora is characterized 
by having a dry climate, but the south has a set of hydraulic dams that promote the 
existence of extensive agriculture in the region. However, there are problems associated 
with the distribution losses in the distribution channels and strong seasonality in the 
refilling water dams. This replenishment comes from rivers coming from the mountains 
and therefore its flow rely on the rainy season that is highly variable. In fact, there are 
years with long periods of drought, which leads to over-exploitation of aquifers, which is 
another regional problem.

In energy terms southern Sonora is supplied by large hydro and gas turbine power plants. 
There are also some projects of solar farms in the region as well as records of the use of 
photovoltaic panels, wind generators and wind water pumps in remote parts of the region. 
Social problems, lack of water and energy competition in southern Sonora make an ideal 
region for renewable energy facilities such as wind or solar energy, which would facilitated 
by the existence of adequate energy resource maps, of which is not available today.

Chapter 2 begins with a collection of solar radiation models used and referenced in the 
literature, its characteristics and its predictability and the level of validation. Once 
evaluated, it was selected the most suitable for the study area, the numerical weather 
prediction (WRF), widely used in predicting climate variables and meteorological events 
and even in studies of climate change despite its poor spatial resolution. In this research the 
WRF model was selected due to the characteristics of the model. The different 
parameterizations allow to use the model in different climates and to have results 
according to the research. However in this research we developed a MRY in order to easily 
generate (with only one input, GHI in this case) and to analyze a complete region (not a 
single station or a single cell).The database was obtained from the overall ERA-Interim 
numerical model developed by the European Centre for Medium-Range Weather 
Forecasts. A year on average irradiation type is one in which every day is selected so that 
its irradiation is closest to the middle of the day in the historic core of 30 years available. 
For this, the average of each day in the 30 years is calculated, it is compared daily with the 
media and the day that has the slightest difference to the average is selected as the type day 
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and so on to complete 365 days of such year. This methodology uses a global database that
can be used to anywhere in the world without the need for local databases.

Once the typical days are selected the solar resource maps are produced in the region. The 
results are validated with a series of 32 agro-meteorological stations with historical data 
range 3-8 years, and hourly. These stations were selected for their quality among the 
thousand existing in the area, after application of strict quality filters. The results obtained 
with WRF compared to the results of a global NWP (ERA-Interim) under the same 
conditions and in the region under study. The results are evaluated by two statistical 
estimators’ rRMSE and MBE. As main results, it is noteworthy that on an annual basis, 
ERA-Interim has only slightly better than WRF values. In fact, ERA-Interim shows better 
performance in the summer months, while the WRF model shows better values in winter. 
Regarding correlation (R2) between the data obtained by the models against experimental 
observations, it is more than acceptable in both models (ERA-Interim 0.93; 0.88 WRF).

In summary, the precision obtained with the WRF model is good and has both spatial and 
temporal high resolution compared to previous research results. Furthermore, although the 
study has been optimized for the region of Southern Sonora, the results can be extrapolated 
to any other region of similar climatic features. 

In Chapter 3, to improve the response of the WRF model, a study of sensitivity cumulus 
parameterization was performed. The need for this study comes from the results of the 
previous chapter, where it was observed that the worst WRF model results appear
associated with adverse weather events months in periods of high humidity and monsoons. 
In the study seven cumulus parametrization are compared, which establish convective 
effects that indirectly affect the solar irradiation and directly the formation of hydrometeors 
in microphysics parameterization. The settings selected for comparison are: Kain Fritsch 
(KF), Betts Miller Janjic (BM), Grell Freitas (GF), Old Simplified Arakawa Schubert 
(OSAS), Grell 3 (G3), Tiedtke (Ts) and finally New Simplified Arakawa Schubert 
(NSAS). In addition the results of the ERA-Interim added model for comparison. Since 
behavioral differences between summer and winter had been seen in Chapter 2, both 
periods were studied separately. As representative of the summer, the month of July had 
the higher error that presented in the previous chapter. The best results, in this case, are 
presented by the NSAS parameterization, followed by OSAS. The rest of the 
parameterizations exhibit higher errors than ERA-Interim. In the case of winter, the 
selected month was December. The results show greater similarity between all cases and 
greater accuracy in three cases KF, G3 and NSAS estimated almost the same error. Under 
these conditions, we can say that overall cumulus parameterization New Simple Arakawa-
Schubert was the most appropriate.

Trying to elaborate on the results obtained, precipitation prediction studies were conducted 
with KF and NSAS settings as they show extreme behaviors in summer and are similar in 
winter. The predictions were compared with experimental observations. Moreover as study 
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variables hydrometeors (ice, raindrops, clouds, hail and snow) produced directly by the 
microphysics parametrization but indirectly feeded by the CP. The hydrometeors directly 
affect the optical density of the atmosphere and affect the output of solar radiation used in 
model surface in each case. It shows how, in summer, the KF case, has lower density of 
moisture in the atmosphere mean that the NSAS case. That is, the KF case output shows 
less retention of moisture in the atmosphere, which increases the solar radiation received at 
the surface. Hence the overestimation on observations of weather stations. Finally, a third 
test was performed to determine the response of the model in an intermediate year season 
(spring), for both NSAS to KF. In this case the forecast hydrometeors was also analyzed 
and found how the convective produced by the American monsoon affects the results of 
the simulations.

In summary, the results obtained by the WRF model with parameterization NSAS were 
close to the observations, with less statistical error of 6%, at any time of year. This allows 
this setting to propose the development of a database of global horizontal irradiation in the 
conditions of the study. In addition, the result obtained in this exercise presents better 
results in comparison with the results previously obtained in the literature, which is a new 
departure for the use of this type of numerical weather prediction models.

So far in this research, has been developing the evaluation of solar resources with greater 
precision and a good resolution both spatial and temporal. However there is another 
parameter to consider when operating the photovoltaic solar energy: the choice of 
appropriate technology, depending on its response, its lifetime expectancy and, of course, 
its price.

In Chapter 4 an experimental comparative study on the response of different technologies 
of photovoltaic panels depending on the climatic characteristics of the region of application 
in order to select the appropriate photovoltaic technology is presented. Thus, a resource 
map could be matched by an optimal type of photovoltaic technology by region. For this 
purpose, it has been set up an experimental device that uses 4 different PV modules
(monocrystalline silicon, polycrystalline silicon, thin-layer), each from different brands.
Two panels of polysilicon different production technology (the Czochralski process, we 
consider standard technology and upgraded metallurgical grade method of solar or UMG) 
are evaluated. In the case of thin-film panels, the technology chosen was CIS (copper 
indium selenide).

In a comparable way to the previous chapters studied, this chapter begins with a brief 
description of the different types of technologies of photovoltaic panels. In general, data 
that has focus on the efficiency of systems in standard conditions and optimum operating 
parameters under such conditions. However, there are other more specific characteristics, 
such as behavior under extreme conditions that are rarely considered. As an example, 
places with very high or very low levels of radiation and/or extreme temperatures. 
However, it is well known that photovoltaic modules display, particularly its power, a 
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strong correlation with both irradiation and operating temperature. Since there are no 
systematic studies of these parameters, it has set up a simple experimental device that 
allows experimental benchmarking performance of four types of solar panels, based 
exclusively on their response in extreme weather conditions. All data is based on actual 
sun and under normal operating conditions.

For each of technologies measures IV characteristics curves were performed in a wide 
range of levels and environmental temperature and irradiation. From experimental data, it 
was possible to calculate the parameters of dependence significant variables (current, 
voltage and power) both as irradiation with temperature by adjusting the characteristic 
curves. In all cases, the observed dependence is linear.

The results show as the polycrystalline technology has a lower dependence on temperature 
variation, in particular standard. Therefore, in the case of installations in extreme 
temperature conditions, UMG would be the most appropriate technology. This is the case 
in the region of Southern Sonora, characterized by high temperatures, but so would be to 
polar regions with particularly low temperatures. In this case the one with the worst 
response was the CIS technology. 

As for the dependence on irradiation, the reasoning is a bit more complicated. Minor 
dependencies are optimal for low irradiation levels, while high dependencies will be most 
suitable for areas with high levels of radiation. In this case, the CIS thin-film technology is 
the best in conduct to areas of high levels of radiation, followed by UMG polycrystalline 
technology. By contrast, the monocrystalline technology constitutes the best solution for 
sparsely irradiated regions, followed by standard polycrystalline technology.

Although given the high irradiation level characteristic of the semi-desert region of 
southern Sonora, thin film photovoltaic modules (CIS) would be the ideal candidate if only 
irradiation was accounted, however the high temperatures of the region, make the decision 
difficult. In fact, the UMG polycrystalline technology presents the best compromise and 
can therefore be considered as the most suitable candidate.

In conclusion, the studies presented analyze the solar resource at a level of detail never led 
in the region, providing a starting point for predicting the solar resource by meteorological 
numerical models as it has ever achieved results in the literature. One of the main 
innovations of the work lie in the detailed study of the conditions typical of the rainy 
season in the region by optimizing the convective parameterization, being the New Simple 
Arakawa Schubert which provides the best compromise. In the chapter on proper 
identification of photovoltaic technology, four technologies have been evaluated resolved 
that the polycrystalline UMG is showing the best performance which will improve future 
decision-making regarding the application of photovoltaic systems in the study region.

As future recommendations will be of particular interest to deepen the study of the 
parameterization on the WRF model, in particular those relating to the short-wave 
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radiation and that may also affect the prediction of levels of horizontal irradiation. Of 
particular interest, it would also be to evaluate the irradiance values of the different 
components (diffuse and direct) to assess the production capacity of various types of solar 
installations, in particular photovoltaic and solar thermal. One of the difficulties associated 
with this latest study is the absence in many cases of local weather stations to validate the 
model outputs with these components and that have an acceptable historical data with 
measurements of diffuse radiation.

With regard to the selection of appropriate technology, further work passes to the study 
incorporate other technologies (amorphous silicon technology or multilayer thin film solar 
panels). In the same direction it is of interest to study the influence of the resistivity 
response of the solar modules. Finally, a detailed study of lifetime of different 
technologies, or otherwise aging studies in extreme conditions would add a variable of 
crucial interest in making appropriate decisions on photovoltaic technology.
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NOMENCLATURE 
ASHRAE model:
ASM: All Sky Models
BMJ: Betts-Miller-Janjic
CESGA: Supercomputer Center of Galicia (Centro de Supercomputación de Galicia).
CFE: Comisión Federal de Electricidad 
CICESE: Centro de Investigación Científica y de Educación Superior de Ensenada
CONAGUA: Comisión Nacional del Agua
CONAPO. Consejo Nacional de Población 
CONUEE: Comisión Nacional para el Uso Eficiente de la Energía
CP: Cumulus Parameterization
CSM: Clear Sky Models
DNI: Direct Normal Irradiance 
ECMWF: European Centre for Medium-Range Weather Forecasts.
EII: Energy independence index.
ERA-Interim: It’s the latest global atmospheric reanalysis produced by the ECMWF.
G3: Grell-3
GF: Grell-Freitas
GFS: Global Forecast System
GHI: Global Horizontal Irradiation per day.
IIE: Instituto de Investigaciones Eléctrica  
INEGI: Instituto Nacional de Estadística y Geografía
INERE: National Inventory of Renewable Energies
INIFAP: National Institute of Forestry, Agricultural and Livestock Research (Instituto 
Nacional de Investigaciones Forestales, Agricolas y Pecuarias).
KF: Kain-Fritsch
MBE: Mean bias error.
METEOSAT: Meteorological Satellite 
MRY: Mean radiation year methodology
NARR: North American Regional Reanalysis
NREL: National Renewable Energy Laboratory
NSAS: New Simplified Arakawa-Schubert
NWP: Numerical weather prediction model 
OSAS: Old Simplified Arakawa-Schubert
PB: Physics-Based Models
PIEAES: Board for Agricultural Research and Experimentation of Sonora
PV: Photovoltaic solar energy 
RAINC: Convective Rain Output of the Model WRF
RAINNC: Non Convective Rain Output of the Model WRF
RE: Renewable Energies.
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rRMSE: Relative root mean square error.
SAGARPA: Secretaria de Agricultura, Ganadería, Desarrollo Rural, Pesca y Alimentación
SEAG: Sustainable Energy Applications Group
SEDESOL: Secretaria de Desarrollo Social
SENER: Energy Secretary of Mexico
SMN: National Meteorological Service (Servicio Meteorológico Nacional)
SSDRd: Surface solar downwards radiation by day output from ERA-Interim
SUNY: State University of New York
TMY: Typical Meteorological Year
Ts: Tiedtke scheme
UNAM: Universidad Nacional Autónoma de México
WRF: Weather Research and Forecasting Model.
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CHAPTER 1 . R ENEWABLE ENERGIES IN MEXICO

The aim of the present chapter tries to show the advances of the Renewable Energies (RE) 
in Mexico, in order to understand the importance of this research. In particular the status of 
the renewable energy use in the south of Sonora region and the possibilities of large scale 
energy production projects and also small scale use for sustainable communities. In this 
chapter is also detailed the government support, in recent years, to the renewable energy 
industry. The main objective of this chapter is to understand the context of country and to 
justify the research explained in Chapters 2, 3 and 4.

1.1 Energy in Mexico

According to the International Energy Agency the energy production balance in Mexico 
from 1972 to 1982 changed exponentially mainly driven by the oil production and 
industrialization of the country, however from 1983 the energy production seems really 
stable with small changes from 2000 to 2006 due to an oil overproduction in that period 
[1], as shown in Fig. 1. Since the beginning of the 90s in the Mexican energy system 
increased the use of natural gas due to their lower emissions and higher efficiency 
generation in combined cycle plants. However, this boom in demand for gas has brought 
negative consequences, such as to contribute to the imbalance in the trade balance with the 
outside due to increasing gas imports to meet demand, and have generated significant 
energy dependence.

Fig. 1 Energy balance of Mexico (1972-2012) [1]
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Another important aspect in Mexico is the energy independence: during the period of 
2003-2013 the production of energy has always been above the consumption, as shown in
Fig. 2. Both aspects were decisive and have driven Mexico toward a change in the energy 
balance towards the renewable energy production in this last 2 years.

Fig. 2 Energy production vs consumption. (In green energy production, in red consumption).[2]

Furthermore the energy independence index (EII) has always been mainly above 1.0, but in 
2013 the EII got to 1.0 with a tendency of getting even lower (Fig. 3). This is the product 
of the increase of energy consumption throughout time. However, in recent years, there 
have been certain efforts from the federal government to encourage the use of renewable 
energies and change energy balance and increase the energy production. 

Fig. 3 Energy Independence Index of Mexico [2]

National energy consumption.

Energy production.

EI
I
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Lately, three main legal instruments were established in order to promote RE in Mexico. 
One is the recent Energy Reform approved by the Congress of the Union[3]. The second 
instrument is the General Law for Climate Change adopted in May 2012 which sets the 
goal of 35% of energy generated in the country should come from renewable sources by 
2024[4]. Although the degree of contribution for each technology has not been defined, 
renewable energy sources installed capacity is planned to increase to 1, 2, 12 and 1.5 GW 
for biomass, geothermal, wind and solar energy, respectively by 2020. Finally, the Law for 
the Use of Renewable Energy and Finance of the Energy Transition recently modified and 
approved. This Law establishes, among other issues, the legal aspects and conditions for 
the use of renewable energy and clean technologies as well as reducing the employment 
and dependency of fossil fuels[5]. Additionally, the Law creates a Fund for the transition to 
clean and RE and technologies. The Fund will create a Technical Committee for the 
administration, and the assignment and distribution of resources in order to promote the 
goals of the strategy. The Committee might also decide on the use of the Fund for 
channeling credit and other financing support to foster the energy transition, energy saving, 
clean technologies and RE. These three legal instruments are expected to create a better 
framework to support renewable energy in general and also a future environmental 
conscious economy in the country.

The current situation of RE generation in Mexico could be called as a fertile land, 
according to the Energy Secretary of Mexico (SENER) only the 8.4% of primary energy 
produced comes from renewable sources [2]. In Fig. 4 the total electricity generation is 
detailed, and it is easily noticeable that renewables still are a small fraction of the total 
generation. 

Fig. 4 Electricity generation by type of fuel/source [1]
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As reported by SENER, the consumption of energy from renewable energies in the 
residential sector is low; around 0.55% of the energy used on houses is solar energy. If we 
consider the wood as a renewable energy, than 34.39% of consumption is also used on 
homes. On commercial buildings only solar energy is accounted as renewable energy used. 
The total solar energy used is 2.06%[2]. Table 1 shows the total energy use in the 
residential and commercial sector. 

Table 1Energy consumption in residential and commercial sector. (Petajoules) [2]

2012 2013
Percentage change 

2013/2012
Percentage 

structure 2013

Residential 758.02 742.74 -2.02 100

Solar 3.66 4.07 11.18 0.55

Wood 256.74 255.42 -0.51 34.39

Total Petroleum 
derivate

275.58 258.31 -6.27 34.78

   Liquid gas 274.38 256.96 -6.35 34.60

   Kerosene 1.21 1.35 12.01 0.18

Dry gas 32.06 33.80 5.44 4.55

Electricity 189.98 191.14 0.61 25.73

Commercial 132.51 133.0 0.50 100

Solar 2.47 2.74 11.18 2.06

Total Petroleum 
derivate

69.36 69.43 0.10 52.18

   Liquate gas 65.12 65.03 -0.14 48.88

   Kerosene 4.24 4.40 3.67 3.30

Dry gas 10.29 11.10 7.90 8.34

Electricity 50.40 49.78 -1.23 37.42

However, in the industrial sector the use of renewable energies is less extended, only 
0.02% of solar energy is used and also 3.84% of biomass (bagasse) [2].  In Table 2 a
further analysis of the industrial sector consumption is explained, in green the renewable 
energy fraction is highlighted.
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Table 2 Industry sector energy consumption (Petajoules) [2]

2012 2013
Percentage change 

2013/2012
Percentage 

structure 2013

Total 1,522.30 1,612.31 5.91 100

Solar 0.30 0.33 11.18 0.02

Bagasse 40.99 61.99 51.22 3.84

Coal 97.37 127.26 30.70 7.89

Coke 64.34 65.13 1.23 4.04

Petroleum coke 100.02 97.66 -2.36 6.06

Total Petroleum 
derivate

139.56 135.79 -2.70 8.42

   Liquid gas 41.01 45.05 9.85 2.79

   Gasoline 0.41 0.85 107.59 0.05

   Diesel 64.99 64.53 -0.71 4.00

   Fuel oil 33.15 25.36 -23.49 1.57

Dry gas 551.60 593.18 7.54 36.79

Electricity 528.13 530.97 0.54 32.93

Moreover the total primary energy supply of electricity in Mexico also has a fraction of 
sustainable energies. Around 5.93% of the total primary energy supply in 2013 came from 
renewables (geoenergy, biogas, biomass, solar and wind). The proportion of renewable 
energies from the fraction of primary supply energy is shown in Fig. 5. The highest portion 
of renewable energy supply in Mexico comes from biomass (~72%), the second highest is 
geoenergy (~25%) and the rest are wind and solar (< 2%). 

Fig. 5 Renewable energies share in Mexico 2013 [6]

In Table 3 a summary of the total primary energy in Mexico is presented. The Table shows 
the distribution of energy used for energy transformation, to final use in the country. Most 
of the renewable energies used in Mexico are used by the energy suppliers for 
transformation, and only a small fraction is used directly in the different sectors 
(residential, commercial, public and industrial).
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1.2 Photovoltaic solar energy and solar thermal

Mexico has a great opportunity while using solar energy; its solar irradiation, in some areas, is 
one of the highest in the world and there could be an excellent market niche[7], [8]. The 
annual mean solar irradiation in the territory is around 5kWh/m2. In Fig. 6 the global 
horizontal irradiance worldwide is presented and shows the excellent situation on a 
macroscale context of Mexico. 

Fig. 6 Global Horizontal Irradiance Worldwide. [9]

In this precise moment the country is experiencing a PV boom due to the aperture of the 
market and the subsidies that the government is giving. Thanks to this situation the electric 
energy produced by distributed PV panels is cheaper than the provided by the electric 
company [10]. In Fig. 7 the accumulated photovoltaic growth is shown, from 1992 until 2010 
the growth has a shallow tendency, however from 2013 is becoming exponential. 

Fig. 7 Photovoltaic energy capacity growth in Mexico. [11]

0

50

100

150

200

1990 1995 2000 2005 2010 2015

M
W

p 

Years 



34

For these reasons, since 2013, several companies are investing in large scale photovoltaic 
plants; the Energy Regulatory Commission has given permission for almost 5GW of PV 
power plants [12], [13], however only 195MW are currently installed [14], [15]. For example 
the Spanish company OPDE has at least 10 PV projects in development at the country; in Fig. 
8 a map of Mexico is presented with the projects of OPDE.

Fig. 8 OPDE PV projects in Mexico 2015 (some projects are overlapped due to the zoom) [16]

Alternatively Mexico has only one power plant that uses high concentration solar thermal 
technology, at the northern state of Sonora. Agua Prieta II is a power plant that has an overall 
capacity of 478 MW (464 MW combined cycle, 14 MW solar input), and is one of a kind 
worldwide due to the hybrid capabilities of its design[17]. In Fig. 9 a picture of the power 
plant is shown, at the left side several rows of parabolic concentrators, on the right the 
combined cycle plant. 

