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RESUMEN

Durante las Cltimas décadas la problemdtica relacionada con el
abastecimiento energético se estd haciendo cada vez mds acuciante,
especialmente en el dmbito de la electricidad. La energia solar fotovoltaica se
estd erigiendo en los Ultimos afios dentro de este sector como una de las
posibles alternativas a los combustibles fésiles tradicionales, con una evolucién
constante de las tecnologias y de la cuota de potencia instalada a nivel
mundial. Dentro de las tecnologias fotovoltaicas disponibles en el mercado, la
predominante hasta este momento es aquella basada en silicio cristalino,
debido principalmente al buen conocimiento que se tiene de la misma, su
fiabilidad y sus bajos precios. A pesar de esto han ido surgiendo otras
tecnologias que ofrecen distintas ventajas competitivas frente a esta tecnologia
tradicional. Entre ellas destacan las tecnologias basadas en ldmina delgada,
que aunque todavia no han conseguido desbancar la posicién dominante del
silicio cristalino, van consiguiendo progresivamente aumentar su capacidad de
fabricacién y su cuota de mercado en términos absolutos. En términos de
modelado del comportamiento en exterior de las tecnologias de capa delgada,
éste no se halla plenamente comprendido, a pesar de los numerosos esfuerzos
que se han venido realizando recientemente. Se hace necesaria una mejora en
el referido modelado en varias condiciones climdticas, debido principalmente a
la acusada dependencia que este comportamiento posee de ciertos pardmetros
medioambientales, tales como la distribucién espectral de la irradiancia.

La presente Tesis Doctoral, desarrollada en el seno del grupo de
Investigacién en Energia Solar de Universidad de Jaén, ha pretendido contribuir
a la mejora del conocimiento existente en cuanto a la prediccion del
comportamiento eléctrico en exterior de mddulos fotovoltaicos de capa
delgada. En este sentido, y utilizando como punto de partida los datos
empiricos que ha proporcionado una amplia campafia experimental en las
localidades de Jaén y Madrid (Espafia), se han podido obtener resultados y
conclusiones de gran valor y repercusién en este dmbito. Para ello, se ha
dispuesto de una muestra reducida de médulos fotovoltaicos de las siguientes



tecnologias, silicio amorfo  (a-Si:H), Telururo de Cadmio (CdTe),
Cobre-Indio-Galio-Selenio (CIGS) y heterounién de silicio amorfo vy silicio
microcristalino (a-Si:H/pc-Si:H), instalados en las localidades anteriores.

En primer lugar, gracias a estos datos experimentales, se ha podido
caracterizar espectralmente el enclave donde se encontraban instalados los
modulos fotovoltaicos mencionados. Asi también, se ha conseguido evaluar la
influencia que ejerce la distribuciéon espectral de la irradiancia incidente y la
temperatura de médulo sobre el factor de rendimiento de estos mddulos.
Conjuntamente con esto, se ha cuantificado la influencia que los efectos
espectrales ejercen sobre diferentes tecnologias fotovoltaicas de capa delgada
para distintas ventanas temporales. En este sentido, se ha obtenido que los
efectos espectrales se atentan a medida que la ventana temporal se hace
mayor, llegando éstos a hacerse muy poco significativos para todas las
tecnologias evaluadas en periodos anuales. Finalmente, atendiendo a los
resultados obtenidos en el estudio previo, se ha propuesto la utilizacién de
métodos analiticos sencillos para estimar la potencia méxima y la energia anual
generada por este tipo de tecnologias fotovoltaicas a partir de valores de
irradiacién y temperatura ambiente. Estos pardmetros se encuentran
habitualmente disponibles en bases de datos y estaciones meteorolégicas. La
aplicabilidad de estos métodos es satisfactoria para climas soleados y de
interior, no tropicales. Se habrd de explorar la bondad de los métodos para
enclaves afectados por otros climas donde el impacto del espectro solar sobre
una base anual sea mds apreciable.



ABSTRACT

Over the past decades, the problems related to energy supply are
becoming increasingly pressing, especially as regards electricity. Photovoltaic
solar energy is emerging in recent years within this sector as one of the major
alternatives to traditional fossil fuels. A constant and progressive evolution along
with an increasing share of photovoltaic power installed worldwide have been
noticed during this period time. Nowadays, crystalline silicon technology
occupies a prevailing position in the photovoltaic market, with the largest market
share, mainly because of its reliability, low cost and due to the fact that its
outdoor performance is well-known. Although this technology is expected to
prevail in the short and mid-term, other photovoltaic technologies have
appeared offering some competitive advantages over the traditional ones.
Thin-film photovoltaic technology is one of these emerging technologies that
have steadily increased its market share since the 2000s. The main aim of this
technology is to reduce the unitary cost of photovoltaic power using alternative
manufacturing processes. Despite the existing research efforts, the outdoor
behaviour of thin film photovoltaic technologies is far from being understood in
full. In this sense, some improvements are still needed as those related to
modelling the outdoor electrical performance of these technologies under
different climate conditions. Indeed, this performance is inflvenced by some
environmental parameters, being very remarkable the impact of the solar
spectral irradiance distribution.

Regarding the analysed shortcomings, the present PhD thesis deepens into
modelling the outdoor electrical performance on thin film photovoltaic modules,
in order to improve the understanding that already exists about the state of art
in this field. This PhD has been developed within the framework of the Solar
Energy Research Group (IDEA) at the University of Jaén. The photovoltaic
modules under study were deployed in two different sites; namely, Jaén and
Madrid (Spain) with sunny and inland climates. This PhD thesis analyses the data
collected from a large experimental campaign in these two locations. This
empirical information has allowed to reach some relevant and sound results



about outdoor performance modelling of these photovoltaic technologies. A
limited set of thin-film photovoltaic specimens has been available. Specifically, a
module of each of the following technologies have been installed and tested in
both sites; namely, a-Si (amorphous silicon), CdTe (cadmium telluride), CIGS
(copper indium gallium selenide sulfide), CIS (copper indium diselenide), and
a-Si:H/pc-Si:H  (hydrogenated =~ amorphous  silicon/crystalline  silicon
hetero-junction).

Along this PhD thesis, different research works have been developed.
Firstly, a spectral characterisation of the incident irradiation of the site was
carried out. Additionally, the impact of the spectrum shape and the temperature
of the module over its performance ratio was evaluated for each tested thin-film
photovoltaic technology. The next research line focused on assessing and
quantifying the spectral effects in the four mentioned photovoltaic technologies
in terms of different timeframes. These effects have been analysed in four sites
located in the north hemisphere -Stuttgart, Madrid, Jaén and Tamanrasset-.
Thus, spectral effects on both monthly and annual time scales were evaluated. In
this sense, the spectral effects are mitigated during long integration periods.
Further to this, the annual spectral effects may be neglected for the four
considered photovoltaic technologies in tempered and inland climates in
practical terms. This may greatly simplify modelling their annual performance by
using simple analytical methods which do not take into account the spectral
distribution. Regarding the previous results, simple methods are proposed and
validated in order to estimate the electrical outdoor performance -maximum
power delivered and annual energy produced- of thin film photovoltaic modules
in locations with a nontropical, tempered and inland climate, using only as inputs
environmental data commonly available in meteorological databases. Thus, the
obtained results have proven the applicability of these methods for this
modelling task.
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ESTRUCTURA DE LA MEMORIA

Esta memoria se divide en por partes:

e PARTE I: DISERTACION.

La primera parte de la memoria se dirige inicialmente a realizar una
introduccién a la tecnologia fotovoltaica, especialmente a las tecnologias
basadas en capa delgada. Ademds, se expone la situacién que ocupan estas
tecnologias dentro del sistema energético en un contexto internacional
atendiendo a las necesidades de electricidad que se plantean en él. A
continuacién, se pasa a describir los antecedentes relacionados con el andlisis
del funcionamiento de estas tecnologias, asi como los factores que influyen en el
comportamiento en exterior de las mismas. Se presta especial atencién a los
efectos que provoca sobre dicho comportamiento la distribucién espectral de la
irradiancia incidente. A continuacién, se exponen las motivaciones que justifican
la realizacién de la presente Tesis Doctoral y el planteamiento de los objetivos
que se han pretendido alcanzar con la realizacién de la misma. Posteriormente,
se trata la metodologia seguida, asi como una descripcién y discusién de los
resultados obtenidos. Finalmente, las conclusiones que se han alcanzado, asi
como las lineas futuras de trabajo que se plantean son expuestas y detalladas.

* PARTE Il: PUBLICACIONES.

La Parte Il de la memoria estd constituida por las publicaciones que han
surgido a través de la consecucion de los objetivos planteados para la
realizacién de esta tesis doctoral. Se presentan agrupadas por categorias
atendiendo a su temdtica.
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PARTE |
DISERTACION

En la Parte | introducimos la tecnologia fotovoltaica de capa delgada, asi
como los pardmetros medioambientales que ejercen una influencia destacada
sobre su funcionamiento. A continuacién, se describe el estado actual en el cual
se encuentra el nivel de conocimiento, en cuanto al modelado en exterior de
estas tecnologias fotovoltaicas se refiere. Posteriormente, se expone la
oportunidad y relevancia que justifica el desarrollo de esta tesis, conjuntamente
con los objetivos que se plantean alcanzar y la metodologia aplicada para
lograr dichos objetivos. A continuacién, se proporciona un resumen de las lineas
de trabajo propuestas junto con una discusién de los resultados mds relevantes.
Finalmente, se presentan las principales conclusiones obtenidas tras Ila
realizacién de esta Tesis Doctoral y algunas de las lineas futuras de trabajo a
desarrollar.
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INTRODUCCION

En este primer apartado se va a hacer un breve repaso tanto de la
situacién actual del sistema energético en el contexto internacional, como del
estado actual en el que se encuentra la tecnologia fotovoltaica desde un punto
de vista generalista, con especial mencién a las tecnologias fotovoltaicas (FV)
basadas en ldmina delgada. En este sentido, se exponen las condiciones
medioambientales que ejercen una influencia destacada sobre el
funcionamiento en exterior de estas tecnologias FV.

Durante las Gltimas décadas uno de los problemas mds acuciantes a los
que se estd enfrentando la poblacién en su conjunto es el abastecimiento
energético. En este sentido, e intentando dar una solucién al mismo, se ha
promovido desde los estamentos gubernamentales la busqueda de nuevos
recursos o fuentes de energia alternativas a las tradicionales, basadas hasta
ahora en combustibles fésiles. Problemas relativos a la sobrepoblacién, que se
espera que aumente de forma mundial un 17% para 2030 (8.200 millones de
personas) o el desarrollo de nuevos paises emergentes muy poblados tales
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como China, India o Indonesia han provocado que las necesidades energéticas
mundiales especialmente de electricidad crezcan sin cesar, pudiendo aumentar
hasta en un 67% para 2030 (37.000 TWh/afo) con respecto a las actuales
[1-4]. En busca de una respuesta sencilla, viable, respetuosa con el medio
ambiente y distribuida es de largo conocido el uso del sol como fuente
renovable e inagotable de energia. En este campo se desarrollé la tecnologia
solar fotovoltaica, que aprovecha la energia luminica del sol para la produccién
de electricidad [5,6]. Esta tecnologia se ha situado como una de la principales
dentro de las alternativas renovables, ocupando una posicién destacada [7,8].
Dicha posicién obedece a una evolucién constante y progresiva de la tecnologia
y de la cuota de potencia instalada tanto a nivel mundial como europeo y
espanol [7]. Actualmente las cifras que se manejan estiman una capacidad
instalada a nivel mundial de 138,9 GWp a finales de 2013. El crecimiento del
sector fotovoltaico se debe también al progresivo abaratamiento del coste (70%
desde 2006 a 2014) [8], gracias principalmente a las politicas de promocién
que se han desarrollado en el pasado reciente y han contribuido positivamente
a este progresivo avance. El pais que lidera el sector actualmente es Ching, la
cual instalé 13 GWp durante 2013. A continuacién se sitba Europa, que en todo
su conjunté instalé unos 11 GWp durante ese mismo afio. Para el territorio
espafol, la situacién es bastante mds compleja, siendo uno de los sectores
productivos mds dafiados desde el inicio de la crisis econdémica. Por diversos
motivos, este panorama ha provocado que Unicamente se hayan instalado 118
MWp durante el afio 2013, muy lejos de los 2700 MWp que se instalaron
durante el afio 2008. Las cifras de afos anteriores, convirtieron a Espafia en un
referente a nivel mundial en la tecnologia FV y a dia de hoy todavia le permiten
ocupar el sexto lugar del mundo en capacidad total instalada con algo mds de
5300 MWp [7-9].

Dentro de las tecnologias FV disponibles en el mercado, la predominante
hasta este momento es aquella basada en silicio cristalino (c-Si) -silicio
monocristalino (m-Si) y silicio policristalino (pc-Si)-. Esta tecnologia es la mds
utilizada hoy dia para la fabricacion de moédulos FV, concretamente la
capacidad de produccidén anual se estima que es superior a los 30 GWp en
2013 [8], lo que supone una cuota de mercado superior al 90%.

A pesar de esto han ido surgiendo otras tecnologias FV a nivel comercial
que ofrecen distintas ventajas competitivas frente a la tecnologia tradicional de
c-Si. Entre ellas destacan las tecnologias basadas en ldmina delgada,
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tecnologias de concentraciéon fotovoltaica, o las basadas en materiales
orgdnicos. A pesar del desarrollo de estas tecnologias, ninguna de ellas ha
conseguido hasta el momento desbancar la posicién dominante del c-Si, aunque
progresivamente van consiguiendo aumentar su capacidad de fabricacién y su
cuota de mercado en términos absolutos [8].

Las principales razones que durante este periodo de tfiempo han
provocado que todavia no se haya extendido masivamente el uso de estas
otras tecnologias son las siguientes:

¢ Buen conocimiento del funcionamiento del c-Si.
¢ Abaratamiento de los médulos de c-Si.
* Produccién a gran escala de médulos de c-Si.

¢ Continua evolucién de la eficiencia de los médulos FV de c-Si sin
aumento significativo de costes finales, lo que ha supuesto también una
reduccidn del coste del resto de elementos del sistema.

* La falta de bancabilidad en tecnologias diferentes al c-Si.

* Menor confianza de proyectistas y futuros titulares en tecnologias
diferentes al c-Si.

*  Menor disponibilidad de datos de funcionamiento de instalaciones o
sistemas reales que empleen médulos fotovoltaicos diferentes al c-Si.

Este es el caso de la tecnologias FV basadas en materiales de |dmina o
capa delgada (CD). Actualmente, las tecnologias FV de CD ya se pueden
considerar una alternativa real a la tecnologia de c-Si. En este sentido, en los
Ultimos afios se ha producido un aumento paulatino de la cuota de mercado,
gracias a una continua reduccién de los costes de fabricacion. Por otro lado, se
ha conseguido una incremento progresivo de la eficiencia de células y médulos
FV de estas tecnologias, alcanzando en algunos casos valores superiores al 20%
[10,11]. Los menores costes a la hora de su fabricaciéon es lo que se le
presupone como ventaja competitiva frente a las tecnologias tradicionales,
ademds de otras particularidades como la posibilidad de ser flexibles o ser
fabricados en diferentes tonalidades, caracteristica especialmente Gtil en
aplicaciones de integraciéon arquitecténica. El coste del proceso de fabricacién
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de médulos FV basados en tecnologias de CD se ve reducido por la utilizacién
de técnicas de manufactura alternativas a las del c-Si. Estas técnicas emplean
materiales mds asequibles y mds comodos a la hora de trabajar con ellos e
implementar estos procesos de fabricacién. Ademds con estds técnicas de
fabricacién se consiguen tiempos de retorno de la energia necesaria para su
fabricacién inferiores a los de la mayoria de tecnologias FV convencionales
basadas en ¢-Si [8,12-14].

Las tecnologias FV de CD mds relevantes en cuanto a visibilidad y cuota de
mercado de mdédulos FV se pueden agrupar en las siguientes categorias de
acuerdo con el material empleado:

¢ Telururo de Cadmio (CdTe).
* Cobre-Indio-Galio-Selenio (CIGS) y las variantes del mismo.
* Silicio Amorfo Hidrogenado (a-Si:H).

* Heterounion de Silicio Amorfo y Silicio microcristalino
(a-Si:H/pc-Si:H).

Tras unos anos de avance progresivo en la cuota de mercado, ésta se ha
reducido para estas tecnologias, pasando de un 14,4% (4,3 GWp) en 2012 a un
8,5% (3,3 GWp) a finales de 2013 [8]. A pesar de estas Ultimas cifras, se prevé
que se vuelva a recuperar la senda de progresion y se alcancen los objetivos de
crecimiento que se marcaban en la hoja de ruta establecida en [15,16].

De forma general la mayoria de las tecnologias de CD, se caracterizan por
tener un proceso de fabricacidn similar. Este proceso estd basado en depositar
una serie de capas de materiales semiconductores sobre un sustrato de bajo
coste (cristal, pldstico, metal o cerdmica) que serd el que proporcione la rigidez
necesaria para conformar el componente FV en cuestién, ya sea una célula o un
moédulo FV [12-14]. En cuanto a las caracteristicas técnicas mds destacadas de
cada una de las tecnologias de CD mencionadas, se resumen a continuacién:

* Silicio amorfo (a-Si:H): La tecnologia FV basada en a-Si es una de las
que ha tenido mayor recorrido en el tiempo junto con las basadas en
c-Si. Esta tecnologia presenta una estructura atémica mds aleatoria que
las de cardcter cristalino. Es un material que ha sido ampliamente
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utilizado en diferentes aplicaciones para producir electricidad. Debido
a la falta de estabilidad que presenta en sus propiedades eléctricas y a
efectos que tiene lugar en su funcionamiento que no son del todo
predecibles no se ha extendido ain mds su uso en proyectos de
generacion de electricidad a gran escala [12-14,17,18]. Esta falta de
una prediccién ha ido en detrimento del uso de esta tecnologia a pesar
de su bajo coste. Efectos térmicos (conocidos en la literatura como
Thermal Annealing) [19,20] o de degradacién inducida por la
radiacién (en la literatura como efecto de Staebler-Wronski [20-22])
son los que mds repercusién tienen en su funcionamiento.

e CdTe: Esta tecnologia, se encuentra dentro de las que utilizan
materiales semiconductores de la segunda generacién (Cadmio y
Telurio). Su uso comenzé en los afios 80 y a diferencia de la tecnologia
de a-Si, presenta una excelente estabilidad y se ve minimamente
afectada por la degradacién debida a la exposicién inicial a la luz solar
[18]. Para esta tecnologia se han conseguido recientemente eficiencias
de célula cercanas al 20% [10,11].

* CIGS: Esta tecnologia se caracteriza por ser una de las que mayor
espectro sensible de absorcién presenta en una Unica célula
mono-unién (300-1400nm). Existen distintas variantes dentro de esta
tecnologia, las mds habituales son las basadas en CIS o CIGS. En estos
casos, el proceso de fabricacién es algo mds arduo, con complejas
operaciones a la hora de la deposicion de los materiales
semiconductores sobre el substrato. Esta tecnologia se caracteriza por
alcanzar una alta eficiencia, una buena estabilidad, un bajo coste de
fabricacién y un tiempo de retorno de la energia necesaria para su
fabricacién bajo, lo que la hace susceptible de adaptarse a multitud de
aplicaciones en el dmbito FV [12,13,18].

*  Micromorfos (a-Si:H/pc-Si:H): Esta es una de las tecnologias con un
futuro mds prometedor dentro de las tecnologias FV de CD. Se
caracterizan por ser médulos basados en células tdndem, que surgen
de la unién de dos subcélulas de distintos materiales semiconductores.
En la parte superior se coloca la subcélula de a-Si, mientras que la
subcélula inferior estd basada en silicio microcristalino (pc-Si). Esta
técnica de fabricacién de médulos FV mejora la captura de la luz solar,



16 PARTE I: DISERTACION

al extender el rango espectral al que es sensible el material
semiconductor que los forma. Ademds, ofros aspectos como la
estabilidad son mejorados con respecto a los que ofrece el a-Si por si
solo [18].

Las aplicaciones mds representativas donde se da el uso de médulos FV
basados en tecnologios de CD -aparte de instalaciones fotovoltaicas
conectadas a la red sobre suelo- son principalmente, la integracién
arquitecténica, los sistemas fotovoltaicos auténomos, aplicaciones de interior o
sistemas espaciales [12,13,17,18]. A continuacién se detallan los rasgos mds
importantes de cada una de ellas:

* Integracion FV en edificios (BIPV, del inglés Building-Integrated
Photovoltaics): las tecnologios FV de CD dentro del sector de la
industria de la edificacién ocupan una posicién destacada. Estas
aplicaciones consisten principalmente en sistemas fotovoltaicos
conectados a la red, instalados en su mayoria sobre tejados, fachadas
o reemplazando a cualquier otro elemento arquitecténico. En este
sector destaca sobre el resto (CdTe y CIGS) las tecnologias de a-Si.
Ademds de la propia y principal misién de generar electricidad, este
tipo de instalaciones permiten un mejor aislamiento térmico, un
sombreado indirecto del edificio e introducir un elemento decorativo en
el propio disefio arquitecténico. Los métodos actuales de fabricacién
permiten crear moédulos semi-transparentes, flexibles o de un color
determinado que mejora las posibilidades de integracién
arquitecténica de los mismos.

* Sistemas Fotovoltaicos Auténomos: Este tipo de tecnologias FV han
sido también ampliamente utilizadas en programas de electrificacién
rural, para proveer de electricidad a zonas aisladas. Aplicaciones de
bombeo, regadio, iluminacién, telecomunicaciones o electrificacién son
las mds comunes. Los nuevos paises "emergentes" como China, India,
Tailandia, Indonesia o Brasil, son los principales lugares donde tienen
lugar la instalacion de este tipo de sistemas. En este dmbito, estas
tecnologias cuentan con la ventaja de ser médulos menos pesados, con
lo que el transporte de los mismo es mds sencillo que para el caso de los
basados en c-Si.
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* Aplicaciones solares de interior: Aqui, los mdédulos de pequefa
potencia basados en a-Si son los mds utilizados. En este caso, esta
tecnologia es capaz de aprovechar la radiacién proveniente de
[dmparas incandescentes y fluorescentes, ademds de la propia
radiacién solar.

La progresiva implantacién de estas tecnologias de CD ha provocado que
crezca el interés por conocer de forma mds exhaustiva el funcionamiento de las
mismas, aun no entendido completamente. Se debe mencionar que en los
Ultimos afios se ha visto detenida esta expansiéon por los bajos precios y el
elevado stock existente de médulos FV de tecnologia cristalina. Como se ha
comentado anteriormente, uno de los principales problemas de la tecnologias
de CD surge a la hora de modelar y predecir su comportamiento. En este
sentido, los materiales utilizados presentan una serie de peculiaridades por sus
propiedades fisicas y quimicas que afectan de forma importante a su
funcionamiento. Asi, a diferencia de las tecnologias tradicionales basada en c-
Si, las tecnologias de CD son mds sensibles a la distribuciéon espectral de la
irradiancia, lo que provoca que esta influencia se convierta -a priori- en un
aspecto crucial a la hora de evaluar el comportamiento en exterior de este tipo
de moédulos FV [20]. Por este motivo, entre oiros, el modelado del
comportamiento de esta tecnologia FV ha sido ampliamente estudiado por la
comunidad cientifica internacional durante los Oltimos afos. Asi, numerosos
esfuerzos se han venido realizando tratando de obtener métodos que permitan
estimar la potencia y la energia generada por sistemas FV basados en médulos
de CD.

A continuacién, en el siguiente apartado se van a exponer los trabajos mas
relevantes que se han llevado a cabo y estdn relacionados con el modelado del
comportamiento en exterior de estas tecnologias.
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ANTECEDENTES

En este segundo apartado se va a hacer un resumen detallado del estado
actual del conocimiento en el modelado del comportamiento en exterior de
tecnologias fotovoltaicas de capa delgada.

Las tecnologias de CD han alcanzado su méxima visibilidad en el mercado
en términos absolutos durante la durante la Ultima década. Durante este
periodo han sido numerosos los trabajos de investigacién llevados a cabo
tratando de mejorar el conocimiento sobre el comportamiento en exterior de
estas tecnologias, con el objetivo de modelarlo y predecirlo.

Debido a la orientaciéon hacia la ingenieria de sistemas de esta tesis, los
antecedentes que se exponen a continuacién estdn relacionados Unicamente
con el modelado del funcionamiento de médulos fotovoltaicos de CD, dejando a
un lado aspectos vinculados con los procesos de fabricaciéon de dichos médulos.

La estimacién de la produccién de electricidad solar a partir de las
condiciones climdticas de los enclaves donde se ubican los sistemas fotovoltaicos
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es esencial en la prdctica de su ingenieria. Asi, los fabricantes proporcionan
valores de los pardmetros eléctricos mds significativos de los médulos FV
medidos en las llamadas condiciones estdndares de medida (CEM). Estas
condiciones consisten en una irradiancia global incidente de 1000 W-m-2 con
una distribucién espectral AM1.5G y una temperatura de célula igual a 25°C
[23,24]. A partir de dichas condiciones, la prediccion del comportamiento
eléctrico de los sistemas basados en silicio cristalino a sol real es posible -dentro
de mdrgenes aceptables de incertidumbre- a través de métodos numéricos,
algebraicos y empiricos, ampliamente referenciados en la literatura [25-37]. Sin
embargo, este comportamiento dista de ser plenamente entendido en las
tecnologias de CD [38-41].

A continuacién se van a exponer los antecedentes mds significativos que
han tenido lugar hasta el momento en relacién con el modelado del
comportamiento de médulos FV de CD en exterior.

2.1 INFLUENCIA DE LAS CONDICIONES MEDIOAMBIENTALES EN EL
FUNCIONAMIENTO DE MODULOS FOTOVOLTAICOS DE CAPA DELGADA.

Las peculiaridades que presentan las tecnologias FV de CD en su
comportamiento han motivado numerosos estudios con la intencién de modelar
dicho comportamiento, a partir de variables medioambientales. En este sentido,
las variables que ejercen wuna influencia mds destacada sobre el
comportamiento en exterior de este tipo de mdédulos FV son la irradiancia
global o la temperatura de la célula, cuya influencia se puede determinar a
través del coeficiente de temperatura existente para cada tecnologia de
modulos. La influencia que ejercen estos dos Ultimos pardmetros estd bastante
bien comprendida, no siendo asi el caso de los efectos espectrales u otros
efectos de segundo orden como pueden ser los relacionados con la influencia de
la velocidad del viento, humedad relativa o presién atmosférica, los cuales
distan de ser plenamente comprendidos.

Los efectos espectrales conjuntamente con otros de degradacién han sido
principalmente los responsables de esta situacién de relativo desconocimiento
[20,42-46]. Atendiendo a esto, se puede decir que los efectos de cardcter
espectral ejercen una influencia considerable en el comportamiento de estas
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tecnologias. Asi, el modelado de los efectos espectrales de las tecnologias FV de
CD es crucial, ya que éstas presentan una alta sensibilidad a la distribucién del
espectro solar, mayor que la que experimentan aquéllas basada en silicio
cristalino. Desafortunadamente, las medidas espectrorradiométricas -las cuales
caracterizan la antedicha distribucién- apenas estdn disponibles en la mayoria
de las estaciones meteorolégicas, de cuyas bases de datos se parte
frecuentemente para efectuar estimaciones de la generacién eléctrica de los
sistemas FV.

Asi, algunas de las lineas de investigacién mds destacadas que se han
desarrollado en los Ultimos afos, son las relacionadas con el estudio de la
influencia de variables meteorolégicas, especialmente de la distribucion
espectral de la irradiancia, en el comportamiento tanto en interior como en
exterior de estas tecnologias FV [47-54]. En este dmbito, los trabajos
relacionados con el impacto de la distribuciéon espectral sobre el
comportamiento de estas tecnologias son numerosos [45,46,55-61]. Como
conclusién general de los mismos, se extrae que el funcionamiento de los
modulos FV de CD presenta una acusada influencia de los efectos espectrales,
los cuales motivan variaciones de cardcter estacional, especialmente en los
basados en tecnologias de a-Si. [42-44,62-66].

2.2 ESTIMACION DE LOS EFECTOS ESPECTRALES EN TECNOLOGIAS
FOTOVOLTAICAS DE CAPA DELGADA.

Los trabajos relacionados con el estudio de la influencia de la distribucion
espectral en las tecnologias FV son abundantes en la literatura cientifica. En este
mismo dmbito, se han intentando cuantificar estos efectos y establecer una
relacién entre las pérdidas o ganancias espectrales y la distribucién espectral
de la irradiancia incidente.

La distribuciéon espectral de la irradiancia, registrada por medio de un
espectrorradidmetro, no se presta bien a ser utilizada en cdlculos ingenieriles,
ya que ésta consta de un conjunto mds o menos denso de puntos dependiendo
del margen espectral de medida y de la resolucién que posea el instrumento en
cuestién. Con el fin de solventar este escollo, se han realizado esfuerzos para
definir un pardmetro que caracterice biunivocamente una irradiancia espectral
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dad. Asi, se ha definido el pardmetro conocido como la energia media del fotén
(EMF, del inglés APE, average photon energy) [67-69]. Actualmente existe
cierta controversia sobre esta biyeccion entre EMF y la distribucién espectral,
como se recoge en los trabajos [70,71].

Las perdidas o ganancias espectrales que se producen en los médulos FV
se cuantifican a través mediante la utilizacién del pardmetro conocido como
factor espectral (SF, del inglés spectral factor) o factor de desacoplo espectral
(MMF, del inglés mismatch factor), definido en el estdndar IEC 60904-7 [72].

Ganancias espectrales (%) = (SF—-1)-100 (Ec.1)

Valores positivos de la expresiéon anterior (SF > 1) representan ganancias
espectrales, mientras que valores negativos (SF < 1) se corresponden con
pérdidas espectrales, cuando se compara la distribucién espectral dada con la
correspondiente a la definida por el estdndar AM1.5G [73].

Existen diversos estudios que han tratado de evaluar estos efectos sobre
las tecnologias de CD: entre ellos destacan los llevados a cado por Nann y
Emery [74], los cuales observaron que la eficiencia de las tecnologias FV es
menos sensible a los efectos espectrales cuando existen altos niveles de
irradiancia, y por otro lado se demostraba cémo estos efectos se ven atenuados
para periodos de integracién mensuales o anuales.

Mds recientes son los trabajos llevados a cabo por Ishii et al. [42,56,75],
que recogen los valores que toman los efectos espectrales para distintas
localizaciones de Japdn con climas ocednicos y continentales. En estos trabajos
se concluye que las tecnologias basada en c¢-Si se ven poco influidas por los
efectos espectrales, mientras que para las basadas en a-Si la influencia de los
efectos espectrales es mads significativa, y con una marcada estacionalidad. En
otro de sus trabajos [76] se hace una discriminacion atendiendo a las
condiciones climatoldgicas (soleadas y nubladas) para establecer los valores
que toma el pardmetro SF. Asi, el rango de valores en el que se mueve este
pardmetro va entre 0,9 y 1,2 entre condiciones extremas para tecnologias
basadas en a-Si. Para tecnologias FV tales como CIGS o pc-Si las variaciones
de estos efectos son menos acusadas, variando el pardmetro SF entre 0,975 y
1,1.
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Ofros estudios también recientes se han focalizado en establecer la
relacién que existe entre los valores de los efectos espectrales y la distribucién
espectral de irradiancia presente. En este campo destacan trabajos como el
llevado a cado por Nofuentes et al. [55] que establece que para climas
soleados y de interior de forma general el valor de SF aumenta conforme lo
hace el valor de la EMF. Esta dependencia es mds acusada para tecnologias
basadas en a-Si y CdTe, mientras que para médulos FV basados en m-Si y CIS
es considerablemente menor. En este sentido se obtuvieron valores de
ganancias espectrales entre -25/15% para a-Siy entre -5/5% para m-Si.

Atendiendo a la dependencia existente entre la EMF y los valores de SF
observada en diferentes trabajos previos, Ishii et al. [56] han propuesto
recientemente la posibilidad de estimar los valores de SF a partir de una
regresion lineal, cuyos coeficientes ha sido determinados de forma empirica
para distintas localizaciones en Japén.

Recientemente se presenté el trabajo de Ying Ye et al. [77] que establece
el valor mensual y anual de los efectos espectrales para tecnologias de CD en
un emplazamiento con clima tropical de Singapur. Las ganancias espectrales
anuales que se obtienen para esta localizacién varian entre el 3% y el 7% para
modulos FV basados en tecnologias de CdTe y a-Si respectivamente.

El trabajo mds reciente y exhaustivo del que se tiene constancia es el de
Dirnberger et al. (2015) en el cual se analizan las ganancias/pérdidas
espectrales para cinco tecnologias FV en la localidad de Freiburg, Alemania
[71]. En este trabgjo, se observa que las tecnologias con un ancho de banda
(del inglés, band gap) mds amplio experimentan ganancias espectrales para la
época estival y pérdidas para la época invernal, mientras que para las
tecnologias de menor ancho de banda ocurre al contrario, pérdidas espectrales
en invierno y ganancias espectrales en verano. Ademds de esto, en este mismo
trabajo se hace una recopilacién de los resultados mds relevantes obtenidos en
este dmbito para diferentes localizaciones con latitudes comprendidas entre
22,8 y 48,8° en el hemisferio norte.

Excepcién hecha de los Ultimos dos trabajos [71,77], dados a conocer con
posterioridad a la publicacién de nuestros hallazgos [78,79], los demds se han
centrado en valores instantdneos y horarios de las ganancias/pérdidas
espectrales. Debido a esto, en el momento en el que se realizaron los trabajos,
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que se exponen a continuacién en esta Tesis Doctoral, existia una carencia en
cuanto al conocimiento de las ganancia espectrales para un periodo de tiempo
anual, de ahi que los estudios que aqui se detallan se focalicen en este dmbito.

2.3 ESTIMACION DEL COMPORTAMIENTO ELECTRICO EN EXTERIOR DE
MODULOS FOTOVOLTAICOS DE CAPA DELGADA.

Uno de los problemas que ha ralentizado la difusién de las tecnologias FV
de CD es la relativa escasez de datos de operacién de sistemas en
funcionamiento y campafas experimentales con medidas a sol real que
posibilitaran la creacién de modelos de predicciéon de su comportamiento. De
ahi, la escasez de métodos ingenieriles que comprometan sencillez y exactitud
para estimar la energia generada por sistemas FV basados en médulos de CD,
haciendo uso de pardmetros medioambientales generalmente disponibles en
estaciones meteoroldgicas.

A pesar de esta situacidon se han propuesto numerosos modelos de
prediccién del comportamiento eléctrico en exterior de médulos FV de CD, que
proporcionan herramientas para determinar la potencia entregada o de la
energia generada por este tipo tecnologias FV [32,47,66,80-85]. Estos
métodos presentan una serie inconvenientes, como son la complejidad que
presentan los mismos en su utilizacién o los requisitos necesarios para su
aplicacién. Principalmente, estos métodos hacen uso de grdficos de contorno,
técnicas de inteligencia artificial o expresiones obtenidas empiricamente.

La Universidad de Hong Kong (RepuUblica Popular China), junto con el
Instituto Paul Scherrer (Suiza) ha propuesto algunos modelos complejos para un
médulo CIS en concreto. Dichos modelos contemplan el indice de claridad (K7),
la masa de aire éptica (AM) y coeficientes empiricos [84,85], pero no son
generalizables a la tecnologia de CD, en general.

El concepto de "fraccidon util” (UF), definido como la razén entre la
irradiancia integrada en la banda de respuesta del material y la irradiancia
total incidente, también se ha empleado en modelos propuestos tanto para el
silicio cristalino como para el amorfo por la Universidad de Loughborough
(Reino Unido), pero no se obtiene una buena concordancia entre la produccién
de energia experimental y la predicha [86].
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A pesar de haber demostrado su exactitud, el modelo de Martin y Ruiz
[87] propuesto por el Instituto de Energia Solar (Espana) -basado en
expresiones analiticas que relacionan la respuesta espectral efectiva con AM y
K7- se limita unicamente al silicio cristalino y al amorfo.

La Universidad Ritsumeikan (Japén) junto con la Universidad de Agricultura
y Tecnologia de Tokyo [45,47,88,89] han propuesto un método de estimacién
de la energia producida por médulos de varias tecnologias de CD, basado en
la obtenciéon de un diagrama 3-D para cada una de dichas tecnologias en el
que se representa el factor de rendimiento -performance ratio (PR), en inglés-
de un médulo en funcién de la EMF y de la temperatura de la célula. Dicho
diagrama es combinado con un diagrama tridimensional de la distribucién de la
irradiacién colectada en funcién de la EMF y de la temperatura ambiente del
enclave correspondiente, pardmetro del que puede inferirse la temperatura de
la célula. Este es un modelo elegante, pero la biunivocidad entre la EMF y la
distribucién espectral de la irradiancia no se ha demostrado universalmente
[69-71]. Ademds, estos diagramas 3-D no han sido obtenidos para materiales
tales como el CdTe ni el CIS en climas templados no tropicales.

Una variacién del método anterior ha sido propuesta por Takei et al. en
[90]. En este trabajo se propone sustituir las variables anteriores EMF y
temperatura de médulo, por el indice de claridad y la masa de aire. Esta
variante de la metodologia anterior presenta la ventaja de no requerir medidas
espectrorradiométricas y alcanzar exactitudes similares a las que se obtienen en
el modelo original. Esta metodologia obtiene errores inferiores al 3% en
estimaciones de energia anual generada para médulos de tecnologias de a-Si y
pc-Si. Sin embargo, la metodologia basada en grdaficos de contorno se hace
compleja a la hora de su aplicacién.

La Universidad de Mdlaga (Espana) [66] ha propuesto un modelo empirico
que permite estimar la eficiencia diaria para diferentes tecnologias de médulos
FV, a partir de la irradiacién diaria y la temperatura media diaria del médulo
en cuestién. Este modelo ofrece buenos resultados, con errores medios por
debajo del 5%, pero presenta el inconveniente de necesitar pardmetros que se
obtienen mediante un ajuste empirico, por lo que es necesaria una campana
experimental previa en el emplazamiento de los médulos FV.
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Otros trabajos de la Universidad de Mdlaga, proponen la utilizacién de
técnicas de inteligencia artificial para obtener la curva tensién-intensidad (/-V)
de médulos FV de CD. Asi, se propone la utilizaciéon de una red neuronal, que
utilizaba como entradas variables meteorolégicas, tales como la irradiancia
global incidente, la temperatura de médulo y la EMF [61]. En otro estudio mds
reciente se propone la sustitucién de la EMF por el dngulo de incidencia y el
indice de claridad como pardmetros que caracterizan la distribucién espectral
presente [91]. Al igual que sucede con de las contribuciones de esta
Universidad, este método requiere de una campafa experimental previa que
sirva de base empirica para el entrenamiento de las redes neuronales. Ademds
de este inconveniente, surge otro como es el alto coste computacional que se
requiere para entrenar de forma correcta la red neuronal resultante.

En cuanto a la estabilidad de las tecnologias de CD a lo largo del tiempo,
caben ser mencionados los trabajos realizados en el Instituto Paul Scherrer
(Suiza) asi como en los llevados a cabo por la Universidad de Port Elizabeth
(Suddfrica), la de Murdoch (Australia) y la Universidad de Mdlaga
[66,84,85,92,93]. Todos ellos concluyen la importancia de realizar medidas
periédicas tanto en interior y exterior como a sol real [20,94-98] para
cuantificar las variaciones que sufre a lo largo del tiempo la potencia pico de los
modulos FV de CD.

A pesar de todos los esfuerzos que se han expuesto anteriormente, el
comportamiento eléctrico en exterior para médulos FV de CD dista de ser
plenamente comprendido en la actualidad. Los métodos anteriores, en general,
presentan inconvenientes que los hacen poco prdcticos para ser aplicados en un
entorno ingenieril. En este dmbito se prefieren modelos que aunque algo menos
exactos sean sencillos de implementar, y donde se dejen a un lado efectos de
segundo orden y que recurran a datos medioambientales de entrada a los que
sea fdcil acceder. Estas razones estdn ampliamente desarrolladas en la
literatura en [33,99-103]. A pesar de que los modelos anteriores son
razonablemente satisfactorios, esta Tesis Doctoral pretende proponer modelos
que eviten los inconvenientes identificados en las contribuciones que se han
detallado en esta revision del estado del conocimiento.



JUSTIFICACION / MOTIVACION

Una vez descrita la introduccién y los antecedentes de esta tesis, se
resumen una serie de cuestiones abiertas sin una solucién clara en la literatura
existente que justifica la oportunidad y relevancia de esta Tesis Doctoral. En
términos de modelado del comportamiento en exterior de los médulos FV de
capa delgada, este comportamiento no estd plenamente comprendido, a pesar
de los trabajos que se han expuesto. Es asi que se hace necesaria una mejora
en el modelado de este comportamiento en exterior en varias condiciones
climdticas (climas soleados y secos, tropicales, templados y himedos, etc.).

Asi, especificamente, como se ha comentado anteriormente existe -a priori-
un marcado impacto de la distribuciéon espectral de la irradiancia sobre el
funcionamiento de las tecnologias FV de CD. De ahi que sea necesario un
andlisis detallado del funcionamiento de éstas en funcién de las caracteristicas
espectrales del enclave donde se sitGen. Asi, hasta el momento de la obtencién
de algunos resultados de esta Tesis, los estudios que se habian realizado para
cuantificar estos efectos espectrales en intervalos superiores a una hora eran
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insuficientes. En este sentido, se hacia necesario un andlisis en profundidad de
los efectos espectrales en localidades con distintos climas y para diferentes
tecnologias FV de CD, variando las ventanas temporales de andlisis,
concretamente sobre una base mensual y anual, ya que hasta el momento solo
existian estudios relativos a ganancias/pérdidas espectrales instantdneas o
promediados horariamente.

Otra de las limitaciones que presenta el estado y situacién actual del
conocimiento en el dmbito del modelado de las tecnologias FV de CD es la
carencia de métodos analiticos sencillos para estimar y predecir el
comportamiento eléctrico en exterior, especialmente en términos de potencia y
energia eléctrica generada. Dichos métodos deben recurrir a pardmetros
medioambientales  disponibles  habitualmente en bases de datos
meteorolégicas. Légicamente, una mayor sencillez puede llegar a comprometer
en cierto casos la exactitud de los mismos. Este es el precio que se ha de pagar
cuando se emplean métodos ingenieriles, los cuales a menudo desprecian
efectos de segundo orden.

Las limitaciones que actualmente presenta el estado de los conocimiento
en relacién al modelado del comportamiento en exterior de médulos FV de CD
-descritas mds arriba brevemente-, justifican la oportunidad y el desarrollo de
esta tesis bajo los objetivos que se plantean en el siguiente apartado.

Ademds la realizacion de esta Tesis Doctoral, podrd suponer la
consecuciéon de una serie de beneficios en los dmbitos cientifico, tecnolégico,
socioeconémico y medioambiental. En este sentido, gracias a una mejora en la
exactitud de la estimacidon de la produccién eléctrica de mddulos de las
tecnologias de CD se logrard predecir mejor los comportamientos de los
sistemas fotovoltaicos, que empleen estas tecnologias, consiguiendo asi mejorar
sus disefos. El andlisis y la cuantificacién adecuada de este comportamiento
permitird no defraudar las expectativas de produccién eléctrica, pudiéndose
ajustar dicha produccién con mayor finura a las estipulaciones contractuales del
proyecto en cuestién. Asi, una prediccién mds refinada de la generacién de
electricidad de mdédulos de CD inspirard confianza en estas tecnologias FV a
posibles titulares y proyectistas de sistemas. De esta forma se puede fomentar el
empleo de estas tecnologias en el mercado, con la consiguiente creacién de
puestos de trabajo en empresas instaladoras y fabricantes de médulos de CD.
Por Ultimo, una de las garantias del éxito de los proyectos fotovoltaicos pasa
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por una adecuada y exacta -en el dmbito de la ingenieria de los sistemas-
prediccién de la generacién eléctrica. Por tanto, la realizacién de esta Tesis
supondrd una contribucién al impulso para la utilizacién y penetracién de la
energia solar FV, en general y particularmente de la tecnologia FV de CD, en
detrimento de las opciones basadas en energias convencionales, altamente
contaminantes.
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OBJETIVOS

El objetivo principal de esta tesis doctoral es el siguiente:

Lograr una compresién superior del comportamiento eléctrico en exterior y
a sol real de médulos FV de diferentes tecnologias de CD, con la finalidad de
proponer métodos sencillos para la estimacién de su produccién eléctrica a
partir de las condiciones meteoroldgicas presentes. Dichos métodos deben
poseer la exactitud suficiente desde un punto de vista ingenieril.

Para la consecucién de este objetivo global, se ha planteado la
consecucion de los siguientes objetivos secundarios:

* Modelado del comportamiento eléctrico en exterior de diferentes
tecnologias de CD (a-Si, CdTe, CIS y a-Si:H/pc-Si:H) en funcién de la
distribuciéon espectral de la irradiancia global incidente y de la
temperatura de la célula.
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Caracterizacién de la irradiacién colectada en un enclave determinado
en funcién de la distribucidn espectral de la irradiancia global incidente
y de la temperatura ambiente del enclave concreto.

Evaluacién de los efectos espectrales en un enclave para diferentes
ventanas temporales (instantdnea, mensual y anual).

Propuesta de métodos analiticos simples para estimar la potencia y
energia entregada por estas tecnologias de CD.



METODOLOGIA

La consecucién de los objetivos planteados se ha logrado a través de la

metodologia que se expone a continuacién. La metodologia empleada para la

realizacién de la presente Tesis Doctoral se ha basado en los siguientes puntos:

1)

2)

La produccién de electricidad de médulos de CD -a priori muy
influida por la distribucién espectral de la radiacién y por la
degradacién a través del tiempo- se ha considerado que es
susceptible de ser predicha mediante modelos numéricos,
algebraicos y analiticos.

Una campana experimental en exterior de dos anos de duracién
se ha llevado a cabo en Jaén y Madrid -en la que se han
registrado curvas de tensién-intensidad de médulos de diferentes
tecnologias de capa delgada, junto con una serie de pardmetros
medioambientales- que ha proporcionado un gran volumen de
datos relacionados con el comportamiento eléctrico a sol real de
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3)

estas tecnologias. La calibracién en CEM de los médulos
ensayados antes y después de la campafa experimental ha sido
esencial para estudiar las fluctuaciones de la potencia pico que
estos médulos han experimentado durante la referida campafa.

Los datos recogidos en 2) han permitido realizar una evaluacién
cuantitativa de los principales factores que influyen en el
comportamiento eléctrico en exterior de los médulos de CD. De
este modo, los referidos datos han permitido evaluar las ganancias
y pérdidas espectrales en intervalos de integraciéon anual y en otro
sentido, validar los modelos analiticos que se han propuesto
dirigidos a estimar la potencia mdxima y la produccién de energia
de dichos médulos. La disponibilidad de datos empiricos en dos
localizaciones climdticas similares ha permitido evaluar el grado
de generdlizacién que estos métodos consiguen para
localizaciones con climas tipicamente soleados y de interior, no
tropicales.



CONFIGURACION EXPERIMENTAL Y
CAMPANA DE MEDIDA

Esta seccidon pretende hacer una descripcién detallada de los medios
técnicos que han sido utilizados durante la presente Tesis Doctoral y que han
permitido llevar a cabo con éxito de la campafia experimental que se expondrd
a continuacién. La citada campafa experimental ha proporcionado el soporte
empirico sobre el que descansa la Tesis Doctoral que aqui se expone.

6.1 MEDIOS TECNICOS.

Los medios técnicos con los que se ha contado para el desarrollo de la
presente Tesis Doctoral se pueden dividir en dos partidas principales. En primer
lugar, se presentardn los especimenes fotovoltaicos que se han ensayado y en
segundo lugar, el sistema de medida que se ha utilizado para llevar a cabo la
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adquisicién de la informacién relativa al funcionamiento en exterior de los
anteriores especimenes, asi de como ciertos pardmetros medioambientales.

Una de las caracteristicas mds destacadas de esta Tesis Doctoral y que
proporciona un mayor soporte empirico a la misma, ha sido la posibilidad de
disponer de datos experimentales registrados en dos localizaciones diferentes
con climas similares. Esta situacién ha permitido una generalizacién mds amplia
de las conclusiones que se han obtenido en los estudios llevados a cabo durante
la realizacién de la misma. Dichas localizaciones donde se ha llevado a cabo la
campafia de medida han sido Madrid, en la Universidad Carlos lll dentro de las
instalaciones del CIEMAT (Centro de Investigaciones Energéticas,
Medioambientales y Tecnoldgicas) y Jaén, en las instalaciones de la Escuela
Politécnica Superior de la Universidad de Jaén, en los laboratorios del Grupo de
Investigacién IDEA (Investigaciéon y Desarrollo en Energia Solar).

6.1.1 MODULOS FOTOVOLTAICOS BAJO ESTUDIO.

Los especimenes FV que se han ensayado estdn basados en tecnologias
de CD. En este sentido, se ha dispuesto durante esta tesis doctoral de una
muestra reducida de médulos FV a través de los cuales se han estudiado las
siguientes tecnologias, a-Si:H, CdTe, CIGS y a-Si:H/pc-Si:H. Conjuntamente con
estos mddulos, se ha dispuesto de las respuestas espectrales tipicas de dichas
tecnologias, mds la correspondiente a la tecnologia de c-Si.

Asi, médulos FV de cada una las tecnologias mencionadas anteriormente
se han instalado en Jaén y Madrid. En ambas localizaciones, se ha utilizado una
estructura inclinada 35° con orientacién sur para ser dispuestos en el exterior.
La selecciéon de este dngulo de inclinacién no ha sido arbitraria, sino que se
corresponde con el dngulo que maximizaria la irradiacién anual colectada en el
plano de generador. Asi, este criterio es ampliamente aceptado y seguido a la
hora de dimensionar sistemas FV conectados a la red. Algunos trabajos previos
han estimado este valor de dngulo como éptimo para latitudes como la de
Madrid [104]. En consecuencia, este valor de dngulo puede ser asumido para
localizaciones con la latitud de Jaén, sin un error apreciable.

Las caracteristicas técnicas de los médulos bajo ensayo reflejadas en la
Tabla 1.
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TaBLA 1

Pardmetros eléctricos en CEM para Octubre de 2011 y nominales (Nom.) ofrecido por el
fabricante de los médulos FV en estudio. Se muestran valores de potencia méxima (Pw*,
en W), tensién de circuito abierto (Voc*, en V), corriente de cortocircuito (kc*, en A) y del
coeficiente de variacién (y, en °C-1) de la potencia maxima en funcién de la temperatura.