Fig. 9 Agua Prieta II Hybrid Power Plant. [18]

Additionally, in the same state as the past example, there is a research facility, managed by 
the University of Sonora and UNAM; that tests a high concentrated solar furnace and 
functions as a heliostat testing facility [19], [20], in Fig. 10 the facility used for tests is shown.
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Fig. 10 Heliostat test field at Hermosillo, Mexico. [21]

As previously stated, the country has a high potential of solar energy, it’s starting to develop 
in the solar supply industry and there are several maps and tables of solar radiation of Mexico 
published by different authors, however few measured data have been available for the 
preparation of these maps [22].

Recently there have been efforts to carry out the assessment of the solar resource in Mexico. 
In 2010 a national inventory of solar and wind energy was published by the “Instituto de 
Investigaciones Electrica” (IIE) on its website (Fig. 11). The main problem with this map is 
that the information about scientific methods of this project was not given publicly and it 
makes really difficult to evaluate the quality of the data [22].

Fig. 11 Solar map of Mexico (GHI) [23]

Also, since 2013 the National Inventory of Renewable Energies (INERE) has been publishing 
maps of different providers/institutions with the objective of displaying the potentialities of 
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the country toward establishing the use of renewable energies. INERE has published a solar 
map developed by CFE with a resolution of 10 km by 10km elaborated from satellite images 
(Fig. 12). The advantage of this map versus the done in 2010 by IIE is that it gives the 
irradiation components of direct and diffuse irradiation. However, there was not given 
confidence intervals of the results, resembling most of the maps given by the Mexican 
government. 

Fig. 12 Annual Global Horizontal Irradiation of Mexico.[24]

1.3 Wind energy

Besides the solar energy potential, there are regions in the country which has been 
investigated in detail by different national and international institutions due to the high 
potential of wind energy. Two clear cases are the Tehuantepec isthmus and Baja California 
Norte [25]–[29]. Even though this both cases are well studied, it is necessary to perform 
further research in the rest of the country in order to use this resource instead of nonrenewable 
alternatives. In Fig. 13 a wind map of Oaxaca State is shown, the high potentiality of the 
Tehuantepec isthmus is noticeable on the western part of the state. Several sites of wind 
power class from 5 to 7 are pointed out. This result makes this region highly attractive for 
wind power investment. 
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Fig. 13 Oaxaca wind resource map. [29]

The study was carried out in collaboration with the National Renewable Energy Laboratory 
(NREL) of USA and several Mexican agencies in 2003. The benefits of this research were the 
seed of the project for the two largest wind farms in Mexico. Most of the wind energy 
produced in Mexico comes from this region. Another assessment developed by NREL was 
done for the State of Baja California Norte’s border region (Fig. 14); the methodology 
followed was the same as the Oaxaca assessment done in 2003[30].
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Fig. 14 Baja California Norte border region 50m wind power assessment. [30]

In 2010 a wind assessment map (Fig. 15) was also developed by the IIE for the SENER, as 
previously stated the map has the same lack of confidence intervals as the solar map. The map 
identifies the regions that could have high potential to project a wind farm. According to this 
map the power capacity of the country is about 71,000 MW. 
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Fig. 15 Wind energy potential area map of Mexico. [23]

The wind atlas developed by Vestas in 2013 (Fig. 16) presents the results of an analysis 
obtained by numerical models of the atmosphere which was designed to provide an overview 
of the wind resources and other relevant conditions in a specific region of interest[31]. Wind 
data used in this report were obtained from 13 years of mesoscale simulations with 3 
kilometers of horizontal resolution. The wind atlas has maps of annual and monthly average 
wind speed and power density. All maps were delivered in 50m, 80m and 120m heights above 
the ground[24].

Fig. 16 Wind speed map at 120m height of Vestas. [24]

In the current government administration, a more detailed researched was developed at 
different heights (30, 50, 80 and 120 meters) and a lesser horizontal resolution map (7x7 km) 
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of the country. For all calculations, 10 years of data from the North American Regional 
Reanalysis (NARR) were used, combined with observation data and numerical modeling, in 
order to obtain a set of databases in high resolution of some variables of interest (in this case, 
wind)[32]. The methodology is based on the proposal by Mikhail and Justus to correct the 
wind at different heights[33].

Fig. 17 Annual wind speed map of Mexico by CFE at 120m. [32]

In Mexico the wind energy is becoming really important and several companies have installed 
wind farms mostly in the state of Oaxaca due to several studies that shows the promising 
situation. The wind potential in the site is comparable to sites as productive as Galicia and 
Denmark[34]. In Fig. 18 a map of the wind power stations and its location is shown. The high 
density of power plants in Oaxaca is noticeable in the map.

Fig. 18 Wind power stations in Mexico. [24]
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1.4 Biofuels and biomass

There are other renewable resources that are being used in Mexico. With regard to bioenergy 
potential it has been estimated at 3035 PJ/year and 4550 PJ/year, representing between 54% 
and 81% of the Internal Energy Offer national Gross in 2006 [35]. The estimated potential 
indicates that 40 percent comes from wood fuel, 26 percent of biofuels and 0.6 percent of 
municipal by-products. However, it is thought that the country has a potential of 73 million 
tons of agricultural and forest residues that may be exploitable and municipal solid waste 
from 10 major cities can be harnessed to generate electricity from its thermal processing[36].
The use of organic residues of feedstock on anaerobic digesters is a common activity for local 
power generation. For example, during the period of 2008-2012, the federal government 
through SAGARPA supported the construction of 327 digesters and the acquisition of 137 
electrical generators from biogas[37]. Currently a large amount of companies and farms use 
anaerobial digesters in order to reduce the energy consumption, at the same time reducing 
greenhouse effect gases[35]. The CFE also develop a series of maps of biomass assessment in 
the country for the SENER website INERE[24]. An example of this series of maps is shown 
below (Fig. 19). This map takes into account only biomass that could be used sustainably for 
energy purposes, among which is considered the residual biomass, biomass produced for 
energy purposes and biomass that can be used for energy purposes without affecting the 
environment, obtaining 6 large groups of biomass; residual agricultural and forestry industrial 
waste, urban waste, waste livestock, specialty crops and forests.

Fig. 19 Forest potential map of Mexico (TJ/a) .[24]
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1.5 Marine energy

It is possible to generate electricity by using energy from the ocean in five forms of 
exploitation: tidal power, wave power, ocean currents, ocean thermal and salinity gradient. 
The global theoretical potential for energy supply which is estimated could bring around 
82,950 TWh annually, highlighting the ocean thermal with 53%, wave 36%, tidal 9%, and the 
use of salt gradient 2%.

The marine energy is a technology option that the country could have high potential since 
Mexico has the second place on littoral extension in America. However, there is few research 
done by UNAM and other universities, and according to different authors the technology is 
not mature enough to be used in a large scale fashion [38].

The Annual Report 2014 of “The Executive Committee of Ocean Energy Systems” states that 
the marine energy development in Mexico is driven mainly by private companies working on 
different stages of the development of marine energy prototype devices. During the Workshop 
“Towards Marine Renewable Energy, Achievements, Challenges and Networks”, organized 
by CICESE (Centro de Investigación Científica y de Educación Superior de Ensenada) in 
October 2014, the company Energy Forever presented a wave power plant project, which 
consists of the design, construction and commercialization of a buoy system that converts 
wave power to electricity. In fact, they have already started the corresponding procedures to 
deploy the first prototype at the Sauzal Port of Ensenada, Baja California, in association with 
the CFE [39].

In Fig. 20 a map of the tidal range illustrate possible sites for exploitation of tidal energy in 
Mexico; the most promising region appears to be in the Baja California Gulf between Sonora 
and Baja California at the northwestern part of the country. 

Fig. 20 Tidal range map of Mexico [39]
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If we analyze the map of wave energy potential (Fig. 21), Mexico seems to have enough wave 
potential to use it as a possibility for renewable energy in the future, however there should be 
more research to understand the potential with higher resolution maps and to carefully choose 
sites that are not environmentally protected. 

Fig. 21 Wave power potential map of Mexico.

1.6 Small hydro energy

Small hydro energy is another option that also should be contemplated, according CONUEE;
this energy is only exploited about 2.5% in the country. Small hydro is further subdivided into 
mini hydro, usually defined as 100 to 1,000 kW, and micro hydro which is 5 to 100 kW. 

The installed capacity is 80MW in operation, most of them private[40]. This type of 
technology is an option for rural communities suffering from shortages of electricity and that 
have a continuous river flow. The country also has a large amount of rivers all over its 
territory. The rivers and streams of Mexico constitute a hydrographic network of 633,000 
kilometers. Through the channels of the 50 major rivers (Fig. 22) flows 87% of the superficial
draining of the country and its basins cover 65% of the continental land area [41].
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Fig. 22 Main rivers in Mexico.[41]

1.7 Geothermal energy

Geothermal energy is a renewable source that has been used worldwide to generate electricity 
since 1911, in Mexico since 1959 when it began to operate the first geothermal unit in the 
country, with 3.5 MW of capacity in the geothermal field of Pathé, Hidalgo, currently out of 
operation[42]. Since the country has extensive experience in geothermal generation, through 
the CFE, currently operates 38 units with a total installed capacity of 958 MW, it is clear that 
further development of geothermal energy could be achievable. 

Since 1983 the CFE, in order to identify and evaluate geothermal resources,  has been 
conducting the census of over 1300 thermal spots in Mexico, for which it has collected 
samples of all thermal springs that are inventoried and thereby determining analytical 
chemical parameters such as sodium, potassium, calcium, magnesium, chlorides, sulfates, 
silica, etc., necessary to determine the origin and waters classification and to calculate water-
rock equilibrium temperatures, as indicative of the temperatures in the subsoil[15]. From this 
census, the map of geothermal potential was produced (Fig. 23). In the same figure the 
location of the several geothermal power plants is shown.
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Fig. 23 High enthalpy geothermal energy potential map of Mexico with actual geothermal power stations. [24]

In Table 4 a list of geothermal energy plants is shown, the list shows a higher number of 
plants in Baja California State, since a part of the energy produced are exported to California 
granting additional revenue to these power plants.

Table 4 List of geothermal energy plants in México. [24]

State Municipality Name Supplier
Power 
Units

Effective 
Capacity 

(MW)

Generation 
(GWH)

Baja 
California

Mexicali Cerro Prieto I CFE 5 30 302.22

Baja 
California

Mexicali Cerro Prieto II CFE 2 220 1420

Baja 
California

Mexicali
Cerro Prieto 

III
CFE 2 220 1420

Baja 
California

Mexicali
Cerro Prieto 

IV
CFE 4 100 815.05

Baja 
California Sur

Mulegé
Las Tres 
Vírgenes

CFE 2 10 51.07

Michoacán Cd. Hidalgo Los Azufres CFE 14 191.6 1540.85
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Puebla Chignautla Los Humeros CFE 9 51.8 450.47

Tamaulipas Altamira
Generadora 

Petrocel
Private 1 16.38 66.22

Coahuila Torreón
Met-Mex 
Peñole

Private 1 7 37.84

Another type of the geothermal energy that is poorly exploited in Mexico is the low-enthalpy 
geothermal energy. 

1.8 South of the State of Sonora region

Though the country has many regions contained in 31 states, with different resources, climate 
and necessities in this research we are going to focus in the south of Sonora. However, in this 
subchapter we are going to explain some aspects of the necessities, resources and climate of 
the State of Sonora, because for some aspects there is not clear differentiation between the 
north and south region. Moreover the results of the research are focused only for the south of 
Sonora region. 

1.8.1 Geography and politic division

Sonora is one of the 31 states in which Mexico is divided; the state is situated at the northwest 
of the country. The state is bordered to the north by Arizona, to the east by Chihuahua, to the 
northwest by Baja California, to the south by Sinaloa and to the west by the sea of Cortez. 
The state has 72 municipalities, 55% of the population is concentrated in Hermosillo, Nogales 
and Cajeme.

Sonora's terrain, shown in Fig. 24, is varied and includes mountain ranges, broad plateaus, 
high valleys, and coastal plains. Much of Sonora is mountainous, with less than half the state 
higher than 1000m above sea level. The eastern part of Sonora is dominated by the Sierra 
Madre Occidental, with peaks exceeding 2600m, which trends north to south continuing to 
Sinaloa. The elevation of Hermosillo is around 200m. A coastal plain characterizes the 
western part of the state. There is a large desert in the northern Sonora.
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Fig. 24 Sonora orography map. [43]

1.8.2 Population 

The total population is 2,662,480 inhabitants according to the last census[43]. The population 
growth has been concentrated mostly on the coastline due to the agriculture and fishing. 
However the growth in the municipalities of the Sierra region (east) has been decreasing due 
to the less economic advantages and the difficulty of access. Regardless of the population 
growth in the whole State of Sonora (Fig. 25) is still the third least densely populated (14.8 
inhabitants/km2) state in the country.
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Fig. 25 Population growth in the State of Sonora.[43]

Fig. 26 is a political map of Sonora that shows the three most populated municipalities. The 
capital of Sonora and largest city is Hermosillo, with a population of 715,061[43]. Likewise is 
appreciated that the largest municipalities are in the coastline and the majority of them are the 
most populated with the exception of Nogales.

Fig. 26 Municipalities of Sonora (in yellow the three most populated).

Furthermore, is important to mention that the state has 8 indigenous groups that maintain 
much of their way of life in the territory. Sonora has 60,310 inhabitants that talk an 
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indigenous language; they represent only 3% of the population. However, more than 100,000 
indigenous are registered by the last census. Additionally, ten of the thirteen municipalities 
that have indigenous groups are from the south of Sonora region.

This research takes in consideration 13 municipalities of the south shown in Fig. 27. The 
south of Sonora region has three main climates: very dry, dry and semi-dry, according to the 
climate classification of the National Institute of Statistics and Geography from Mexico[44].

Fig. 27 State of Sonora location (in yellow municipalities of the south region).

The southern region of the State of Sonora extends from the municipalities of Huatabampo 
and Alamos in the south of the state to the municipalities of Guaymas, Cajeme and Quiriego 
passing the municipalities of Empalme, San Ignacio Rio Muerto, Bácum, Benito Juárez, 
Navojoa, Etchojoa and Rosario. This region has 38% of the state's population [45].

Although, Sonora is considered by CONAPO as a state with low marginalization, is planned 
to study the southern state of Sonora, because it represents the region with the highest number 
of municipalities with mid to high marginalization [46]. Two of these municipalities, Quiriego 
and Alamos, are classified as highly marginalized and as a priority area by SEDESOL[47]. In 
Fig. 28 a representation of the municipalities of the south of Sonora and the index of 
marginalization is shown. In red/orange the municipalities with highest marginalization index 
are presented.
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Fig. 28 Marginalization index in the south of Sonora municipalities. 

1.8.3 Economic activities

According to the INEGI the unemployment in Sonora is about 5.56 % of the economically 
active population. Sonora has a PIB that generally is higher of the rest of the country and has 
strong bonds with Arizona State (USA)[48], [49]. Most of the industry is related with the 
agriculture, fishing, and food processing, however many industrial plants, called 
“maquiladoras”, were installed along the border with USA giving influence and 
modernization to the border municipalities[43].

Another traditionally element in the Sonora economy is the mining. Sonora is the number one 
producer of gold, graphite, molybdenum and wollastonite. Also Sonora has the largest carbon 
reserves in the country; also Sonora is the third producer worldwide of copper[43].

Another important activity is tourism. Mostly of the tourism in Sonora is related to the 
beaches; and two of the most visited destinations are San Carlos and Puerto Peñasco. 
Nonetheless, sustainable rural tourism is also been promoted by the Secretary of Tourism of 
the State of Sonora[50].

1.8.4 Water

The water is a critical aspect of production in any functioning economy. It has to be 
developed, treated, transported and distributed sufficiently and affordable to users. Moreover, 
using and treatment of water, releases byproducts that have implications on the environment. 
Water supply also conveys the use of energy. The water for Sonora, due to its climate, 
becomes a major importance as a resource.

Sonora has had water scarcity all over the State; however water is scarcer in the northern 
municipalities than in the south. The southern region also suffers from draughts that in past 
years almost dry out the water storages during several years [51].

The water is also important for cooling in standard energy generation processes. However for 
solar photovoltaic power or wind power the amount of water needed is almost forgettable[52], 
[53].
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1.8.5 Energy

Electricity generation in Sonora is carried out in the follows: 38% thermal, 56% combined 
cycle, 5% hydro, the rest is through turbo gas plants and internal combustion engines (Fig. 
29). This balance gives a high margin to use renewable energies in the state. 

Fig. 29 Energy production in Sonora state.[15]

From this graphic, it seems that there is no use of renewable energy in the state’s energy 
balance, however there is a PV plant of 1MW of power in the Municipality of Miguel Aleman 
of a private company for self-consumption(Fig. 30), that annually contributes about 0.66GWh 
[13].

Fig. 30 Location of PV plant in Sonora [24]
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Also the use of wood for heating and cooking is an extended custom on the Sierra 
municipalities, however there is not accountability of the amount of energy used by this way, 
but there is some data about the deforestation due to this custom[54]–[56]. According to 
Carton et. al., 28% of the evergreen woodland in the center of Sonora decreased from 1973 to 
1992.

In 2003 a wind power assessment of the north-west border of Mexico (Fig. 31) was elaborated 
by NREL. This map shows estimations at 50m and most of the northern municipalities of 
Sonora resulted in a poor to fair wind potential[30]. According to NREL the results had been 
validated by surface data, however there were not many records of wind data nationally in 
that region[57].

Fig. 31 Wind power assessment of north western Mexico border areas at 50m

The state of Sonora also has some evidences that wind energy could be used at least on small
scale. According to the government agency CONUEE, on some rural communities of Sonora 
the use of wind pumps is disseminated on places where there is no grid electricity[25]. In the 
port of Guaymas there is a small scale wind turbine (6kWp) that generates enough electricity 
for the luminaries of the roadway. Also, in Puerto Peñasco touristic city, the “Energía Sonora 
AC” civil association installed a 2 MWp wind turbine in January of 2015, according to its 
webpage[58]. Apart of these small examples of wind energy use, it seems necessary to assess 
with a higher precision the wind power potential of the south of Sonora, as well as to consider 
the offshore wind energy.
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1.9 Conclusions

Even though, the renewable energy sector looks promising in Mexico, in particular de 
geothermal, wind and solar energy, most of the studies of resource have been done without 
any validation and/or using inaccurate methods(linear interpolation of weather stations) to 
determine the resource in whole country. Another aspect of Mexico that difficult good results 
in energy assessment is the area of the country; Mexico is so large, that even there are places 
without human contact and the assessment result really challenging due to the weather station 
density and the complexity of the topography and climatology. Doing a micro-region, 
resource assessment results in a better understanding of the energy possibilities and giving 
better tools for development. 

While the solar resource in Sonora was believed to be significant based on limited past data, 
understanding the spatial and temporal variability requires significantly more data and 
analysis in order to optimize planning and placement of solar energy power plants. 

The wind assessment of the State of Sonora made by Vestas gave fewer wind power 
possibilities for the south region than to the north; however in the assessment made by CFE 
the wind power possibilities are better closer to the sierra in the south region. Moreover the 
methodology followed by these two recent studies is not clear, and validation for this kind of 
resource is necessary on a micro-scale level. 

From this remark, we conclude, that is necessary to focus on a region that has enough data to 
have a convincing result and to have an energy resource analysis method that gave less 
uncertainty in comparison to past methods. For this reason the south of Sonora seems like a 
suitable region to do this research because the region apparently has many resources but also 
has needs that could be cover by renewable energies. 
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CHAPTER 2 GLOBAL HORIZONTAL IRRADIANCE ASSESSMENT 
METHODOLOGY FROM A NUMERICAL WEATHER PREDICTION MODEL IN A 

SEMI-DESERT REGION

2.1. Introduction
During the last 7 years the Sustainable Energy Applications Group (SEAG) in collaboration 
with the Non Lineal Physics Group at the Santiago Compostela University and different 
associate researchers around the world, several actions have been done in order to create a 
procedure protocol based in the parametric study of different micro-regions around the world, 
so as to the establishment of a self-sustainable communities network [59]–[62].

The procedure protocol comprehends the identification and evaluation of local energy 
resources. The solar energy is one of the key resources to be evaluated in each region. The 
current state of development of solar energy technologies is increasing the need for more 
detailed radiation information. A solar map lets us determine the solar energy potential for 
the region in study. As previously stated in Chapter 1, Mexico has different solar studies 
previously developed, however none of these have a certainty of validation probably due to 
the dimensions of the country. 

In this Chapter we developed a methodology to use a Numerical Weather Prediction model to 
generate a year of data used to produce a solar map for semi-desert region on the north-west 
of Mexico validated with agro-climatic stations. Section 2.2 is about a contextualization on 
Solar Radiation Models, and also states the reasons of selecting WRF model for this research. 
In section 2.3

2.2. Solar radiation models

There are many methodologies to develop a solar map and/or forecast (inference from in situ 
data, satellite observations and models)[61], [63]–[69]. In this work the GHI was estimated by 
a numerical weather forecast model and from the solar data given of the ERA-Interim 
reanalysis[70]. The use of similar approaches has been assessed by some authors[69], [71]–
[73]; yet, variations in the output depend upon the location due to variable weather conditions 
and partially cloudy days.