Médulos FV instalados en Jaén

Pw* [W] Isc* [A] Voc* [V] y [°C1]

Nom. 60 W -5/+10%

A-Si s -0,0023
CEM 57,4 + 4% 1,1+3% 89,3 +0,3%
Nom 70 W +5%

CdTe s -0,0025
CEM 67,2 +4% 1,2+ 3% 89,6 + 0.3%
Nom. 120 W = 10%

CIGS s -0,0039
CEM 119,14 3,0+3% 58,6 + 0.3%
Nom. 121 W -5/+10%

a-Si:H/pe-Si ------eeeeee oo -0,0024
CEM 1094 + 4% 32+3% 56,8 + 0.3%

Médulos FV instalados en Madrid

Pw* [W] Isc* [A] Voc* [V] y [°C1]

Nom. 60 W -5/+10%

A-Si s -0,0023
CEM 57,6 + 4% 1,1+3% 86,5+ 0.3%
Nom 70 W = 5%

CdTe = = mmmmmmmmmemeeeeeee oo -0,0025
CEM 53.6 +4%
Nom. 80 W = 10% 1.2+ 3% 82.8 + 0.3%

CIGS s -0,0039
CEM 78.2 + 4% 2.7 +3% 44.0 + 0.3%
Nom. 121 W -5/+10%

a-Si:H/pe-Si ----------meemem oo -0,0024
CEM 1142 + 4% 3.2+3% 56.6 + 0.3%

Dos moédulos FV de cada tecnologia de CD (a-Si, CIGS, CdTe y
a-Si:H/pc-Si) han sido analizados. Mds concretamente, un médulo de cada
tecnologia ha sido instalado en cada emplazamiento. Asi, un conjunto de cuatro
modulos FV, con su correspondiente sistema de medida ha sido instalado en
Jaén y de la misma forma otro homdlogo fue instalado en Madrid.



38 PARTE I: DISERTACION

6.1.2 SISTEMA DE MEDIDA.

Un sistema automdtico de medida, desarrollado en el seno del Grupo de
Investigacién IDEA de la Universidad de Jaén, ha sido el encargado de las
tareas de adquisicién, procesado y registro de las variables medioambientes y
pardmetros eléctricos que serdn utilizados en el modelado del funcionamiento
eléctrico en exterior de las diferentes tecnologias FV en estudio. Este sistema ya
ha sido descrito en detalle en una tesis previamente expuesta, asi como en
varias publicaciones [79,105-107]. El sistema de medida desarrollado por
investigadores del CIEMAT instalado en Madrid tiene caracteristicas técnicas
muy similares al instalado en Jaén. En efecto, ambos estdn basados en una
carga capacitiva, pero poseen ligeras diferencias de disefio a la hora de
adquirir la curva /-V de los médulos bajo ensayo.

Brevemente, este sistema de monitorizacién se encargaba de adquirir la
curva /-V de los médulos FV testeados en periodos de cinco minutos. Para ello
se ha hecho uso de una carga capacitiva de cardcter comercial. De forma
cuasi-simultdnea al registro de dicha curva, se hacia la medicién de las
variables medioambientales consideradas, incluyendo dentro de éstas la
distribucién espectral de la irradiancia global incidente entre 350 a 1050 nm.
Las variables registradas, asi como sus unidades estdn recogidas en la Tabla 2.

TABLA 2
Variables registradas por el sistema de medida automdtico. Se muestra la categoria a la
que pertenece cada una de estas variables, asi como las unidades de las mismas.

Categoria Variable Unidad
Temporal Fecha (Afio-Mes-Dia) aaaa-MM-dd
Tiempo (Hora-Minuto-Segundo) hh-mm-ss
Eléctrica Tension v
Intensidad A
Irradiancia global horizontal W:m-2
Irradiancia global en el plano del generador W+:m-2
Distribution espectral de la irradiancia
W.m-Z.pm-l
en el plano del generador
Medioambiental Temperatura de mf')dulo :C
Temperatura ambiente C
Velocidad de viento m-s-!

Direccién de viento
Humedad relativa
Presién atmosférica

grados sexagesimales
%
mbar
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Todo el proceso de monitorizacién ha estado automatizado y gestionado
por una aplicacién desarrollada en el software de instrumentacién virtual
LabVIEW™, Esta aplicacién era la encargada de la gestion de los elementos de
control del sistema, asi como de la adquisicién, procesado y almacenamiento de
la informacién recogida.

Se ha de destacar que las medidas adquiridas a niveles de irradiancia
global incidente inferiores a 300 W-:m2 han sido descartadas. Varias
publicaciones previas han determinado que los niveles de irradiancia por
debajo de ese valor se pueden considerar como poco relevantes, en climas
soleados en lo relativo a la produccién de electricidad solar
[33,55,79,99,103,108]. Adicionalmente, el descartar estas medidas, evita
posibles efectos relacionados con el dngulo de incidencia de la irradiancia, los
cuales pueden corromper las medidas a causa del error que dichos efectos
introducen.

En cuanto al equipamiento utilizado para la medida de las variables
meteoroldgicas se destacan los siguientes equipos:

* Medida de la irradiancia: Piranémetro CMP21 Kipp&Zonen™.

* Medida de la distribucidon espectral: Espectro radidmetro EKO™
MS-700.

* Medida de la temperatura de médulo: Sensor térmico resistivo PT-100.

* Medida de temperatura ambiente y humedad relativa: Sensor Young™
41382.

* Medida de la presiéon atmosférica: Barémetro Vaisala™ BAROCAP
PTB100.

* Medida de la velocidad y direccién de viento: Anemémetro Young™
05305VM.
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6.2 CAMPANA EXPERIMENTAL.

La campafia experimental que se ha desarrollo ha tenido una duracién de
24 meses (desde Octubre de 2011 a Septiembre de 2013). Durante dicha
campafia experimental los médulos FV anteriormente descritos se han
ensayado y medido. Para ello se ha adquirido de forma repetitiva su curva -V
junto con una serie de pardmetros medioambientes. Previamente a este proceso
de medida los médulos fueron inicialmente calibrados y expuestos en exterior
durante un periodo de 15 meses para conseguir la estabilizacién de los valores
nominales de sus pardmetros eléctricos. Una vez finalizado este periodo de
estabilizacién, un nuevo proceso de calibracién fue llevado a cabo. De esta
forma se posee asi un valor de referencia que sirve de punto de partida para un
posterior andlisis de la evolucién de la potencia pico de los médulos a través del
tiempo.

La campaiia experimental ha seguido el mismo procedimiento en ambas
localizaciones. Las caracteristicas geogrdficas donde los médulos FV se han
instalado son los siguientes:

* Jaén: Espana, latitud 37.8N, longitud 3.8W y elevaciéon 510m.
* Madrid: Espana, latitud 40.4N, longitud 3.7W y elevacién 655m.

Ambas localizaciones se caracterizan por poseer un clima tipicamente
Mediterrdneo-Continental para el caso de Jaén y Continental para Madrid. En
la Tabla 3 se presentan los valores de ciertos pardmetros meteorolégicos que
caracteriza a ambos enclaves.

TABLA 3
Valores medios anuales de pardmetros meteorolégicos para Jaén y Madrid obtenidos a
través de 30 afos de mediciones [109].

Irradiacién Tamb Tamb Humedad T, Presion
. ‘amb .. . . Precipitacion L.
horizontal c minima  madxima relativa (mm) atmosférica
(kWh/m?2) (°C) (°C) (%) (hPa)
Jaén 1869 16,9 11,4 22,3 63 558 954,1

Madrid 1767 14,3 9.5 19,1 56 456 941,5




6. CONFIGURACION EXPERIMENTAL Y CAMPANA DE MEDIDA 41

Como se puede comprobar en los datos histéricos anteriores Jaén y
Madrid presentan un patrén climdtico similar, principalmente soleado y de
interior. El disponer de datos empiricos en dos localizaciones relativamente
semejantes, en lo tocante al clima, confiere a las conclusiones obtenidas una
generalizacién mds sélida. Ademds de disponer de datos empiricos en dos
localizaciones similares, los especimenes FV que se estdn ensayando en ambas
localizaciones también son idénticos. En este sentido, se han testeado médulos
de la misma tecnologia, marca, modelo y fabricante respectivamente. No es éste
el caso de los médulos CIGS que son de idéntica tecnologia a excepcién de su
potencia y fabricante.

Durante la campafia experimental se han recogido diferentes pardmetros
medioambientales, asi como los pardmetros eléctricos que caracterizan el
funcionamiento de los médulos FV. Asi, las variables y pardmetros que se han
registrado se han mostrado anteriormente en la Tabla 2.
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RESULTADOS Y DISCUSION

Esta seccidon muestra un resumen de las distintas lineas de trabajo que se
han abordado y que se recogen en la presente Tesis Doctoral. Asi mismo se
presenta una breve discusidon sobre los resultados obtenidos en cada una de
ellas.

Las lineas de trabajo que se han desarrollado durante la ejecucién de esta
Tesis Doctoral estdn encadenadas y comienzan con la caracterizacién espectral
de los enclaves, y el comportamiento eléctrico de los médulos bajo estudio para
luego pasar a analizar la influencia de los efectos espectrales sobre los médulos
FV de las tecnologias de CD evaluadas. Una vez cuantificados estos efectos, se
pasa a proponer métodos analiticos sencillos para determinar la potencia
entregada y la energia generada por las diferentes tecnologias FV de CD en
evaluacién.
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A continuacién se recogen los diferentes estudios que se han realizado en
cada una de las lineas de trabajo, asi como una breve discusién de los
resultados alcanzados para cada una de las etapas de esta Tesis Doctoral. Las
lineas que se han tratado son las siguientes:

* Caracterizaciéon espectral de un enclave. Estudio del factor de
rendimiento de médulos FV de CD en funcién de la energia media del
fotén y la temperatura de médulo.

* Estimacién de los efectos espectrales en tecnologias FV de CD para
distintas escalas temporales.

* Propuesta y validacién empirica de métodos analiticos simples para la
estimacién del comportamiento en exterior de médulos FV de CD.

7.1 CARACTERIZACION ESPECTRAL DE UN ENCLAVE Y PR DE MODULOS
FOTOVOLTAICOS DE CAPA DELGADA EN FUNCION DE LA ENERGIA
MEDIA DEL FOTON Y LA TEMPERATURA DE MODULO.

A la vista de los antecedentes expuestos en la presente Tesis, la
caracterizacién espectral es importante a la hora de predecir y/o analizar el
correcto funcionamiento de un sistema fotovoltaico.

En el caso de la tecnologias FV de CD, una caracterizacién espectral de la
localizaciéon se hace en muchos casos imprescindible debido a las
peculiaridades que presentan en su funcionamiento este tipo de tecnologias. En
este sentido, la distribucién espectral de la irradiancia global incidente debe ser
tenida en cuenta para evaluar su influencia junto a otras variables
medioambientales como la irradiancia global incidente o la temperatura de
maédulo.

En la literatura se ha propuesto un método para predecir el rendimiento
eléctrico de médulos FV de tecnologias de CD [45,47] teniendo en cuenta la
distribuciéon espectral de la irradiancia. Este método esta basado en una
caracterizacién espectral del enclave donde se encuentren instalados los
modulos FV y la utilizacién de un "patrén" de funcionamiento de la tecnologia
FV en cuestién en funcién a la distribucién espectral incidente y la temperatura
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del médulo FV. La caracterizacién espectral del enclave que se propone en este
método emplea la energia media del fotéon (EMF, en eV, APE, del inglés,
average photon energy).

La EMF es un pardmetro que pretende caracterizar biunivocamente la
distribuciéon espectral de la irradiancia incidente. Recientemente se ha
cuestionado la biyeccién EMF - distribucidn espectral [70,71,110]. En cualquier
caso, este pardmetro da una estimacién del contenido espectral de la
irradiancia incidente. Asi, valores elevados de EMF representan distribuciones
con mayor densidad de potencia en longitudes de onda cortas (espectro azul),
mientras que valores bajos de EMF, se atribuyen a espectros desplazados a
longitudes de onda larga, es decir espectros ricos en luz roja [56,69,111]. La
expresion que define este pardmetro es la siguiente:

b E(2) aA
EMF = %—— (Ec. 2)
0 d(A)da

donde EMA) [W:m2Znm-] es la distribuciéon espectral medida de la
irradiancia, @ [m2nm-1-s7'] es la densidad espectral de flujo de fotones y
finalmente, A [nm] es la longitud de onda, A [nm] y Ay [nm] son los limites
superior e inferior del intervalo espectral considerado. Estos valores de Aq y A, se
corresponden con el rango de medida disponible en el espectrorradiémetro. En
el caso que nos ocupa, estos limites se establecen en 350 y 1050 nm. Para este
intervalo, si se considera una distribucién espectral que se ajusta al AM1.5G,
definida en el estdndar IEC 60904-3 [73], el valor de EMF es igual a 1,88eV
[89].

Recientemente han sido numerosos los trabajos realizados que utilizan este
pardmetro para analizar la influencia del espectro solar en el funcionamiento de
modulos FV de diferentes tecnologias [46,55,56,80,112].

Tomando como punto de partida el método anterior, la innovacién que en
esta tesis se propone es la aplicacién de este mismo método a localizaciones
con climas soleados y de interior, no tropicales, en donde prevalecen los
espectros desplazados al rojo. Hasta el momento, este método Unicamente se
ha aplicado en emplazamientos -Mdlaga (Espaiia) o Kusatsu City (Japdn)- con
climas maritimos con un mayores niveles de humedad relativa, lo que favorece
distribuciones espectrales con mayor contenido en densidad de potencia en
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longitudes de onda cortas. Ademds, tampoco se ha explorado el funcionamiento
de este método para médulos FV basados en CdTe.

Brevemente, este método consiste en primer lugar en la obtencién de un
"patrén caracteristico" de funcionamiento para cada tecnologia FV, en la que el
PR es representado en funcién de la EMFy de la temperatura de operacién del
modulo, empleando gréficos de contorno. A continuacién, se genera otro gréfico
de contorno en el que se representa la irradiaciéon colectada en el plano del
generador en funcién de la EMFy de la temperatura ambiente. De aqui puede
inferirse la temperatura del moédulo. De esta forma se caracteriza
espectralmente el enclave. De la combinacién de ambos grdficos, del
correspondiente al "patrén" y al de la caracterizaciéon espectral se deriva el
comportamiento eléctrico en exterior de la tecnologia FV en cuestién en
términos de potencia y energia (Ec. 3).

Epc =Py -PR-H/.. (Ec. 3)

donde Epc es la energia que produce el médulo FV durante el periodo de
tiempo considerado, H es la irradiacién para ese mismo periodo, G* es la
irradiancia en CEM (TkW:m-2).

Tomando como punto de partida este método, se han desarrollo para las
localidades de Jaén y Madrid, los grdéficos de contorno necesarios para la
aplicacién de este método [78]. Ambas localizaciones estdn caracterizadas por
un espectro predominantemente desplazado al rojo, donde las longitudes de
onda larga tienen una mayor importancia en el concierto de coleccién de
irradiacién anual. Centrdndonos en el caso de la localidad de Jaén, el estudio
se ha realizado a partir de una campafia experimental de 12 meses en exterior.
Durante esta campafia se han recogido muestras de funcionamiento de cuatro
modulos FV de diferentes tecnologias de CD (a-Si, CIGS, CdTe y a-Si:H/pc-Si).
Para ello se ha registrado la curva /-V de los mismos y de forma simultdnea se
han adquirido pardmetros medioambientales, incluida la distribucién espectral
de la irradiancia.

Para cada uno de los médulos fotovoltaicos en estudio se han obtenido los
grdficos de contorno donde el PR de éstos se ha graficado en funcién de la EMF
y la temperatura del médulo. Por otro lado, se ha representado la irradiacién
anual colectada en el plano del generado en funcién de EMF y de la
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temperatura ambiente. Mediante al combinacién de ambos se ha obtenido el
comportamiento eléctrico para los diferentes médulos FV en estudio.

En primer lugar, en cuanto a la caracterizacién espectral del enclave se ha
obtenido que para la localidad de Jaén, algo mds del 60% de la irradiacién
colectada se obtiene para valores de EMF inferiores a 1,88 eV, lo que indica un
predominio de las longitudes de onda larga y un espectro eminentemente rojo,
en relacién con el espectro estdndar AM 1.5G. Adicionalmente, la mayor
cantidad de irradiacién colectada se halla en el intervalo de EMF que va de
1,82 a 1,88 eV y en el rango de temperatura de médulo que va desde 33 a
61°C, concretamente el 55,8% de la misma.

Asi, este método también ha permitido analizar la influencia de la
distribucién espectral de la irradiancia y de la temperatura de médulo para las
tecnologias en estudio a través de diagramas de contorno. En este sentido, para
evaluar la influencia de la distribucién espectral, se fija en el diagrama un
temperatura de médulo constante y se varia la EMF para ver cémo se altera el
PR del médulo. De estos diagramas se observa que la influencia de los efectos
espectrales es mds aguda en los médulos basados en la tecnologia de silicio
amorfo (a-Si y a-Si:H/pc-Si). Concretamente, del andlisis de éstos se extrae que
los mayores valores de PR se obtienen a medida que crece el valor de EMF
-espectros con predominio de luz azul-. Esta situacién ocurre para todas las
tecnologias excepto para la tecnologia CIGS. Esto es debido a que la respuesta
espectral para las tecnologias anteriores se comporta mejor a estas longitudes
de onda bajas. En el caso del médulo FV basado en la tecnologia CIGS, la
influencia del espectro es contraria a la anterior, el PR crece a medida que el
valor de EMF se reduce -espectros desplazados a longitudes de onda largas,
ricos en luz roja- cuando la temperatura se mantiene constante.

En cuanto al efecto de la temperatura de médulo, de estos diagramas se
extrae que su influencia es limitada para las tecnologias de médulos basadas
en a-Si, CdTe y a-Si:H/pc-Si. Dicha influencia es mds apreciable para el médulo
basado en CIGS, debido a su mayor coeficiente de variaciéon de potencia con la
temperatura. Asi, de forma general, conforme la temperatura aumenta, PR se
reduce, afirmacién que es vdlida para las cuatro tecnologias evaluadas.

A pesar de no ser un método original desarrollado durante esta Tesis
Doctoral, la aplicacién de este método ha permitido realizar un andlisis desde
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un punto de vista cualitativo de la influencia de la distribuciéon espectral de la
irradiancia y de la temperatura del médulo sobre el rendimiento de cuatro
tecnologias de médulos FV de CD en enclaves soleados de interior con
prevalencia de espectros desplazados al rojo, estudios que hasta el momento
sélo se habia realizado para enclaves con climas maritimos como Kusatsu City
(Japén) o Mdlaga (Espafia). Como conclusiones destacadas, se ha detectado
que mddulos basados en a-Si y a-Si:H/pc-Si tienen un rendimiento mds elevado
para los valores de EMF altos. Esto indica que se obtienen ganancias
espectrales para distribuciones con mayor presencia de densidad de potencia
en longitudes de onda corta (azul). Esto es debido a sus respuestas espectrales,
caracterizadas por su estrechez y por estar centradas en estas longitudes de
onda corta. En el caso de la tecnologia CIGS, valores bajos de EMF son los que
generan mayores valores de PR, debido a que su respuesta espectral es mejor a
longitudes de onda mayores. Consecuentemente, las distribuciones espectrales
mds ricas en luz roja son las que provocan rendimientos mds elevados en esta
Ultima tecnologia.

Una vez ensayado este método se ha detectado que presenta una serie de
inconvenientes a la hora de su aplicacién. El principal problema que se
encuentra radica en la dificultad a la hora de obtener medidas espectrales de
una localizacién en concreto, asi como el patréon de funcionamiento de las
tecnologias bajo estas condiciones espectrales. Ademds de este problema, este
método, se caracteriza por ser poco apto para su empleo en la ingenieria de los
sistemas FV. Esto es principalmente debido a su dificultad de aplicacién y a que
proporciona una informacién de un cardcter mds descriptivo o cualitativo que
cuantitativo. Es decir, no proporcionan una respuesta satisfactoria al objetivo
principal de esta Tesis Doctoral, que es hallar métodos sencillos que permitan
una estimacién del funcionamiento en exterior de médulos FV de CD con una
exactitud suficiente para la ingenieria de sistemas FV.

Las publicaciones asociadas a esta linea de trabajo son:

NOFUENTES G, DE LA CASA J, TORRES-RAMIREZ M, ALONSO-ABELLA M. SOLAR
SPECTRAL AND MODULE TEMPERATURE INFLUENCE ON THE OUTDOOR PERFORMANCE OF
THIN FILM PV MODULES DEPLOYED ON A SUNNY INLAND SITE. INTERNATIONAL JOURNAL
OF PHOTOENERGY 2013. dx.doi.org/10.1155/2013/620127. ARTICLE ID 620127
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7.2 ESTIMACION DE LOS EFECTOS ESPECTRALES EN TECNOLOGIAS
FOTOVOLTAICAS DE CAPA DELGADA PARA DISTINTAS ESCALAS
TEMPORALES.

La influencia de la distribucién espectral sobre las tecnologias FV de CD
puede ser muy significativa en situaciones meteorolégicas concretas como se
refleja en los estudios previamente analizados en la Seccién 2.2 de esta
memoria. En la seccién anterior se caracterizaba desde el punto de vista
espectral un enclave y se evaluaba el funcionamiento de las diferentes
tecnologias de CD de forma cudlitativa. Es ahora necesario, plantear el andlisis
de los efectos espectrales para distintas escalas temporales a fin de determinar
las ganancias o pérdidas espectrales segun el intervalo de tiempo que se
considere. Dichas ganancias/pérdidas espectrales van a ser los que resulten de
interés para el proyectista o el titular. En este sentido, se plantea el estudio de
estos efectos en tres escalas temporales: de forma instantdnea, por un lado e
integradamente de forma mensual y anual, por otro.

La evaluacién y cuantificaciéon de estos efectos espectrales se ha realizado
a través del pardmetro conocido con el nombre de factor espectral o factor de
desacoplo espectral (SF, del inglés "Spectral Factor' o MMF, del inglés
"Mismatch Factor"). Este pardmetro se define en el estdndar IEC 60904-7 [72].
Considerando un piranémetro como dispositivo de referencia para medida de
la irradiancia global incidente, para el cual se puede asumir una respuesta
espectral plana, el MMF se define como:

MMF = ff; E*(A) d/’bfffE(A)-SR(A) da

Ec.4
4 E()AA-[,2 E*(D)-SR(A) dA (Ec. 4)

donde A1 [nm] y A2 [nm] son los limites inferior y superior de la respuesta
espectral donde es sensible el médulo fotovoltaico, A3 [nm] and A4 [nm] son las
longitudes de onda limites inferior y superior, respectivamente, donde el
dispositivo de referencia es espectralmente sensible, SR () [A'W-1] es la
respuesta espectral del médulo fotovoltaico y E* (A) [W-m2Znm] es la
irradiancia espectral correspondiente a la distribucién espectral de referencia
AM 1.5G.
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Tomando en consideracién Unicamente efectos espectrales, valores de
MMF superiores a la unidad indican que existen ganancias espectrales. En otras
palabras, ante las condiciones medidas de irradiancia espectral el
funcionamiento del médulo fotovoltaico en cuestién seria mejor que bajo
condiciones espectrales correspondientes al estdndar AM 1.5G. En caso
contrario, valores de MMF inferiores a la unidad se corresponden con pérdidas
espectrales. Esta situacién se corresponde con un mejor funcionamiento del
médulo FV bajo condiciones espectrales relativas al estdndar AM 1.5G que con
la distribucién espectral medida.

La ecuacién anterior para el MMF se puede simplificar en el caso en el que
se considere G [W:m-2] como la irradiancia global incidente calculada mediante
la integral de E (A\) entre Az y A4, G*[W'm-2] como la irradiancia global incidente
en CEM (1 kW:m-2), k¢ [A] como la corriente de cortocircuito generada por el
modulo fotovoltaico bajo las condiciones medidas de irradiancia espectral £ (A)
e I"sc [A] como la corriente de cortocircuito bajo CEM. Asi, MMF se puede
rescribir como:

MMF = £1s¢ (Ec. 5)
GIsc
Como se ha comentado anteriormente, estos efectos espectrales se han
investigado y cuantificado para escalas temporales mds amplias en este
trabajo. Los efectos espectrales integrados de forma mensual (MMF.) y anual
(MMF,) se han calculado mediante las siguientes expresiones:

A4 n A
Jya B d BT [3 2 Ei(2)-SR(A) dA

MMF,, =
T2 EQ)SRQ) an SN [ By A

(Ec. 6)

donde Ei (\) [Wm2Znm-] representa cada una de la muestras de
irradiancia espectral medida y Nm es el nimero de muestras que se van a
evaluar para el periodo mensual en estudio. De la misma forma, para el caso
del periodo de integracién anual la expresion es la siguiente:

A4 2
e aazls 12 B -SR@) a

MME, (Ec.7)

A2 Na (A4
2y E*)-SRA) dA-Z [} Ei(A)dA:

donde Na es el nUmero de muestras que se van a evaluar para el periodo
anual en estudio. Al igual que ocurria para el caso instantdneo, valores de
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MMFm y MMFa superiores o inferiores a la unidad siguen representando
ganancias o pérdidas espectrales respectivamente, ya sea para un periodo de
integracién mensual o anual.

Las expresiones anteriores Ecs. (6,7) también pueden reescribirse
utilizando corrientes de cortocircuito como sigue:

S Isc;
op— (Ec. 8)
G* 'Zizl Gi

MME,, =

Na
Yiz1Isc;

Isc” <Na
G* 'Zizl G

MME, = (Ec. 9)

donde /i [A] es cada una de las muestras de corriente de cortocircuito
generada por el médulo FV en estudio que se van a evaluar para el periodo
mensual o anual bajo condiciones de irradiancia espectral dados por E; (A). G;
[W-m-2] representa cada una de las correspondientes medidas de irradiancia
global incidente calculadas mediante la integracién de E; (A) entre Az y Aa.

La evaluacién del impacto de los efectos espectrales en las tecnologias FV
de CD en estudio se ha realizado utilizando dos metodologias diferentes. En
ambas se parte de las respuesta espectrales reales de los médulos FV de CD
testeados, obtenidas éstas en los laboratorio del CIEMAT (Madrid). La primera
metodologia ha consistido en utilizar estas respuestas espectrales
conjuntamente con medidas experimentales de distribuciones espectrales
recogidas en Jaén y en Madrid para determinar los valores de MMF, MMF, y
MMF,. Para la segunda en cambio se ha hecho uso del modelo de simulacién
SEDES2 [113] para obtener las distribuciones espectrales correspondientes a
distintas localizaciones. Las localizaciones ensayadas han sido las siguientes,
Stuttgart (Alemania), Tamanrasset (Marruecos), Jaén (Espafa) y Madrid
(Espana).

Al igual que en la linea de trabajo anterior, una campafa experimental
llevada a cabo entre Enero y Diciembre de 2012 ha permitido realizar
diferentes estudios y andlisis es este campo.

De forma general, los resultados obtenidos mediante estas investigaciones,
indican que la influencia de los efectos espectrales tiene una marcada
componente estacional, lo que hace que se repita la tendencia a lo largo del
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tiempo. En este sentido, los especimenes FV basados en tecnologias de a-Si y
CdTe, son los que experimentan una mayor dispersién a lo largo del afio en
cuanto a perdidas/ganancias espectrales. En el caso de tecnologias basadas en
CIGS o m-Si la amplitud de estos efectos es menor, siendo esta influencia
practicamente plana a lo largo del afio. Mds concretamente las ganancias
espectrales instantdneas para los médulos FV basados en tecnologias de a-Si y
CdTe se van a producir principalmente para condiciones ambientales
correspondientes a dias nublados, con espectros azules, mientras que las
principales pérdidas espectrales instantdneas se corresponden con niveles bajos
de irradiancia producidos al comienzo y final de dias claros. Estos efectos no son
tan acusados para las tecnologias CIS, CIGS y m-Si, que se comportan de forma
mds regular bajo todas las condiciones. En cuanto a situaciones meteoroldgicas
correspondientes a altos niveles de irradiancia, el impacto de los efectos
espectrales es de cardcter reducido, debido a que la distribucién espectral se
asemeja a la del estdndar AM1.5G. Estos resultados se han comprobado para
las localizaciones de Jaén y Madrid y en ambas se obtienen resultados
similares.

A continuacién se van a detallar los resultados obtenidos para las dos
metodologias empleadas. En primer lugar se van a comentar los resultados
obtenidos mediante la utilizacién de las respuestas espectrales para las
diferentes tecnologias de médulos FV y las distribuciones simuladas mediante
SEDES2. Seguidamente se comentan los resultados obtenidos mediante la
utilizacién de las medidas a sol real de la distribucién espectral de irradiancia
global incidente, en combinacién con las referidas respuestas espectrales.

Si atendemos a la localizacién del enclave se observa que los valores
madximos de pérdidas se reducen para las tecnologias de a-Si y CdTe, conforme
la latitud se acerca al ecuador, debido a que se va reduciendo la masa de aire
y los espectros tienden a ser mds ricos en luz azul.

Andalizando los resultados en funcién del periodo de integracion
considerado, para periodos de integracién mds amplios, mayores que un dia, la
influencia de los efectos espectrales sobre las diferentes tecnologias se reduce
de forma considerable. Los efectos espectrales mensuales tienen también un
marcado cardcter estacional, al igual que ocurria para los efectos espectrales
instantdneos. Especialmente marcado es el impacto en los médulos FV basados
en tecnologias de a-Si y CdTe. Los valores minimos y mdximos de estos efectos
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espectrales se encuentran localizados en los meses de invierno y verano
respectivamente. Concretamente para los basados en a-Si las perdidas
espectrales oscilan entre 16% (invierno, Stuttgart) y 2,9% (invierno,
Tamanrasset) y las ganancias espectrales entre el 4% (verano, Stuttgart) y 6%
(verano, Tamanrasset). En el caso de la tecnologia de CdTe, las ganancias
espectrales oscilan entre -8% (invierno, Stuttgart) y 1,5% (verano, Tamanrasset).
Para el resto de tecnologias evaluadas, las variaciones mensuales se mantienen
de forma estable durante todo el afio, con oscilaciones que no llegan a
sobrepasar en ningin momento ganancias superiores a -2/2%.

Si ahora pasamos a comparar los valores obtenidos mediante la campafia
experimental de recogida de distribuciones espectrales y los obtenidos
mediante el modelado de la misma, se observa que los valores experimentales
se ajustan razonablemente bien a los modelados. Las diferencias que surgen
son debidas a que para modelar se han utilizados valores de un afio
meteoroldgico tipico, obtenidos de una base de datos (Meteonorm V6.0),
mientras que para los experimentales se corresponden con un afio
meteoroldgico concreto.

Cuando se evalta el impacto de los efectos espectrales para una escala de
tiempo anual la influencia de los mismo se atenda adn mds, atendiendo a los
resultados obtenidos. En este sentido, para ninguna de las metodologias,
tecnologias o localizaciones evaluadas se observan perdidas espectrales
anuales superiores al 1,5%, ni las ganancias alcanzan en ningln caso valores
superior al 2.2%.

Segun los resultados obtenidos en los diferentes andlisis realizados, se
puede concluir que los efectos espectrales son mds acusados cuanto mds
estrecha es la respuesta espectral de la tecnologia en evaluacién. En ofro
sentido, el impacto de estos efectos sobre el funcionamiento se hace menos
apreciable cuanto mayor es el periodo de integracién de los mismos. A pesar de
que para condiciones meteorolégicas puntuales en ordenes de magnitud
horarios o diarios, estos efectos pueden ser destacados, como es el caso de los
modulos FV basados en tecnologia de a-Si, donde estas perdidas/ganancias
pueden alcanzar valores en torno al 20%, para escalas de tiempo del orden de
un afo, estos efectos se pueden considerar poco significativos en todas las
tecnologias evaluadas, para climas templados correspondientes a latitudes
mayores que las de los ftrépicos (en valor absoluto). En efecto, las
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ganancias/pérdidas espectrales que se producen en la estacién calurosa son
parcialmente cancelados por las pérdidas/ganancias espectrales de la estacién
fria.

Las publicaciones asociadas a esta linea de trabajo son:

ALONSO-ABELLA M, CHENLO F, NOFUENTES G, TORRES-RAMIREZ M. ANALYSIS OF
SPECTRAL EFFECTS ON THE ENERGY YIELD OF DIFFERENT PV (PHOTOVOLTAIC)
TECHNOLOGIES: THE CASE OF FOUR SPECIFIC SITES. ENERGY 2014;67:435-43.

7.3 METODOS ANALITICOS SIMPLES PARA LA ESTIMACION DEL
COMPORTAMIENTO EN EXTERIOR DE MODULOS FOTOVOLTAICOS DE
CAPA.

Teniendo en cuenta los resultados obtenidos en las trabajos expuestos
anteriormente, se propone la utilizacién de métodos analiticos sencillos para
estimar el comportamiento en exterior de médulos FV de CD. Aqui se recurre a
la de utilizacién de métodos que se han empleado ampliamente de forma
satisfactoria en médulos de c-Si, tecnologia de una gran madurez industrial e
implantacién masiva en el mercado. El uso de estos métodos en tecnologias de
CD tiene su base en las conclusiones de los trabajos anteriores, las cuales
indican que a mayores intervalos temporales de integracién los efectos
espectrales se reducen e incluso pueden llegar a ser despreciables en la
prdctica para el caso de un andlisis anual. En otras palabras, en regiones con
latitudes correspondientes a climas templados, soleados y de interior el impacto
de los efectos espectrales sobre la producciéon anual de electricidad se cancela
en términos prdcticos, debido a que las ganancias espectrales en la estacién
cdlida se compensan con las pérdidas en la estacién fria, o viceversa.

La utilizacién de este tipo de métodos ademds brinda la posibilidad de la
estimaciéon del comportamiento eléctrico en exterior de médulos FV de
tecnologias de CD utilizando Unicamente como pardmetros de entrada
variables ambientales comdnmente presentes en estaciones y bases de datos
meteoroldgicas. Asi, los métodos, cuya utilizacién para tecnologias de CD aqui
se propone, utilizan Unicamente la irradiancia global incidente y la temperatura
del médulo. Esta Ultima puede inferirse a partir de la temperatura ambiente y
de la informacién que proporciona el fabricante. Conjuntamente con estos
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pardmetros meteoroldégicos, van a ser necesarias medidas en CEM de los
pardmetros eléctricos caracteristicos del médulo FV cuyo comportamiento
eléctrico se pretenda modelar. Es fundamental que el médulo se haya
experimentado la estabilizacién inicial de potencial tras la primera exposicién
en exterior.

Atendiendo a estos requisitos, se propone la utilizacién de los métodos de
Osterwald y del Factor de Forma Constante, para modelar tanto la potencia
madxima entregada como la energia generada de forma anual por médulos de
cuatro tecnologias FV de CD (a-Si, CIGS, CdTe y a-Si:H/pc-Si) en dos
localizaciones (Jaén y Madrid) que se caracterizan por tener un clima soleado y
de interior.

Como se comenté al comienzo de la seccién, los métodos que aqui se
proponen no son una contribucién original, sino que se vienen utilizando con
éxito para la evaluacién del funcionamiento de médulos FV de tecnologias
basadas en el silicio cristalino desde los afios 70 del pasado siglo. Diferentes
trabajos previos indicaban la posibilidad de utilizarlos también para otro tipo
de tecnologias FV [114], pero hasta donde se conoce Unicamente se han
aplicado para médulos de tecnologia CIS, presentando también un buen
comportamiento para esta tecnologia [29]. En ese sentido, a pesar de no ser
una contribucién original, la innovacién que aqui se plantea es la utilizacién de
estos métodos en médulos FV de tecnologias basadas en a-Si, CIGS, CdTe y
a-Si:H/pc-Si, para las cuales no se tiene constancia de que estos hayan sido
empleados previamente. La principal ventaja que presentan estos modelos
reside en que Unicamente necesitan como variables de entrada los pardmetros
eléctricos del médulo en CEM y dos pardmetros medioambientales como son la
irradiancia global incidente en el plano del generador y la temperatura del
modulo, que se podrd estimar a partir de la temperatura ambiente.

A continuacién se exponen los métodos utilizados:

¢ Método de Osterwald:

Este método es uno de los mds simples que se encuentran disponibles para
estimar la potencia méxima de un médulo FV a partir de la temperatura de
médulo y de la irradiancia global incidente. Este método fue descrito por
Osterwald en [29], y en este trabajo ya se introducia la posibilidad de su
utilizacién para otras tecnologias como CIS o CdS, ademds de las tecnologias
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basadas en silicio cristalino. Asi, la potencia mdxima entregada por un médulo
fotovoltaico se puede escribir como sigue:

* G *

donde Pw [W] es la potencia mdxima entregada por el médulo FV bajo
unas condiciones de Gy Tc dadas, y [°C-1] es el coeficiente de variacidon de la
potencia mdxima en funcién de la temperatura del médulo, 7c [°C] es la
temperatura de operacién del médulo y Tc* es la temperatura de operacién del
médulo FV en CEM (25°C).

¢ Método del Factor de Forma Constante:

Este segundo método asume que el factor de forma del médulo FV se
mantiene constante para todas las condiciones de operacién del mismo.
Ademds se considera que la corriente de cortocircuito y la tensiéon de circuito
abierto varian y de forma lineal con la irradiancia y la temperatura de
operacién del médulo respectivamente, segin la siguientes expresiones:

PM_ _ pp o~ ppr= PM (Ec. 11)
Isc'Voc Isc "Voc
PM:FF*'[SC'VOC (EC.12)
. G
Isc =1Isc - - (Ec. 13)
Voc =Voc™ - [1+ B - (Tc — T¢I (Ec.14)

donde FF es el factor de forma del médulo, FF* es el factor de forma de
modulo en CEM, Voc [V] es la tensidn de circuito abierto del médulo y B [°C-T] es
el coeficiente de variacién de la tensién de circuito abierto con la temperatura
proporcionado por el fabricante del médulo.

Es importante destacar que estos métodos no consideran otros posibles
efectos que ejerzan influencia sobre el comportamiento del médulo FV, tales
como efectos espectrales, pérdidas por suciedad u otros efectos de segundo
orden. Tampoco se han considerado posibles efectos de degradacién de
potencia a través del tiempo en los médulos FV. Tampoco se ha considerado la
variacién de potencia pico para los médulos de a-Si que se produce
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estacionalmente debido al efecto conocido como "recocido térmico” (en inglés,
"Thermal Annealing") en la estacién calurosa.

Mediante la utilizaciéon de los métodos expuestos anteriormente se han
realizado estudios en términos de potencia mdxima instantdnea entregada y
energia anual generada. Para ello se ha utilizado la informacién recogida
durante una campaiia experimental de 12 meses en las ciudades de Jaén y
Madrid. Esta campafia experimental se ha basado en la medida de la curva -V
de ocho médulos FV, dos médulos para cada una de las cuatro tecnologias
evaluadas. Un médulo de cada tecnologia se encontraba instalado en Jaén y
otro en Madrid. Junto a la medida de estas curvas /-V, se han recogido
simultdneamente los valores correspondientes de irradiancia global incidente y
de temperatura de médulo a los cuales se producian dichas curvas. Las curvas
I-V proporcionaban los valores de potencia mdxima reales frente a los que se
han evaluado los valores de potencia obtenidos por los métodos propuestos
utilizando los pardmetros medioambientales que dichos métodos requieren.

En cuanto a los pardmetros eléctricos de los médulos en CEM, necesarios
para la aplicacién de los métodos propuestos, se han utilizado valores
calibrados. Estos valores se obtuvieron justo antes del comienzo de la campana
experimental y se encuentran recogidos en la Tabla 1 de este documento.
Mediante la utilizacién de estos valores calibrados, se minimiza el error que
pueda existir en relacién con el valor proporcionado por el fabricante. Es decir,
se parte de valores de pardmetros eléctricos en CEM medidos y no nominales.

La metodologia seguida a la hora de estudiar la viabilidad de aplicacién
de los métodos propuestos, ha consistido en estimar la potencia mdxima para
cada uno de los médulos ensayados utilizando los valores recogidos de Gy Tc.
Para cada muestra de dichos pardmetros se ha estimado la potencia méxima
utilizando los métodos propuestos y se ha comparado este valor de potencia
estimado con el valor real de potencia maxima medido mediante la curva /-V
para esas condiciones de Gy Tc La bondad de ajuste de ambos métodos se ha
evaluado mediante pardmetros estadisticos como el MBPEr (sesgo medio
porcentual para la potencia mdxima, del inglés, "Mean Bias Percentage Error")
o el RMSPEp (raiz cuadrada del error cuadrdtico medio porcentual para la
potencia mdxima, del inglés, "Root Mean Square Percentage Error") para el
estudio de la potencia méxima o se ha empleado el REE (error relativo para la
energia, del inglés, "Relative Error") para el caso de la energia anual generada.
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Los resultados obtenidos relativos a la potencia mdxima indican que el
comportamiento de ambos métodos es similar para ambas localizaciones.
Ambos métodos tienden a sobreestimar ligeramente la potencia médxima real de
los médulos bajo estudio (MBPEp > 0). Los valores de RMSPEp se mantienen por
debajo de 4,5% y 3,8% para los médulos basados en CIGS y CdTe,
respectivamente, en ambas localizaciones. Las discrepancias mds destacadas
entre los valores de potencia mdxima modelados y medidos se dan para los
modulos basados en a-Si y a-Si:H/pc-Si, para los cuales el valor de RMSPEp se
sitba entre 5,4% y 6,7%. Adicionalmente se ha evaluado el coeficiente de
determinaciéon (R?) entre los valores de potencia mdxima modelados y medidos,
obteniéndose para ambos métodos en las dos localizaciones valores superiores
a 0,981. El mejor ajuste se corresponde con el comportamiento de los médulos
CIGS usando el método de Osterwald en la localidad de Madrid (R2 = 0,993).

En cuanto al andlisis de la energia anual generada por los diferentes
médulos FV, los resultados indican que la aplicabilidad de los métodos
propuestos es factible para todas las tecnologias evaluadas, con errores
relativos en términos anuales inferiores al 4%.

Este buen comportamiento de los métodos en cuestién a la hora de
predecir la energia generada anualmente se debe en buena medida a la
compensacién parcial de las ganancias y pérdidas espectrales a lo largo del
afo. A esto también se anade la cancelacién parcial de los efectos estacionales
correspondientes al recocido térmico (thermal annealing) en tecnologias
basadas en a-Si, lo que minimiza su impacto a lo largo del afo.

La variacién mensual de las ganancias espectrales es la causa que justifica
las peores predicciones en lo que a la potencia entregada por los médulos se
refiere, toda vez que ambos métodos no incluyen la influencia del espectro.

Este buen comportamiento de los métodos en cuestién puede no ser vdlido
en zonas tropicales, donde existe una prevalencia de espectros con gran
contenido en luz azul a lo largo de todo el afio. En este caso, los efectos
espectrales no son despreciables y habian de incluirse de algin modo [77].
Otro tanto cabe conjeturar para climas maritimos en enclaves de climas
templados por idéntica razén.

En resumen, se puede concluir que los métodos de Osterwald y del factor
de forma constante se podrian aplicar para estimar el comportamiento eléctrico
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en exterior de médulos FV de CD basados en tecnologias de a-Si, a-Si:H/pc-Si,
CIGS y CdTe, ordenadas éstas en orden ascendente de exactitud obtenida,
para climas soleados y de interior, no tropicales. Es decir, se podrian utilizar en
tareas relacionadas con la ingenieria de sistemas fotovoltaicos, en la que se
antepone la simplicidad de uso a una exactitud muy elevada. En términos de
modelado de la energia generada anualmente se obtienen incluso mejores
resultados para todas las tecnologias evaluadas.

Como ya se apunté al comienzo de la seccién, la principal ventaja que
aportan estos métodos es la posibilidad de aplicacién teniendo como requisitos
de pardmetros de entrada Unicamente variables atmosféricas cominmente
presentes en estaciones meteorolégicas. Ademds de esto, su aplicaciéon es
sencilla y evita engorrosos cdlculos. Es necesario mencionar también la
importancia en cuanto a la eleccién de los pardmetros eléctricos en CEM
necesarios para la aplicacién de los métodos. Estos se deben corresponder con
valores pasado el periodo inicial de estabilizacién en potencia, para minimizar
al maximo posibles variaciones en la potencia mdxima que afecten a los
resultados finales que se puedan obtener.

Las publicaciones asociadas a esta linea de trabajo son:

TORRES-RAMIREZ M, NOFUENTES G, SILVA JP, SILVESTRE S, MUNOZ JV. STUDY ON
ANALYTICAL MODELLING APPROACHES TO THE PERFORMANCE OF THIN FILM PV MODULES
IN SUNNY INLAND CLIMATES. ENERGY 2014;73:731-40.
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CONCLUSIONES / CONCLUSIONS

En esta seccién se presenta una sintesis de las principales aportaciones
llevadas a cabo durante el desarrollo de los trabajos de investigacién que se
recogen en la presente Tesis Doctoral.

Esta Tesis Doctoral poseia como objetivo principal lograr una compresion
superior del conocimiento que se dispone del comportamiento eléctrico en
exterior de médulos FV de distintas tecnologias de CD, con la finalidad de
proponer métodos sencillos para la estimacién de su produccién eléctrica a
partir de las condiciones meteorolégicas de operacién. La sencillez que se
exigia a estos métodos no debia ser tal que pudiese comprometer en demasia
la exactitud necesaria para su empleo en la ingenieria de los sistemas
fotovoltaicos.

Para ello se ha llevado a cabo una campafa experimental en dos
localizaciones con clima soleado y de interior, Jaén y Madrid. Esta campaiia
experimental ha proporcionado la base empirica necesaria para la consecucién
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tanto del objetivo principal como de los secundarios que se planteaban al inicio
de la presente Tesis Doctoral.

Las tecnologias FV de CD que se han estudiado durante este periodo de
investigacién han sido las que poseen una mayor presencia en el mercado (a-Si,
CIGS, CdTe y a-Si:H/pc-Si). En este sentido, se ha monitorizado el
comportamiento en exterior de médulos FV basados en estas tecnologias en las
dos localizaciones mencionadas anteriormente. Conjuntamente con los
pardmetros eléctricos provenientes del ensayo y medida de estos médulos FV,
se han recogido una serie de pardmetros medioambientales -entre ellos la
distribucién espectral de la irradiancia incidente- lo que ha permitido evaluar la
influencia que éstos ejercen sobre el funcionamiento en exterior de estas
tecnologias.

En este sentido, gracias a esta campafia experimental se ha podido
andlizar en detalle los efectos espectrales que experimentan las distintas
tecnologias FV. Esto ha permitido caracterizar las localizaciones donde han
estado emplazados los médulos FV desde el punto de vista del espectro solar.
Con respecto a los resultados obtenidos se ha concluido que tanto Madrid como
Jaén, poseen un espectro predominantemente "rojo". Es decir, la densidad de
potencia en el espectro solar estd mayormente desplazada hacia longitudes de
onda larga, si dicha densidad de potencia es comparada con la
correspondiente al estdndar AM1.5G.

Ademds, se ha obtenido el factor de rendimiento (PR) de estas tecnologias
de CD en funcién de la temperatura de médulo y la energia media del fotén,
como pardmetro que condensa la informacién contenida en la distribucién
espectral. Segin los resultados obtenidos, se ha observado una influencia
limitada de la temperatura sobre el funcionamiento de estas tecnologias,
excepciéon hecha de los médulos CIGS. En cuanto a la influencia de la
distribucién espectral para una temperatura de operacién fija, se ha detectado
que para las tecnologias a-Si y a-Si:H/pc-Si su rendimiento mejora en
condiciones de EMF elevados (espectros de contenido rico en luz azul), por
encima de 1,88 eV. En el caso de los mddulos basados en CIGS, su
comportamiento empeora conforme la EMF aumenta, es decir se comporta
mejor en presencia de espectros cuyo contenido en densidad de potencia se
encuentra en longitudes de onda largas. Por Ultimo, se ha de destacar que esta
influencia en los médulos basados en CdTe no es tan marcada como en el resto.
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La siguiente linea de trabajo ha estado enfocada en cuantificar los efectos
espectrales para diferentes ventanas temporales de andlisis en las tecnologias
FV comentadas anteriormente. Estos efectos espectrales se han evaluado en
cuatro localidades distintas utilizando dos metodologias diferentes. La primera
metodologia estd basada en la utilizacién de medidas experimentales de
distribuciones espectrales de la irradiancia incidente y la segunda recurre al
empleo del modelo SEDES2 para generar estas distribuciones. Las dos
metodologias han hecho wuso de las respuestas espectrales tipicas
correspondientes a las tecnologias evaluadas. En los dos casos se han
cuantificado los efectos espectrales de forma mensual y anual. Atendiendo a los
resultados obtenidos, se puede concluir que los efectos son mds acusados
puntualmente que para periodos amplios de integracién, siendo éstos mds
notables cuanto mds estrecha es la respuesta espectral de la tecnologia. Asi, los
modulos FV basados en la tecnologia de a-Si son los mds influidos por estos
efectos, con ganancias espectrales que pueden alcanzar valores instantdneos
del orden del -25/25%. A continuacién estarian los médulos basados en la
tecnologia de CdTe, en el orden del -10/10%, mientras que estos efectos se
reducen a niveles inferiores a -5/5% para tecnologias tales como CIGS y m-Si
(valores instantdneos).

Una de las conclusiones principales extraida de los trabajos de
investigacién desarrollados durante esta Tesis Doctoral es la atenuacién que se
produce de los efectos espectrales a medida que aumenta la ventana temporal
en la que estos se evaltan. En términos prdcticos, éstos no son significativos en
todas las tecnologias evaluadas para escalas de tiempo anuales y en climas
soleados y de interior de zonas no tropicales. Concretamente las ganancias
espectrales mensuales obtenidas para tecnologias como la de a-Si varian desde
-16% en periodos invernales al 6% durante el periodo estival. Reduciéndose
estos valores a -8% y 1,5% para el CdTe. En cuanto a las tecnologias basadas
en CIGS, o m-Si, éstas no experimentan ganancias superiores al 2% ni pérdidas
superiores al 2% para ningdn mes del afo, en ninguna de las localizaciones
estudiadas. Estos valores se reducen ain mds si se toma un periodo anual de
integracién para evaluar los efectos espectrales. En este caso, se obtienen unas
ganancias espectrales anules que varian en el intervalo que va desde -1,5% a
2,2%, para todas las tecnologias estudiadas.