The solar modeling could be divided in two different group types, clear sky solar radiation 
and under all sky conditions.  
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2.2.1 Clear sky solar radiation models

The atmosphere is a continuously variable filter operating on the solar radiation. The 
atmospheric filter modifies not only the intensity but also the spectral distribution. In this 
subchapter we denote of clear sky as the absence of clouds, which are made up of water vapor 
droplets, frozen ice crystal or a mixture of both. The use of clear sky helps to simplify the 
model equations considerably because radiation modelling in the presence of clouds can be 
challenging. Clear sky radiation models could also be subdivided in three types of models: 
physics-based models, empirical models and parametrization models [74].

2.2.1.1 Physics-based (PB) models 

PB models regularly start with the sunlight reaching the top of the atmosphere; these are 
based on the interaction of matter and radiation.  The extraterrestrial radiation is a function of 
the day of the year since the elliptical orbit of Earth brings it closer than the mean Earth-Sun 
distance in the Northern Hemisphere winter and father away from the mean distance in the 
Northern Hemisphere summer.  The irradiance depends on the inverse square law (I/r2) where 
r is the distance from a point source (the sun) to the endpoint (atmosphere). This results in 3% 
greater extraterrestrial irradiance results in January than the irradiance at the mean Earth-Sun 
distance and 3% less than extraterrestrial irradiance in July[75].

2.2.1.2 Empirical models

These are based on correlation or functions derived through linear regression or curve fitting 
analysis. This approach assumes that measured solar radiation data can be described as a 
function of some other independently measured variable. The independent variables that are 
mostly used are: temperature, relative humidity, day length, cloud cover, sunshine duration 
between others.

Examples of these types of models are: Meinel and Meinel (1976) developed a model that 
only needs the extraterrestrial irradiance, the Earth-Sun distance and the air mass at sea level 
[76], in 1970 the model of Laue included the altitude in to the expression[77]. One of the 
most popular models was developed by Linke and is based on the optical thickness of the 
atmosphere[78].

2.2.1.3 Parametrization models

The main elements of the atmosphere are gas molecules, which have several dimensions on 
the order of wavelength light in the extraterrestrial irradiance spectral distribution. Some parts 
of the solar spectrum are absorbed by, reflected or scattered from the molecules. Rayleigh 
showed that the sky is blue due to the average size of the molecules is shorter than the 
wavelength of photons, which correspond to the blue region of the human color perception 
range, are scattered out of the sunlight. Predominantly atmospheric gases, water vapor, ozone 
and aerosols filter and attenuate the sunlight as it passes through the atmosphere. These 
constituents of the atmosphere could be considered to have a transmittance that can be 
parameterized in the terms of the air mass and concentration. 
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The Bird model for clear sky total hemispherical irradiance takes in consideration these 
transmittances and used them in order to determine the DNI and Diffuse Irradiance. With both 
components is easy to calculate the GHI. This model use different for each of the constituents 
of the atmosphere, Rayleigh scattering transmittance [79], [80], aerosol transmittance [81],
ozone and water vapor attenuation [82].

Another parametrization model used by the Heliostat-3 European Meteosat project is the 
simplified SOLIS model[83]. This complex model needs atmospheric water vapor column 
and aerosol input parameters. It is a spectral physical model based on radiative transfer model 
calculations.

Moreover, REST2 model is a high performance model to predict sky broadband irradiance, 
illuminance and photo-synthetically active radiation from atmospheric data[84]. The model is 
based on a two band scheme. The solar irradiance is separated into two spectral regions on 
from 290 to 700nm and the second region from 700nm to 4000 nm, almost half each of the 
total energy. According to Myers, the first region is affected mainly by aerosols and Rayleigh 
scattering, the second region by water vapor and gaseous absorption[74]. Something 
important to mention, is that this model doesn’t take in consideration about 1.5 to 2 % of solar 
irradiance beyond 4000nm. However this small underestimation could be added into the 
ending result of the calculation. The parameters needed for the model are listed next: site 
coordinates, station pressure, precipitable water, angstrom turbidity coefficient, angstrom 
wavelength exponent, aerosol single-scattering albedo, total column ozone amount, total 
column nitrogen dioxide amount and ground albedo. The REST2 model address additional 
gases (nitrogen dioxide) and has different functions for transmittances in each of regions than 
the Bird model. 

There are some research [85]–[88] that discuss results of this type of solar models for 
different sites and most of them put the model of REST2 in a more than fair position. 
However, REST2 model since is so complex needs a long amount of inputs, that in some 
cases make it unfeasible to use.

2.2.2 Solar radiation models under all sky conditions

According to Myers (2013), “modeling solar radiation under all sky conditions is 
considerably more difficult and uncertain than modeling clear sky solar radiation” [89]. The 
physics of cloud transmittance and the enormously extensive diversity of spatial distributions 
of clouds are the main contributors to these difficulties.

The solar radiation models under all sky condition are also divided in 4 types: simple 
correlation models, clouds modeling, empirical all sky radiation models, all sky solar 
radiation from weather satellites and numerical weather forecast models. 
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2.2.2.1 Simple correlation models

This type of models are based on physically induced correlation between solar radiation 
values and meteorological variables, air temperature, atmospheric constituents, observed 
cloud cover and also hours of sunshine. 

The agricultural research groups has long studied the relationship between temperature and
solar radiation to develop models for evapotranspiration of water to determine irrigation 
needs[74]. One model that uses this correlation is the one developed by Hargreaves and 
Samani [90]. This model compares the accumulated daily solar radiation with the difference 
between the maximum and minimum daily temperatures. Other authors also included the 
atmospheric pressure in the expression.

One of the most famous correlation models is the one developed by Angstrom. This model 
correlates the monthly accumulated sunshine with the monthly solar radiation, by using an 

sky total irradiance[91]. Later, Prescott 
modified this model by changing the average monthly clear sky total irradiance with the 
extraterrestrial monthly average solar irradiance, easing the computing of this model[92]. The 

generate the coefficient for a site is necessary to measure the GHI and sunshine duration. 

Another widely used solar model is ASHRAE solar model[93], for hourly radiation, is based 
on a set of tables given for many locations around the planet. The model needs as an impute 
the declination angle, latitude, longitude and the standard time, one of the main problems with 
this model is the necessity of the constant tables that are not calculated for all the places in the 
world.

2.2.2.2 Cloud modeling

There are many different types of clouds. The different types of clouds vary in terms of their 
effectiveness at reflecting incoming sunlight and their ability to trap outgoing infrared 
radiation. Effective climate modeling and prediction needs to go beyond determining merely 
whether there will be more or fewer clouds; the types and locations of clouds matter a lot. 
Clouds are the second largest influence on solar radiation after the day-night cycle. The 
modeling of clouds could be very complicated due to their diverse characteristics (three-
dimensionality, structures, dimensions, movement, and distribution). Is really important to 
properly model because clouds are the greatest unknown in all of physical climate modeling; 
they radically alter the distribution of radiant energy and latent heating in ways that have 
proven really hard to capture in climate models[94].

Due to the complexity of the clouds, the solar radiation model designers had to develop 
empirical engineering approaches to modeling how clouds have an impact on the transfer of 
solar radiation through the atmosphere. Examples of this models or schemes are: Manabe 
scheme developed in 1964 [95], Arakawa-Schubert parameterization in 1974[96], Tiedke 
scheme in 1989 for large scale models[97], Betts-Miller scheme in 1986 [98],  Kain-Fritsch 
parameterization for NWP models in 1993[99] and improved in 2004[100], between others. 
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2.2.2.3 Empirical all sky radiation models

An empirical all sky radiation model consists on a parameterization or correlation of 
measured solar radiation and cloud observations. There are some examples of this approach, 
however this type of models require input data related to solar measurements in the first place, 
like direct to global or beam to diffuse ratios, sunshine duration, Linke turbidity factor, 
clearness index between others. One example is the Kasten-Czeplak model[101] that 
analyzed radiation correlations with cloud coverage and type. Ehnberg and Bollen also 
developed a model that relates the global solar radiation, solar elevation angle and cloud 
cover[102].

2.2.2.4 All sky solar radiation from weather satellites

These kinds of models use satellite images and empirical data to obtain solar radiation values. 
Deriving solar radiation data from weather satellite images have been developed and applied 
worldwide by two available models. These models are Heliostat-2[75], [83], [103], developed 
in the European Community, based on the METEOSAT series of satellites and later Perez et 
al. developed the SUNY (State University of New York) satellite model based on the U.S. 
GOES  series of satellite images[104]. This kind of models are being used regularly to 
develop solar maps in many places for preliminary assessments[22], [105]–[113].  One of this 
examples is the latest solar atlas of Mexico produced by SENER[24] already mentioned in 
Chapter 1. 

2.2.2.5 Numerical Weather Prediction models

Recently, the use of NWPs to simulate the globe’s climate has considerably grown. Numerical 
weather prediction uses mathematical models of the atmosphere and oceans to predict the 
weather based on current or past weather conditions. Though first attempted in the 1920s, it 
was not until the arrival of computer simulation in the 1950s that numerical weather forecasts 
produced realistic results. A number of global and regional forecast models are run in 
different countries worldwide, using current weather observations relayed from radiosondes, 
weather satellites or other NWPs outputs as inputs to the models[114].

The ECMWF model is a spectral primitive equation model with a semi-lagrangian, semi-
implicit time scheme and a comprehensive treatment of physical processes. It is coupled 
interactively to an ocean wave model. Its spatial resolution is 25 km and there are 91 vertical 
levels. Initial data for the forecasts are prepared using a four-dimensional variational 
assimilation scheme, which uses a large range of conventional and satellite observations over 
a 12-hour time window[115].

Another global scale NWP model available is the Global Forecast System (GFS). The GFS 
model is a coupled model, composed of four separate models (an atmosphere model, an ocean 
model, a land/soil model, and a sea ice model), which work together to provide the weather 
conditions of the world[116]. The entire globe is covered by the GFS at a base horizontal 
resolution of 28 kilometers between grid points, which is used by the operational forecasters 
who predict weather out to 16 days in the future. Several of atmospheric and land-soil 
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variables are available through this dataset, from temperatures, winds, and precipitation to soil 
moisture and atmospheric ozone concentration[117].

The WRF (Weather Research and Forecasting), is a NWP mesoscale model of new 
generation, initially designed for use in forecasting and atmosphere study. It is probably the 
most intensively used around the world and extensively assessed NWP model. The WRF 
model can be used at the level of research in different fields such as atmospheric, weather 
forecasting, climate change and energy among others. Besides the latest updates it presents 
significant improvements in relation to physical settings as part microphysics, cumulus 
parameterization, the atmospheric boundary layer, the surface layer soil model and 
radiation[118], [119].

2.2.3 Solar model selection

In this research the selection of the model is based on choosing from the models that has the 
highest accuracy to a specific area, with a high resolution output. Moreover, an all sky model 
is also preferable in order to have a real sense of the atmosphere in the region and to have a 
full year accounted. In Table 5 a summary of the models mention before is shown and the 
parameters of selection are presented as well. Among the huge number of possibilities, 
choosing the right model is complicated. The decision should take into account not only the 
sensitivity of the method but the availability of the information that the model needs to define 
the initial conditions. For that reason, usually the lack of adequate historical is regularly the 
main constraint to deciding the model used. The second condition to consider is the climate 
region to run the model selected since accuracies achieved are very different.

Table 5 Decision matrix of Solar models

Model Type of 
model Parameters used Accuracy

Meinel and 
Meinel CSM Extraterrestrial irradiance, Air 

mass

MBE: 1.7-30.7%, RMSE: 3.3-38.9%, 
MAE: 2.5-32.4% (validated with 

several solarimetric stations on arid 
conditions). [120]

Bird CSM

Extraterrestrial irradiance, 
Rayleigh scattering 

transmittance, Aerosol 
transmittance, Ozone and Water 

vapor attenuation.

MBE: ±10%, RMSE<20% (Prediction 
in Romania, Clear sky 

condition).[88]

Simplified 
SOLIS CSM Atmospheric water vapor column 

and Aerosol transmittance

MBE: 1.6-4.5%, RMSE: 2.6-7.2%, 
MAE: 2.1-5.0% (validated with 

several solarimetric stations on arid 
conditions). [120]

MBE: ±10%, RMSE<20% (Prediction 
in Romania, Clear sky 

condition).[88]

REST2 CSM Coordinates, Station pressure, 
Precipitable water, Angstrom 

MBE: 0.2-3.3%, RMSE: 1.2-4.0%, 
MAE: 0.8-3.3% (validated with 
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turbidity coefficient, Angstrom 
wavelength exponent, Aerosol 
single scattering albedo, Total 
column ozone amount, Total 

column nitrogen dioxide amount 
and Ground albedo.

several solarimetric stations on arid 
conditions). [120]

MBE: ±10%, RMSE<20% (Prediction 
in Romania, Clear sky 

condition).[88]

Hargreaves 
and Samani ASM Temperature, Atmospheric 

pressure

r2: 0.9543 (based on a validation 
study of Iran, best temperature 
based model (2004-2008).[121]

Angstrom-
Prescott ASM

Average monthly sky total 
irradiance/ Extraterrestrial 
monthly average irradiance, 

Angstrom coefficient.

r2: 0.8582 (based on a validation 
study of Iran, best temperature 
based model (2004-2008).[121]

RMSE: 9.32%, MBE: -0.30% 
(Compared with 5 sites 

measurements in Malaysia).[122]

ASHRAE ASM Latitude, longitude, solar angle, 
standard time.

MBE: 3-32%, RMSE: 7.5%-34% 
(monthly predictions for 

India).[123]

MBE: ±10%, RMSE<20% (Prediction 
in Romania, Clear sky 

condition).[88]

Kasten-Czeplak ASM Cloud cover and Type of clouds

MBE: 9-39%, RMSE: 10-41% (monthly 
predictions for India).[123]

MBE: ±10%, RMSE<20% (Prediction 
in Romania, Clear sky 

condition).[88]

RMSE: 0.45-1.45 MJ/m2*day (for 
several sites around the 

world).[124]

Ehnberg and 
Bollen ASM Solar elevation angle and Cloud 

cover

Standard deviation of 40 
W/m2(Model validated in 

Sweden)[102]

Heliostat ASM
Satellite Images, Topography 

maps, Extraterrestrial irradiance, 
Albedo

RMSE: 10% (average on 51 sites in 
India).[107]

RMSE: 10-16.6%(Annually for 6 sites 
in India).[106]

Sunny ASM
Satellite Images, Topography 

maps, Extraterrestrial irradiance, 
Albedo

RMSE: 1-9% (1-5hrs forecasts)[125]

MBE: 0-18%, MAE: 20-35%, RMSE: 
32-50% (Validation on several sites 

of California).[113]

WRF NWP
Selectable parameterization, 
Topography, albedo, land use, 

lesser resolution NWP data.

MAE: 16-37%, RMSE:  26-60% (2-
3day forecast in different countries 

north hemisphere). [126]

RMSE: 18-50% (Forecast in 
USA)[127]

RMSE: 45% (Forecast in USA)[128]

RMSE 22.6-66.2%(1-3 days forecasts 
in Europe)[65]
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In the opposite direction, models as simplified SOLIS among the CSM or Kasten-Czeplak 
among the ASM, obtain acceptable results with a reduced number of external parameters. 
However the results are strongly dependent on the area of validation and therefore 
application. Another good candidate is the model Heliosat with good results in semi-humid 
climates; however it uses satellite data from Europe and Africa.

In this research the WRF model was selected due to the characteristics of the model. The 
different parameterizations allow to use the model in different climates and to have results 
according to the research. The input of the model consists in the output of a global scale 
NWP, and static data as orography, topography and land-use. 

2.3 Current situation in the region

There are a significant number of maps and databases describing the solar resource 
distribution in Mexico[24], [129]–[133], developed by different universities and research 
centers, as stated in previous chapter. However in none of these studies confidence intervals 
of data are provided[22]. The main objective of this research is to create a solar radiation 
database of a region that has enough data to give a relative good confidence interval. In this 
instance we evaluate the solar radiation of the southern region of the state of Sonora Mexico, 
also described in Chapter 1.  

2.4 Materials and Methods

2.4.1 Observational data

The region has two weather station networks, the agro-weather station network of the Board 
for Agricultural Research and Experimentation of Sonora (PIEAES for its acronym in 
Spanish) and the National Institute for Forest and Agricultural Research (INIFAP for its 
acronym in Spanish). Both are databases focused on supporting the activities of farmers of the 
region and offer the source weather data to feed the prediction models for researchers[134], 
[135]. The PIEAES network has 32 weather stations that give a range of different data 
(temperature, humidity, wind speed and direction, irradiation between others) every 10 
minutes. According to PIEAES the weather stations have maintenance checks at least once a 
month [134]. The INIFAP network is a larger system that has more than 1000 weather 
stations around the country, but only four in this region. The irradiation sensor used on both 
weather networks is a SP-Lite pyranometer from Kipp & Zonen with a spectral range between 
400nm to 1100nm. Even though the weather stations have periodical maintenance, calibration 
of the solar radiation sensors are not stated in none of the weather station web pages, giving a 
high uncertainty of the quality of the measurements, since the producer recommends 
calibration every 2 years[136].

To avoid erroneous validation data, three quality filters were applied to the observations. The 
first consist on having at least 80% of the data for each station. The second quality filter was 
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to have a minimal of three consecutive years. The last quality filter was applied to the 
monthly values, if within a month there were 10 daily missed records or 5 consecutive daily 
missed records, the monthly value was discarded. 

Five to eight years of GHI data were used to validate the output of the model, depending on 
the data at disposal. 28 agro-weather stations from PIEAES and 4 from INIFAP were used to 
validate the WRF outputs. A list of the weather stations used and its coordinates is shown on 
Table 6 as well as a map of the localization of each station on Fig. 32.

Fig. 32 Considered agro-weather stations.

Table 6 Weather Station List

Number Name Lon Lat Altitude 
(m) Network

1 Block111 -110.12 27.50 37 PIEAES

2 Block1201 -110.02 27.30 20 PIEAES

3 Block1418 -109.83 27.27 45 PIEAES

4 Block1103 -110.05 27.32 35 PIEAES

5 Block1317 -110.17 27.28 9 PIEAES

6 Block1703 -110.05 27.21 35 PIEAES

7 Block1730 -109.70 27.20 46 PIEAES

8 Block1806 -109.95 27.18 15 PIEAES

9 Block2210 -109.92 27.12 4 PIEAES



64

10 Block2328 -109.73 27.10 16 PIEAES

11 Block2920 -109.82 26.98 9 PIEAES

12 Block414 -109.83 27.43 46 PIEAES

13 Block609 -110.08 27.40 25 PIEAES

14 Buaysiacobe -109.68 27.02 17 PIEAES

15 Campo_52 -110.63 28.12 68 PIEAES

16 Cemay -109.50 27.01 39 PIEAES

17 Ciano -109.92 27.37 37 PIEAES

18 El_Chapote -109.57 27.03 33 PIEAES

19 El_Norteno -110.55 28.04 47 PIEAES

20 Estacion_Luis -109.15 26.57 42 PIEAES

21 Gpe_Guaymas -110.64 28.24 108 PIEAES

22 Huatabampo -109.60 26.82 17 PIEAES

23 Jazmin -110.01 27.54 37 PIEAES

24 Jupare -109.70 26.80 11 PIEAES

25 Mumuncuera -109.43 26.82 24 PIEAES

26 Tesia -109.40 27.12 42 PIEAES

27 Torocobampo -109.05 26.42 43 PIEAES

28 Tres_Carlos -109.50 26.90 34 PIEAES

29 Valle_Mulege -112.02 26.87 10 INIFAP

30 Chavez_Talamate -109.02 26.32 27 INIFAP

31 Agri_Gotsis -109.03 26.23 3 INIFAP

32 Carrizo -108.99 26.14 25 INIFAP
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2.4.2 Mean radiation year (MRY) methodology

One of the most common problems with using the WRF-model at high resolutions is the 
computational cost. In this chapter we consider to create a mean radiation year in order to 
reduce the amount of data to simulate (from 31 years to 1 year). Several types of methods to 
generate a typical weather data(or Typical Meteorological Year - TMY) like the Sandia 
National Laboratories method, the Danish method, the Festa-Ratto method or the Design 
reference year method are generally used to represent the long-term typical weather condition 
over a year[137]–[139] in a location. However in this research we developed a MRY in order 
to easily generate (with only one input, GHI in this case) and to analyze a complete region 
(not a single station or a single cell). 

These arguments make this methodology ideal for this case, since a complete region is been 
analyzed. Moreover the use of this approach in comparison with the generally used methods, 
previously mentioned, helps to include irregularly periodical climate change events (like 
“ENSO”) in the simulation period. Specifically these methods (TMY like methods) require a 
full contiguous month for each month of the year[138]; only considering 12 years of the total 
data at most to generate the year. However the method described below (MRY) has a daily 
variability in each month since it takes in consideration the closer day to the mean in a 31 year 
dataset. This variability allows including days that in other methods could be excluded since it 
will only include data from 12 years at most. 

The methodology to produce the MRY is based on the arithmetic mean of surface solar 
radiation (MeanSSDRd) from 31 days (each day corresponding to the same calendar day in a 
different year), calculated from the ERA-Interim GHI data (SSDRd) of the total surface (area). 
Subsequently the MeanSSDRd is compared with each of the 31 days used before; the day that 
has the less difference with mean value, is selected. This is repeated for the 365 days of the 
year; the concatenated result gives the MRY for this region. The algorithm followed to 
generate the MRY is represented on Fig.33.
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Fig.33 Flowchart for MRY methodology.