Atendiendo a los resultados anteriores, se ha propuesto la aplicacién de
métodos analiticos sencillos para estimar la potencia mdxima instantdnea
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entregada y la energia anual generada por médulos FV de CD en
localizaciones con climas soleados y de interior. Asi, mediante la informacién
obtenida de la campafia experimental realizada en Jaén y Madrid se ha
podido evaluar la aplicabilidad de estos métodos, que hasta el momento se han
venido utilizado con éxito en tecnologias basadas en c-Si. En este sentido, se
han validado los métodos de Osterwald y del factor de forma constante para
predecir el comportamiento eléctrico en exterior de mdédulos FV de cuatro
tecnologias de CD. Dichos métodos utilizan pardmetros medioambientes,
comUnmente disponibles en estaciones meteorolégicas, tales como la irradiancia
global incidente y la temperatura ambiente, asi como los pardmetros eléctricos
de los moédulos medidos en CEM. Los resultados obtenidos validan la
aplicabilidad de los métodos anteriores. En el caso de la estimaciéon de la
potencia méxima se han obtenido valores de RMSPEp por debajo del 3,8 y 4,5%
para los médulos FV de CdTe y CIGS, respectivamente, y entre 5,4 y 6,7% para
los basados en las tecnologias de a-Si y a-Si:H/pc-Si, respectivamente. Para
estas Ultimas tecnologias se ha observado una oscilacién estacional en la
bondad de la prediccion. Los efectos espectrales, asi como variaciones en la
potencia pico de los médulos FV debido a efectos térmicos como el recocido
térmico o "thermal annealing", que tiene lugar durante los meses estivales, para
el caso del silicio amorfo, son las causas que explican estas variaciones. En
términos de energia anual generada, los resultados son sensiblemente mejores,
obteniendo errores relativos anuales inferiores al 4%, para todas las tecnologias
en ambas localizaciones, lo que confirma que estos métodos poseen la exactitud
suficiente para la ingenieria de sistemas FV en zonas con climas soleados y de
interior, no tropicales. Ademds estos métodos cuentan con la ventaja de su
facilidad a la hora de aplicarlos y ademds las variables de entrada necesarias
son pardmetros relativamente asequibles para disponer de los mismos.

La validaciéon experimental de la aplicacién de estos métodos analiticos
sencillos a médulos fotovoltaicos de capa delgada, asi como la evaluacién de
los efectos espectrales en estas tecnologias FV en escalas de tiempo mensuales
y anuales son las principales contribuciones al estado actual del conocimiento
en materia de modelado del comportamiento en exterior de médulos FV de CD
que se han realizado con el desarrollo de la presente Tesis Doctoral.

Los resultados obtenidos deben ser ftomados con cierta cautela ya que la
muestra de especimenes FV que se ha dispuesto ha sido reducida. En este
sentido, la extrapolacién y generalizacién de los resultados a los médulos de
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una misma tecnologia debe llevarse a cabo de forma progresiva y cuidadosa.
En efecto, existe un gran nimero de fabricantes y variantes en cuanto al proceso
de fabricacién de médulos FV basados en las tecnologias que se han tratado en

este trabajo.
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CONCLUSIONS

This section shows a summary of the main contributions developed during
this PhD thesis. Thus, the results achieved through these research works are
presented hereafter.

The main goal of this PhD thesis was achieving a better comprehension
about the outdoor performance of thin film photovoltaic modules. The ending
target was offering simple analytical methods in order to estimate the
generation of electricity from the current meteorological conditions. These
methods should have enough accuracy in order to be practical at the
photovoltaic engineering field, bearing in mind the goal of simplicity.

Four thin film photovoltaic technologies -amorphous silicon (a-Si), cadmivm
telluride (CdTe), copper indium gallium selenide sulfide (CIGS) and
hydrogenated amorphous silicon/crystalline silicon heterojunction (a-Si:H/pc-Si)-
were analysed through these research works. These four technologies are the
most visible technologies at market level. An experimental campaign was
carried out at Jaén and Madrid (Spain), both with sunny and inland climate. This
experimental campaign provided the empirical basis in order to reach the main
and secondary goals that were established at the beginning of this PhD thesis. In
this sense, the outdoor performance of photovoltaic modules of these four
technologies was monitored and tested. Some environmental parameters were
recorded together with the previous mentioned electrical parameters. Thus, the
impact on the electrical outdoor performance of some environmental parameters
-i.e. solar spectral irradiance- could be evaluated.

Due to the previous experimental campaign, spectral effects on thin film
photovoltaic technologies were deeply analysed. Particularly, a spectral
characterisation of the incident irradiation of the site was carried out. This clearly
indicates that Jaén and Madrid are characterised by a higher red light content
of the spectral irradiance. In other words, the collected incident irradiation has
been generated under solar spectra whose long wavelength light is enhanced,
when compared to the AM 1.5G incident spectral irradiance distribution.
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Ad(ditionally, performance ratio (PR) over the experimental campaign was
calculated for each tested thin film photovoltaic technology as function of the
module temperature and the average photon energy (APE). APE was used as an
index that characterizes the spectrum shape. According fo the obtained results,
the a-Si, CdTe and a-Si:H/pc-Si photovoltaic modules exhibit a little sensitivity to
module temperature. Instead of that, the performance of CIGS technology
worsens as module temperature increases, at a fixed APE, due to the high
maximum power temperature coefficient.

Regarding the spectral influence, both the a-Si and a-Si:H/pc-Si
technologies noticeably improve their outdoor performance as APE increases
-the solar spectral incident irradiance is enhanced at short wavelengths, "blue-
rich" light spectrum- at fixed module temperature. The trend is the other way
round for the CIGS technology; at fixed module temperature, its performance
worsens as APE increases; that is, the solar spectral incident irradiance is
enhanced at long wavelengths. Last, the CdTe technology does not show such a
strong dependence on this spectral index as the other photovoltaic specimens
do.

The next research line was focused on assessing and quantifying the
spectral effects in the four mentioned photovoltaic technologies in terms of
different timeframes. These effects have been analysed in four sites located in
the north hemisphere -Stuttgart, Madrid, Jaén and Tamanrasset-. Two
methodologies were applied to carry out this task. The first one uses modelled
solar spectra distributions by means of the SEDES2 software and the second one
uses measured solar spectrums periodically recorded. Then, both of them use the
typical spectral responses of photovoltaic solar technologies selected. Thus,
spectral effects on both monthly and annual time scales were evaluated.

According to the results, the higher spectral gains/losses were obtained at
shorter period of evaluation, instantly and daily timeframes. Regardless of the
site, the considered a-Si and CdTe photovoltaic technologies experience the
most noticeable spectral effects. Instantaneous values of spectral gains could
reach -25/25% and -10/10%, respectively. These effects are lower than -5/5%
for CIGS and crystalline silicon technologies. To summarize, spectral effects are
more noticeable in materials with larger bandgaps and narrower spectral
responses.
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Then, the spectral effects are mitigated on long integration periods. Thus,
the maximum monthly variations of these spectral gains take place in the a-Si
photovoltaic technology, ranging from -16% (winter) to 4% (summer). These
values are reduced to -8% and 1.5% for CdTe technology. Anyway, the monthly
spread of the spectral effects decreases as the latitude of the site does. The rest
of evaluated technologies -CIGS and crystalline silicon- did not experience
monthly spectral gains beyond -2%/2%. The annual spectral gains are further
reduced to -1.5%/2.2% in all cases, technologies and locations.

In this sense, some of the major contribution of this PhD was the fact that the
impact of the solar spectrum distribution on the performance of photovoltaic
materials is remarkably reduced when the period of integration is enlarged up
to a year. Further, the annual spectral effects may be neglected for the four
considered photovoltaic technologies in tempered and sunny inland climates in
practical terms. This may greatly simplify modelling their annual performance by
using simple analytical methods which do not take the spectral distribution into
account.

Regarding previous results, simply analytical methods are proposed in
order to estimate the electrical outdoor performance -maximum power delivered
and annual energy produced- of thin film photovoltaic modules in locations with
tempered and inland climate. The aforementioned experimental campaign
carried out in Madrid and Jaén (Spain) provided the necessary data in order to
evaluate the applicability of these methods, previously successfully applied to
crystalline silicon technologies. Thus, Osterwald's and fill factor methods were
tried and validated to model the outdoor performance of photovoltaic modules
corresponding to four thin film technologies. Only electrical parameters at
standard test conditions, on-plane global irradiance and ambient temperature
are required as inputs. The results obtained prove the applicability of the prior
methods. In maximum power terms, the RMSPEp (root mean square percentage
error) stays below 3.8% and 4.5% for CdTe and CIGS photovoltaic modules,
respectively, while RMSPEp lies between 6.3% and 5.4% for a-Si and
a-Si:H/pc-Si PV modules, respectively. The latter results are partly dve to
monthly spectral effects. Thus, the impact of the solar spectrum distribution on a-
Si photovoltaic modules in terms of spectral gains and losses in summer and
winter months, respectively, is especially remarkable. The seasonal oscillations of
the peak power this material experiences due to thermal annealing also help to
explain why the two simple methods under analysis are not so well suited for
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modelling their performance in power terms as they are for CdTe and CIGS PV
modules. Regarding energy terms, errors lie below 4.0% in all cases. Thus, the
methods tried may be used to model the outdoor behaviour of the tested
photovoltaic modules with enough accuracy for photovoltaic engineering
purposes in sunny and inland sites with similar spectral characteristics to those of
the two sites considered. Additionally, the methods tried here have two main
advantages: they use environmental data commonly available in meteorological
databases and are easy to use because cumbersome calculations are avoided.

Two major contributions were achieved during this PhD thesis so as to
improve the comprehension of the modelling of the electrical outdoor behaviour
of thin film photovoltaic modules. On the one hand, the evaluation and
quantification of the spectral effects in monthly and annual time scales. On the
other hand, the empirical validation of simple analytical methods in order to
estimate the maximum power delivered and the annual energy produced of four
thin film technologies.

Anyway, the above results and conclusions should be used cautiously due
to the limited number of photovoltaic specimens. In this sense, the generalization
and extrapolation of the results should be carried out in a progressive and
carefully manner. Indeed, there are a large number of manufacturers and
alternative manufacturing processes of thin film other than those used to
manufacture the PV specimens tested and measured in this work.



LINEAS FUTURAS DE TRABAJO

Atendiendo a las lineas de trabajo tratadas durante esta Tesis Doctoral y
en vista del alcance y relevancia de los resultados obtenidos, se proponen
algunas lineas de investigacién para trabajos futuros.

En primer lugar hay que destacar que tanto la campafia experimental
como el nimero de especimenes evaluados durante la misma han sido
limitados. En este sentido, se propone como posible linea futura de
investigacién, ampliar la campafia experimental a otras localizaciones.
Especialmente Ufil serian para este fin emplazamientos con condiciones
climdticas diferentes a las aqui consideradas. Un ejemplo de estas deberian ser
nuevas localizaciones con un perfil espectral con un predominio de longitudes
de onda corta (espectros ricos en luz azul), como podrian ser las
correspondientes a un clima maritimo, o radicadas en zonas subtropicales.

De la misma forma se plantea la posibilidad de aplicar las metodologias
aqui propuestas a moédulos FV de otros fabricantes de las tecnologias
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estudiadas para ampliar el conocimiento sobre las mismas y afiadir generalidad
a las conclusiones obtenidas en esta tesis.

Adicionalmente se propone la realizacién de estudios de degradacion
para mejorar el conocimiento sobre las tecnologias de capa delgada a largo
plazo y conocer cémo afecta la exposicion en exterior a las propiedades
eléctricas de médulos fotovoltaicos de estas tecnologias.

En relacién con la carencia de medidas espectrorradiométricas en la
mayoria de bases de datos meteorolédgicas y debido a la necesidad que existe
de ellas para el andlisis de los efectos espectrales sobre las tecnologias
fotovoltaicas de capa delgada, se plantea la posibilidad de desarrollar
métodos que permitan estimar la distribucién espectral de la irradiancia a partir
de datos que estén presentes comUnmente en estaciones meteorolégicas. Para
ello, se deja como cuestiéon abierta el modelado de la distribucién espectral de
la irradiancia mediante técnicas basadas en inteligencia artificial tales como
redes neuronales artificiales. Actualmente, el mercado de médulos de CD se
estd extendiendo hacia nuevos emplazamientos situados en zonas subtropicales
como Brasil, India, Perl, Singapur o Indonesia, donde la disponibilidad de
medidas reales del espectro solar es practicamente inexistente. Desde luego, se
sabe que en estas zonas el impacto anual de los efectos espectrales en
tecnologias de CD es mds apreciable que el que el experimentado para climas
templados. De este modo, el modelado del espectro solar mediante estas
técnicas puede resultar de gran interés. Asi, la existencia de una herramienta
que provea de esta informacién a instaladores, promotores e investigadores
seria de gran utilidad. Actualmente en nuestro grupo de investigacion ya se estd
trabajando en este sentido, con resultados tempranos satisfactorios en este
dmbito [115].
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This work aims at analysing the influence of both module temperature and solar spectrum distribution on the outdoor performance
of the following thin film technologies: hydrogenated amorphous silicon (a-Si:H), cadmium telluride (CdTe), copper indium
gallium selenide sulfide (CIGS), and hydrogenated amorphous silicon/hydrogenated microcrystalline silicon hetero-junction (a-
Si:H/uc-Si:H). A 12-month experimental campaign carried out in a sunny inland site in which a module of each one of these
technologies was tested and measured outdoors has provided the necessary empirical data. Results show that module temperature
exerts a limited influence on the performance of the tested a-Si:H, CdTe, and a-Si:H/puc-Si:H modules. In contrast, the outdoor
behaviour of the CIGS module is the most affected by its temperature. Blue-rich spectra enhance the outdoor behaviour of the
a-Si:H and a-Si:H/pc-Si:H modules while it is the other way round for the CIGS module. However, the CdTe specimen shows little
sensitivity to the solar spectrum distribution. Anyway, spectral effects are scarcely relevant on an annual basis, ranging from gains
for the CIGS module (1.5%) to losses for the a-Si:H module (1.0%). However, the seasonal impact of the spectrum shape is more
noticeable in these two materials; indeed, spectral issues may cause performance gains or losses of up to some 4% when winter and

summer periods are considered.

1. Introduction

Doubtless, crystalline silicon (c-Si) is today’s photovoltaic
(PV) dominating technology. Although it will likely preserve
its prevalence in the near and midterm, PV designers and
installers are increasingly interested in thin film technolo-
gies, still a small but noticeable share of the market. If all
announced expansion plans had been completed in due time,
thin film production capacity could already have reached
around 17 GW—19% of the envisaged market—in 2012 [1].
Some estimates forecast thin film production capacity will
rise up to 27 GW—or 24% of the reported future PV market—
in 2015 [2]. In this sense, recent widely marketed modules
using materials such as hydrogenated amorphous silicon (a-
Si:H), cadmium telluride (CdTe), copper indium gallium
selenide sulfide (CIGS), and hydrogenated amorphous sil-
icon/hydrogenated microcrystalline silicon heterojunction

(a-Si:H/pc-Si:H) will certainly play a crucial role in PV
system engineering over the next years due to their ceaseless
declining cost and improved outdoor performance [1-3].

The estimation of the PV electricity yield from the climate
conditions of a given site is essential in PV engineering.
Hence, understanding the outdoor electrical behaviour of
PV modules is a key issue for this electricity yield estima-
tion. A wide variety of numerical, algebraic, and empirical
methods referenced in the literature [4-12] have succeeded
in estimating quite accurately the c-Si PV module outdoor
performance. These methods basically state the relationship
between the outdoor performance of these devices and two
environmental factors: incident irradiance (G, in W-m™2) and
module temperature (T in °C).

However, this outdoor behaviour is not understood to
such a large extent for thin film technologies [13, 14].

mod



In fact, the peculiarities of their spectral responses make
these technologies more sensitive to the spectral distribution
of the irradiance than those based on c-Si. Therefore, the
spectrum shape must be taken into account when modeling
the power output of a thin film PV module, in addition to
Gand T 4. Some efforts approaching this issue are worthy
mention, just to give some instances. Thus, in spite of being
quite accurate, the Martin and Ruiz model [15], based on
equations that derive the effective responsivity of the modules
from the optical air mass and the clearness index, has been
solely proposed for ¢-Si and a-Si:H. Also, some “one-of-a-
kind” complex models addressed to modelling the efficiency
of a specific CIGS module have been proposed. This sort
of complex models usually involve the clearness index, the
optical air mass, and some empirical coefficients [16, 17],
which cannot be conclusive for thin film technology, in
general.

An interesting, well-proven, and useful method to predict
the electricity yield for a given site has been reported
for PV grid-connected systems (PVGCS) that use c-Si, a-
Si:H, a-Si:H/uc-Si:H, and a-Si/a-SiGe/a-SiGe technologies in
Kusatsu city (Japan, latitude 35°N, longitude 136°E) [18-20].
To summarise, this method is mainly based on (a) obtaining
a contour graph for each technology in which the module
performance ratio (PR) is depicted versus a spectral index
termed average photon energy (APE, in eV, to be stated
below) and T4, and (b) producing contour graphs of the
collected incident irradiation versus APE and the ambient
temperature (T,,,;,, in "C) of the site, which leads to a suitable
characterisation of the specific site from a spectral point
of view. Since T .4 may be derived from T, and some
other environmental factors such as wind speed, a suitable
combination of the diagrams obtained in (a) and (b) is the
key to achieve a good estimation of the energy yield of the
above PV technologies. It should be understood that values
of APE depend on the measurement wavelength interval of
the spectrum. Thus, in the above works, a wavelength interval
ranging from 350 to 1050 nm was considered, so that APE of
the AM L5 G spectrum equals 1.88 eV. Anyway, this issue will
be dealt with more deeply in this paper.

Nevertheless, the method described above still requires a
lot of research aimed at improving the understanding of the
behaviour of thin film materials under natural sunlight. Thus,
although CIGS and CdTe are second and third, respectively,
regarding projected thin film production capacity—a-Si:H
heads this rank [2]—no contour graphs depicting PR versus
APE and T4 for these important technologies have been
produced so far. Further, these contour graphs have not
been obtained for sites with inland climates, in which levels
of water vapour are lower—a fact that leads to shift the
solar spectrum to the red—than those of sites which have a
maritime climate, in which “blue rich” solar spectra prevail.
More specifically, the solar spectral influence on PV materials
performance has been explored for values of APE ranging
from 1.85 to 2.03 eV. Therefore, the influence exerted by a
“red rich” dominating spectrum on thin film technologies still
remains to be suitably ascertained; that is, the impact of solar
spectra with APE lower than 1.85 eV on such technologies has
not been analysed yet. Last, but not least, the works described
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in the previous paragraph are supported on experimental data
which were drawn from the operation monitoring of several
PVGCS, whose PV fields had not been calibrated at standard
test conditions (STC). This experimental setup introduces
some sources of uncertainty, in principle. Thus, the values for
the peak power of these PV fields used in PR calculations
and its further analysis have been taken from the module
manufacturers’ data sheets, which probably differ from the
real calibrated peak power values. Further, uncertainty is also
introduced in the maximum power point tracking of the PV
fields; these errors should not be underestimated as most
reported systems date their start of operation back to a time
interval between 1998 and 2004. Existing inverters by then
did not show such low values for error in maximum power
point tracking as state-of-the-art inverters do nowadays.
Besides, these works have not taken into account the impact
on PR of the angle of incidence (AOI, in °) combined with
dirt. Seasonal annealing experienced by the a-Si:H material
has not been properly addressed, either.

This work aims at achieving a wider knowledge of
the influence of module temperature and solar spectrum
distribution on the outdoor performance of thin film PV
materials, following the approach described above. Also, this
work attempts to amend the shortcomings identified in the
previous paragraph as much as possible. Thus, four thin film
PV modules—a sample for each one of four considered tech-
nologies (a-Si:H, CIGS, CdTe, and a-Si:H/uc-Si:H)—were
installed outdoors in the city of Jaén (Spain, latitude 37°N,
longitude 3°W, with a Mediterranean-Continental climate).
This city is spectrally characterised by enhanced levels of
long wavelengths—when compared to maritime and humid
sites—due to its sunny inland and dry climate. Thus, the four
selected PV specimens underwent an initial calibration in
STC prior to be deployed outdoors and another one after
their exposure, to check their stability over time. A 12-month
experimental campaign was carried out basically intended
to scan current (I, in A) voltage (V, in V) curves of these
specimens together with some other environmental param-
eters at which these curves were scanned. For each one of the
tested PV modules, a contour graph was obtained in which
their outdoor performance is depicted versus APEand T, 4,
following the approach previously described [18, 21]. PR over
the experimental campaign was calculated for each tested PV
module. Then, the impact of some phenomena that influence
the performance of each considered PV technology over the
12-month test and measurement period—including module
temperature and spectral effects—is quantified. Last, some
important conclusions regarding the impact of the spectral
irradiance distribution and T',,,,4 on the outdoor behaviour
of the tested thin film PV modules are derived from the
analysis of both the contour graphs and the quantified effects
of these two influencing factors.

2. Materials and Methods

This section deals with a short tutorial focused on APE,
introduced as a meaningful and convenient spectral index
together with a description of the experimental setup from
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TABLE 1: Module maximum power in STC (W) of the four thin film PV modules under test as provided by the manufacturer and by both the

initial and final outdoor calibration.

Module technology Manufacturer data sheet Initial calibration (October 2011) Final calibration (November 2012)

a-Si:H 60 —5/+10% 574 + 4% 56.2 + 4%

CIGS 120 + 10% 119.1 + 4% 121.2 £ 4%

CdTe 70 £5% 672 £ 4% 66.5 = 4%

a-Si:H/pc-Si:H 121 -5/+10% 109.4 + 4% 107.6 = 4%

which the results to be presented here were obtained. The 104 * APE = 1.85 4/~ 0.005¢V

methodology followed to achieve the targets detailed in the T 091 R

previous section is also described. Té 0.8 - fi\ - APE=188¢V-(AM 1.5G)
5 0.7 4 - : - -

2.1. The Average Photon Energy. A suitable characterisation g’ 06 1

of different spectra is a crucial requirement to assess how 5 051

the solar spectral variations influence the performance of 7 041

thin film PV materials. Thus, some atmospheric parameters ; 0.3

such as the clearness index and the optical air mass condense § 0.2 1

important information on the solar spectrum distribution & g'(l) 1 APE = 1.92 41— 0.005eV

[15, 17]. Nevertheless, in principle, a spectral distribution
should be characterized by means of a single parameter,
which could lend itself to be used just as the above envi-
ronmental factors G and T 4. Bearing this in mind, the
data recorded using a spectroradiometer are not especially
adequate to achieve this characterisation, since these data
consist of a more or less large set of points within a given
wavelength interval, depending on the spectral range and the
resolution of the used instrument. In this sense, APE has been
proposed as a single index that characterizes the shape of the
incident irradiance spectrum [18, 21, 22] and, consequently,
characterises its “colour” Thus, high values of APE imply that
the solar spectrum is shifted towards the blue, as depicted in
Figure 1. This index is calculated by dividing the integrated
incident irradiance by the integrated photon flux density:

[lewda

APE > ,
| ¢)dr

@

where G(\) [W-m >nm™] is the incident spectral irradi-
ance, ®(A\) [m 2nm *s7!] is the incident spectral photon
flux density, and a[nm] and b[nm] are the lower and
upper wavelength limits, respectively, of the interval of the
spectrum to be considered. The measurement range of the
spectroradiometer usually determines the values for a and b.

It stems from (1) that APE is an index that does not
depend on the specific PV material under analysis. Besides,
its uniqueness for the spectra measured in a particular site
and climate has been raised [23]. Thus, APE is a meaningful
and convenient index to determine the impact of the solar
spectrum on PV devices outdoor behaviour [14, 24, 25]. Last,
(1) shows that, given a specific solar spectral distribution, the
value for APE highly depends on the lower and upper wave-
length limits—a and b, respectively—used for its calculation.
Thus, APE for the AM 1.5 G reference spectrum is equal to
1.88 eV if the wavelength range 350-1050 nm is considered
while this value lowers down to 1.59 eV for the range 350-
1700 nm [18].

350 450 550 650 750 850 950 1050
A (nm)

FIGURE 1: Incident spectral irradiance distributions normalized to
their maxima. Redder spectra imply lower values of APE. Data
corresponding to the reference AM 15G spectrum have been
obtained from the IEC 60904-3 standard.

2.2. Experimental Setup. A PV module of each considered
technology (a-Si:H, CIGS, CdTe, and a-Si:H/uc-Si:H) was
deployed outdoors in the city of Jaén on December 2010.
The outdoor calibration in STC of all the significant electrical
parameters of these four thin film PV modules was carried
out in the University of Jaén research facilities on October
2011, prior to the beginning of the experimental campaign to
be detailed below. The most meaningful measured parameter
for our purpose—the calibrated peak power (Pg,;, in W)—
is shown in Table 1. The nominal peak power, as provided by
the manufacturer data sheets (Pjq,, in W), is also provided
in this table. A ten-month term ranging from December 2010
to October 2011 was considered a reasonable duration of the
outdoor exposure to ensure the initial stabilization of the
tested specimens. In fact, they underwent a new outdoor
calibration in the same facilities after the completion of the
aforementioned experimental campaign, in November 2012.
Results gathered in Table 1 prove that this assumption was
suitable for the objectives of our work. Consequently, the
outdoor initial calibration values were assumed as the real
peak power of each one of the CIGS, CdTe, and a-Si:H/puc-
Si:H tested PV modules in the experimental results which are
to be presented hereafter. The real peak power assumed for
the a-Si:H specimen will be detailed in Section 3.3 in order to
take into account the seasonal annealing which this material
experiences over the year.

The used outdoor test and measurement research facil-
ities are installed in the High Technical School build-
ing of the University of Jaén. An equator-facing open
rack with a tilt angle of 35" is mounted and located on



the flat roof of this building. The four thin film PV modules
were fixed on this open rack. The basic features of the test
and measurement have been thoroughly described in some
previous works [26, 27]. Thus, the I-V curve tracer system
is based on a PVE PVPM 2540C capacitive load which is
controlled by a PC running LabView. As the tracing curve
process is underway the voltage-current pairs are recorded by
means of two Agilent 34411A digital multimeters. The voltage
and current data acquisition is synchronized thanks to an
external trigger produced by an Agilent 33220A function
generator so that the I-V pairs are recorded at the same time.
Additionally, the above four PV modules could be tested
sequentially using this setup, as four switchgear boxes of solid
state relays controlled by means of a multipurpose Agilent
34970A data acquisition/data logger switch unit provide this
feature. Regarding environmental parameters, G and G(A) are
measured by means of a Kipp & Zonnen CMP 21 pyranometer
and an EKO MS700 spectroradiometer, respectively. Two
four-wire resistive thermal detectors (RTD) Pt100 pasted at
the back skin of each one of the PV modules aim at measuring
the module temperature, while a Young 41382VC relative
humidity and ambient temperature probe measures these two
parameters. Finally, a Young 05305VM anemometer and a
Vaisala barometric pressure sensor complete the experimen-
tal setup.

The I-V curve of each PV module together with the above
parameters was periodically scanned every five minutes
from November 2011 to October 2012, inclusive. Incident
irradiance was measured at each I-V point in order to check
any changes in this environmental parameter that might
exceed 2%, due to transient cloud cover during measurement
time. Measurements recorded in such changing environmen-
tal conditions have not been considered in the results to
be presented hereafter. All these measurements have been
taken during the time interval comprised between 10:00 and
14:00—the sun elevation is then higher than that of the rest
of the day—so that the impact of the angle of incidence
lends itself to be estimated in a simplified way, as shown in
Section 3.3. Further, measurements with levels of G below
300 W-m™ have also been disregarded. Disregarding these
measurements is justified since efficiency at low irradiance
levels is hardly relevant [28, 29]. Additionally, low levels of
light could turn the inverter into a net energy consumer in
grid-tied systems [29]. Then, as only poor contributions to
the total electricity yield can be expected below 300 W-m ™ in
sunny sites [10, 30], they have not been taken into account in
this work. Additionally, this lower threshold allows omitting
the performance losses of PV modules at low-light levels
(31, 32].

2.3. Methodology. In this work, a short spectral character-
isation of the collected irradiation over the experimental
campaign is carried out first. Indeed, this characterisation
proves to be useful to achieve a better understanding of
some results shown later. Then, the influence of the module
temperature and the spectral irradiance on the outdoor
behaviour of the four tested PV modules is analysed in
a qualitative way. This analysis is based on some contour
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graphs in which the module performance is depicted versus
APE and T4 In addition, PR over the experimental
campaign is obtained for each tested PV module. Last, the
impact of some phenomena that influence the performance
of each considered PV technology over the 12-month test and
measurement period—including module temperature and
spectral effects—is quantified.

The output DC energy (Epg, in Wh) delivered by each
module during the 12-month experimental campaign was
calculated by means of the integration of the maximum power
obtained from each I-V curve over 5-minute time intervals.
The same method was also applied to stored values of G—
measured by means of a pyranometer—in order to calculate
the incident irradiation (H, in Wh-m™2) collected during
these 12 months. The lower and upper limits of the considered
interval of the spectrum—a and b, in (1)—were set to 350 and
1050 nm, respectively.

As commented in the previous section, data collected
from November 2011 to October 2012, inclusive, have been
used to produce the histogram and contour graphs to be
shown next. These contour graphs depict the following,
according to a colour code: (a) a matrix of H and (b) matrices
of PR, for each tested module. All these matrices have APE
and T4 for row and column, respectively, with a grid mesh
size of 1°C x 0.005 eV.

The procedure to create the above contour graphs may be
summarized as follows [18].

(1) The APE of G is determined by the spectrum shape.
(2) The rows of both H and Ey, are indexed by APE.
(3) The columns of both H and Ejy are indexed by T' ., 4.

(4) The values of H and the Ep. are added to the
corresponding grid mesh. Then, incident irradiation
for each grid mesh (Hgy, in Wh-m™2) and output DC
energy for each grid mesh (Epcgy, in Whm™) are
obtained

Then, grid-mesh performance ratio (PRgy,), or perfor-
mance ratio for each grid mesh, is calculated as follows:

Epcont/ P
PRy = 2o/ on, o
GM

where G* is the incident irradiance at STC (1000 W-m™2).
Values for Py, [W] were drawn from the second column of
Table 1.

3. Results and Discussion

Over 9,500 I-V curves together with the same number of data
corresponding to the different environmental factors listed in
Section 2.2 were recorded for the tested CIGS, CdTe, and a-
Si:H/uc-Si:H PV modules during the 12-month experimental
campaign. However, only over 3,500 experimental samples
like those previously described were selected from the whole
data set for the tested a-Si:H PV module. These samples
correspond to months ranging from December to March,
inclusive (winter period, from now on). Approximately
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the same amount of these samples was selected for this
module corresponding to months ranging from June to
September, inclusive (summer period, from now on). Pre-
senting and discussing the experimental results obtained for
the a-Si:H PV module according to the winter and summer
period is key to address the effects of seasonal annealing
which this PV material experiences.

3.1. Spectral Characterisation of the Incident Irradiation Col-
lected over the Experimental Campaign. Figure 2 depicts a
histogram in which the percentage cumulative contribution
of APE classes to H collected over the 12-month experimental
period is shown. Over 60% of this parameter has been
generated with values of APE below 1.88 eV (AM 1.5 G). This
value is much higher than those reported for Kusatsu city
(Japan, latitude 35°N, longitude 136°E) and Mélaga (Spain,
latitude 36°N, longitude 4°W) which are below 30% for
equator-facing surfaces with a tilt angle somewhat lower than
the local latitude [21, 27]. This clearly indicates a higher red
content of the spectral irradiance in Jaén than those of the
other two sites, given the four-hour time window (10:00-
14:00) within which spectra were measured. The inland
location of Jaén when compared to those of Kusatsu city and
Malaga should be kept in mind. The lower humidity of the
atmosphere in Jaén leads to a smaller absorption by water
vapour. Consequently, the fraction of spectral irradiance
at longer wavelengths is increased; this causes a relative
“red-rich” spectrum [25]. This spectral feature of the site
will allow us to explore how incident spectral irradiance
distributions with APE lower than 1.85 eV influence the tested
PV specimens. It should be remembered again that previous
works [18-20] have only dealt with APE values ranging from
1.85t0 2.03 eV.

Owing to the similarities found between the four contour
graphs of H;,, collected over the experimental campaign—
one for each tested PV module, produced according to the
methodology described in Section 2.3—only one of them
is shown in Figure 3. Indeed, the peculiarities of this con-
tour graph can be assumed for the four modules under
test. The colour related to each grid mesh—1°C x 0.005 eV
in size—indicates the range of incident irradiation where
the corresponding Hy, lies according to the colour code
displayed on the right-hand side of Figure 3. The relatively
low value of H collected over the experimental campaign—
some 600 kWh-m 2 —is due to the fact that the considered
time window when data were recorded in this campaign
spans from 10:00 to 14:00. It is also worth pointing out that
only a negligible fraction of H impinged on the modules
under test at STC (APE=1.88eV and T, 4 = 25°C).

3.2. Performance of the Tested PV Modules as a Function of
the Average Photon Energy and Module Temperature. In this
context, PRg,; is an index that characterises the performance
of a PV module at specific values of APE and T4, SO
that the influence of the irradiance intensity is negligible,
given that measurements taken at incident irradiance levels
below 300 W-m™2 have been left aside [31, 32]. An expression
related to PRy shown below will be most helpful in the
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FIGURE 2: Percentage cumulative distribution of H collected
over the experimental campaign as a function of APE (class
width =0.005¢V).
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FIGURE 3: Contour graph of H,, over the whole experimental
campaign (November 2011-October 2012, inclusive) as a function of
T .0qa and APE for the tested a-Si:H module. Blank areas indicate no
data points.

discussion of results detailed hereafter. In this expression,
some second-order effects are ignored—low performance
at low-light levels as this is our case, AOI combined with
dirt effects, and deviations of P’,; from Pg,,,—in order to
compromise accuracy in favour of simplicity. Thus, as a first
approach, this index may be written as follows [33]:

PRGM = (1 +y (Tmod - Ttnod )) : SFil) (3)

where y [°C™'] is the maximum power temperature coeffi-
cient of the module, T, ; ['C] is the module temperature

at STC, and SF™" is the reciprocal of the spectral factor. The
latter parameter may be written as

_ [GSRA)YAA - [ Gy (V) dA
,[ Gamisg (A) SR(A)dA - _[ GA)dr

F—l

where Gy 56(A) [W-m™nm™] is the spectral irradiance
of the standard AM 1.5 G spectrum and SR(A) is the relative
spectral response of the PV device.

Values of SF~' above 1 imply a better performance of
the considered device under the actual spectrum than that



achieved under the standard AM 15G spectrum if only
spectral issues are considered. Conversely, values of SF™
below 1 indicate a worse performance of the PV material
under the actual spectrum when compared to the standard
one, also assuming only spectral issues. Obviously, SF™'
higher than 1 implies spectral gains while SE™" lower than 1
implies spectral losses.

Figures 4-6 show the contour graphs of PRy, for the
tested CIGS, CdTe, and a-Si:H/pc-Si:H PV modules as a
function of T4 and APE. In these figures, some obvious
spurious data points have been filtered. At first glance, these
three contour graphs share a similar appearance leaving aside
some differences which are to be discussed below. In fact,
PRy data points appear when APE ranges from 179 to
1.91eV at values of T4 below 25°C, while these PRgy
data points only appear within a much narrower interval
of APE which varies between 1.86 and 1.90eV when T, 4
exceeds some 55°C. Thus, some of the measured low incident
irradiances—values of G in the vicinity of 300 W-m™>—have
been recorded under cloudy conditions. Under these condi-
tions, transmission is enhanced in both the ultraviolet and
blue range of the spectrum while water vapour absorption
takes place at larger wavelength ranges [34]. Consequently,
spectra obtained in overcast conditions are shifted to shorter
wavelengths and lead to high values of APE. On the other
hand, some of the data for these low incident irradiances have
been recorded in the morning of clear and cold days, when
the spectrum is redder than in the afternoon [35] so that
this leads to lower values of APE down to 1.79 ¢V and values
of T ,.q below 25°C. Measured high incident irradiances—
over 600 W-m ™~ —are assumed to be related to fine weather.
In such conditions, as raised by Ishii et al. [25], the Rayleigh
scattering which leads to an increase/decrease of the spectral
irradiance at shorter wavelengths below 700 nm is balanced
by the increase/decrease of “red” light due to water vapour
absorption. This “offset effect” keeps values of APE within
a relatively small interval around 1.88 eV. This interval gets
even narrower—it varies between some 1.87 and 1.89 eV—as
incident irradiance exceeds some 900 W-m™?, a fact which is
highly correlated with relatively high module temperatures—
that is, T, .4 above some 60°C—in hot and sunny climates
such as that of Jaén.

Figures 7 and 8 depict the contour plots of PR, for
the a-Si:H PV tested module in the winter and summer
periods, respectively. The shape of the contour graph shown
in Figure 7—winter period—resembles those of Figures 4-6.
However, the values of PR, obtained in the winter period
take place at APE below 1.88 eV, which indicates a prevailing
red-rich spectrum in this season. Only some sixty values
of PRy at APE above 1.88 eV were obtained. In fact, these
values are omitted in Figure 7 due to their minor relevance,
when compared to the remaining 3,500 points represented in
the graph. On the other hand, the contour graph of Figure 8—
summer period—shows how a sizeable number of values of
PR take place at APE above 1.88 eV. Consequently, spectra
shifted to shorter wavelengths play an important role in the
hot season. The “red-richness” of the solar spectra recorded in
the winter period owes a good deal to the sun altitude. In fact,
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FIGURE 4: Contour graph of PR, of the tested CIGS PV module as
a function of T, .4 and APE. Blank areas indicate no data points.
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FIGURE 5: Contour graph of PRy, of the tested CdTe PV module as
afunction of T' 4 and APE. Blank areas indicate no data points.

the sun altitude is lower in the cold season than in the warm
one, so that this fact gives rise to higher values of the optical
air mass (OAM), when compared to summer ones. Hence,
long wavelength light is enhanced in the winter period, so that
low values of APE are obtained.

Regarding seasonal annealing, comparing some areas of
Figures 7 and 8 allows identifying this phenomenon in the
tested a-Si:H PV module. Thus, in Figure 7—winter period—
most values of PR, vary between 0.88 and 0.92 within the
stripe where APE and T, 4 range from 1.86 to 1.87 eV and
from 45 to 57°C, respectively. However, most values of PR,
lie in the interval 0.92 to 0.96 within the stripe determined
by the same range of APE and T, .4 in the summer period
(Figure 8).

Contour graphs depicted in Figures 4-8 provide us
with some qualitative information to assess the influence of
module temperature, which is first discussed below. Then,
the impact of the spectral irradiance distribution by means
of APE is to be analysed.

(a) Module temperature turns out to exert a limited
influence on the performance of the a-Si:H, CdTe, and
a-Si:H/pc-Si:H modules. This stems from scanning
Figures 5, 6,7, and 8 in the horizontal direction, at
a given fixed APE. According to (3), the explanation
of this behaviour lies in the low maximum power
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FIGURE 7: Contour graph of PR, of the tested a-Si:H PV module
as a function of T, .4 and APE for the winter period. Blank areas
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no data points.

temperature coefficients of these modules when com-
pared to those of modules based on ¢-Si technologies.
Thus, y equals —0.0023, —0.0025, and —0.0024°C™"
for the tested a-Si:-H, CdTe, and a-Si:H/uc-Si:H speci-
mens, as provided by their manufacturers’ data sheets.
Regarding c-Si, a typical average value of —0.0040°C™"
can be assumed for y [36]. However, the value
provided by the CIGS module manufacturer for this
parameter (-0.0045°C™") helps to explain the notice-
able impact of T4 on the outdoor performance
of this module. This is also derived from scanning
Figure 4 in the horizontal direction, at a given fixed
APE.

Regarding the spectral incident irradiance distri-
bution, both a-Si:H and a-Si:H/uc-Si:H specimens
are very sensitive to variations of the shape of the
spectrum. This can be easily noticed in Figures 6,
7, and 8, since increasing values of APE—given a
fixed module temperature—lead to higher values of
PR as a general trend. Doubtless, high spectral
gains cause this behaviour, as values of SF™' above
1.1 have been reported when the solar spectrum shifts
to the blue [25]. Broadly speaking, blue-rich spectra
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FIGURE 8: Contour graph of PR of the tested a-Si:H PV module as
a function of T, .4 and APE for the summer period. Blank areas
indicate no data points.

cause spectral gains in the a-Si:H and a-Si:H/uc-
Si:H modules, according to (3). Nevertheless, the
CIGS module is also very sensitive to the spectral
incident irradiance in an opposite way: decreasing
values of APE—given a fixed module temperature—
lead to higher values of PRy, also as a general trend.
Figure 4 also shows how this performance parameter
is greater than 1 within some specific areas of the
contour graph where APE is lower than 1.86 eV; spec-
tral gains doubtless explain this, together with low
values of T',, 4. Contrary to the a-Si:H and a-Si:H/pc-
Si:H specimens—and also broadly speaking—blue-
rich spectra cause spectral losses in the CIGS module
performance, bearing in mind (3). Last, Figure5
shows how the CdTe specimen is not so sensitive
to APE, especially when T4 exceeds a certain
threshold; this can be easily checked by scanning this
figure in the vertical direction at a fixed T when
this parameter is greater than some 35°C.

mod >

3.3. Assessment of the Impact of Phenomena Influencing Perfor-
mance Ratio over the Experimental Campaign. A qualitative
analysis on the influence of the solar spectrum distribution
and module temperature on the considered PV modules has
been presented in Section 3.2. However, in this section, we
attempt to quantitatively assess the impact of these two factors
on the performance of the four tested PV modules over the
experimental campaign. Thus, in general, five phenomena—
which generally cause performance losses—mainly influence
the outdoor behaviour of PV modules:

(a) low performance at low-light levels,

(b) AOI combined with dirt effects,

(c) module temperature effects,

(d) deviations of PZ,; from Pjq,

(e) spectral effects.

Additionally, the a-Si:H PV module is subject to seasonal
annealing, which must be properly addressed.

The effects of the above phenomena overlap over time
and sometimes are rather difficult to clearly be distinguished.



This is why the experimental campaign was arranged in a
way that is relatively simple to quantify the impact of both
module temperature and irradiance spectral distribution.
Thus, since all data were recorded at incident irradiance
below 300 W-m ™2, low performance related to low-light levels
is disregarded here [31, 32]. Also, the effects of dirt have
been neglected in what follows; in fact, modules were cleaned
manually at least once a month, except under rainy weather.

Leaving aside these two phenomena simplifies the way
to make a quantitative estimation of the impact of the
remaining ones on the outdoor behaviour of the tested PV
specimens. Indeed, the used procedure to quantify these
effects is detailed below.

If the module peak power is assumed to be equal to
P{on» nominal energy (Ey, in Wh) is stated as the energy
which the tested PV module would have delivered over the
experimental campaign if the module had ideally operated
without any losses, with T',, ;4 = 25°C and the same solar
irradiation during that period of time:

En = i . Plflﬂic. (Wh) (5)
N1 oG ' ’

i=1

where G; [W-m 2] is the ith measured value of the incident
irradiance and N is the number of measured values. Factor
1/12 is used to reconcile units, keeping in mind that the
samples were recorded every five minutes.

The final energy (Ep, in Wh) is stated as the energy that
the tested PV module actually delivered over the experimen-
tal campaign, and it may be written as

1 N
Ep == Poci (Wh), (6)
i=1

where Py ; is the ith measured value of the maximum power
delivered by the PV module.

Obviously, PR is the ratio of E, to Ey. It is commonly
accepted to express this ratio in percentage units, so that it
may be written as

E
PR ==£.100 (%). (7)
EN

Temperature losses are obtained by calculating the dif-
ference between temperature-corrected Ey and Ej, itself. For

convenience purposes, these temperature losses (L 04 ) are
expressed in this work in percentage units, relative to Ey:

N

1 1
LTmod = EZPDCJ ( 1+ Y(T

i=1 mod ,i

-1
~Toa) ) (8)
= Ey-100 (%),

where T 4; is the ith measured value of the module
temperature. For each module, values of y as provided by the
manufacturer datasheets are used here.

Losses derived from differences between PZ,; and Pjqy,
are obtained by multiplying temperature-corrected Ep by a
factor that takes into account this phenomenon. Also, for
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TABLE 2: Values of the incident angle modifier for solstices and
equinoxes at 10:00, 12:00, and 14:00 (w = —30°, 0°, and 30°, resp.).

w[’] 0, '] IAM (6)
-30 374 0.98
Summer and 0 2 0.99
winter solstices = :
30 374 0.98
=30 30 0.99
Autumn and 0 0 )
spring equinoxes
30 30 0.99

convenience purposes, these losses due to the deviation of

* * . . .
Py from Py (Lp: 4 pe ) are expressed in this work in
percentage units, relative to Ey:

PSAL # PITTOM

N

Py P
_ iz DC,i . < NOM _ 1) 9)
1251+ (T yoq _Tmod) Péar

+ Epn - 100 (%).

Regarding the optical losses experienced by the PV
modules, a popular formula for the incident angle modifier
(IAM(0,)) or relative transmittance is widely used, normal-
ized by the total transmittance for normal incidence, where
0, [’] is the angle of incidence between the rays of the sun and
the normal to the surface. This is an expression [37] proposed
by the American Society of Heating Refrigerating and Air
Conditioning Engineers (ASHRAE):

L 1> : (10)

cos 0,

IAM(GS):l—b()(

where b, is an empirical coeflicient determined for each type
of PV module. When unknown, as this is our case, a general
value of b, = 0.07 may be assumed. Equation (10) is applied
to direct and circumsolar irradiances, while an approximate
constant of 0.9 is used with isotropic and reflected irradiances
[36].

Since the tested PV modules were deployed in the
Northern Hemisphere on a south-oriented surface with a tilt
angle (35°) very close to the latitude (37°N), it may be assumed
that [36]

cos 0, = cos S cos w, 1)

where & [°] is the solar declination and w [°] is the true solar
time: w = 0° at noon and is counted negative in the morning
and positive in the afternoon. Given that experimental data
have been recorded daily at 5-minute intervals from 10:00
(w = —30°) to 14:00 (w = 30°), Table 3 gathers some relevant
values related to the optical losses experienced by the tested
PV modules.

From Table 2, it is clear that 0, varied over our exper-
imental campaign between 0 and 37.4°, which correspond
to values of IAM (0;) ranging from 1 to 0.98, respectively.
Then, a reasonable value to take into account the effects of
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TABLE 3: Values of performance ratio and different performance losses experienced by the four tested PV modules over the experimental

campaign.

PR (%) Ly, (%) e #1iy () Luor (%) Lipec (%)
CIGS 89.4 10.3 0.8 1.0 -1.5
CdTe 91.1 4.8 3.6 0.9 -0.4
Si:H/pc-Si:H 85.9 3.8 8.7 1.0 0.6
a-Si: H (winter) 88.4 2.2 4.4 1.0 4.0
a-Si: H (summer) 95.4 7.0 0.7 1.0 -4.1

the AOI on an annual basis is 0.99. Indeed, albedo can be
neglected in most PV calculations [36]; in our case, the flat
roof ground where the PV modules are deployed has a very
dark ochre colour. Besides, direct and circumsolar irradiation
highly prevails in sunny climates such as that of Jaén.

Taking into account all the above considerations, the AOI
losses (L yop) are expressed in this work in percentage units,
relative to Ey, too, as follows:

Lo 1 i Ppc,
AOI = 757 *
12 Hl1+y (Tmod - Tmod ) (12)
P 1
- ou (_ - 1)+EN~ 100 (%).
Pia 0.99

Last, the estimation of spectral losses (L) is rather
straightforward, expressed in percentage units, relative to Ey;,
as well:

LSpec = 100 - PR (%) - LTmod

(13)
— — 0,
LPC*AL#PA\*IOM Laor (%).
Table 3 gathers the values of PR, Ly, L Pe, #Ploy LAOD

and L, derived from the experimental data collected from
November 2011 to October 2012, inclusive. Values of PZ,;
have been drawn from the third column of Table 1—initial
calibration—in order to calculate Lp. p. - for the CIGS,
CdTe, and a-Si:H/uc-Si:H PV tested modules, by means
of (9). Regarding the a-Si:H specimen, seasonal annealing
causes a module power variation during its outdoor exposure.
Thus, the peak power of this module was calibrated at the
beginning of each month during the winter and summer
periods, from December to March, inclusive, and from June
to September, inclusive, respectively. Accordingly, the average
values of these calibrated peak power data have been used to
calculate L Pe # Plow for each season. Indeed, average values

of 54.6 and 58.6 W were used for PZ,; in the winter and
summer periods, respectively.

The especially noticeable deviation of P’,; from Py,
in the a-Si:H/uc-Si:H PV module—the reader is referred
to Table 1—causes the high value obtained for L P # Pl
for this specimen. On the other hand, the seasonal anneal-
ing experienced by the a-Si:H material is reflected in the
oscillation of L P # Boow between 0.7%—summer period—
and 7%—winter period. Besides, all the tested modules
experience similar losses related to AOI (~1%).

As it could be easily anticipated due to its module maxi-
mum power temperature coefficient (~0.0045°C™", according
to manufacturer’s data sheets), the CIGS module is the most
affected by losses caused by values of T, 4 other than 25°C
(10.3%). The remaining modules are less sensitive to the
impact of this parameter, due to their lower values of y, as
commented in Section 3.2.

Spectral losses are scarcely relevant, in general, for the
CIGS, CdTe, and a-Si:H/puc-Si:H PV tested modules. Anyway,
it is worth noting that spectral losses turn into gains—
negative values of parameter Lg,..—for the CdTe and, above
all, for the CIGS PV module. As commented in Section 3.2—
Figure 4—the performance of this module is enhanced when
the spectrum shifts to longer wavelengths. This fact, com-
bined with the prevailing “red-richness” of the solar spectra
recorded over the experimental campaign, as derived from
Figure 1, is the logical explanation of the annual spectral
gains (1.5%) experienced by the CIGS material. On the other
hand, the a-Si:-H module behaves in an opposite way from a
spectral point of view. As shorter wavelengths of the spectra
are enhanced in the summer period, this material experiences
noticeable spectral gains (4.1%) due to its good performance
under “blue-rich” spectra. These gains turn to losses in the
winter period (4.0%). Anyway, it should be remembered that
longer considered time intervals reduce spectral effects [38].
Thus, although not shown in Table 3, Lg,.. calculated for
the CIGS PV module from December to March, inclusive,
equals —3.9%—that is, spectral gains—while this parameter
rises up to 3.4%— that is, spectral losses—when calculated
from June to September, inclusive. Likewise—not shown in
Table 3, either—Lg,. equals 1.0% when calculated over the
12 months of the experimental campaign for the a-Si:H PV
module.

4. Conclusions

The influence of module temperature and solar spectrum
distribution on the outdoor performance of four thin film
PV modules—a sample for each one of four considered
technologies (a-Si:H, CIGS, CdTe, and a-Si:H/pc-Si:H)—
has been explored by means of an experimental campaign
arranged so that 60% of the collected incident irradiation
over 12 months has been generated under solar spectra whose
long wavelength light is enhanced, when compared to the
AM 1.5G incident spectral irradiance distribution. In this
sense, the inland climate of the site where the experimental
campaign took place has allowed us to study the outdoor
behaviour of the four tested modules under a “red-rich” solar
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spectrum. This has paved the way to analyse this behaviour
under values of APE—ranging from 1.79 to 1.91 eV—lower
than those explored in previous works—ranging from 1.85 to
2.03 eV—aiming at the same direction [18-20]. For each one
of these technologies, a contour graph was obtained in which
the module performance is depicted versus APE and T’ 4.
Despite not being an original approach, no such contour
graphs have been produced yet for CIGS and CdTe modules,
as far as we know. These figures have allowed us to carry out
a qualitative analysis of the impact of module temperature
and the spectrum shape on the performance of the tested PV
modules.