Where, 

N is de number of years (1-31)

d is the selected day (1, 2...365)

The mean radiation year is developed by the concatenation of the dates that have the lowest 

2.4.3 Validation metrics

The validation of modelled irradiation values against measurements are usually based on the 
root mean square error and the mean bias error[140]–[143], in this chapter both were used.
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The mean bias error (MBE) is defined as the quantity used to measure how close the observed 
values are to the modelled ones. The MBE is given by= (1)

GMOD represents the GHI given by the model

GOBS represents the GHI given by the weather stations

n: samples

The relative root mean square error (rRMSE) is defined to be the square root of the totality of 
the squares of the difference between modeled and reference irradiances using some time 
interval over some time period divided by the number of observations. The rRMSE uses the 
following formula:

= (2)

2.4.4 Model and Setup

In this study, the Numerical Weather Prediction (NWP) model, advanced WRF model ver. 3.4 
was used [144]. The model was run on the supercomputer Finisterrae in CESGA (Galicia, 
Spain). The spin-up time varies from different authors depending on the initial setup and 
resolution of the output. We do not take into account the first 12 hours because we consider 
that the WRF model needs time to stabilize. 

The next 24 hours correspond to the selected day that interests us. The modelling setup 
including the selected domains and the initial and boundary conditions as well as the physics 
schemes are described below.

2.4.4.1 Domain setup

The WRF model was run in a series of one-way nested grids. The horizontal grid spacing was 
refined by a factor of 3 through 1 nested domain until 9 km resolution. The WRF model was 
built over a coarsest domain (Fig.34a) at 27 km, and a finest nested domain (Fig.34
spatial resolution.
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Fig.34 Domain 1(a) and domain 2 (b), topography models (Red rectangle: south of Sonora region). 

2.4.4.2 Initial and boundary conditions.

The WRF model was used to improve the state of the estimated physical atmosphere 
magnitudes especially the planet boundary layers, by down-scaling the ERA-Interim 
reanalysis data provided by ECMWF. The ERA-Interim reanalysis project covers the period 
from 1979 to present and has a horizontal resolution of approximately 79km[70]. The initial 
conditions for the model were taken from the ERA-Interim date’s selection of the MRY 
previously obtained. The static data used for all the WRF simulations had a horizontal 
resolution of 2 minutes (about 3.7 km).  

2.4.4.3 Physics Schemes.

On Table 7 a summary of the configuration used on the model for each day is presented for 
reference. The physics schemes (in specific Cumulus, Shortwave and Longwave 
parametrizations) were selected, due to the characteristics of the region (climate and higher 
possibility of clear days) and the horizontal resolution of the grid. The rapid radiative transfer 
model [145] (a widely used scheme using look-up tables for efficiency) and the Dudhia [146]
(a simple downward integration allowing for efficient cloud and clear-sky absorption and 
scattering) schemes were used for the longwave and shortwave radiation options, respectively. 
Finally, the cumulus physics was modelled with the New Kain-Fritsch[100] scheme that can 
be used on high resolution (in addition to coarser resolutions) and according to a study[147] is 
the parameterization that better performs in the country due to the types of cloud formation on 
rain season. 
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Table 7 Synopsis of the WRF model configuration used

Simulation period 365 days

Model version V3.4

Domains 2

Horizontal resolution 27 and 9 km

Input data ERA-Interim

Time step 100 s

Outputs frequency 120 (d01) and 10 minutes (d02)

Nesting 1-way nesting

Physics schemes

Microphysics WSM6 class

Cumulus New Kain Fritsch

Shortwave Dudhia

Longwave Rapid Radiative Transfer Model

LSM Noah

PBL YSU

2.5 Results and Discussion

2.5.1 Model Results

The annual mean GHI for the south of Sonora region, calculated and taken from the daily 
WRF output[148] is presented in the map of Fig.35b. It’s evidently noticed that the values and
resolution on both cases (Fig.35a and Fig.35b) are different. The mean annual GHI found in 
the WRF output is 6.31kWh/m2, slightly higher than the annual GHI of the ERA-Interim 
output (6.01kWh/m2). The WRF simulation has a much higher resolution that better resolves 
the variability of the GHI on the eastern part of the region due to the mountains (Sierra Madre 
Occidental).

Fig.35 (a) ERA-Interim and (b) WRF output annual average GHI for the south of Sonora.

Additionally a mean monthly GHI representation for the WRF output was done, as shown in 
Fig.36. According to the figure the GHI is mainly driven by the sun position during the year. 
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The lower irradiation season during the months of autumn-winter is easily observed, as well 
as the higher irradiation season during spring – summer.

Fig.36 WRF output monthly average GHI for the south of Sonora.

2.5.2 Validation

In order to validate the GHI for the WRF model, a comparison between both the observations 
and the outputs were required, for the nearest geographical cell grid (latitude, longitude). In 
Fig.37 the mean monthly GHI for the region are represented, and were obtained from the 
observations, the WRF model output and the ERA-Interim data for each geographic location. 

Fig.37 Mean Monthly GHI plot (Observations, WRF model and ERA-Interim output).

During 6 months (April to September) the WRF model over-estimate the GHI 0.88 kWh/m2

on average; instead on the remaining months the model overestimate by 0.03 kWh/m2 on 
average. Moreover, the model behavior during 6 months of the year is slightly closer to the 
observations than the ERA-Interim outputs. 
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In order to understand the behavior of the model and ERA-Interim output it’s shown in Fig. 
38 the monthly MBE and rRMSE. The minimal (4.38%) rRMSE obtained for the monthly 
validation period is on January and the maximum (22.32%) occurs on July, annual rRMSE is 
9.61%. The MBE exhibits that there is a small underestimation on winter and a high 
overestimation on summer as shown in Fig. 38. Moreover the ERA-Interim output accuracy is 
also shown in Fig. 38 during spring-summer months has a closer trend than the WRF model. 
However, on fall-winter months the ERA-Interim output has an expected accuracy (less than 
10% rRMSE), but lower accuracy than WRF model.

Fig. 38 (a) Monthly rRMSE WRF Model vs ERA-Interim, (b) MBE WRF Model vs ERA-Interim.

In Fig. 39, the monthly mean correlation between the models and the observations is
presented. Is In the low radiation months between 3 and 5kWh/m2 the WRF simulation 
represents the weather stations well, but on higher radiation months it tends to overestimate 
the irradiation. Overall the lineal correlation (R2) for the WRF case is above 0.88, on the other 
case, the ERA-Interim correlation is above 0.93. 
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Fig. 39 Correlation plot of monthly GHI of Observation vs Models (WRF and ERA-Interim).

The observed effect could be related to the monsoon and hurricane season that covers the 
same time period (May – November). During the monsoon season (May – July) 
thunderstorms are formed due to a “desert heat low” that is formed in the Sonora desert, 
which pulls moisture into the region that contributes to their formation. Additionally during 
the hurricane season (May – November) many tropical storms strike the region, which could 
greatly impact the monthly GHI. 

The observations clearly show that there is less radiation than estimated from the WRF model 
and it could be related that the model doesn’t solve correctly this kind of storms with the 
cumulus parametrization chosen (New Kain-Fritsch) as shown by Gilliland and Rowe [149].
A possible evidence of this is shown in Fig. 40, the rRMSE doesn’t increase proportionally 
with radiation; the green triangles are the rRMSE on the Monsoon/Hurricane season and it’s 
evident that the greatest errors occur on that time.

Fig. 40 Monthly rRMSE for ERA-Interim, WRF monsoon season and WRF No storm season.
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Additionally, the monsoon system is a phenomenon that occurs on a larger scale than the one 
selected on the initial boundary conditions. Possibly, boundary conditions are not including 
clouds, which have to be entirely formed within the boundary domain. This lack of 
information on monsoon clouds could result in an underestimation of cloud cover over the 
region of study. Moreover, the resolution selected could also be a problem for the convective 
parameterization selected; according to various studies done, a higher resolution could solve 
the convective systems better[150]–[153]. In contrast, ERA-Interim, being a global analysis 
system, takes in consideration this kind of systems that develop outside of the area selected in 
the WRF model and also as an input has observational data that helps to improve the results 
output.

2.6 Conclusions

In this research a downscaling of the south of Sonora Mexico region was performed in order 
to obtain a highly temporal resolution solar potential assessment as well as a validation 
between the output and observations.

The graphical results processed from the WRF output indicate that the horizontal resolution 
for this example could be sufficient, in other words a higher resolution is not necessary for 
this region due to the homogeneity of the outputs and not drastic topographical changes. In 
general terms, the model represents the GHI of the region with a higher temporal resolution 
(10 min vs 12 hours). 

Overall the results for the WRF present less accuracy, related to the weather stations, in 
annual terms. However in non-storm season WRF has better results than ERA-Interim 
outputs. Since the annual rRMSE values are low (average 9.91%) we conclude that the model 
has relatively good accuracy and could be an alternative to study the solar resource on regions 
where climate conditions are similar to the studied region; especially if high temporal 
resolution (10 min) is necessary. However the results of the validation were done mainly on 
the valley region of the south of Sonora, it is recommended to analyze the outputs on the 
sierra region (west and higher altitude) in order to understand if the results are biased only to 
that kind of climate.

The overestimation of the WRF model on the spring-summer period seems to be the storm 
solving problem of the initial configuration. In order to improve GHI accuracy during this 
season, it is necessary to carry out a sensitivity study on the different microphysics, cumulus 
and radiation parametrizations that the WRF model uses. Moreover, it is necessary to do a 
further research in different regions and climate conditions so as to compare the effects 
observed during the present study with the results in such conditions. 
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CHAPTER 3 SENSIBILITY STUDY OF CUMULUS PARAMETERIZATION FOR 

A IRRADIATION ESTIMATE CASE IN A NUMERICAL WEATHER PREDICTION 

MODEL

3.1 Introduction

On Chapter 3 the results of sensibility study performed, of the convective parameterization on 
the prediction of GHI on a semi-desert region is presented. On Chapter 2 the results of the 
simulation of solar resource for the south of Sonora region are promising but improvable. 
Furthermore the results of the ERA-Interim output are slightly better. This kind of results is 
repeated on different solar radiation forecasts and assessments obtained by NWP models since 
the results depending on climate, season and location. We assume as a starting point that 
some of these problems could be solved by selecting the correct initial parametrizations for 
each case.

The design of these parametrizations on NWP models solves different atmospheric equations 
on different levels and resolutions of the simulation by diverse calculations. According to 
different authors, it should be noted that the skill of a simulation with a NWP model depends 
on factors such as the model itself[65], [126], [128], [154], soil specifications [155], spatial 
configuration [156], boundary conditions [157], region and season [61], [158], [159], and, 
particularly, on the physical options such as  the parameterizations [160]–[163].

3.1.1 Convective or cumulus parameterizations

There is great importance of the clouds in the climate system and therefore in the renewable 
energy point of view. Though the solar irradiation is the main energy source for the 
atmospheric system, it impacts the atmosphere incidentally, mainly because the coupling of 
the atmosphere with oceans and moderately as a result of the presence of the clouds[95].

The importance of convection to both local and global processes suggests that without a 
reasonable representation of all types of moist convection in numerical models it is 
impossible to predict the atmospheric circulations correctly or to model the hydrological cycle 
adequately[164]. The effects of latent heat release, the transport of heat, moisture, and 
momentum, and the precipitation that convection produces need to be accounted within NWP 
models[165].

In accordance with Stensrud (2010), “it is convenient to divide the various forms of moist 
convection into just two major categories: deep convection and shallow convection.” Deep 
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convection refers to elements that vertically extent much of the troposphere. Though, shallow 
convection are convective elements that vertically extent only a smart portion of the 
troposphere[165].

To the extent of understanding convective parameterizations, is important to define the 
microphysics of the NWP’s. According to Warner (2011), “cloud microphysics convective 
encompasses all cloud processes that occur on the scales of the cloud droplets and the 
hydrometeors, rather than on the cloud itself”[166]. In other words the microphysics schemes 
involve most of the physical processes of the atmosphere that could not be resolved on grid 
scale. 

On the other hand, cloud parameterizations are the methods which the model takes into 
consideration the convective effects through the redistribution of temperature and moisture in 
a grid column, which reduces atmospheric instability[167]. Through the cloud 
parameterization the model controls the convective processes that lead to cloud formation and 
possibly to precipitation. In Fig. 41 a diagram with the processes that CP schemes need to 
take account for[168]. Some of these needs are covered by different ways on the CP 
parameterizations on NWP models; however the CP schemes have different results depending 
on the initialization input and the type of convective event[147], [167], [169], [170].

Fig. 41 Convective processes that need to account CP schemes.[168]

Therefore cloud parameterization impact indirectly the shortwave parameterization by 
interacting with the microphysics schemes and changing the cloud optical thickness that affect 
the GHI on the surface[171].
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In this Chapter we are focused on solving the simulations with seven different convection 
parameterizations selected, to model the solar irradiation for an energy assessment standpoint 
of view. An analysis of the results and discussion is given on section 3.3 and conclusions on 
section 3.4. 

3.2 Materials and Methods

The methodology followed in this chapter comprises the following steps: first the months of 
July (summer) and December (winter) were selected from the MRY previously developed, 
and perform all the simulations days with seven different convection parameterizations. From 
these results, a comparison of the mean solar irradiation output between them and the 
observations was performed. 

The month of July, is selected, due to the past results, where this month had the highest 
differences (rRMSE and MBE) of the 12 months, in contrary as the month of December that 
had the lowest errors given by the simulation. This will give a higher chance to differentiate 
the GHI result of each simulation and to select which parameterization gives better results in 
such extreme conditions (winter-summer difference).

3.2.1 Brief regional description

The south of Sonora region was selected for this study due to the agro-weather and weather 
station density and its climatological characteristics. This region is located at the northwest of 
Mexico, in the state of Sonora. This research considers 13 municipalities of the south shown 
in the Fig.42.

Fig.42 State of Sonora location (in yellow municipalities of the south region).

3.2.2 Observational data

In Chapter 2 only 32 agro-weather stations were used to validate the results GHI of the 
simulations. From this 32 weather station, 28 were taken from the PIEAES weather network 
used mainly to forecast crop disease and situated on the valley at the South of Sonora region, 
the last 4 weather stations were taken from the INIFAP weather station network and were 
selected to analyze the contour of the region selected. 
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However in this chapter, five weather stations from SMN were also considered[57] in 
order to increase of the area of validation from Chapter 1. The weather stations added in this 
research have high quality sensors and recalibrated solar sensors, according to Valdes et 
al.[133], since these weather stations were recalibrated in 2012. A list of the newly added
weather stations used, its height and coordinates is shown in Table 8. The newest weather 
stations considered are marked in green on the south of Sonora map in Fig. 43.

Table 8 Weather stations added to this Chapter [57]

Number
Weather 
Station 
Name

Longitude Latitude Height Network

33
Bahia de 

Kino
-111.136944 29.013333 10 SMN

34 Alamos -108.937778 27.021667 409 SMN

35 Yecora -108.933333 28.366667 1531 SMN

36 Basaseachi -108.208889 28.199167 1973 SMN

37 Chinipas -108.536389 27.392778 431 SMN

Fig. 43 Weather stations considered for the research. In green the weather stations from SMN network added 
for this chapter.
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The quality filters used in this chapter are based in the same as Chapter one and are described 
next. The first consist on having at least 80% of the data for each station. The second quality 
filter was to have a minimal of three consecutive years for each weather station. The last 
quality filter was applied to the monthly values, if within a month there were 10 daily missed 
records or 5 consecutive daily missed records, the monthly value was discarded.  

3.2.3 Model description and experimental setup

In this study, the numerical advanced weather prediction model (WRF model ver. 3.4) was 
used[144]. The modelling setup including the selected domains and the initial and boundary 
conditions as well as the physics schemes are based on Sosa-Tinoco et al. (2015) research and 
are listed below Table 9 [158].

Table 9 Synopsis of the WRF model configuration used

Simulation period
31 days of July and 31 days of 

December for each case

Model version V3.4

Domains 2

Horizontal resolution 27 and 9 km

Input data ERA-Interim

Time step 90 s

Outputs frequency 120 (d01) and 10 minutes (d02)

Nesting 1-way nesting

Physics schemes Option

Microphysics WSM6 class

Shortwave Dudhia

Longwave
Rapid Radiative Transfer Model 

(RRTM)

LSM Noah

PBL YSU

It is noteworthy that the simulation period was of 36 hours and as well as in the Chapter 2, the 
first 12 hours were deduct since we consider this interval as appropriate time for spin up of 
the model and the results were driven by the characteristics of the model and not only the 
input data.

The cumulus parameterization used in Chapter 2 was Kain-Fritsch, the results of using it for 
the simulation, exhibited that in summer there were overestimations in contrast to all the 
weather stations. The Cumulus Parameterization (CP) schemes, chosen for this research, are 
shown in Table 9, as well as the abbreviations used in this Chapter. Also an ERA-Interim case
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is considered just for comparison, the results were taken from Chapter 2. The abbreviation 
used for this Chapter for ERA-Interim GHI results is ERA.

Table 10 Cumulus Parameterization used

Scheme Abbreviation Added

Kain-Fritsch KF 2000

Betts-Miller-Janjic BMJ 2002

Grell-Freitas GF 2013

Old Simplified Arakawa-
Schubert

OSAS 2005

Grell-3 G3 2008

Tiedtke scheme Ts 2011

New Simplified Arakawa-
Schubert

NSAS 2011

3.3 Results and Discussion

The results from every day of each case were averaged in order to compare the GHI monthly 
mean with the observations. In Fig. 44 four cases are shown, the first KF shows a higher GHI 
than the other 3 cases, also is noticeable the poorest resolution on ERA however shows better 
differentiation between coast (west) and mountains (east). On the other hand OSAS and 
NSAS case show lower GHI on both maps and good differentiation between coast and 
mountain. NSAS case also shows similarly to ERA lower irradiation on the mountains.
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.
Fig. 44 Mean GHI maps in July for four cases (KF, NSAS, OSAS, Ts).

Likewise, in Fig. 45 GHI mean maps in July for the left cases (BM, GF, G3, and Ts) are 
shown. The four cases are shown together because the results are similar showing high 
(8kWh/m2 approximately) GHI on most of the map but middle (6.5kWh/m2) GHI on some 
parts of the mountains; however the G3 case has a higher contrast between the east and west. 
Is noticeable how the G3 performed better than GF case by reason of G3 scheme is an update 
of the later
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Fig. 45 Mean GHI maps in July for four cases (BM, ERA, G3 and GF).

From these results, each case was compared against the observations. In Fig. 46 the polar 
graph shows, in the red line the mean GHI on the month of July for the 32 observations, and 
in blue line the different mean GHI cases. = 1# _
Where,_ is the mean of GHI on the grid point where the weather station is located on the 
simulation result.# is the number of grid points in this case 37 (the same number of observations.

Most of the cases shown have a clear overestimation of over 1kWh/m2•day, similarly to the 
results previously presented in Chapter 2. Nevertheless the OSAS case has a lower 
overestimation of less than 500Wh/m2•day in addition the NSAS case has the closest GHI to 
the observations with a low underestimation of 100Wh/m2•day as shown in Fig. 46.
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Fig. 46 Mean GHI on July for each case (kWh/m2) in comparison with observations.

The result shown hints that the hypothesis portrayed at the beginning of the chapter could be 
positive. On the other hand by the month of December, the difference between each case is 
not as considerable as in July. The eight cases show similar outputs (approximately 
3.8kWh/m2•day on most cases) as shown in Fig. 47. Since the results are similar the output 
where displayed together in contrast with the month of July that was shown in two different 
sets of maps. One particularity displayed in the Figure is the ERA case that as well as in July 
show less resolution.

Fig. 47 Mean GHI maps in December for all cases.
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In Fig. 48 the mean GHI observations are displayed at the outer red line in contrast with July 
due to in most of the cases had an underestimation; however the KF case had a slight 
overestimation of 20Wh/m2. The cases with higher precision were KF, G3 and NSAS in order 
of precision, as shown in Fig. 48.

Fig. 48 GHI on December for each case (kWh/m2).

In order to understand the results during both seasons the rRMSE and MBE of each case are 
presented in Table 11. On the summer the CP that shows the best rRMSE is NSAS close by 
OSAS case, this could be related to the fact that NSAS is a developed scheme from OSAS 
parameterization. Furthermore the MBE shows a slight underestimation of the NSAS scheme 
on July. 

In winter the rRMSE of three results is almost the same (~5.72%) for KF, Ts and G3. 
However the rRMSE of the rest of parameterizations presents not a bigger difference and in 
particular the NSAS output has only 5.76% of rRMSE  Once more, the lowest MBE in 
December falls in the same three cases previously mentioned. Something worth to mention is 
that the NSAS case has the lowest sum of rRMSE on both season and both MBEs are 
negatives and small too.

Table 11 Validation metrics

Convective 
parameterization

rRMSE (%) MBE (%)

July Dec July Dec

ERA 7.96 6.36 5.34 -2.60

KF 22.88 5.72 22.05 0.35

BM 17.76 6.02 16.74 -1.58

NSAS 5.46 5.76 -2.35 -0.51
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Ts 17.21 5.72 16.19 0.35

OSAS 8.22 6.51 6.20 -2.17

GF 21.10 6.46 20.23 -2.11

G3 17.71 5.72 16.73 0.35

In order to further understand these results we selected two cases, KF since is the 
parameterization used in Chapter 1 and NSAS case in consideration of the results of rRMSE
and MBE. The precipitation of all the simulations on the month of July was extracted and 
added in order to represent the cumulative precipitation and to compare both cases. The 
variables taken from the simulation was RAINC and RAINNC and both were added in order 
to get the cumulative precipitation from each day of simulation. The variable RAINC is the 
rain produced by the CP scheme and RAINNC is the one produce by the microphysics 
parameterization. 

The cumulative precipitation from both cases is presented as maps in Fig. 49. It is visible that, 
the KF case (Fig. 49a) has higher cumulative precipitation on the east (more red and yellow 
grid points) in comparison with NSAS case (Fig. 49b). On both cases there is less cumulative 
precipitation (<100mm), close to the coast line (west).  

Fig. 49 Maps of cumulative precipitation on July a) Kain-Fritsch b) NSAS

If we analyze the precipitation on the points where there are weather stations against the 
simulations there seem to not have great differences for both simulation cases, but comparing 
with the observations there are higher differences, as much as four times greater in some 
cases, as shown in Fig. 50. The GHI on both simulations is stable between each point, in 
comparison with the observations that show some variability. In this figure, is visible that 
there is no high correlation between precipitation and GHI during this month but is also 
noticeable that the NSAS has better GHI prediction.
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Fig. 50 GHI and Precipitation for each station (closer point) in July.

The main differences between each parametrization could be related to the persistency of the 
clouds (CP triggering), since in both schemes the amount of rain is similar but the solar 
irradiation is higher in KF case.  The meaning of this is related of how each CP considers that 
convection leads to a shallow convection or deep convection and from that state to 
precipitation. 

In order to analyze these results further, we took the model output that represent the 
hydrometeors simulated by the microphysics and represent them averaged in the month of 
July in a three-dimensional fashion (isosurface). The hydrometeors in this case are the 
particles of ice/water suspended on the atmosphere that the microphysics scheme produces 
due to the interaction with the rest of parameterizations in this case were considered ice 
(QICE), rain (QRAIN), snow (QSNOW), graupel (QGRAUPEL) and clouds (QCLOUD). These outputs 
are four-dimensional variables that were necessary to average on time in order to represent in 
3D, to reduce one dimension. Furthermore the importance of these hydrometeors to 
understand the GHI output is great after all they affect the cloud optical thickness directly and 
the shortwave parameterization accounts this property to calculate the shortwave irradiation 
(GHI) at the surface[172].

In Fig. 51 a representation of the five hydrometeors averaged during the month of July in 
isosurface/3D and in the same figure the precipitation averaged is shown on the bottom. First 
two figures (a and b) are top view planes, the last two figures (c and d) are horizontal 3D 
representations. 

KF scheme (Fig. 51a and Fig. 51c) has less moist density (mostly blue clouds) and more 
precipitation (yellow/brown color) on the west side, however the NSAS representation shows 
that the clouds have higher moist density (yellow clouds) and less precipitation on the west. 
On Fig. 51c and Fig. 51d horizontal representations are shown, both parameterizations 
express deep convection, though NSAS presents higher deep convective clouds on the 
western limit of the area. 
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Fig. 51 Average clouds and precipitation on July, for KF (a, c) and NSAS (b, d).

A simulation in the month of March was performed, in order to validate the results on an 
intermediate season (spring), since in both time periods (summer and winter) are 
demonstrated that NSAS scheme has more than acceptable prediction for this region. 
Moreover on the monthly GHI observations March presents closer values, from the 
observations point of view, than any other month to July as shown in Fig. 52.

Fig. 52 Monthly GHI Observations
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The results of the mean GHI map in March (Fig. 53) are similar between the 
parameterizations (KF and NSAS), having almost the same features and contrast between the 
coast line and the mountains.  There is a low GHI in the sea that is hard to validate since there 
is no weather stations on the sea, which appears higher on the NSAS case. 

Fig. 53 Mean GHI maps in March for 3 cases (KF, ERA, and NSAS).

In Fig. 54 the average clouds and precipitation for both cases in March are shown. The results 
are similar to each other (NSAS and KF); probably because in March the weather is fairly 
clear and there are not many clouds or precipitation during this season. Apparently the month 
of March is cloudy, however the density of these clouds is minimal, and only small deep 
convection situation occur close to the mountains. 

Fig. 54 Average clouds and precipitation on July, for KF (a, c) and NSAS (b, d).
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These findings validates the NSAS scheme to be used during all the year to obtain irradiation 
levels closer to the observations. The validation metrics are shown in Table 12. The results 
show that the parameterization has better results than KF and ERA-interim both in rRMSE 
and MBE and the difference on the month between the Observations and the output of the 
simulation is only 0.07 kWh/m2.

Table 12 March validation for KF, NSAS and ERA-interim (for comparison)

rRMSE (%) MBE (%)
Mean GHI 
(kWh/m2)

KF 5.57 2.04 6.51

NSAS 5.30 1.35 6.46

Observations - - 6.39

3.4 Conclusions

Simulations in different seasons of the year, with seven convective parameterizations, where 
done thoroughly to select the CP for the region. The best CP for the region was selected in 
order to produce a database of GHI with the highest correlation with observations. 

The first trial was to determine which CP could give results closer to observations on summer. 
The results were conclusive and the best CP for the south of Sonora region in summer was 
first NSAS and then OSAS, both parameterizations had higher confidence to the observation 
than any other parameterization. The second examination was done on winter, the results of 
the simulations showed that most parameterization has high correlation with the observations. 

In order to understand the results a comparison between the precipitation of two CPs (KF and 
NSAS) and its GHI was performed. The result shows that KF scheme had higher precipitation 
on the east but the same precipitation on the weather stations as the NSAS scheme on the 
west. Moreover an analysis of the hydrometers generated by the model was done and it 
showed that the KF scheme had a lower density of moist on the atmosphere on average versus 
the NSAS scheme. The KF scheme seems to be in an overactive state. An overactive scheme 
produces too much rainfall in situ, and removes too much atmospheric moisture, which could 
have fallen as precipitation downstream like in most of the cases excepting the Arakawa-
Schubert schemes. 

The results obtained in this research are promising and could lead to have better results on the 
future in other regions by using NWP models to predict GHI. However is convenient to 
analyze the other physical parameterizations (shortwave, longwave, microphysics) in each 
scenario as well. 
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CHAPTER 4: PHOTOVOLTAIC MODULES STUDIES AMONG DIFFERENT 

TECHNOLOGIES

4.1. Introduction 

During the last 25 years, both the photovoltaic (PV) cumulative installed power and the 
annual electricity production have increased at an annual rate of about 38 %, resulting in an 
estimated 540  GW cumulative capacity in 2019[173], [11]. This tremendous growth has been 
mainly a consequence of the continuous decrease of the cost of solar systems, 70 % in the last 
8 years[11]. Therefore, depending on the intensity of the solar resource, the PV electricity is 
reaching grid parity in many regions of the world.  

One of the main uses that the solar resource provides is the energy conversion from the solar 
irradiance to electricity by means of the so called “photovoltaic effect”[174]–[176]. The 
present market offers different solar modules technologies which are able to carry that out in 
an efficient-durable enough way. Nevertheless, different technologies are expectable to show 
some differences when it comes to the main influent parameters: kind/amount of irradiance 
and temperature.  

In a comparable manner to the previously studied solar energy mapping, a brief sort of solar 
module type distribution could be stated concerning this last’s characteristics. This arises 
from the fact that, in each World’s area, some specific meteorological conditions are 
predictable to be present and thus, when the specific PV systems’ behavior is taken into 
account, a suitable choice is able to be established. In this way, a resource mapping could be 
accompanied by an optimum kind of PV generator by regions. 

In this chapter, we developed a study of PV response and the most efficient types of solar 
cells depending on the production technologies. For that reason, in addition to a validation of 
models for predicting solar energy, it is important to choose the right technology depending 
on the climate zone. To do this, there are certainly worthwhile four parameters that should be 
considered: in response to variations in temperature, irradiation dependency, the cost and 
useful life-time, or by defect the aging modes. In order to carry this out, it is necessary to 
experimentally measure and compare under real conditions the main different kinds of solar 
module implementations. We compare the first-generation solar modules, produced from 
crystalline silicon, and the thin film or second-generation cells, which make use of much 
smaller quantities of semiconductor materials: CIS. Depending on the material substrate, its 
encapsulation, their properties and resilience, the effective electric performance under 
different meteorological conditions will vary from one to another. 
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This chapter includes a behavior comparison study between the main different technologies of 
photovoltaic modules, which is based on measurements under real sun conditions as well as 
on real operating installations. A study for the most common technologies in the considered 
region, that is, the South of Sonora, has been carried out. As it was previously detailed in the 
corresponding chapters, the climate characteristics of this region are high levels of direct 
irradiation, high temperatures and a noticeable seasonality.

4.1.1. PV’s technologies state-of-the-art

To describe the state of the art for the photovoltaic technology is necessary to make a 
distinction between crystalline silicon cells and thin film cells based on inorganic 
semiconductors.  The Crystalline Silicon Cells are based on crystalline silicon either as single 
crystal (mono-crystalline) or multi-crystalline with large grain sizes (about 1 cm side). These 
cells dominate the PV market and are called first-generation solar cells[177]. The maximum 
efficiency of converting solar radiation to electricity reached is 22.9±0.6 % world record for 
monocrystalline modules, very close to its theoretical limit. The multi-crystalline silicon solar 
panels have efficiencies somewhat lower than mono-crystalline, reaching a 18.5±0.4 % world 
record[178]. The lower efficiency is offset by cheaper production costs. In addition, during 
the last years, a more energy-efficient ways of achieving solar grade silicon for photovoltaic 
modules, such as the upgraded metallurgical grade silicon (UMG-Si) are becoming a good 
alternative to the most common technique (Czochralski method) [179]. The main advantage 
of the new method is the lower energy consumption. Although this kind of multi-crystalline 
implementation is still not currently very established commercially speaking, it is of interest 
since it reduces the costs and may present a suitable enough behavior.

Other ways of possible savings in cost are the so called Thin Film Cells or second generation 
modules. This technology implies a significant saving of semiconductor material. Although 
their efficiency is variable compared to silicon based solar cells and their production costs are 
relatively low, these cells are less used than first generation ones to produce electricity. The 
thin-film or amorphous cells are commonly constituted through a deposition of different 
substrates (mainly silicon-based) without any periodic order, whose properties are able to 
induce the photovoltaic effect. An interesting example of Thin Film are the CIS cells 
produced by evaporation of the constituent elements Cu, In and Se [180]. Although CIS cells 
efficiency currently reaches 17.5±0.5 %[178], problems arise due to the scarcity of In and its 
environmental impact[181].

During the last decades, the photovoltaic industry volume has been strongly increased. On the 
other hand, among the different technologies of implementation, the multi-crystalline one 
comprehends the highest amount of production [11], whereas the thin-film type represents the 
lowest in the market. As above mentioned, regarding such photovoltaic technologies, some 
aspects should be taken into account while considering their adequateness for a photovoltaic 
installation in a particular region: module’s efficiency, their behavior with respect to different 
parameters such that cell’s temperature and irradiance, electric characteristics, structural 
conditions (weight, flexibility...), robustness, expected ageing and maintenance needs. 
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In general, prices of crystalline modules have strongly decreased during de last years (see Fig. 
1.), which is de so-called Swanson Effect [177], [182]. In practice, the Swanson effect affirms 
that for any duplication in production of PV cells, the corresponding price decreases in a 20% 
about. 

Fig. 55 a) Crystalline photovoltaic modules’ prices from 1977 to 2012 [177] b) Yearly energy production for PV modules 
from 1984 to 2012.[182]

With respect to the future technological trends in PV the all move in the same direction: 
lowering the production cost of electricity produced. This objective is planned to be achieved 
through the two interrelated strategies: 

1 Increasing the efficiency of the cells with the introduction of new concepts, 

2) Increasing the durability of modules,

3) Simpler production processes and

4) The use of fewer and cheaper materials.

Specifically, in the case of Crystalline Silicon Solar Cells, trends in innovation are being 
made in improving the quality of metallurgical grade silicon (cheaper and of poorer quality 
than the solar grade silicon normally used)[183], and in the development of advanced 
manufacturing processes for wafers, primarily a greater penetration of epitaxial deposition 
process, so successful in the manufacture of multijunction solar cells.[184] Also, it is 
expected to intensify the effort in thinning the thickness of the cells (~30 mm) in order to save 
on material, but trying to maintain the efficiency values. 

In the case of Thin Film Solar Cells, efforts are focused on increasing efficiency and 
durability and reducing the cost of the cells, which must be combined with a deep 
understanding of the properties of the materials that compose the cell. It is also necessary the 
replacement of some materials due to their high cost (mainly In and Te). There is also work 
ahead on the development of new multijunction structures, using lower purity materials and, 
consequently, lower cost, manufacturing in large areas, and on improving contacts and 
transparent conductive oxides. A special effort is focused on controlling the production 
content and morphology of the thin layers during the manufacturing process, to avoid the 
efficiency degradation of the cells when ageing [185].
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4.1.2. Photovoltaic Modules and parameter definitions

A PV module is a series-parallel association of individual PV generators called solar cells. 
These cells are constituted by semiconductive materials which are able to generate electric 
energy from a fraction of light’s photons that are absorbed by such device. The photons’ 
energy is supplied to the material electrons if it is higher that their bandgap width and hence 
the electrons are free to generate electricity conduction [176].

A solar cell is basically a PN junction, which could be established in different ways/materials. 
As it is well known from solid state electronics, an internal electric field arises at the area 
surrounding the pn interface or spatial charge region. Therefore, if the incident photons from 
sunlight, with energies higher than the semiconductor bandgap, reach the pn interface, they 
will create electron–hole pairs. The electrons and holes thus created will move in opposite 
directions by the action of the field resulting in a current which will be the sum of the currents 
due to both types of carriers (recall that the holes are charged positively). From the above 
concepts, it is convenient to emphasize that a solar cell under illumination behaves like an 
electric generator. The solid curved line in Fig. 56 Characteristic curve of a standard solar 
cell. The corresponding power is also plotted, as well as the main parameters. [174]represents 
the I–V characteristic of a typical solar cell. If the cell is in open circuit (I = 0), the 
corresponding voltage is maximum and it is called the open circuit voltage Voc. On the 
contrary, if the terminals of the cell are shorted (V = 0), then the current is called the short 
circuit current Isc, and its value is maximum. It is usually desired that the output power is 
maximum (Pmp), as it is the case in power generation. Each solar cell and thus each solar 
module, under certain conditions of irradiance and temperature, have their specific 
“characteristic curve”, which is directly related to the type of constituent solar cells, their 
association and the final result. This curve includes the current and voltage values that a solar 
module may present under such conditions of irradiation and temperature. 

Fig. 56 Characteristic curve of a standard solar cell. The corresponding power is also plotted, as well as the 
main parameters. [174]

Equations (4) and (5) show how the temperature influences slightly the currents, since it 
narrows the band-gap width in a way that affects more positively the currents than the 



95

increment of electron-hole recombination. On the other hand, the effect on voltages is 
noticeably higher, because of the increase in the reverse saturation current I0 [176].

The irradiance is directly related to the energy production of solar modules, but the way under 
which this happens depends on the kind of cell or light spectra. All the main cell parameters 
(I, V, P) in our range have an approximately linear (see equations 4 and 5) behavior with 
irradiance for the typical real sun intensities. The more stable these parameters are, the more
usable the photovoltaic modules will be, since the performance is relatively higher at lower 
irradiances. I = I + (T T ) (4)V = V +mv ln (T T ) (5)

Where ISC is the short-circuit current, VOC is the open circuit voltage, ISC’ VOC’ are the 
nominal values, T the ambient temperature (ºC); (T´, G´) the values correspondent to AMS
(25°C,1000W/m2) measurements; (m, vt) are characteristics of module material; are 
constants.

4.2. Study and experimental setup

One of the relevant aspects to be taken into account throughout a performance study of 
different types of solar modules is the behavior they present under real operation conditions. 
This also correlates directly with the above mentioned PV adequateness regarding different 
geographic regions. In this sense, during the year 2014, the SEAG [186] has carried out a 
series of measurements in Santiago de Compostela under real sun conditions for any basic 
kind of photovoltaic technology: monocrystalline, thin film CIS and multicrystalline. 
Concerning this last case, UMG multicrystalline implementation modules were also analyzed 
in the same conditions. In Table 13 PV modules tested.a summary of the characteristics of the 
PV modules used is shown. In appendix 3 to 6 the datasheet of the PV modules is also 
displayed.

Table 13 PV modules tested.

PV module type Brand Model
Voc 
(V)

Isc 
(A)

Pmax 
(W)

Multicrystalline Suntech
STP280-
24

44.8 8.33 280

UMG Ferrosolar SFS-270 44.5 8.1 270
Monocrystalline Isofoton I-53 21.6 3.27 53
CIS Wurth Solar WSK0001 22 0.35 5.5



96

For the measurements, an IV tracer module characterization is obtained using a SOLARIV 
SOLAR300N curve tracer in real sun conditions[187], while irradiance and temperature were 
controlled. Furthermore, two different monitored installations that were operating under real 
conditions were also considered and analyzed. In these last cases, the working voltages, 
currents, irradiances and temperatures have been registered for the analysis. In Fig. 57, such 
installations are shown. 

The main parameters to be studied concerning the operation of the different technologies 
were the behavior of the different solar modules’ currents, voltages and power with respect to 
the temperatures and irradiance. This summarizes the whole study. Regarding the monitored 
installation, only the current’s characteristics were possible to be studied, since the 
accumulators establish the voltage of operation. 

Fig. 57 Monitored photovoltaic installations in Santiago de Compostela, near to a MeteoGalicia [188] weather 
station.

4.3.Results 
As previously seen, one of the relevant aspects to be considered when a photovoltaic 
installation is projected is the characteristic curve of the solar modules. Not only does it 
resume the expected behavior of the systems during their operation time, but also the 
predictable loses in this regime, as well as the most suitable choice for the different elements 
(such as charge regulator, convenience or not of a MPPT tracker and so forth). 

The irradiance, and even more, the temperature effect over such characteristic curve, as well 
as, in general, over the photovoltaics’ module way of operation is a matter of interest in this 
context. It is directly related to meteorological conditions and it should be taken into account 
once established the region of installation or vice versa.

4.3.1 Temperature dependence
In equations (4) and (5), if only the temperature terms were considered, the expressions take 
the form of equations (6) and (7). The temperatures effect on the maximum power is also 
linear and i

)'( TTI SC (6)
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)'( TTVOC (7)

In Fig. 58a several IV test curves were done to a UMG photovoltaic module and show how 
the voltage is more affected by the temperature than the current and in Fig. 58b also shows the 
power dependence on the temperature. Each test was done on a difference in temperature of 
3°C with a margin error of ±1°C. The same assessment was done to the four types of PV 
modules tested.

Fig. 58  I_V curves for different temperatures in UMG’s modules tested at SEAG test site.

The solar modules’ temperature is frequently high, in previous measurements, a range 
between 30 and 60 Celsius were considered [174], [189], so the less temperature dependent a 
photovoltaic module is, the more stable and solvent it is, and the three temperature 
dependence parameters are the basics in this section. In Fig. 59 it’s shown the results of the
series of test done to the photovoltaic modules. The test was done in quasi stable irradiation 
and only the temperature of the module was changed.
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Fig. 59 Maximum power behavior vs temperature for the four kinds of solar module: from up-left to bottom 
right: monocrystalline, multicrystalline standard, thin-film and UMG multicrystalline.

When the maximum power behavior for each type of solar module was measured and 
analyzed, by means of an approximately stable irradiance (its variation during the 
measurements was lower than 30W/m2, although the effect is corrected), the Fig. 60 is 
obtained. The values are the normalized Pmax vs T slopes in percentage with respect to 
standard temperature conditions.  The results show that the maximum power of the thin film 
modules have shown the biggest dependency on temperature (worst behavior) whereas all the 
crystalline have a compatible dependence to each other in the same sense within the 
measurement errors. 
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Fig. 60 Maximum power behavior with respect to temperature (Gamma factor) for the different studied 
technologies.

Regarding the open circuit voltage dependence on temperature (beta factor, see equations (7)), 
as it can be seen in Fig. 61, the results are noticeably different. In this case, the lower 
dependence on temperature is patent in monocrystalline modules, followed by thin film and 
UMG multicrystalline. The higher dependence was found in standard multi-crystalline 
modules for this case. 
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Fig. 61 Normalized open-circuit voltage dependence on temperature in percentage (Beta factor) for the 
different studied technologies.

When the dependences of the short circuit currents are considered in the same way, Fig. 62
shows the most stable behavior for the case of monocrystalline solar modules, whereas the 
biggest dependency is clearly patent for the thin-film samples. Concerning the results that 
were obtained on the multicrystalline photovoltaic modules’ tests, the highest dependency 
was measured for UMG kind of implementation. 

The sensitivities that were reached with these estimations are lower than that of the previous 
parameters, since the temperature influence on the currents is notably reduced, as well as 
higher on irradiance during the measurements (whose effect had to be corrected).
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Fig. 62 Normalized short-circuit current dependence on temperature in percentage (Alpha factor) for the 
different studied technologies.