(a) The performance of the tested a-Si:H, CdTe, and a-
Si:H/pc-Si:H modules shows little sensitivity to T, 4
due to their low maximum power temperature coefhi-
cients. The higher value provided for this parameter
by the manufacturer of the CIGS module explains
why this device performs worse as T',, 4 increases, at
fixed APE.

(b) Both the a-Si:H and a-Si:H/pc-Si:-H modules notice-
ably improve their outdoor performance as APE
increases—the solar spectral incident irradiance is
enhanced at short wavelengths—at fixed T', 4. The
trend is the other way round for the CIGS mod-
ule; at fixed T4, its performance worsens as APE
increases; that is, the solar spectral incident irradiance
is enhanced at long wavelengths. Last, the CdTe PV
module does not show such a strong dependence on
this spectral index as the other PV specimens do.

Additionally, PR over the experimental campaign has
been calculated for each tested PV module. Also, the impact
of some phenomena influencing this index for each consid-
ered PV technology over the 12-month test and measurement
period has been quantified and discussed.

The especially noticeable deviation of P(,; from P{,, in
the a-Si:H/uc-Si:H PV module causes the most remarkable
losses due to this phenomenon (8.7%). On the other hand,
the seasonal annealing experienced by the a-Si:H material is
reflected in the oscillation of these kinds of losses between
0.7%—summer period—and 7%—winter period. Neverthe-
less, all the tested modules experience similar losses related
to the impact of the angle of incidence (~1%).

As it could be easily predicted, given its module maxi-
mum power temperature coefficient, the CIGS module is the
most affected by temperature losses (10.3%). The remaining
modules are less sensitive to variations in module tempera-
ture, due to their lower values of y.

Taking an overall view, spectral losses or gains are scarcely
relevant—below 1.5%—in general, for all the tested modules
when an annual basis is considered. This is not the case when
the time interval of integration to calculate spectral effects is
lowered down to four months.

Small annual spectral losses are experienced by the
CdTe PV module (0.4%) and also small annual spectral
gains are experienced by the CdTe specimen (0.6%). These
gains rise up to 1.5% for the CIGS PV module; this is the
consequence of the improved performance of this module
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under long wavelength light, as commented above, combined
with the “red-richness” of the solar spectra recorded over the
experimental campaign. Since the a-Si:H PV module behaves
in an opposite way from a spectral point of view, its spectral
losses are equal to 1% on an annual basis.

The impact of the spectrum is more noticeable when time
intervals shorter than a year are considered. Spectral gains
calculated for the CIGS PV module from December to March,
inclusive, equal 3.9% while these gains turn to losses (3.4%)
when calculated from June to September, inclusive. On the
other hand, the a-Si:H PV module experiences spectral losses
of 4.0% and spectral gains of 4.1% for the winter and summer
periods, respectively.

Anyway, the small size of the sample and the relatively
limited amount of available data—only a module from a
specific manufacturer of each one of the four studied tech-
nologies, experiencing a 12-month outdoor exposure in a
specific sunny suite—suggest using the above conclusions
with caution. However, it should be remembered that many
valuable contributions have gathered some sound conclu-
sions on thin film PV module outdoor performance using
measurements drawn from only one specimen [13-16, 18, 24,
39-41].

Abbreviations

Terminology

AM: Air mass

ASHRAE: American Society of Heating Refrigerating

and Air Conditioning Engineers
a-Si:H: Hydrogenated amorphous silicon
a-Si:H/pc-Si:H: Hydrogenated amorphous
silicon/hydrogenated microcrystalline
silicon hetero-Junction

CdTe: Cadmium telluride

CIGS: Copper indium gallium selenide sulfide

c-Si: Crystalline silicon

IEC: International Electrotechnical
Commission

PC: Personal computer

PV: Photovoltaic(s)

PVGCS: PV grid-connected system(s)

RTD: Resistive thermal detector

STC: Standard test conditions.

Symbols

a:  Lower wavelength limit of an interval of

the spectrum [nm]

AOL Angle of incidence (in general) [°]

APE: Average photon energy [eV]

b:  Upper wavelength limit of an interval of
the spectrum [nm]

by:  Empirical coefficient determined for each
type of PV module

Epc: Output DC energy [Wh]
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Epcom: Output DC energy for each grid mesh
[Wh-m™]

Ep: Final energy [Wh]

Ey: Nominal energy [Wh]

G: Incident irradiance [W-m™]

G(A): Incident spectral irradiance

[W-m2nm™}]
G Incident irradiance at standard test
conditions [1000 W-m 2]
Gami5(A): Incident spectral irradiance of the
standard AM 1.5 G spectrum
[W-m%nm™]

G;: The ith measured value of the incident
irradiance

H: Incident irradiation [Wh-m™]

Hee Incident irradiation for each grid mesh
[Wh-m™2]

I Current [A]

IAM (0,): Incident angle modifier

L,or Angle of incidence losses

Lp: . p- : Losses due to deviation of the calibrated
cAL ¥ fNom K
peak power of a PV module from its
nominal peak power

Lgpec: Spectral losses
Limod: Temperature losses
: Number of measured values (of incident

irradiance or maximum power delivered
by the PV module)

Pl Calibrated peak power of a PV
module [W].

Pioum: Nominal peak power of a PV module (as
provided by the manufacturer data sheets)
(W]

Ppe The ith measured value of the maximum
power delivered by the PV module [W]

PR: (Module) performance ratio

PRgum (Module) grid-mesh performance ratio

SE: Spectral factor

SR(A Relative spectral response

Toonb: Ambient temperature [*C]

T hod Module temperature [*C]

T od Module temperature at STC [*C]

T mod.i The ith measured value of module

temperature [*C]
V: Voltage [V]
y: Module maximum power temperature
coefficient [°C™!]
d: Solar declination [°]
0 Angle of incidence between the rays of yhe
sun and the normal to the surface [°]

D(A): Incident spectral photon flux density
[m2nm s

w: True solar time [°].
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This work is aimed at looking into the impact of the solar spectrum distribution on the energy yield of
some PV (photovoltaic) materials on both monthly and annual time scales. The relative spectral re-
sponses of eight different PV solar cells — representative of each considered technology — have been
selected. Modeling solar spectra in four sites located in the north hemisphere together with a 12-month
experimental campaign in which spectral irradiances were periodically recorded in two of these sites
located in Spain have provided highly interesting results. Regardless of the site, the considered amor-
phous silicon and cadmium telluride PV cells experience the most noticeable modeled and experimental
variations of their monthly spectral gains, whilst flatter seasonal ones are identified in the remaining
considered PV technologies. Thus, the maximum monthly variations of these spectral gains take place in
the a-Si PV cell, ranging from —16% (winter) to 4% (summer) in Stuttgart. Anyway, the monthly spread of
the spectral effects decreases as the latitude of the site does. Last, the impact of the solar spectrum
distribution is remarkably reduced when the period of integration is enlarged up to a year. In fact, annual
spectral gains keep below 2.2% for all the studied technologies and sites.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

PV (photovoltaic) devices are spectrally selective and conse-
quently, the spectral irradiance influences their performance. More
specifically, spectral effects take place as a consequence of the
differences between the actual solar spectrum under which the PV
device operates and the standard solar spectrum, used for rating
purposes. Hence, the impact of the spectral irradiance on the per-
formance of PV devices has been widely explored in literature,
starting in the early 1980s [1—7]. Thus, a valuable contribution
addressed at ascertaining the spectral effects on PV-device rating
dates back to 1992 [8]. Also, the concept of ‘UF (useful fraction),
stated as the ratio of the integrated spectral irradiance within the
absorption band to the incident irradiance, has been introduced to
be applied to c-Si (crystalline silicon) and a-Si (amorphous silicon)
modules, but the modeled power of these PV devices does not
match the experimental data reasonably well [9]. The Martin and

* Corresponding author. Tel.: +34 953 212 434; fax: +34 953 211 967.
E-mail addresses: gnofuen@ujaen.es, gustavonofuentes@yahoo.es
(G. Nofuentes).
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2 Tel.: +34 953 212 434; fax: +34 953 211 967.

0360-5442/$ — see front matter © 2014 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.energy.2014.01.024

Ruiz model [10] presents some accurate expressions aimed at
predicting spectral gains and losses as a function of the OAM (op-
tical air mass) and the clearness index (Kt). However, this model is
only restricted to c-Si and a-Si. Furthermore, following the way of
some previous works addressed to c-Si modules [11], some contour
diagrams have been empirically obtained for some PV technologies
so that the module performance ratio is depicted as a function of
the average photon energy (APE, in eV) and the module tempera-
ture [12,13]. In these works, APE is hypothesized to be a unique
characteristic of the solar spectrum [14,15]. Nevertheless, assuming
the uniqueness of the APE for the spectra measured in a particular
site and climate has been questioned by Gueymard [16], so that this
author concludes relating the PV performance solely to the APE and
the module temperature is a flawed approach. Last, a very
comprehensive study concerning the SF (spectral factor) variation
depending on fine weather and cloudy weather has been carried
out for crystalline silicon together with some thin film technologies
by the National Institute of Advanced Industrial Science and Tech-
nology (Japan) [17]. This excellent work presents very interesting
results based on spectral measurements carried out in nine
different sites in Japan. However, the distinction between cloudy
and sunny conditions is made depending on the incident irradiance
level, leaving aside some other important indices such as Kr.
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2. Purpose of the study

Despite the high quality and value of the works cited in the
preceding section is out of discussion, a hot issue related to the
impact of the solar spectrum on the PV devices performance still
lacks a more in-depth analysis. Specifically, quantifying how much
the solar spectrum distribution of a given site increases or de-
creases the electricity produced by a specific PV technology on both
a monthly and an annual time scale turns out to be crucial for PV
designers and users. In other words, it is the spectral effects inte-
grated over periods longer than an hour or a day that counts. All in
all, a prospective customer is mainly interested in the annual en-
ergy delivered by a PV device [18—20].

Bearing in mind the considerations presented above, this work
is aimed at ascertaining the energy gains or losses — only due to
spectral effects — that various kinds of solar cells of different
technologies may experience on monthly and annual periods of
integration. Our study leaves aside the remaining factors that may
influence the final yield such as cell temperature, dependence of
the efficiency on the incident irradiance level, degradation,
mismatch, ohmic losses in cabling, maximum power point tracking
error, inverter efficiency, etc.

3. Materials and methods

Given a specific PV device under a light source, its short circuit
current (Is, in A) may be calculated by Ref. [21]:

)‘g /1?
e = A | EQSRa()A7 = AlSRa(Wlmax [ EQSR(IAL (1)

A A

where A [m?] is the active area of the PV device, A; [nm] and A, [nm]
are the lower and upper limits within which the absorption takes
place in the PV device, E(A) [W m~2 nm™] is the spectral irradiance
of the actual solar spectrum, SRy(1) [A W] and SR() are the ab-
solute and relative spectral responses of the PV device, respectively,
and [SRa(A)]max [A W~ 1] is the peak value of SRy(2).

The SF (spectral factor) is defined in the IEC (International
Electrotechnical Commission) 60904-7 standard [22] as follows:

A2 A4
/ E()SR(A)d / E" (1)SRegr(1)d)

SF = 1 b (2)
/ E"()SR(2)d / E(2)SRegr(2)d)
s

M

where E*(1) [W m 2 nm™] is the spectral irradiance of the standard
AM 1.5G spectrum, as stated in the IEC 60904-3 standard [23],
SRgep(4) is the relative spectral response of the reference device, 13
[nm] and A4 [nm] are the wavelength limits within which the
reference device is spectrally sensitive.

If the above reference device is a pyranometer, a flat spectral
response may be assumed for it so that Eq. (2) may be rewritten as:

Iy P
/ E"(})dA / E(})SR(A)dA
F i b

S (3)

T o
/ E(A)dA / E"(3)SR(A)dA
s e

Assuming that G [W m~2] is the incident global irradiance, G*
[W m™2?] is the incident global irradiance at standard test

conditions (STC) and I3 [A] is the short circuit current of the PV
device at STC, Eq. (3) may also be written in a simpler way:

Isc.G"
I;.G

SF = (4)
Eq. (4) is derived from Eq. (3) a) taking into account that
A3 =300 nm and A4 = 4000 nm [23] and b) bearing in mind Eq. (1),
it may be written:
e
Lie = AISRs(Wlmax | E'DSR2)A (5)
h

Values of SF above 1 mean that the PV device under the actual
solar spectral distribution is producing a higher short-circuit cur-
rent — just taking into account only spectral aspects — than that
generated under the standard solar spectrum AM 1.5G: this means
spectral gains [24]. Conversely, values of SF below 1 mean spectral
losses. Although the computation of SF involves short circuit cur-
rents, this index can be used to assess the contribution of the solar
spectrum shape to the performance of PV devices. Indeed, SF as
defined by Eq. (3) does not significantly differ from that obtained in
the maximum power point of the module current—voltage curve
[25,26].

The spectral responses of eight different standard PV cells were
selected as representative of eight technologies: m-Si (mono-
crystalline silicon), p-Si (policrystalline silicon), EFG (edge fed
growth silicon), m-Si BCC (monocrystalline silicon back-contacted
cells), HIT (heterojunction with intrinsic thin layer), CIS (copper
indium diselenide), CdTe (cadmium telluride) and a-Si. SR(A) of the
considered devices are depicted in Fig. 1. Obtaining these spectral
responses was entrusted to the CIEMAT (Centro de Investigaciones
Energéticas, Medioambientales y Tecnol6gicas) laboratories,
located in Madrid.

The solar spectra of four sites located in the north hemisphere
with different latitudes and climates have been simulated using the
SEDES2 spectral model [27] together with the Meteonorm™ soft-
ware [28]. This has paved the way to obtain some theoretical results
concerning the spectral effects on the energy yield of the above
eight PV specimens on both a monthly and an annual interval of
integration. These theoretical results have proved very useful to
understand the spectral behavior of PV materials as a function of
latitude and climate.

Solar spectra periodically recorded in two out of the four sites
mentioned in the preceding paragraph — namely, Madrid (Spain,
latitude 40.41°N, longitude 3.73°W) and Jaén (Spain, latitude
37.77°N, longitude 3.80°W), both of them with a high irradiation

1.0

0.0

1000 1250
HIT —CIS —CdTe —a-Si

0 250 500 750
m-Si BCC

1500

~+m-Si —p-Si +EFG A[nm]

Fig. 1. Relative spectral responses of the eight PV cells considered in this work.
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profile- over twelve months have provided sound empirical
grounds for our study. Thus, the impact of measured solar spectrum
distributions on the electricity yield delivered by the eight PV solar
cells under study has been analyzed using both monthly and annual
time periods of integration. However, owing to the limitations of the
wavelength measurement range of the used spectroradiometers,
the spectral effects on the energy yield of the studied solar cells have
been referred to those experienced by the considered p-Si solar cell.
The reasons for doing so are properly addressed hereafter. Anyway,
this is a sensible approach to overcome the limitations of the
measurement instruments available to us. In fact, wafer-based c-Si
technology prevails in today’s PV market and both designers and
prospective owners may ponder whether to use or not PV tech-
nologies other than this depending on the expected energy yield
which is to be delivered per installed kWp. Doubtless, knowing the
influence of the spectral distribution on this energy yield is a factor
that may turn out to be crucial to help them make a decision.

3.1. Modeled spectral effects on the energy yield

The semi-empirical model SEDES2 calculates hourly distribu-
tions of the solar spectrum from commonly available meteorolog-
ical data of a specific site. Namely, only hourly values of horizontal
global and diffuse irradiation, ambient temperature and relative
humidity are required. This model compromises accuracy in favor
of ease of use quite well when compared to some more accurate
ones [29—31]. Consequently, the impact of the spectral irradiance
on the PV solar cells whose spectral responses are shown in Fig. 1
may be assessed by using the SEDES2 model. Thus, in order to
achieve integrated results regarding spectral gains/losses on both a
monthly and an annual basis, two indices are especially meaning-
ful: the SFy, (monthly spectral factor) and the SF, (annual spectral
factor). SF;, may be defined as:

N,
Z " 1 Isc,i

SFm =
EXMG

(6)

where Ny, [h] is the number of hours of the considered month, Is.;
[A] is the i-th hourly value of the short circuit current of the PV
device and G; [W m™2] is the i-th hourly value of the incident
irradiance. Taking into account the considerations presented in
Section 1, SF, may be rewritten as:

/E dAZ/ZE ASR(A

M

/ E*(A)SR(A)dAZ / E;(M)daA
/'11 i=1

SF, (7)

where Ei(1) [W m~2 nm™] is the i-th spectral irradiance, which has
been hourly modeled by means of SEDES2. Additionally, bearing in
mind that a year comprises 8760 h, the SF, (annual spectral factor)
may be written using similar expressions to those stated in Egs. (6)
and (7), just replacing factor N, with 8760. Obviously, figures of SFy,
and SF, above/below 1 imply spectral gains/losses on a monthly
and an annual basis, respectively.

3.2. Measured spectral effects on the energy yield

The empirical data used in this work have been gathered from
the outdoor research facilities installed in the High Technical School
buildings of both the University Carlos Il (Madrid, latitude 40.41°N,

longitude 3.73°W, with a Continental climate) and the University of
Jaén (latitude 37.77°N, longitude 3.80°W, with a Mediterranean-
Continental climate). In each site, the solar spectra have been
measured with an EKO™ MS-700 spectroradiometer. This instru-
ment has measured spectral irradiance during daylight, from 300 to
1050 nm at a resolution of 3.3 nm. The global irradiance data have
been obtained by means of a Kipp & Zonnen™ CMP 21 pyranometer
in Madrid and Jaén. Both the spectroradiometer and pyranometer
were mounted in a South-oriented, 30°-inclined plane for each site.
This inclination was selected bearing in mind that tilt angles
slightly lower than the latitude maximize the yearly collection of
irradiation. The duration of the experimental campaign ranged
from January to December 2012, inclusive, and the measurement
interval was 5 min. An important data blank of 15 days took place in
August in Madrid.

As commented above, the limitations of the experimental setup
deterred us from using Eq. (3) to calculate the spectral factor related
to each considered cell, under a specific spectral irradiance. Indeed,
the measurement range of the used spectroradiometers is limited
to 300—1050 nm, while A4 = 4000 nm in this expression. In this
sense, Eq. (3) might be rewritten for the purposes described here as:

/ E(2)SR(2)dAG"
!

SF = (8)
/ E"()SR(2)dAGpyr

A

where Gpy, is the incident global irradiance as measured by means
of the pyranometer, in its nominal measurement range of 285—
2800 nm. However, using Eq. (8) might turn out to be a flawed
approach due to possible different relative calibrations of both the
spectroradiometer and the pyranometer. A means to circumvent
the errors that may arise as a consequence of these possible
different relative calibrations of the measurement instruments may
be found by introducing the spectral factor of PV device x relative to
device y (SFyy). This index is stated as the ratio of the spectral factor
of the device x to the spectral factor of device y. Therefore, SFyy is a
relative measurement of the spectral gains/losses that material x
experiences under the actual solar spectrum referred to the spec-
tral gains/losses that material y undergoes under the same actual
solar spectrum. Then, SFx, may be written as:

Aox Jay
/ E(})SRx(2)d} / E"()SR,(A)d2
/1.1y _ ISCX’scy
SFyy = /12 Jox syl x ©)
/ E(1)SRy (A)d2 / E"(2)SRe(2)d2
A]y Alx

where SR(A) and SRy(A) are the relative spectral responses of PV
device x and y, respectively; A1 [nm] and Ay, [nm] are the values of
wavelength within which the PV absorption takes place in PV de-
vice x; A1y [nm] and Ay [nm] are the values of wavelength within
which this absorption takes place in the PV device y; Iscx [A] and Iy
[A] are the short circuit current of PV devices x and y, respectively,
under the actual solar spectrum; I , [A] and Iy, [A] are the short
circuit current of PV devices x and y, respectively, under the stan-
dard AM 1.5G spectrum.

Anyway, it should be noted that neither Eq. (8) nor Eq. (9) can be
applied to the CIS solar cell given that its spectral response extends
beyond 1050 nm, which exceeds the used spectroradiometer
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measurement range. It stems from this consideration that the PV CIS
cell will not be considered in the experimental part of this paper.

Keeping in mind the same approach as that presented in Section
3.1, aimed at achieving integrated results regarding spectral gains/
losses on a monthly and an annual basis, two indices will be stated:
the monthly spectral factor of device x relative to device y (SFmxy)
and the annual spectral factor of device x relative to device y (SFaxy).
SFm,xy is defined as:

* N
Isc‘y Zi: 1 Isc.x,i

: (10)
Isc,x vazl Isc,y,i

SFm,xy =

where N is the number of spectra periodically measured during the
considered period of time — one month, in this case — while Iscx;
[A] and sy, [A] are the i-th values of the short circuit current of PV
devices x and y, respectively, corresponding to the specific spec-
trum. Taking into account the considerations presented in Section
3.1, SFmxy May be rewritten as:

oy e

/ E'()SRy()dA S / E;(1)SRe()d

Ty =17

Smexy = (1 1 )

Aoy

N
> / E;(2)SRy()dA

i=1
1y

Azx
/ E"(A)SRyx(A)dA
}\lx

Accordingly, SFaxy may be written using similar expressions to
those stated in Egs. (10) and (11), just by extending the considered
time scale of integration up to a year. Values of SFyxy and SFxy
above/below 1 imply that PV device x experiences higher/lower
spectral gains than PV device y on a monthly and annual basis,
respectively. The experimental part of this paper deals with 5-
min periodically measured solar spectra. However, it should be
noted that, both SFyx, and SF,x, also lend themselves to be
calculated by modeling Ej(A) in Eq. (11) using both the SEDES2
model and the Meteonorm™ software.

Despite the increasing presence of technologies other than c-Si
-thin-film production capacity could already have reached around
17 GW in 2012 [32]- this material still dominates the PV market.
Further, this prevailing position is likely to persist in the near and
mid-term. Consequently, it makes sense to select the p-Si PV cell
whose spectral response is depicted in Fig. 1 as a ‘PV reference
device’ with which the rest of the PV cells considered in this work
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Fig. 2. Modeled figures of SFy, for the considered PV cells (Stuttgart).
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Fig. 3. Modeled figures of SF, for the considered PV cells (Madrid).

are to be compared taking into account only spectral issues. For the
sake of simplicity and in order to improve clarity, this p-Si will be
referred to as ‘spectral reference cell’ in what follows.

4. Results and discussion

Figs. 2—5 depict the modeled monthly values of SF, for the PV
solar cells considered and four different sites: Stuttgart (Germany),
Madrid (Spain), Jaén (Spain) and Tamanrasset (Algeria). The lati-
tude, longitude and annual average horizontal irradiation (H,(0), in
kWh m~2) of each one of these sites are gathered in Table 1. The PV
solar cells under study are assumed to be deployed on equator-
facing planes with a tilt angle of 30°. All the meteorological data
required to model E;j(1) have been drawn from the Meteonorm™
software [28].

The impact of the spectral irradiance on the considered tech-
nologies is clearly noticeable in the studied a-Si and CdTe solar cells.
Monthly spectral effects are especially remarkable in the former.
Thus, in a-Si, SFy, ranges from 0.840 during December to 1.040
during June, in Stuttgart. As the latitude of the site lowers, the
minimum value of this index increases, reaching values up to 0.971
in Tamanrasset, also during December. However, the maximum
value of SFy, shows little sensitivity to latitude and climate. In this
sense, maximum monthly spectral gains lie in the interval 4%
(Stuttgart) to 6% (Tamanrasset), which obviously correspond to
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Fig. 4. Modeled figures of SFy, for the considered PV cells (Jaén).
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values of SF, ranging from 1.040 to 1.060, respectively, during June.
Regarding CdTe, SF, ranges from 0.920 — also in December — to
1.013 in August in Stuttgart. The monthly spectral behavior of this
material is similar to that of a-Si, so that the smaller the latitude, the
higher the minimum value of SF,. Besides, maximum values of this
index keep slightly above 1 in the four considered sites for the CdTe
PV solar cell. In these sites, for both a-Si and CdTe, maximum
monthly spectral losses and gains take place in winter and summer
months, respectively.

The distribution of the solar spectrum exerts a more limited
influence in the case of the analyzed CIS solar cell. Nevertheless, the
trend of the monthly spectral behavior of this material is just the
opposite of those of the above thin film cells. On the one hand,
maximum values of SF, which lie very close to 1 take place in
winter months, regardless of the latitude and climate of the site. On
the other hand, monthly spectral losses take place in summer.
These losses slightly increase as latitude decreases, reaching their
maximum in Tamanrasset (2.2% in June).

A far flatter spectral behavior is shown by the remaining c-Si
and HIT solar cells, in which SFy, keeps slightly lower than 1 during
most months over the year in all the considered sites.

The reasons that lie behind the noticeably changing spectral
behavior of the studied thin film devices over the year deserve to be
hypothesized. Admittedly, high spectral gains — up to some 20% —
take place under cloudy weather conditions in devices with a
narrow absorption band such as a-Si and CdTe in both inland and
coastal climates, as recently reported in literature [33]. Thus,
spectra obtained in overcast days have a blue rich content which
favors the PV conversion in these materials. However, these spec-
tral gains are achieved for small figures of the short circuit current
of the device under analysis, since these blue-shifted spectra
correspond to low irradiances. Consequently, when calculating SFy,,
cloudy weather conditions “weight” less than fine weather ones,
given that quite larger figures of short circuit current are obtained
under sunny conditions. In fact, despite not being shown here,

Table 1
Latitude, longitude and annual average horizontal irradiation of the four sites
considered in this work.