When Fig. 61 is considered, as well as the fact that the lower the temperature dependence is, 
the more stable is the solar panel’s behavior is and, thus, more suitable are its characteristics 
for a desert region such the studied one, some conclusions could be drawn: 

- The most suitable technology turns out to be the standard multi-crystalline one, 
showing UMG and monocrystalline type nearly the same results concerning this 
parameter, and compatible with standard’s values within the errors. 

- Thin film modules (CIS) have shown the worst results when high temperatures are 
considered.

4.3.2 Irradiance dependence

One of the important characteristics when it comes to the selection of a technology is its 
response at extremely different levels of irradiation. The region under study presents notably 
high levels of irradiance and relatively few cloudy days, which is, on the other hand, a notably 
different situation compared to World’s regions with high amounts of clouds. That is the 
reason why the solar modules’ energy production under different irradiance conditions is an 
aspect to be studied. In order to do so, several measurements (Fig. 63) were carried out at 
different irradiance levels (real sun) for each technology at stable temperature (36±1 Celsius). 

The irradiance is directly related to the energy production of solar modules, but the way under 
which this happens depends on the kind of cell or light spectra. All the main cell parameters 
(I, V, P) in our range have an approximately linear behavior with irradiance for the typical 
real sun intensities (see equations (4, 5)). The more stable these parameters are, the more 
usable the photovoltaic modules will be, since the performance is relatively higher at lower 
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irradiances, but this is not in any situation the most preferable case, as it will be afterwards 
explained. 

Fig. 63 Maximum power behavior vs irradiance for the four kinds of solar module: from up-left to bottom right: 
monocrystalline, multicrystalline standard, thin-film and UMG multicrystalline.

As it can be seen in Fig. 64, where the values are the normalized Pmax vs irradiance slopes in 
percentage with respect to standard irradiance conditions, the maximum power dependences 
of the different technologies that were analyzed on the irradiance are comparable to each 
other, with the exception of thin-film solar modules, whose behavior is around 10% more 
irradiance dependent.
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Fig. 64 Normalized maximum power behavior in percentage with respect to irradiance for different 
technologies.

Regarding the effect that irradiance has shown over the open-circuit voltage during the 
analysis, the results in Fig. 65 indicate again that the behaviors are compatible among the 
different technologies, being the highest dependence for the thin-film cells. 

The situation concerning the short-circuit current is approximately equivalent, although in this 
case the differences between the thin-film cells and the others are sharper. 
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Fig. 65 Normalized open-circuit voltage dependence on irradiance in percentage for the different technologies.

The reason for this situation may be related to different aspects, such as the encapsulation, a 
slightly higher sensitivity to different angles in thin-film solar modules, spectral matters and 
so forth.  In this sense further studies will be necessary for a thorough knowledge of these 
particular and non-trivial aspects. 
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Fig. 66 Normalized short-circuit current dependence on irradiance in percentage for the different technologies.

The dependency or slope that the solar modules’ energy capabilities show with respect to the 
irradiance is related to their adequateness when a site of installation is considered. In 
particular, if the region under consideration present high irradiance values (even more 
important for this purpose than the integrated solar energy during the day), the bigger such 
dependence is, the more suitable the solar panel will be. In areas such a big part of the studied 
region, values above 1000W/m2 are typically reached on a daily basis, so such solar modules 
will take advantage under this situation and increase their relative power capabilities. On the 
other hand, for medium low irradiances, the more stable solar modules regarding irradiance 
are the most suitable ones.

By taking this fact into consideration, some conclusions could be derived from the past 
figures:

- Thin film solar modules would be the most suitable choice for a high-irradiance region 
such as the region under study.

- UMG multicrystalline type, as well as monocrystalline turns out to be the best choices 
among crystalline types.

- The standard multicrystalline solar modules present the best behavior for medium-low 
irradiances. 
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4.3.3. Combined temperature and irradiation dependence

When both dependences, on temperature and irradiance, are considered as a whole, a selection 
of the most suitable technology for regions could be established. In this way, as it was 
previously explained, higher maximum power slopes over irradiance are recommendable for 
sites that statistically present high irradiance values and the other way around when it comes 
to slopes (absolute value) over temperature. For medium-low irradiances, mainly during the 
months that are expectable to show lower values concerning solar resource, the lower the 
slopes with respect to irradiance, and the more favorable technology. Regarding temperature, 
lower dependences are also preferable in these last cases, although the requirement is not as 
significant as in other kind of region.

In Fig. 67, a match among all PV modules’ tendencies is plotted. The regions of adequateness 
are also presented on the plot in the sense above detailed. The crystalline module’ 
characteristics are placed at the good temperature-dependence area, whereas the thin-film case 
turns out to be on the best irradiance-dependence region. Regarding this last observation, it is 
important to take into account that thin-film modules present the inconvenience of being more 
sensitive to irradiance effect when it comes to ageing [190], [191], so this apparently 
preferment situation for high irradiances is not strict. It should be mentioned that the typical 
range of operation both for temperature and irradiance is not included, so the importance of 
the irradiance effect and that of the temperature could be somewhat lower or higher
depending on this fact.

Under these last considerations, the multicrystalline solar modules arise as the most suitable 
choices for high irradiated areas such as the studied in the present work. Concerning both 
last’s types, UMG case present a slightly higher advantage when the irradiance slope is 
considered that its disadvantage on temperatures’ case. Furthermore, as it was above showed, 
UMG type’s prices are lower. 

In the next section, the fact that UMG modules present a slightly better ageing than other
crystalline, which points in this same last’s direction.
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Fig. 67 Normalized temperature dependences (gamma) in percentage vs irradiance ones for all the PV module 
types under study.

As it was previously considered, both temperature and irradiance influence the solar modules 
behavior. The differences regarding those effects, when it comes to the different technologies, 
could describe which dependences are more variable from one solar module to another. Fig. 
68 shows the normalized uniformity of such parameters concerning the maximum power by 
using the monocrystalline case as a reference. In general, the temperature influences have 
shown a slightly more variable behavior among the different technologies, except from the 
thin-film modules, in which the irradiation’s dependence difference is clearly higher than that 
of the temperature (near to 15%). Moreover, the dots above the zero line indicate a better 
behavior than monocrystalline solar modules, in medium-low irradiation, whereas the 
contrary happens to the dots under it. This means that, for such climate regions, the standard 
multicrystalline modules have shown a better global behavior when the maximum power is 
considered, as well as that thin-film present the worst one. For high-irradiation areas, a bigger 
dependence on irradiance is better, so, as above explained; thin-film modules might be 
suitable. Nevertheless, their ageing rate for high irradiances is worse as well as the 
temperature dependence. The convenience regions are pointed in Fig. 68. Once again, the 
common irradiation/temperature ranges could be considered in each case for a more accurate 
evaluation.
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Fig. 68 Relative (to monocrystalline type) differences among the parameters that quantify the 
temperature/irradiance dependence for each technology.

Regarding the UMG polycrystalline case, the results are compatible to both monocrystalline 
and multicrystalline standard type within the error margins. 

4.4.Conclusions

The main technologies of solar PV modules have been studied (monocrystalline, 
multicrystalline, and thin film) in order to establish a cataloguing of adequateness concerning 
the predicted climate conditions for the site under study. In addition to the standard 
multicrystalline type, the most efficient upgraded metallurgical grade silicon type was also 
analyzed.

The crystalline modules show a better performance if both the efficiency and the temperature 
is considered. When such dependence is analyzed only in irradiance, thin film modules turn 
out to present the most convenient characteristics for this region, followed by UMG case. 
Although is convenient to consider the ageing factor of the thin films that in most of the case 
is higher than in silicon crystalline based cases. 
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CHAPTER 5 GENERAL CONCLUSIONS AND FUTURE LINES OF RESEARCH

South of Sonora region in a Renewable Energy context

Even though, the renewable energy sector looks promising in Mexico, in particular  wind, 
solar and geothermal energy, most of the studies of resource have been done without any 
validation and/or using inaccurate methods(linear interpolation of weather stations) to 
determine the resource in whole country as previously stated in Chapter 1. Another aspect of 
Mexico that difficult energy assessments is size of the country, its diverse climatology and its 
morphological features. Be choosing a micro-region, as the south of the Sonora state, resource 
assessment results in a better understanding of the energy possibilities and giving better tools 
for development on a scale that matters. 

The wind assessment of the State of Sonora made by Vestas gave fewer wind power 
possibilities for the south region than to the north; however in the assessment made by CFE 
the wind power possibilities are better closer to the sierra in the south region. Moreover the 
methodology followed by these two recent studies is not clear, and validation for this kind of 
resource is necessary on a micro-scale level. 

With respect to the solar resources, while in Sonora was believed to be significant based on 
limited past data, understanding the spatial and temporal variability requires significantly 
more data and analysis in order to optimize planning and placement of solar energy power 
plants. 

From this remarks, we conclude, that is necessary to focus on a region that has enough data to 
have a convincing result and to have an energy resource analysis method that gave less 
uncertainty in comparison to past methods. For these reasons the south of Sonora seems like a 
suitable region to do this research because the region apparently has many resources but also 
has needs that could be cover by renewable energies. 

Methodology for a solar energy assessment in the south of Sonora by a Numerical 
Weather Prediction Model

In this research a downscaling of the south of Sonora Mexico region was performed in order 
to obtain a highly temporal resolution solar potential assessment as well as a validation 
between the output and observations. A Numerical Weather Prediction Model has been 
implemented for this purpose. 
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The graphical results processed from the WRF output indicate that the horizontal resolution 
for this example could be sufficient for power plants placement. In other words a higher 
resolution is not necessary for this region due to the homogeneity of the outputs and not 
drastic topographical changes. In general terms, the model represents the GHI of the region 
with a high temporal resolution (10 min vs 12 hours). 

Overall the results for the WRF present less accuracy than ERA-Interim, related to the 
weather stations, in annual terms. However in non-storm season WRF has better results than 
ERA-Interim outputs. Since the annual rRMSE values are low (average 9.91%) we conclude 
that the model has relatively good accuracy and could be an alternative to study the solar 
resource on regions where climate conditions are similar to the studied region; especially if 
high temporal resolution (10 min) is necessary. However the results of the validation were 
done mainly on the valley region of the south of Sonora, it is recommended to analyze the 
outputs on the sierra region (west and higher altitude) in order to understand if the results are 
biased only to that kind of climate. Moreover, it is necessary to do a further research in 
different regions and climate conditions so as to compare the effects observed during the 
present study with the results in such conditions. 

Improvement of the Numerical Weather Prediction Result

Simulations in different seasons of the year, with seven convective parameterizations, where 
done thoroughly to select the CP for the region. The best CP for the region was selected in 
order to produce a database of GHI with the highest correlation with observations. 

The first trial was to determine which CP could give results closer to observations on summer. 
The results were conclusive and the best CP for the south of Sonora region in summer was 
first NSAS and then OSAS. Both parameterizations had higher confidence to the observation 
than any other parameterization. The second examination was done on winter, the results of 
the simulations showed that most parameterization has high correlation with the observations. 
As remark, KF, which shows the worse resolution during summer, is the most powerful 
during the winter time.

In order to better understand the results a comparison between the precipitation of two CPs 
(KF and NSAS) and its GHI was performed. An analysis of the hydrometers generated by the 
model was done and it showed that the KF scheme had a lower density of moist on the 
atmosphere on average versus the NSAS scheme. The KF scheme seems to be in an 
overactive state. An overactive scheme produces too much rainfall in situ, and removes too 
much atmospheric moisture, which could have fallen as precipitation downstream like in most 
of the cases excepting the Arakawa-Schubert schemes. 

The results obtained in this research are promising and could lead to have better results on the 
future in other regions by using NWP models to predict GHI. However is convenient to 
analyze the other physical parameterizations (shortwave, longwave, microphysics) in each 
cenario as well. 
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Selection of adequate PV technology according to the climate

The main technologies of solar PV modules have been experimentally studied 
(monocrystalline, multicrystalline, and thin film (CIS)) in order to establish a cataloguing of 
adequateness concerning the predicted climate conditions for the site under study. In 
particular, two multicrystalline production has been tested; standard (Czochralski method) and 
metallurgical extraction (UMG).

In particular, the efficiency losses associated to either GHI and working temperature has been 
studied. The crystalline modules show a better performance being the multicrystalline UGM 
consider the best candidate for power solar plants located in the Sonora climatic conditions. 

Future lines of research

With regard to the assessment of the predictive power of the model WRF, the future lines
of work to consider are:

o To conduct a comparative study of different settings associated with other physical
processes that may lead changes in the predictive influence of the model GHI
(short wave, long wave, microphysics and others) in the region of Sonora.

o Develop a similar study in at least one other region of similar climate
characteristics and which provided greater validation database (more historic
weather stations and more measures). It would be interesting also to the
availability only meteorological data and not engaged in agriculture weather
stations database.

o To extend the study to other regions with different climatic characteristics.
Particularly wet or semi-wet areas where optimization study of convective
parameterizations could be analyzed in depth.

Another associated studies related with WRF technical improvements could be:
o Assess the capacity of WRF to provide predictions of the direct and diffuse

components of solar radiation separately.
o To conduct a study of limits on the ability of both temporal and spatial model

resolutions.
o To perform a comparison between the MRY methodology and TMY

methodologies seems also interesting since TMY is the most widely used
methodology for typical meteorological years.

With regard to the identification of appropriate photovoltaic technology depending on the
climate zone of implementation:

o To include in to the study other PV technologies (amorphous silicon technology or
multilayer thin film solar panels).

o To study of the influence of the resistivity in the response of the solar modules,
allowing intra-production line, to change the resistivity of the modules according
to their future climate location.
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o To research the  lifetime of different technologies, or otherwise aging studies in
extreme conditions which would allow adding a crucial variable interest in making
appropriate decisions about photovoltaic technology.
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CONCLUSIONES GENERALES Y LÍNEAS FUTURAS DE INVESTIGACIÓN

El sur de Sonora en un contexto energético

A pesar de que el sector de las energías renovables resulta prometedor en México, en 
particular la eólica y la solar y  la geotérmica,  la mayor parte de los estudios de evaluación de 
recurso realizados en el país este momento no disponen de la necesaria validación y/o no han 
sido desarrollados usando métodos inadecuados (como interpolación lineal entre estaciones 
meteorológicas), tal como se ha recogido en el Capítulo 1. Otro de los aspectos negativos que 
dificultan la adquisición de información energética, es el tamaño del país, su ingente 
diversidad climatológica y su variada morfología. En ese sentido, haber elegido una micro-
región, como el Sur del estado de Sonora, facilita la recogida de información, contribuye a 
una mejor comprensión de las posibilidades energéticas y facilita el desarrollo de 
herramientas de evaluación.

Las predicciones de viento para el estado de Sonora realizadas por Vestas dan una menor 
posibilidad de explotación de energía eólica en el sur que en el norte; sin embargo en las 
predicciones llevadas a cabo por CFE, las expectativas con mejores  en el sur de la región 
cerca de la sierra. En ambos casos, la metodología usada en estos dos recientes estudios no es 
demasiado clara y sin duda una validación de este tipo de recursos debe hacerse a nivel de 
micro-escala. 

En cuanto al recurso solar, si bien, basándose en datos antiguos, se considera que es 
abundante en Sonora, sería interesante disponer de datos con mejor resolución espacial y 
temporal que permitan optimizar la localización de posibles plantas de producción de energía 
solar. Un estudio de este tipo requiere sin duda tanto una cantidad significante mayor de datos 
como un análisis más profundo. 

En resumen, se hace necesario centrar el estudio en una región que disponga de suficientes 
datos para permitir una validación adecuada que permita obtener un método de análisis capaz 
de ofrecer predicciones de mayor precisión que las obtenidas en el pasado. Por estas razones, 
el Sur de Sonora se perfila como una región adecuada ya que dispone aparentemente de 
muchos recursos renovables que  necesita explotar.
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Metodología para la elaboración de un atlas de recurso solar para una región 
semidesértica.
Es este trabajo, se ha obtenido un mapa de alta resolución temporal del potencial de recurso 
solar para la región del sur de Sonora mediante un modelo Numérico de Predicción 
climatológica (WRF). Los resultados obtenidos han sido validados mediante observaciones.

Los resultados gráficos obtenidos a partir del modelo WRF muestran que la resolución 
horizontal obtenida en este ejemplo es suficiente para el emplazamiento de plantas de 
producción. En otras palabras, no es necesaria mayor resolución, tanto por la homogeneidad 
de los resultados como la no existencia de cambios topográficos profundos. En términos 
generales, la resolución temporal del modelo es también alta (10  minutos) respecto a los 
modelos precedentes (12 horas).

A nivel global, en términos anuales, los resultados obtenidos por WRF muestran una menor 
exactitud  en comparación con los datos de las estaciones meteorológicas, que los obtenidos 
por ERA-Interim. En todo caso, los valores anuales de rRMSE  son bajos (una media de 
9.91%) con lo cual podemos considerar que el WRF constituye una buena alternativa para el 
estudio del potencial de energía solar, al menos en regiones con unas condiciones climáticas 
semejantes a la región en estudio; sobre todo si necesitamos una buena resolución temporal 
(10 minutos). Ha de tenerse en cuenta además que, analizando los resultados más en detalle, 
en los meses exentos de fenómenos meteorológicos adversos (p.e. tormentas) WRF presenta 
mejores resultados que ERA-interim.  En todo caso, el proceso de validación se ha realizado
principalmente en zona de valle, donde existe el mayor número de observaciones, por lo cual 
sería recomendable extender el proceso a la región de sierra con el fin de estudiar posibles 
sesgos asociados a un determinado tipo de clima. A mayores, sería interesante  generalizar el 
proceso de validación a otras zonas climáticas con el fin de analizar la validez de los 
resultados obtenidos. 

Mejoramiento de la salida del Modelo Meteorológico Numérico 

Con el fin de determinar la parametrización convectiva (PC) óptima para predecir la 
irradiación solar, se ha realizado un estudio en profundidad de los resultados obtenidos 
utilizando siete diferentes opciones en diferentes épocas del año. 

En primer lugar se trató de determinar cuál es la PC que ofrece los resultados más cercanos a 
las observaciones durante el verano. La prueba fue concluyente, resultando la aproximación 
NSAS la de mejor predicción, seguida de OSAS.  El mismo estudio realizado en el invierno 
muestra como la mayor parte de las parametrizaciones muestras un buen comportamiento. 
Como dato, KF es la de mejor resolución en este caso, mientras que en verano aparecía como 
la de peor nivel de predicción.

Con el fin de comprender mejor los resultados obtenidos se ha realizado un estudio 
comparativo de dos PC (KF y NSAS). Para ello, se ha estudiado el efecto de las variables de 
precipitación en la predicción de GHI. El análisis de los hidrómetros generados por el modelo 
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muestra como la parametrización KF muestra una menor densidad de humedad media  en la 
atmosfera que la parametrización NSAS. O en otras palabras, KF parece ser un estado 
superactivo, lo cual produce una mayor cantidad de lluvia localmente removiendo demasiada 
humedad atmosférica, haciendo disminuir las precipitaciones. Este efecto se observa en casi 
todos los casos estudiados salvo en las parametrizaciones de Arakawa-Schubert.

Se han obtenido resultados prometedores que puede permitir a modelos NWP, obtener 
mejores resultados  de GHI en otras regiones climáticas.  En la misma línea, sería interesante 
analizar en el mismo escenario otras parametrizaciones físicas (onda corta, onda larga, 
microfísica).

Con el fin de identificar la tecnología fotovoltaica apropiada en función de las características 
climáticas, se ha realizado un estudio experimental de diferentes tecnologías de producción de 
módulos fotovoltaicos (monocristalino, policristalino y capa delgada). De hecho, en el caso de 
la tecnología policristalina, se han analizado módulos de dos tipos diferentes de modos de 
producción: el standard (método Czochralski) y el de extracción metalúrgica (UMG). Entre 
los paneles de capa delgada se ha analizado un panel CIS.

En particular, el estudio se ha focalizado en la perdida de eficiencia en los paneles con las 
variaciones en la irradiación solar y la temperatura de funcionamiento. En todos los casos, los 
módulos cristalinos han mostrado menos dependencia. Como resultado final, el módulo 
policristalino de producción metalúrgica presenta el mejor compromiso de funcionamiento a 
altas temperaturas y altos niveles de irradiación características de la región de Sonora en 
estudio. 

Líneas futuras de investigación

Con respecto a la  evaluación de la capacidad de predicción del modelo WRF, las  futuras
líneas de trabajo a considerar serían :

o Llevar a cabo un estudio comparativo de  las diferentes parametrizaciones
asociadas a otros procesos físicos que puedan conllevar variaciones en la
capacidad de predicción de GHI del modelo (onda corta, onda larga, microfísica y
otros) en la región de Sonora.

o Repetir el estudio en al menos otra región de características climáticas semejantes
y en la que se disponga de una mayor base de datos para validación (más
estaciones meteorológicas y mayor histórico de medidas). Sería interesante además
que se dispusiera de datos meteorológicos puros y no dedicados a la agricultura.

o Extender el estudio a otras regiones con características  climáticas  diferentes. En
particular zonas húmedas o semi-húmedas, donde el estudio realizado sobre
optimización de parametrizaciones convectivas podría ser analizado en
profundidad.

Otros estudios asociados de cara a  mejoras técnicas del WRF podrían ser:
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o Evaluar la capacidad del modelo WRF para proporcionar predicciones de las
componentes directa y difusa de la radiación solar separadamente.

o Realizar un estudio de límites en la capacidad de resoluciones tanto temporal como
espacial del modelo.

o Una comparación entre la metodología MRY y TMY también es atractiva ya que
el TMY es la metodología más encontrada en la literatura.

Con respecto a la identificación de la tecnología fotovoltaica apropiada en función de la
zona climática de implantación :

o Incorporación al estudio de otras tecnologías a (tecnología de silicio amorfo de
capa delgada o  paneles solares multicapa).

o Estudio de la influencia de la resistividad en la respuesta de los módulos solares, lo
que permitiría dentro de una misma línea de producción, modificar la resistividad
de los módulos en función de su futuro emplazamiento climático.

o Estudio de tiempo de vida útil de las diferentes tecnologías, o en su defecto
estudios de envejecimiento en condiciones extremas lo que permitiría añadir una
variable de crucial interés en la toma de decisiones sobre tecnología fotovoltaica
apropiada.
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Appendix 1





Day Month Year Day Month Year Day Month Year Day Month Year
1 1 1996 1 4 1998 1 7 1996 1 10 2000
2 1 1996 2 4 1998 2 7 1999 2 10 1992
3 1 1982 3 4 1995 3 7 2005 3 10 1992
4 1 1996 4 4 1999 4 7 1992 4 10 1982
5 1 1994 5 4 1986 5 7 2010 5 10 2001
6 1 1992 6 4 1984 6 7 2005 6 10 1990
7 1 1996 7 4 2011 7 7 2010 7 10 2002
8 1 1998 8 4 2004 8 7 2006 8 10 1986
9 1 2002 9 4 1990 9 7 2009 9 10 1987
10 1 1986 10 4 2000 10 7 1999 10 10 2005
11 1 1997 11 4 1982 11 7 2007 11 10 2005
12 1 2004 12 4 1991 12 7 1983 12 10 2001
13 1 1986 13 4 2011 13 7 2006 13 10 1983
14 1 2006 14 4 1981 14 7 2009 14 10 2005
15 1 1988 15 4 1981 15 7 1992 15 10 1989
16 1 1991 16 4 1995 16 7 2009 16 10 2005
17 1 1989 17 4 2004 17 7 1991 17 10 1990
18 1 1993 18 4 2003 18 7 2004 18 10 2001
19 1 1997 19 4 1988 19 7 2004 19 10 2008
20 1 2010 20 4 1988 20 7 1996 20 10 1989
21 1 2010 21 4 1996 21 7 1995 21 10 1984
22 1 2010 22 4 2006 22 7 1996 22 10 1997
23 1 1991 23 4 1999 23 7 2003 23 10 2004
24 1 2003 24 4 2010 24 7 2010 24 10 2005
25 1 2003 25 4 2005 25 7 1999 25 10 1997
26 1 1989 26 4 2010 26 7 1985 26 10 2003
27 1 1985 27 4 1991 27 7 1988 27 10 2011
28 1 2004 28 4 1992 28 7 2008 28 10 2001
29 1 1997 29 4 1987 29 7 2003 29 10 1981
30 1 1996 30 4 2006 30 7 2008 30 10 1991
31 1 1996 1 5 1987 31 7 2003 31 10 2001
1 2 1998 2 5 1987 1 8 2007 1 11 1999
2 2 1996 3 5 2008 2 8 2007 2 11 1999
3 2 1997 4 5 2011 3 8 2007 3 11 1995
4 2 1998 5 5 2011 4 8 2001 4 11 1982
5 2 2010 6 5 1983 5 8 1994 5 11 2009
6 2 1998 7 5 1996 6 8 2006 6 11 1982
7 2 1990 8 5 1996 7 8 1985 7 11 1990
8 2 1996 9 5 1981 8 8 1994 8 11 1981
9 2 2004 10 5 1986 9 8 1988 9 11 2011
10 2 1997 11 5 1999 10 8 1983 10 11 1983
11 2 1985 12 5 1986 11 8 2004 11 11 1992
12 2 2003 13 5 1982 12 8 2007 12 11 1988
13 2 1985 14 5 2006 13 8 1983 13 11 1995
14 2 2010 15 5 2000 14 8 2006 14 11 2004
15 2 1995 16 5 2006 15 8 1998 15 11 1993
16 2 2010 17 5 2006 16 8 1986 16 11 1997
17 2 2010 18 5 1993 17 8 1990 17 11 2001
18 2 1992 19 5 2004 18 8 1990 18 11 1990
19 2 1995 20 5 1995 19 8 1987 19 11 2008
20 2 2006 21 5 1997 20 8 1987 20 11 2008
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21 2 1988 22 5 1987 21 8 1984 21 11 1994
22 2 2010 23 5 2002 22 8 1988 22 11 2010
23 2 1988 24 5 1984 23 8 2005 23 11 1983
24 2 2007 25 5 1993 24 8 1988 24 11 1983
25 2 1987 26 5 1997 25 8 1988 25 11 1994
26 2 1983 27 5 1987 26 8 2002 26 11 1985
27 2 1983 28 5 1991 27 8 1988 27 11 2008
28 2 1992 29 5 2011 28 8 1994 28 11 2008
1 3 2005 30 5 1991 29 8 1989 29 11 1993
2 3 2010 31 5 2006 30 8 1989 30 11 1987
3 3 1996 1 6 1994 31 8 2011 1 12 1995
4 3 1996 2 6 2009 1 9 1997 2 12 2000
5 3 2008 3 6 2009 2 9 2002 3 12 1982
6 3 1988 4 6 2004 3 9 1986 4 12 1989
7 3 1990 5 6 2009 4 9 2001 5 12 1991
8 3 1983 6 6 2003 5 9 2002 6 12 2005
9 3 1987 7 6 2004 6 9 1988 7 12 2005
10 3 1987 8 6 1982 7 9 1996 8 12 2005
11 3 1991 9 6 1999 8 9 2003 9 12 1999
12 3 2010 10 6 1999 9 9 2004 10 12 2000
13 3 1981 11 6 1998 10 9 2001 11 12 2010
14 3 1983 12 6 2008 11 9 1995 12 12 1997
15 3 1987 13 6 2008 12 9 1983 13 12 1989
16 3 2004 14 6 1997 13 9 1988 14 12 2010
17 3 2007 15 6 2006 14 9 1984 15 12 2002
18 3 1986 16 6 1991 15 9 1984 16 12 2003
19 3 2002 17 6 1986 16 9 1984 17 12 1986
20 3 1996 18 6 1986 17 9 2008 18 12 1994
21 3 2004 19 6 1993 18 9 1982 19 12 2003
22 3 1985 20 6 1993 19 9 1996 20 12 2009
23 3 1988 21 6 1999 20 9 2000 21 12 2009
24 3 1981 22 6 2003 21 9 1989 22 12 2010
25 3 1981 23 6 2009 22 9 2002 23 12 1981
26 3 1981 24 6 1985 23 9 1989 24 12 2011
27 3 1981 25 6 1990 24 9 1989 25 12 2010
28 3 1981 26 6 1985 25 9 2000 26 12 1983
29 3 2000 27 6 2006 26 9 1992 27 12 1995
30 3 1998 28 6 1982 27 9 1992 28 12 1989
31 3 2001 29 6 1983 28 9 2001 29 12 1987

30 6 2004 29 9 2009 30 12 1995
30 9 1985 31 12 1995
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Abstract 11 

The present work illustrates the methodology followed to generate a high spatial (9 km) and high 12 
temporal resolution (10 min) global solar irradiance assessment, based on a numerical weather 13 
prediction model, for the south of Sonora region in Mexico and its validation with observational 14 
data. At the same time a comparison with an ERA-Interim output data was performed in order to 15 
determine if downscaling was necessary. The methodology used starts with obtaining the mean 16 
radiation year in order to strongly reduce computational cost. Each day of the mean radiation 17 
year defines the initial and boundary conditions of the simulations. The simulation outputs were 18 
used to create the monthly and the annual irradiation maps. The grid cells are compared with the 19 
correspondent observation and the precision of the model is evaluated. The correlation of the 20 
model with the observation data is higher than 0.88. It’s observed that on fall and winter the 21 
rRMSE of the model is lower than 6.4% but during the months of spring-summer the rRMSE 22 
increases. The results show that the downscaling using the configuration selected was correct. 23 

Keywords: solar resource, global irradiation, Sonora Mexico, WRF, validation 24 

Nomenclature 25 

CESGA: Supercomputer Center of Galicia (Centro de Supercomputación de Galicia). 26 

ECMWF: European Centre for Medium-Range Weather Forecasts. 27 

ERA-Interim: It’s the latest global atmospheric reanalysis produced by the ECMWF. 28 

GHI: Global Horizontal Irradiation per day. 29 

INIFAP: National Institute of Forestry, Agricultural and Livestock Research (Instituto Nacional de 30 
Investigaciones Forestales, Agricolas y Pecuarias). 31 

MBE: Mean bias error. 32 

rRMSE: Relative root mean square error. 33 

SSDRd : Surface solar downwards radiation by day output from ERA-Interim. 34 

WRF: Weather Research and Forecasting Model. 35 

1. Introduction36 
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During the last 7 years the Sustainable Energy Applications Group (SEAG) in collaboration with the 1 
Non Lineal Physics Group at the Santiago Compostela University and different associate 2 
researchers, several actions have been done in order to create a procedure protocol based in the 3 
parametric study of different micro-regions around the world, so as to the establishment of a self-4 
sustainable communities network [1].  5 

The procedure protocol comprehends the identification and evaluation of local energy resources. 6 
The solar energy is one of the key resources to be evaluated in each region. A solar map lets us 7 
determine the solar energy potential for the region in study. The current state of development of 8 
solar energy technologies is increasing the need for more detailed radiation information. 9 

There are many methodologies to develop a solar map and/or forecast (inference from in situ 10 
data, satellite observations and models)[2–9]. In this work the GHI was estimated by a numerical 11 
weather forecast model and from the solar data given of the ERA-Interim reanalysis[10]. The use 12 
of similar approaches has been assessed by some authors[8,11–13]; yet, variations in the output 13 
depend upon the location due to variable weather conditions and partially cloudy days. 14 

There are a significant number of maps and databases describing the solar resource distribution 15 
in Mexico[14–18], developed by different universities and research centers. However in none of 16 
these studies confidence intervals of data are provided[19]. The main objective of this research is 17 
to create a solar radiation map of a region that has enough data to give a relative good 18 
confidence interval. 19 

In this instance we evaluate the solar radiation of the southern region of the state of Sonora 20 
Mexico, where there is evidence[20], that the region has the highest energy return factor of the 21 
country for grid connected PV systems and could be an important case of study due to its 22 
particular characteristics.  23 

2. Materials and Methods24 

2.1 Regional description 25 
Sonora is one of the 31 states that Mexico is divided; the state is situated at the northwest of the 26 
country. The state is bordered to the north by Arizona, to the east by Chihuahua, to the 27 
northwest by Baja California, to the by south Sinaloa and to the west by the sea of Cortez. This 28 
research takes in consideration 13 municipalities of the south shown in the Figure 1. The south of 29 
Sonora region has three main climates, very dry, dry and semi-dry, according to the climate 30 
classification of the National Institute of Statistics and Geography from Mexico[21].  31 

32 

33 
Fig.1 State of Sonora location (in yellow municipalities of the south region). 34 
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1 

2.2 Observational data 2 
The region has two weather station networks, the agro-weather station network of the Board for 3 
Agricultural Research and Experimentation of Sonora (PIEAES for its acronym in Spanish) and the 4 
National Institute for Forest and Agricultural Research (INIFAP for its acronym in Spanish). Both 5 
are databases focused on supporting the activities of farmers of the region and offer the source 6 
weather data to feed the prediction models for researchers[22,23]. The PIEAES network has 32 7 
weather stations that give a range of different data (temperature, humidity, wind speed and 8 
direction, irradiation between others) every 10 minutes. According to PIEAES the weather 9 
stations have maintenance checks at least once a month [22]. The INIFAP network is a larger 10 
system that has more than 1000 weather stations around the country. The irradiation sensor used 11 
on both weather networks is a SP-Lite pyranometer from Kipp & Zonen with a spectral range 12 
between 400nm to 1100nm.  13 

Five to eight years of GHI data were used to validate the output of the model, depending on the 14 
data at disposal. 28 agro-weather stations from PIEAES and 4 from INIFAP were used to validate 15 
the WRF outputs. A list of the weather stations used and its coordinates is shown on Table 1 as 16 
well as a map of the localization of each station on Fig. 2.  17 

To avoid erroneous validation data, three quality filters were applied to the observations. The 18 
first consist on having at least 80% of the data for each station. The second quality filter was to 19 
have a minimal of three consecutive years. The last quality filter was applied to the monthly 20 
values, if within a month there were 10 daily missed records or 5 consecutive daily missed 21 
records, the monthly value was discarded.   22 

23 
Fig. 2 Considered agro-weather stations. 24 

25 

Table 1 Weather Station List 26 

Number Name Lon Lat Altitude (m) Network 

1 Block111 -110.12 27.50 37 PIEAES 

2 Block1201 -110.02 27.30 20 PIEAES 

3 Block1418 -109.83 27.27 45 PIEAES 

4 Block1103 -110.05 27.32 35 PIEAES 
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5 Block1317 -110.17 27.28 9 PIEAES 

6 Block1703 -110.05 27.21 35 PIEAES 

7 Block1730 -109.70 27.20 46 PIEAES 

8 Block1806 -109.95 27.18 15 PIEAES 

9 Block2210 -109.92 27.12 4 PIEAES 

10 Block2328 -109.73 27.10 16 PIEAES 

11 Block2920 -109.82 26.98 9 PIEAES 

12 Block414 -109.83 27.43 46 PIEAES 

13 Block609 -110.08 27.40 25 PIEAES 

14 Buaysiacobe -109.68 27.02 17 PIEAES 

15 Campo_52 -110.63 28.12 68 PIEAES 

16 Cemay -109.50 27.01 39 PIEAES 

17 Ciano -109.92 27.37 37 PIEAES 

18 El_Chapote -109.57 27.03 33 PIEAES 

19 El_Norteno -110.55 28.04 47 PIEAES 

20 Estacion_Luis -109.15 26.57 42 PIEAES 

21 Gpe_Guaymas -110.64 28.24 108 PIEAES 

22 Huatabampo -109.60 26.82 17 PIEAES 

23 Jazmin -110.01 27.54 37 PIEAES 

24 Jupare -109.70 26.80 11 PIEAES 

25 Mumuncuera -109.43 26.82 24 PIEAES 

26 Tesia -109.40 27.12 42 PIEAES 

27 Torocobampo -109.05 26.42 43 PIEAES 

28 Tres_Carlos -109.50 26.90 34 PIEAES 

29 Valle_Mulege -112.02 26.87 10 INIFAP 

30 Chavez_Talamate -109.02 26.32 27 INIFAP 

31 Agri_Gotsis -109.03 26.23 3 INIFAP 

32 Carrizo -108.99 26.14 25 INIFAP 

1 

2.3 Mean radiation year (MRY) methodology 2 
One of the most common problems with using the WRF-model at high resolutions is the 3 
computational cost. In this paper we consider to create a mean radiation year in order to reduce 4 
the amount of data to simulate (from 31 years to 1 year). Several types of methods to generate a 5 
typical weather data like the Sandia National Laboratories method, the Danish method, the Festa-6 
Ratto method and the Design reference year method between others are generally used to 7 
represent the long-term typical weather condition over a year[24–26]. However in this research 8 
we used an average radiation year in order to easily generate (with only GHI) and to analyze a 9 
complete region (not a station or a cell). 10 

The methodology to produce the MRY is based on the arithmetic mean of surface solar radiation 11 
(MeanSSDRd) from 31 days (each day corresponding to the same calendar day in a different year), 12 
calculated from the ERA-Interim GHI data (SSDRd) of the total surface (area). Subsequent the 13 
MeanSSDRd is compared with each of the 31 days used before; the day that has the less 14 
difference with mean value, is selected. This is repeated for the 365 days of the year; the 15 
concatenated result gives the MRY for this region. The algorithm followed to generate the MRY is 16 
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represented on Fig.3. 1 

2 
Fig.3 Flowchart for MRY methodology. 3 

Where,  4 

N is de number of years (1-31) 5 

d is the selected day (1,2,...365) 6 

m∆ = Minimal difference to the mean of each date 7 

The mean radiation year is developed by the concatenation of the dates that have the lowest m∆ 8 
for the 365 days of the year in the 31 year data. 9 

2.4 Validation metrics 10 
The validation of modelled irradiation values against measurements are usually based on the root 11 
mean square error and the mean bias error[27–30], in this article both were used. 12 

The mean bias error (MBE) is defined as the quantity used to measure how close the observed 13 
values are to the modelled ones. The MBE is given by 14 

  (1) 15 

 16 

GMOD represents the GHI given by the model 17 
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GOBS represents the GHI given by the weather stations 1 

n:  number data 2 

The relative root mean square error (rRMSE) is defined to be the square root of the totality of the 3 
squares of the difference between modeled and reference irradiances using some time interval 4 
over some time period divided by the number of observations. The rRMSE uses the following 5 
formula: 6 

(2) 7 

8 

2.5 WRF Model and Setup. 9 
In this study, the numerical weather prediction model, advanced WRF model ver. 3.4 was used 10 
[31]. The model was run on the supercomputer Finisterrae in CESGA (Galicia, Spain). We do not 11 
take into account the first 12 hours because we consider that the WRF model needs time to 12 
stabilize. The next 24 hours correspond to the selected day that interests us. The modelling setup 13 
including the selected domains and the initial and boundary conditions as well as the physics 14 
schemes are described below. 15 

2.5.1 Domain setup.  16 

The WRF model was run in a series of one-way nested grids. The horizontal grid spacing was 17 
refined by a factor of 3 through 1 nested domain until 9 km resolution. The WRF model was built 18 
over a coarsest domain (Fig. 4a) at 27 km, and a finest nested domain (Fig. 4b) of 9 km spatial 19 
resolution. 20 

21 
Fig.4 Domain 1(a) and domain 2 (b), topography models (Red rectangle: south of Sonora region).  22 

2.5.2 Initial and boundary conditions. 23 

The WRF model was used to improve the state of the estimated physical atmosphere magnitudes 24 
especially the planet boundary layers, by down-scaling the ERA-Interim reanalysis data provided 25 
by ECMWF. The ERA-Interim reanalysis project covers the period from 1979 to present and has a 26 
horizontal resolution of approximately 79km[10]. The initial conditions for the model were taken 27 
from the ERA-Interim date’s selection of the MRY previously obtained. 28 

2.5.3 Topographic Inputs. 29 
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The topographic data with a resolution of 2 minutes (about 3.7 km) were used for all the WRF 1 
simulations. 2 

2.5.4 Physics  Schemes. 3 

On Table 2 a summary of the configuration used on the model for each day is presented for 4 
reference. The physics schemes (in specific Cumulus, Shortwave and Longwave parametrizations) 5 
were selected, due to the characteristics of the region (climate and higher possibility of clear 6 
days) and the horizontal resolution of the grid. The rapid radiative transfer model [32] (a widely 7 
used scheme using look-up tables for efficiency) and the Dudhia [33] (a simple downward 8 
integration allowing for efficient cloud and clear-sky absorption and scattering) schemes were 9 
used for the longwave and shortwave radiation options, respectively. Finally, the cumulus physics 10 
was modelled with the New Kain-Fritsch[34] scheme that can be used on high resolution (in 11 
addition to coarser resolutions).  12 

Table 2. Synopsis of the WRF model configuration used. 13 

Simulation period 365 days 

Model version V3.4 

Domains 2 

Horizontal resolution 27 and 9 km 

Input data ERA-Interim 

Time step 100 s 

Outputs frequency 120 (d01) and 10 minutes (d02) 

Nesting 1-way nesting 

Physics schemes 

 Microphysics WSM6 class  

 Cumulus New Kain Fritsch 

 Shortwave Dudhia 

 Longwave Rapid Radiative Transfer Model 

 LSM Noah 

 PBL YSU 

3. Results and Discussion14 

3.1 Model Results 15 
The annual GHI for the south of Sonora region, calculated and taken from the daily WRF 16 
output[35] is presented in the map of Fig. 5b. It’s evidently noticed that the values and resolution 17 
on both cases (Fig. 5a and Fig. 5b) are different. The mean annual GHI found in the WRF output is 18 
6.31kWh/m2, slightly higher than the annual GHI of the ERA-Interim output (6.01kWh/m2). The 19 
WRF simulation has a much higher resolution that better resolves the variability of the GHI on the 20 
eastern part of the region due to the mountains (Sierra Madre Occidental). 21 
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1 
Fig.5 (a) ERA-Interim and (b) WRF output annual average GHI for the south of Sonora. 2 

Additionally a mean monthly GHI representation for the WRF output was done, as shown in Fig.6. 3 
According to the figure the GHI is mainly driven by the sun position during the year. The lower 4 
irradiation season during the months of autumn-winter is easily observed, as well as the higher 5 
irradiation season during spring – summer. 6 

7 
Fig.6 WRF output monthly average GHI for the south of Sonora. 8 

3.2 Validation 9 
In order to validate the GHI for the WRF model, a comparison between both the observations and 10 
the outputs were required, for the nearest geographical cell grid (latitude, longitude). In Fig.7 the 11 
mean monthly GHI for the region are represented, and were obtained from the observations, the 12 
WRF model output and the ERA-Interim data for each geographic location, where the stations are 13 
situated.  14 
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1 
Fig.7 Monthly average GHI chart of observations, WRF model and ERA-Interim output. 2 

During 6 months (April to September) the WRF model over-estimate the GHI 0.88 kWh/m2 on 3 
average; instead on the remaining months the model overestimate by 0.03 kWh/m2 on average. 4 
Moreover, the model behavior during 6 months of the year is slightly closer to the observations 5 
than the ERA-Interim outputs.  6 

In order to understand the behavior of the model and ERA-Interim output it’s shown in Fig. 8 the 7 
monthly MBE and rRMSE. The minimal (4.38%) rRMSE obtained for the monthly validation period 8 
is on January and the maximum (22.32%) occurs on July, annual rRMSE is 9.61%. The MBE 9 
demonstrates that there is a small underestimation on winter and a high overestimation on 10 
summer as shown in Fig. 8. Moreover the ERA-Interim output precision is also shown in Fig. 8 11 
during spring-summer months has a better trend than the WRF model. However, on fall-winter 12 
months the ERA-Interim output has a good precision (less than 10% rRMSE), but lower precision 13 
than WRF model. 14 

15 
Fig. 8 (a) Monthly rRMSE WRF Model vs ERA-Interim, (b) MBE WRF Model vs ERA-Interim. 16 

In Fig. 9, the monthly mean correlation between the models and the observations is presented. Is 17 
In the low radiation months between 3 and 5kWh/m2 the WRF simulation represents the weather 18 
stations well, but on higher radiation months it tends to overestimate the irradiation. Overall the 19 
lineal correlation for the WRF case is above 0.88, on the other case, the ERA-Interim correlation is 20 
above 0.93.  21 
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1 

2 
Fig. 9 Correlation plot of monthly GHI of Observation vs Models (WRF and ERA-Interim). 3 

The observed effect could be related to the monsoon and hurricane season that covers the same 4 
time period (May – November). During the monsoon season (May – July) thunderstorms are 5 
formed due to a “desert heat low” that is formed in the Sonora desert, which pulls moisture into 6 
the region that contributes to their formation. Additionally during the hurricane season (May – 7 
November) many tropical storms strike the region, which could greatly impact the monthly GHI.  8 

The observations clearly show that there is less radiation than estimated from the WRF model 9 
and it could be related that the model doesn’t solve correctly this kind of storms with the 10 
cumulus parametrization chosen (New Kain-Fritsch) as shown by Gilliland and Rowe [36]. A 11 
possible evidence of this is shown in Fig. 10, the rRMSE doesn’t increase proportionally with 12 
radiation; the green triangles are the rRMSE on the Monsoon/Hurricane season and it’s evident 13 
that the greatest errors occur on that time. 14 

15 
Fig. 10 Monthly rRMSE for ERA-Interim, WRF monsoon season and WRF No storm season. 16 

Additionally, the monsoon system it’s a phenomenon that occurs on a larger scale than the one 17 
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selected on the initial boundary conditions. Possibly, boundary conditions aren’t including clouds, 1 
which have to be entirely formed within the boundary domain. This lack of information on 2 
monsoon clouds could result in an underestimation of cloud cover over the region of study. 3 
However the ERA-Interim, being a global analysis system, takes in consideration this kind of 4 
systems that develop outside of the area selected in the WRF model.  5 

4. Conclusions6 

In this research a downscaling of the south of Sonora Mexico region was performed in order to 7 
obtain a highly temporal resolution solar potential assessment as well as a validation between the 8 
output and observations. 9 

The graphical results processed from the WRF output indicate that the horizontal resolution for 10 
this example could be sufficient, in other words a higher resolution is not necessary for this region 11 
due to the homogeneity of the outputs and not drastic topographical changes. In general terms, 12 
the model represents the GHI of the region with a higher temporal resolution (10 min vs 12 13 
hours).  14 

Overall the results for the WRF present less accuracy, related to the weather stations, in annual 15 
terms. However in non-storm season WRF has better results than ERA-Interim outputs. Since the 16 
annual rRMSE values are low (average 9.91%) we conclude that the model has relatively good 17 
accuracy and could be an alternative to study the solar resource on regions where climate 18 
conditions are similar to the studied region; especially if high temporal resolution (10 min) is 19 
necessary.  20 

The overestimation of the WRF model on the spring-summer period is related to the storm 21 
solving problem of the initial configuration. In order to improve GHI accuracy during this season, 22 
it is necessary to carry out a sensitivity study on the different cumulus and radiation 23 
parametrizations that the WRF model uses. Moreover, it is necessary to do a further research in 24 
different regions and climate conditions so as to compare the effects observed during the present 25 
study with the results in such conditions. 26 
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Appendix 3





Day Month Year Day Month Year Day Month Year
1 3 2005 1 7 1996 1 12 1995
2 3 2010 2 7 1999 2 12 2000
3 3 1996 3 7 2005 3 12 1982
4 3 1996 4 7 1992 4 12 1989
5 3 2008 5 7 2010 5 12 1991
6 3 1988 6 7 2005 6 12 2005
7 3 1990 7 7 2010 7 12 2005
8 3 1983 8 7 2006 8 12 2005
9 3 1987 9 7 2009 9 12 1999
10 3 1987 10 7 1999 10 12 2000
11 3 1991 11 7 2007 11 12 2010
12 3 2010 12 7 1983 12 12 1997
13 3 1981 13 7 2006 13 12 1989
14 3 1983 14 7 2009 14 12 2010
15 3 1987 15 7 1992 15 12 2002
16 3 2004 16 7 2009 16 12 2003
17 3 2007 17 7 1991 17 12 1986
18 3 1986 18 7 2004 18 12 1994
19 3 2002 19 7 2004 19 12 2003
20 3 1996 20 7 1996 20 12 2009
21 3 2004 21 7 1995 21 12 2009
22 3 1985 22 7 1996 22 12 2010
23 3 1988 23 7 2003 23 12 1981
24 3 1981 24 7 2010 24 12 2011
25 3 1981 25 7 1999 25 12 2010
26 3 1981 26 7 1985 26 12 1983
27 3 1981 27 7 1988 27 12 1995
28 3 1981 28 7 2008 28 12 1989
29 3 2000 29 7 2003 29 12 1987
30 3 1998 30 7 2008 30 12 1995
31 3 2001 31 7 2003 31 12 1995
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1. INTRODUCCIÓN Y RECOMENDACIÓN GENERAL
ISOFOTON,S.A. empresa española pionera y líder en el sector fotovoltaico es fabricante de
células y módulos desde su fundación en 1981. Debido a una larga experiencia, utilización de
materiales de primera calidad y exhaustivos controles de calidad, los módulos fotovoltaicos
fabricados por ISOFOTON,S.A. presentan una vida útil por encima de los 20 años con un
funcionamiento óptimo desde el primer al último día.

Lea atentamente todas las instrucciones del presente documento antes de instalar, conectar o
manipular el módulo fotovoltaico. Las recomendaciones dadas para un módulo fotovoltaico se
pueden hacer extensivas para más de uno.

ISOFOTON,S.A. no asume responsabilidad alguna en caso de pérdida, rotura, deterioro o coste
adicional debido a la mala manipulación del producto por personal ajeno a esta empresa.

2. DATOS TÉCNICOS
Los módulos fotovoltaicos fabricados por ISOFOTON,S.A. utilizan células pseudocuadradas de
silicio monocristalino de alta eficiencia para transformar la energía de la radiación solar en energía 
eléctrica de corriente continua. 

El circuito de células se lamina utilizando E.V.A. (acetato de etilen-vinilo) como encapsulante en un 
conjunto formado por un vidrio templado en su cara frontal y un polímero plástico (TEDLAR) en la 
cara posterior que proporciona resistencia a los agentes ambientales y aislamiento eléctrico. 

El laminado se encaja en una estructura de aluminio anodizado. Las cajas de terminales con
proteccion IP-65, están hechas a partir de plásticos resistentes a temperaturas elevadas y
contienen los terminales, las bornas de conexión y los diodos de protección (diodos de by-pass).

El marco dispone de varios agujeros para la fijación del módulo a la estructura soporte y su puesta 
a tierra en caso de ser necesario.

En la Figura 1 se muestra esquemáticamente la sección de un módulo fotovoltaico.

Figura 1.- Sección de un módulo fotovoltaico
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En las siguientes tablas se muestran las características técnicas físicas y eléctricas,
respectivamente, más relevantes de cada modelo de módulos fotovoltaicos.

FÍSICAS MÓDULO

I-47

MÓDULO

I-50/I-53/I-55

MÓDULO

I-94

MÓDULO

I-100/I-106/I-110

MÓDULO

I-159/I-165

Altura 1219 mm 1302 mm 1206 mm 1310 mm 1310 mm

Ancho 328 mm 338 mm 652 mm 652 mm 969 mm

Espesor 34 mm 34 mm 34 mm 34 mm 40 mm

Peso 5,5 kg 5,7 kg 10 kg 11 kg 17 kg

Células en 
serie · paralelo

33 36 33·2 36·2 36·3

TONC
(800W/m2; 1,5MA; 

20ºC)
47ºC 47ºC 47ºC 47ºC 47ºC

Tabla 1.-  Características físicas de los módulos fotovoltaicos ISOFOTON.

ELÉCTRICAS MÓDULO

I-47

MÓDULO
I-50/I-53

I-55

MÓDULO

I-94

MÓDULO
I-100/I-106

I-110

MÓDULO

I-159/I-165

Potencia pico 
(Pmax) 47W 50/53/55W 94W 100/106/110W 159/165W

Corriente de 
cortocircuito

(Isc)
3,27A 3,27 / 3,27

3,38 A 6,54A 6,54 / 6,54
6,76 A 9,81/10,14A

Tensión de 
circuito abierto 

(Voc)
19,8V 21,6V 19,8V 21,6V 21,6V

Corriente  de 
máxima

potencia (Imax)
2,94A 2,87 / 3,05

3,16 A 5,88A 5,74 / 6,10
6,32 A 9,14/9,48A

Tensión de 
máxima

potencia (Vmax)
16V 17,4V 16V 17,4V 17,4V

Tabla 2.-  Características eléctricas de los módulos fotovoltaicos ISOFOTON (12V).



Manual del usuario de módulos fotovoltaicos

6

ELÉCTRICAS MÓDULO

I-94/24

MÓDULO

I-100/24

MÓDULO

I-106/24

MÓDULO

I-110/24

Potencia pico 
(Pmax) 94W 100W 106W 110W

Corriente de 
cortocircuito

(Isc)
3,27A 3,27A 3,27A 3,38A

Tensión de 
circuito abierto

(Voc)
39,6V 43,2V 43,2V 43,2V

Corriente  de 
máxima

potencia (Imax)
2,94A 2,87A 3,05A 3,16 A

Tensión de 
máxima

potencia (Vmax)
32V 34,8V 34,8V 34,8V

Tabla 3.-  Características eléctricas de los módulos fotovoltaicos ISOFOTON (24V).

Estos valores son los que se obtienen en las condiciones estándares de medida que se
corresponden con una irradiancia de 1000 W/m2, espectro de 1,5 M.A. y una temperatura de la
célula de 25ºC.

Ahora bien, las condiciones de trabajo reales de los módulos una vez instalados pueden ser muy 
diferentes a las del laboratorio, por lo que conviene conocer las variaciones que pueden
producirse, a fin de efectuar las pertinentes correcciones en los cálculos.

Por otra parte, mientras la corriente generada por un módulo fotovoltaico es proporcional a la
intensidad de la radiación solar, la tensión varía con la temperatura de las células. En las figuras 
siguientes se representa ambos efectos.

Figura 2.-  Variación de curva I-V en función de la irradiancia solar
 incidente a temperatura de célula constante.
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Figura 3.- Variación de curva I-V en función de la temperatura 
    de las células a radiación incidente constante.

La variación con la temperatura de las magnitudes eléctricas de los módulos, es la siguiente:

 El voltaje disminuye a razón de 2,22 mV/ºC por cada célula en serie que contenga el módulo y 
cada grado que supere los 25º C. 

 La corriente aumenta a razón de 17A/cm2·ºC de área de células en paralelo y cada grado que 
supere los 25º C.

Hay que tener en cuenta que la temperatura de la célula a que nos hemos estado refiriendo no
coincide con la temperatura ambiente debido a que la célula, se calienta al incidir la luz del sol.

El incremento de temperatura de la célula respecto a la temperatura del aire depende de las
características de la misma y de las de construcción del propio módulo. 

En función de la radiación incidente, la temperatura y la carga que esté alimentando, un módulo 
fotovoltaico podrá trabajar a distintos valores de corriente y tensión.

En la Figura 4 se representa esquemáticamente una curva característica I-V de un módulo
fotovoltaico junto con la curva de la potencia generada y dos puntos de trabajo diferentes, A y B.

Figura 4.- Curva característica I-V y curva de potencia generada.
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Se puede observar que cuanto más cerca hagamos trabajar al módulo fotovoltaico de la tensión de 
máxima potencia, mayor será la potencia que obtendremos de él. 

En resumen, en función de la radiación solar, la temperatura de las células (que dependerá a su 
vez de la temperatura ambiente, humedad, velocidad del viento, etc.) y de los equipos a los que 
esté conectado, el módulo fotovoltaico generará una determinada corriente a una determinada
tensión de trabajo, cuyo producto marcará la potencia generada por el módulo.

En el Capítulo 12 se encuentran las curvas características I-V para cada modelo en función de la
irradiancia incidente y la temperatura de célula.

3. DIODOS DE PROTECCIÓN
El sombreado de alguna célula puede provocar un voltaje inverso en ella. Esta célula consumiría 
por tanto potencia generada por las demás en serie con ella produciéndose un calentamiento
indeseado de la célula sombreada. 

Este efecto, llamado de punto caliente, será tanto mayor cuanto mayor sea la radiación incidente 
sobre el resto de células y menor la que reciba esta célula debido a la sombra. En un caso
extremo la célula podría llegar a romperse por sobrecalentamiento.

El uso de diodos de protección o by-pass reduce el riesgo de calentamiento de las células
sombreadas, limitando la corriente que pueda circular por ellas y evitando de este modo la rotura 
de las mismas. 

Todos los módulos con un número de células igual o superior a 33 en serie fabricados por
ISOFOTON,S.A., se suministran con diodos de protección que se encuentran situados en las cajas 
de conexión tal y como se puede apreciar en los esquemas de las mismas incluidos en el capítulo 
siguiente.

En los módulos con menor número de células en serie no se hacen necesarios los diodos de by-
pass, pues el efecto de punto caliente no llega al nivel de riesgo de rotura de las células.

4. CAJAS DE CONEXIÓN
Las cajas de conexión de los módulos están situadas en la parte posterior de los mismos. Como 
se ha señalado anteriormente, estas son cajas estancas preparadas para intemperie con un IP-65,
siempre y cuando se respete la estanqueidad en los pasacables o prensaestopas al hacer pasar 
los cables a través de ellos.

En cada módulo existe bien una sola caja de conexiones para ambos terminales o bien una caja
para el terminal positivo y otra para el negativo. Deberá respetarse la polaridad en las conexiones 
para el buen funcionamiento de los módulos.

Las cajas de conexión son similares en los módulos con igual tensión nominal. En las Figuras 5 y 
6 se muestran los esquemas de las cajas de conexión para módulos de tensión nominal 12V y 24V 
respectivamente.
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Figura 5.- Cajas de conexión para módulos de 12 V
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       Figura 6.- Cajas de conexión para módulos de 24 V
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Würth Solar GmbH & Co. KG

Alfred-Leikam-Straße 25

D-74523 Schwäbisch Hall

Tel. +49 (0) 791 946 00 -0

Fax +49 (0) 791 946 00 -119

wuerth.solar@we-online.de

www.wuerth-solar.com

Tailor-made modules

Thanks to their esthetic design and their flexibility

in size, form and output CIS modules are extremely

suitable for the tailor-made integration in products

of everyday life. Due to the special manufacturing

procedure the technical properties can be adjusted

to the desired system solution already in the process

of production.

Data of the individual cell

Open-circuit voltage Uoc V 0.65

Voltage at max. performance Umax V 0.50

Short-circuit current Isc mA /cm2 26

Current at max. performance Imax mA /cm2 23

Module qualities

Basic material CIS on float glass

Connecting possibilities Contact strips or connecting cables

Technical data

 D
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What does the path from the idea to the product
that is really driven by solar energy look like?

As manufacturer of innovative photovoltaic modules we search the contact

with creative product designers. So if you could imagine having your product

driven by photovoltaics or if you are interested in an alternative to the

traditional silicone technology we should get in touch! Just call us or get

in contact with us over our website!

Dimensions and weight

min. dimension (mm) 120 x 120

standard dimension (mm) 600 x 1,200

max. dimension (mm) 2,400 x 2,600 (Special fabrications on request)

standard thickness of module (mm)    6.5

min. thickness of module (mm) 5.5 (Special fabrications on request)

Weight (g) length (mm) x width (mm) x depth (mm) x 0,0025

downloaded from www.photovoltaik-web.de



Technical Data Sheet

The Haute Couture of Photovoltaics

CIS Solar Modules

downloaded from www.photovoltaik-web.de



The CIS modules of Würth Solar consist of multilayered

CIS (copper-indium-diselenide) solar cells that are connected

in series. They absorb a wide spectrum of light energy

and ensure maximum energy generation also under un-

favorable weather conditions. Thanks to the great reliability

and the long life of our CIS solar modules they are suitable

for almost all fields of application and sizes of solar energy

systems.

The CIS solar modules are offered as standard and cus-

tomer-specific versions. They distinguish themselves by

their homogeneous black module surface and thus meet

the highest requirements on esthetics and product design.

CIS-Photovoltaic Modules

1) Normal operating temperature of cells in

case of irradiation: I = 800 W/m2

Environmental temperature: T
U
 = 20°C

Wind velocity: V
W

 = 1 m/s

Limiting values

Maximum module temperature °C -40 ... +85

Surface pressure N /m2 2,400

Maximum torsion ° 1.2

Thermal parameters

NOCT 1 °C 47 ± 3

Temperature coefficient of short circuit curren % / °C 0.05

Temperature coefficient of open-circuit voltage % / °C -0.29

Temperature coefficient of nominal output % / °C -0.36

General technical data:
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Intensity -and temperature-dependent behavior

            using the example of WSG0001 E080

3.0

■ 1000 W, 25 °C (STC)

■ 1000 W, 55 °C

■ 800 W, 47 °C

■ 200 W, 25 °C

Due to permanent optimization of our modules changes to the data indicated in the technical data sheet are possible

all times. Therefore please use the most current data sheets, which you may find under www.wuerth-solar.com

 or contact our sales representatives.

Frame Variants

• Frame made of anticorrosive aluminum, anodized black (standard)

• Frameless module (on request)

Technical data

WSK0001 WSK0039 WSK0019 WSK0020

Nominal output (W) 5.5 12.0 23.0 35.0

Voltage MPP (V) 12.0 12.0 12.0 12.0

Current in MPP (A) 16.5 16.5 16.5 16.5

Strom im MPP (Impp) in A 0.33 0.73 1.40 2.12

Open-circuit voltage (V) 22.0 22.0 22.0 22.0

Short circuit current (A) 0.35 0.78 1.50 2.29

Open-circuit voltage (V) at -10°C   24.3 24.3 24.3 24.3

MPP voltage (V) at +70°C 13.8 13.8 13.8 13.8

Change of voltage per °C (%) -0.29 -0.29 -0.29 -0.29

Change of power per °C (%) -0.36 -0.36 -0.36 -0.36

Dimensions in mm (H x B x T)2 205 x 305 x 31 405 x 305 x 31 405 x  605 x 31 605 x 605 x 31

Weight (kg) 1.3 2.4 4.5 6.5

Connecting variant (see below) 1 1 1 1

The electrical data apply to standard test conditions (STC): 1,000 W/m2, AM 1.5, 25°C    
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Modules in standard version

CIS modules of Würth Solar are delivered in

glass/glass compound with or without frame. The

front glass used is extremely translucent and protects

the module even against toughest environmental

conditions.

The standard modules are submitted to laboratory

tests for a wide spectrum of operating conditions

and are produced according to strict guidelines of

quality. The customer can get a test certificate for

each type of module.

Connection variants

     2 connecting buttons with cable socket      Socket (Bez. PV-JB / K-2 / N4SOL )      Socket
Male plug (Bez. PV-KST4, PV-KBT4)

Dimension: 30 x 50 x 12mm (W x L x D) Dimension: 55 x 91 x 13mm (W x L x D) Dimension:  100 x 158 x 35mm (W x L x D)

Kabel Ø: 1mm2

1 2 3

W

L

WSK0021 WSG0036 E075 WSG0025 E080 WSG0035 E075

55.0 75.0 80.0 75.0

12.0 24.0 120.0 12.0

16.5 35.0 120.0 16.5

3.33 2.15 0.67 4.42

22.0 44.5 160.0 22.0

3.56 2.36 0.72 5.01

24.3 49.0 177.0 23.5

13.8 29.3 101.0 14.2

-0.29 -0.29 -0.29 -0.29

-0.36 -0.36 -0.36 -0.36

605 x  905 x 35 605 x 1,205 x 35 605 x 1,205 x 35 605 x 1,205 x 35

9.7 12.7 12.7 12.7

3 2   2 3

It will be a pleasure for us to provide you with further information on request

D
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