Latitude (°) Longitude (°) H,(0) (kWh-m~2)
Stuttgart 48.77N 9.18E 1260
Madrid 40.41N 3.73W 1864
Jaén 37.77N 3.80wW 2038
Tamanrasset 22.78N 5.51E 2522

values of SFy, that closely match those shown in Figs. 2—5 are ob-
tained — for all the considered PV materials and the four sites — if
overcast days are disregarded in the calculation of this index and
only sunny days are taken into account. Additionally, it should be
borne in mind that both a-Si and CdTe cells perform worse — from a
spectral point of view — as the solar spectrum shifts to longer
wavelengths, while the CIS cell performs better in such conditions,
as it clearly stems from Fig. 1. Owing to the fact that as the sun
altitude is lower in the cold season than in the warm one, higher
values of OAM predominate in winter months, when compared to
summer ones. Consequently, long wavelength light is enhanced in
the spectral irradiance of clear winter days leading to spectral
losses in the considered a-Si and CdTe cells. Further, as the latitude
of the site increases, the sun altitude in clear winter days decreases,
so that even redder spectra prevail in such sites. This is why spectral
losses experienced by these materials during the cold season are
higher in Stuttgart than in Tamanrasset. On the other hand, the
impact of the spectrum on the CIS cell is just the opposite: this
device performs better in winter than in summer, owing to the fact
that the altitude of the sun is lower in the cold season, thus leading
to red-shifted spectra in clear days, since prevailing values of OAM
are higher under these conditions. Besides, the spectral behavior of
the CIS solar cell gets worse in summer months as the latitude of
the site decreases. In these lower-latitude sites, short wavelength
light is even more enhanced in the warm season due to predom-
inating OAM low values. This ‘blue-richness’ of the spectrum leads
to higher spectral losses in this material.

Fig. 6 may help to look into the spectral influence on the
considered PV materials on an annual basis. In this Figure, SF; is
depicted for each one of these PV materials according to the site
where a 12-month outdoor exposure of each considered solar cell
has been simulated by means of the SEDES2 model and using
meteorological data drawn from the Meteonorm™ software. As it
can easily be noticed, the influence of the solar spectrum distri-
bution is not markedly relevant, given the fact that SF, lies within
the interval 0.985 to 1.022 in all the cases. It is clear that the longer
the time scales of integration — annual, in this case — the smaller
the impact of the solar spectrum distribution.

If only spectral issues are taken into account, the annual per-
formance of the a-Si solar cell is enhanced by some 2% in Tam-
anrasset and Jaén, while it experiences a spectral loss of 0.35% in
Stuttgart. As discussed above, the spectral behavior of the CIS solar
cell improves slightly and progressively from lower latitudes to
higher ones; i.e.: SF; ranges from 0.987 in Tamanrasset to 0.993 in
Stuttgart. Regarding the CdTe device, its annual spectral gains peaks
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Fig. 6. Modeled figures of SF, for the considered PV cells and sites.
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in Jaén (0.5%), whilst these gains turn to losses (0.4%) in Stuttgart.
Last, the influence of the spectrum on the considered crystalline
technologies and the HIT solar cells is very similar for all of them
when it comes to considering integrated values over a year. Thus,
the lowest figures of SF, for all these technologies — some 0.99 —
are always achieved in Tamanrasset, while an annual spectral loss
of some 0.5% is experienced by them in the remaining sites.

Figs. 7 and 8 depict the empirical values of SFyx, obtained in
Madrid and Jaén, respectively. The variation of this index over the
year for the considered PV cells in both sites clearly resembles that
of the modeled index SFp, as shown in Figs. 3 and 4. Thus, for
instance, the maximum spread between the month with the lowest
and highest relative spectral gains takes place in Madrid for the a-Si
cell — up to 3% in summer down to —8% in winter — while this
spread reaches values slightly above 0% in summer down to —4% in
winter for the CdTe solar cell, also in Madrid. A negligible variation
of relative spectral gains is shown by the remaining technologies
considered: less than 1% as the difference between the highest and
lowest values of SFy, x, over the twelve months of the year.

Just to compare experimental values vs. modeled ones, Figs. 9—
12 show the empirical figures of SFy, x, as obtained by means of the
12-month experimental campaign for four out of the eight
considered PV cells, together with the modeled figures of SFy, x, for
these cells, as obtained by means of the SEDES2 model and data
from Meteonorm™ software. It should be remembered that the PV
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Fig. 8. Experimental figures of SFy, x, for the considered PV cells (Jaén).
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CIS cell is left aside here, because of the reasons adduced in Section
3.2. Empirical results match theoretical ones reasonably well taking
into account that the former have been derived from spectra
recorded over a specific year while the latter have been obtained
from modeled spectra using meteorological inputs provided by a
database. Although not shown in this work, a good agreement
between theoretical and empirical results has also been achieved
for the remaining three PV solar cells under study.

From a spectral point of view, the a-Si and CdTe devices gener-
ally perform better than the spectral reference cell during spring
and summer. Conversely, the spectral behavior of both thin film
devices is worse than that of the spectral reference cell during
autumn and winter. However, the abnormally low values of SFy, xy
during the warm season for the CdTe cell in Madrid should be dealt
with in future works. Regarding the remaining five technologies, it
is worth pointing out that the obtained values of SFy, xy for them
indicate no remarkable spectral differences with the p-Si PV cell
considered as a spectral reference.

Fig. 13 shows the spectral irradiance influence on the considered
PV materials in Madrid and Jaén, respectively — using an annual
time scale — when compared to that experienced by the spectral
reference cell. In this Figure, empirical values of SF, xy, are depicted
for each considered technology together with modeled ones by
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Fig. 10. Experimental and modeled figures of SFy, x, for the considered CdTe PV cell in
Madrid and Jaén.
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means of using both the SEDES2 model and the Meteonorm™
software. If only empirical data are taken into account, the influ-
ence of the solar spectrum distribution — relative to the spectral
reference cell — was not especially relevant during the 12-month
experimental campaign for all the considered PV technologies. In
fact, experimental values of SF, x, range from 0.987 — CdTe PV cell —
to 1.005 — HIT PV cell — in Madrid and from 0.996 — CdTe PV cell —
to 1.001 — a-Si PV cell — in Jaén for all of them. In addition, ac-
cording to these empirical data, the annual spectral behavior of the
considered a-Si and CdTe PV cells show a relatively noticeable de-
viation from the modeled results, in contrast with the close
agreement between modeled and empirical values of SF,y in the
rest of PV technologies. As commented above, this fact should be
investigated further in future works.

5. Conclusions

The influence of the solar spectral distribution — on a monthly
and yearly time scale — on the energy yield delivered by some
typical production PV solar cells of different technologies has been
studied. Specifically, the relative spectral responses of eight
different PV solar cells — each one of them as representative of eight
different PV technologies — have been selected. Theoretical results
have been obtained by means of spectral irradiance modeling in
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Fig. 12. Experimental and modeled figures of SF, , for the considered back-contacted
PV cell in Madrid and Jaén.
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four sites with different latitudes and climates located in the north
hemisphere. Besides, periodically measured solar spectra in two of
these sites characterized by a high irradiation profile have also led
to obtain empirical data to support this study.

As regards to the results derived from SEDES2 modeling — using
data provided by the Meteonorm™ software — in four north
hemisphere sites, higher bandgap technologies such as a-Si and
CdTe show noticeable variations in their spectral gains on a
monthly basis. These gains reach their maxima in summer and
their minima in winter: in fact gains turn to losses in the cold
season. It is worth pointing out that the seasonal spread experi-
enced by the spectral gains of these materials gets narrower as the
latitude of the site decreases. For the case of the considered a-Si PV
cell, these gains range from —16% to 4% in Stuttgart and from —2.9%
to 6% in Tamanrasset. This seasonal spread lowers for the CdTe PV
cell, so that its gains range from —8% to 1.3% in Stuttgart and
from —1.8% to 1.5% in Tamanrasset. Contrary to the a-Si and CdTe PV
cells, the CIS monthly spectral gains peak in winter while they drop
to their minimum in summer. However, its seasonal spread is not so
relevant as those shown by the other two thin film materials. In
fact, the difference between the highest and lowest monthly
spectral gains in this material keeps below 2% in the four consid-
ered sites for the CIS PV cell. The reason of the impact of the solar
spectrum distribution on thin film materials, in the terms described
above is hypothesized to be a consequence of the relation between
OAM of clear days and latitude. Last, the remaining studied tech-
nologies — those based on c-Si and HIT — show scarcely remarkable
monthly spectral effects: indeed, they experience losses below 2%
during most months, from Stuttgart to Tamanrasset.

Modeled results on an annual time scale show that the impact of
the solar spectral irradiance is much less relevant, in general. Thus,
annual spectral gains lie in the interval —1.5% to 2.2% for all the
considered PV technologies and sites. Thin film PV cells — save CIS
— experience annual spectral gains below 2.2% in the four studied
sites, with the exception of Stuttgart, where these annual gains for
thin film technologies turn to small annual losses of some 0.5%. The
remaining analyzed PV solar cells experience annual spectral losses
that reach a maximum of some 1.5% in Tamanrasset.

Solar spectra recorded at 5-min intervals over a 12-month
experimental campaign carried out in two of the above sites
characterized by high levels of irradiation — Madrid and Jaén —
have provided the necessary empirical data. However, the con-
straints of the wavelength measurement range of the used spec-
troradiometers have driven us to analyze the ratio between the
spectral gains of a specific PV solar cell and those experienced by
the p-Si PV cell under study, termed ‘spectral reference cell’ in this
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work. This ratio — in other words, the relative spectral gains — has
been computed using both a monthly and an annual interval of
integration. Further, the aforementioned limitations of the mea-
surement instruments prevented us from looking into the experi-
mental spectral behavior of the selected CIS PV cell.

The monthly empirical variation of the relative spectral gains of
the PV materials under analysis clearly resembles the modeled
variation of their monthly spectral gains over the year, discussed
above. In fact, the a-Si and CdTe PV cell show the most remarkable
variations in their relative spectral gains on a monthly basis, too.
Also, maxima and minima are reached in summer and winter,
respectively. Again, the seasonal spread shown by the relative
spectral gains experienced by these thin film materials is slightly
narrower in Jaén than in Madrid, for the a-Si and CdTe PV cells,
respectively. This fact would support the hypothesized dependence
of the spectral gains on the latitude; i.e.: it should be kept in mind
that the latitude of Madrid is higher than that of Jaén. Last, a
negligible seasonal spread of the relative spectral gains is identified
in the rest of analyzed technologies.

Regarding an annual time scale, experimental relative spectral
gains are scarcely relevant for all the considered technologies in
Madrid and Jaén. These annual relative spectral gains range
from —1.3% to 0.05% for the CdTe and HIT PV cells, respectively, in
Madrid, while these gains vary between —0.4% and 0.01% for the
CdTe and a-Si PV cells, respectively, in Jaén. The negative values of
the relative annual spectral gains experienced by the considered
CdTe PV solar cell, together with the deviation of these relative
spectral effects from their modeled values should be dealt with
further in future works.

It is clear that the narrower the band where the PV conversion
takes place, the higher the spectral effects on both a monthly and
annual time period of integration. On the other hand, the longer the
period of integration, the lower the impact of the solar spectrum
distribution on the energy yield, regardless of the considered PV
material. Additionally, despite being able to reach remarkable
values on an hourly or daily time scale — hourly values of the
spectral factor of a-Si materials up to some 20% under cloudy
weather conditions have been reported in literature — spectral
gains have been proven to be not so relevant when this time scale is
enlarged up to a year.
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Appendix

Terminology

a-Si amorphous silicon

CdTe cadmium telluride

CIS copper indium diselenide

CIEMAT Centro de Investigaciones Energéticas, Medioambientales
y Tecnolégicas

c-Si crystalline silicon

EFG edge fed growth silicon

HIT heterojunction with intrinsic thin layer
IEC International Electrotechnical Commission
m-Si monocrystalline silicon

m-Si BCCmonocrystalline silicon back-contacted cell
p-Si policrystalline silicon

PV photovoltaic(s)

STC standard test conditions

Symbols

A active area of the PV device [m?]

APE average photon energy [eV]

E(}) spectral Irradiance of the actual solar spectrum

[Wm2nm™]

E*(A) spectral irradiance of the standard AM 1.5G spectrum
[Wm™2nm™]

E;i (1) the i-th spectral irradiance (hourly modeled or
periodically measured at 5-min intervals, in this work)
[Wm2nm™]

G incident global irradiance [W m?]

G* incident global irradiance at standard test conditions
(STC) [W m~2]

Gi the i-th hourly value of the incident irradiance [W m™2]

Gpyr incident global irradiance as measured by means of the
pyranometer [W m 2]

H,(0) annual average horizontal irradiation [kKWh m~?]

I short circuit current of the PV device under the standard
AM 1.5G spectrum [A]

i x short circuit current of PV device x under the standard AM
1.5G spectrum [A]

Isey short circuit current of PV device y under the standard AM
1.5G spectrum [A]

Isc short circuit current of the PV device [A]

Iscii the i-th hourly value of the short circuit current of the PV
device [A]

Isc.x short circuit current of PV device x [A]

Iscxi the i-th value of the short circuit current of PV device x [A]

Iscy short circuit current of PV device y [A]

Iscy,i the i-th value of the short circuit current of PV device y [A]

Kt clearness index

N number of spectra periodically measured during the
considered period of time

Nh number of hours of the considered month [h]

OAM optical air mass

SF spectral factor

SF, annual spectral factor

SFaxy annual spectral factor of PV device x relative to device y

SFm monthly spectral factor

SFmyxy  monthly spectral factor of PV device x relative to device y

SFxy spectral factor of PV device x relative to device y

SR(A) relative spectral response of the PV device

SR4(A)  absolute spectral response of the PV device [A W]

SRger(A) relative spectral response of the reference device

SRy(A) relative spectral response of PV device x

SRy(A)  relative spectral response of PV device y

[SRa(A)]max peak value of SRy(1) [AW™1]

UF useful fraction

A lower wavelength limit within which the absorption
takes place in the PV device [nm]

Mx lower wavelength limit within which the absorption

takes place in the PV device x [nm]
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My lower wavelength limit within which the absorption
takes place in the PV device y [nm]

A upper wavelength limit within which the absorption
takes place in the PV device [nm]

Aox upper wavelength limit within which the absorption
takes place in the PV device x [nm]

Aoy upper wavelength limit within which the absorption
takes place in the PV device y [nm]

A3 lower wavelength limit within which the reference device
is spectrally sensitive [nm]

A upper wavelength limit within which the limit within
which the reference device is spectrally sensitive [nm]
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This work is aimed at verifying that analytical modelling approaches may provide an estimation of the
outdoor performance of TF (thin film) PV (photovoltaic) technologies in inland sites with sunny climates
with adequate accuracy for engineering purposes. Osterwald's and constant fill factor methods were
tried to model the maximum power delivered and the annual energy produced by PV modules corre-
sponding to four TF PV technologies. Only calibrated electrical parameters at STC (standard test condi-
tions), on-plane global irradiance and module temperature are required as inputs. A 12-month
experimental campaign carried out in Madrid and Jaén (Spain) provided the necessary data. Modelled
maximum power and annual energy values obtained through both methods were statistically compared
to the experimental ones. In power terms, the RMSE (root mean square error) stays below 3.8% and 4.5%
for CdTe (cadmium telluride) and CIGS (copper indium gallium selenide sulfide) PV modules, respec-
tively, while RMSE exceeds 5.4% for a-Si (amorphous silicon) or a-Si:H/uc-Si PV modules. Regarding
energy terms, errors lie below 4.0% in all cases. Thus, the methods tried may be used to model the
outdoor behaviour of the a-Si, a-Si:H/puc-Si, CIGS and CdTe PV modules tested — ordered from the lowest
to the highest accuracy obtained — in sites with similar spectral characteristics to those of the two sites
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considered.
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1. Introduction

Nowadays c-Si (crystalline silicon) occupies a very remarkable
position in the PV (photovoltaic) market with the largest market
share —85.6% by the end of 2012- [1]. Although this technology is
expected to prevail in the short and mid-term, TF (thin film) PV has
steadily increased its market share since the 2000s. The main aim
of this technology is to reduce the unitary cost of PV power using
alternative manufacturing methods [2]. In this way, photovoltaic
modules using materials such as a-Si (amorphous silicon), CdTe
(cadmium telluride), CIGS (copper indium gallium selenide sulfide),
CIS (copper indium diselenide), and a-Si:H/uc-Si:H (hydrogenated
amorphous silicon/crystalline silicon hetero-junction) are being
widely marketed at present. In this sense, it is worth highlighting

* Corresponding author. Tel.: +34 953 213 306; fax: +34 953 211 967.
E-mail addresses: miguel.torres@ujaen.es, mtr00004@gmail.com (M. Torres-
Ramirez).
1 Tel.: +34 953 213 306; fax: +34 953 211 967.
2 Tel.: +34 913 466 743; fax: +34 913 466 037.
3 Tel: +34 934 017 491.

http://dx.doi.org/10.1016/j.energy.2014.06.077
0360-5442/© 2014 Elsevier Ltd. All rights reserved.

the progress related to the worldwide annual TF technologies
module production ranging from 100 MWp in 2005 to 4.3 GWp in
2012 [1]. By this year, TF technologies reached a noticeable market
share (14.4%). If all expansion plans are realized in time, estimated
cumulative production could be around 27 GW, or 24% of the
market share, in 2015 [3].

Together with the development of TF PV technology, many
research efforts have been made trying to improve the under-
standing of its outdoor performance. Thus, some previous studies
about the indoor and outdoor characterization of TF technologies
have been carried out in order to assess which atmospheric pa-
rameters have a higher impact on its performance and operation
[4—14]. Processes of degradation of these devices have also been
thoroughly studied [13,15,16]. Additionally, these technologies
-specially amorphous silicon- are more sensitive to the distribution
of the spectral irradiance than those based on crystalline silicon.
Apart from that, some good and accurate complex models have
been proposed in recent PV literature [17—25] to predict the per-
formance of TF modules and the energy output produced by those
PV devices exposed outdoors. These models include contour
graphs, artificial neural networks, etc. Despite these efforts, the
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outdoor behaviour of TF PV modules is far from being understood in
full. These algebraic, numerical and empirical models pose some
difficulties when applied. Indeed, the mentioned models use com-
plex mathematic expressions that usually require advanced scientific
knowledge. Besides, some required input data — e.g.: distribution of
the spectral irradiance — are not commonly available in meteoro-
logical stations. Consequently, these methods are difficult to apply by
PV designers and installers to make an energy yield estimation of PV
installations that use TF modules. By contrast, many PV engineers
usually prefer models that compromise accuracy in favour of
simplicity, leaving aside some second order effects. The reasons of
this frequent choice are deeply addressed in Refs. [26—31].

2. Purpose of the work

This work is aimed at verifying that simple modelling of outdoor
performance for TF PV modules provides an estimation of the
electricity yield in sites with sunny inland climates with adequate
accuracy for PV systems engineering purposes. The main contri-
bution of this work is based on trying some simple and well-known
analytical methods -Osterwald's Method [32] and Constant Fill
Factor Method- in eight TF PV specimens. Four TF PV technologies
have been tested; namely, a-Si:H, a-Si:H/uc-Si, CdTe and CIGS.
Neither of the methods tried is an original contribution since they
were originally developed and are still widely used for c-Si cells [28].
However, as has already been pointed out [32,33], these methods
could be applied to other materials, in principle. A study based on
CIS PV specimens was addressed to predict the behaviour of mod-
ules of this technology in a sunny inland climate [26] using the
above methods, so that a good agreement between experimental
and modelled data was achieved. It should be remarked that the
paper presented here is aimed at —but not limited to- modelling the
performance of CIGS (copper indium gallium selenide sulfide) PV
modules in sunny inland sites by means of simple analytical
methods. As noted by Virtuani et al. [34], each device of CIS and CIGS
technologies is somehow unique due to the actual composition or
stoichiometry of the material, the deposition temperature and
thickness of the CdS buffer layer, different deposition processes, etc.
Consequently, this paper is pertinent and timely given that, to our
knowledge, such a simple analytical modelling of the performance
of these peculiar PV modules (CIGS) has not been attempted before.

As mentioned above, despite not being an original approach, the
methods cited in the preceding paragraph have not been tried in
CdTe, a-Si, CIGS, and a-Si:H/uc-Si technologies yet. The main
advantage of these methods lies in the fact that they only use as
input data the calibrated electrical parameters at STC (standard test
conditions) of the PV specimen whose outdoor performance is to be
modelled and two environmental factors; namely, on-plane global
irradiance (G, in W-m~2) and module temperature (Tg, in °C).

This paper is organized as follows: the experimental setup, the
methods tried and the applied methodology are detailed in Section
3. The tested PV specimens used to analyze the suitability of the
methods tried are also described in this section. The results and
their further discussion are presented in Section 4. Specifically, an
outdoor performance analysis dealing with maximum power
delivered and annual energy produced is carried out. Some statis-
tical parameters are used to assess the goodness of the methods
tried. Finally, the results obtained are discussed at the end of Sec-
tion 4. This paper ends with Section 5 in which the most important
conclusions are summarized.

3. Materials and methods

Data collected over a 12-month experimental campaign are
analyzed in this paper. Some statistical parameters are used to

validate some simple analytical methods addressed at modelling
the performance of eight TF PV specimens. The experimental
campaign carried out in this study started in November 2011 and
ended in October 2012, inclusive. Each module was tested and
measured during this time frame so that the PV specimens under
test experienced a wide variety of weather conditions. The infor-
mation obtained during this monitoring period provided an
amount of meaningful empirical data to obtain some solid grounds
to analyze the suitability of using the above simple methods for
predicting the electricity yield of these PV specimens. Thus, the
discrepancies between modelled and measured maximum power
delivered and energy produced by these eight TF PV modules were
quantified.

3.1. Experimental setup

The PV modules under study were deployed in two different
sites; namely, Jaén (Spain, latitude 37°45'N, longitude 3°47") and
Madrid (Spain, latitude 40°24'N, longitude 3°42'W) with
Continental-Mediterranean and Continental climates, respectively.
In particular, an equator-facing open rack with a tilt angle of 35°
was mounted and located in both locations. The tilt angle selected
for the open racks was meant to maximize the collection of annual
on-plane irradiation. This criterion is widely followed when
designing PV grid-connected systems, provided that no constraints
such as those imposed by architectural integration prevent the PV
designer from following it. Keeping this in mind, the optimal angle of
inclination for Madrid (Spain, latitude 40°24'N, longitude 3°42'W)
lies precisely at 35° [35]. This value may be assumed for Jaén (Spain,
latitude 37°45'N, longitude 3°47") with no significant error.

Two PV specimens for each one of the four technologies
considered (a-Si, CIGS, CdTe and a-Si:H/uc-Si) were under analysis.
Specifically, a PV module of each one of the technologies studied
was installed in each site, fixed on the previously mentioned open
racks. Thus, four TF PV modules and the corresponding test and
measurement equipment were located in Jaén (Fig. 1 — LHS). The
experimental setup of Madrid (Fig. 1 — RHS) comprised an equiv-
alent set of four TF PV modules and the corresponding test and
measurement system. Identical PV modules were tested in both
locations, regarding model and module manufacturer, save CIGS
specimens, which were supplied by two different manufacturers.

Prior to the beginning of the test and measurement campaign,
the TF PV specimens were exposed outdoors to ensure their initial
stabilization during a period of fifteen months (July 2010 to
November 2011). This exposure was aimed at avoiding further
degradation processes that could influence and invalidate the final
results and conclusions. Upon this outdoor exposure, just before
starting the experimental campaign (October, 2011) the eight PV
specimens were calibrated outdoors at the IDEA Research Group
facilities. The resulting electrical parameters at STC were used as
input data when testing experimentally the analytical methods
described below. Indeed, the maximum power values measured in
this outdoor calibration were considered as the real maximum
power at STC of each one of the eight PV modules.

An automatic test and measurement system was used to scan
both the electrical and environmental parameters involved in
modelling the outdoor performance of the PV specimens mentioned
in the preceding paragraph. The test and measurement system
was described and successfully used in previous studies [7,36,37].
This experimental configuration is intended to scan the cur-
rent—voltage (I—V) curves of each of the eight thin film PV modules
under study. The [-V curve tracing is based on a marketed capac-
itive load. Some external environmental parameters such as
ambient temperature, module temperature, wind speed, relative
humidity, barometric pressure, horizontal and on-plane incident
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Fig. 1. Location of PV modules under study during the analysis period in Jaén (LHS) and in Madrid (RHS).

irradiance together with its spectral distribution are registered
simultaneously with the I-V curve tracing. The -V curve of each
PV module together with the above mentioned environmental
parameters were sequentially scanned every five minutes over the
12-months experimental campaign. A LabVIEW™ software appli-
cation was used to globally manage the control, acquisition, pro-
cessing and storage of the collected data.

It should be remarked that measurements with on-plane irra-
diance below 300 W m~2 have been disregarded. These low irra-
diance levels have little relevance, as shown in various previous
research contributions [5,7,26,28,31,38]. Moreover the generation
under these environmental conditions usually accounts for a
reduced amount of the whole AC electricity generated in sunny
sites. Leaving aside these measurements is also aimed at mini-
mizing the effects of the angle of incidence.

It is worth noting that G and T were measured by means of a
Kipp & Zonen™ CMP21 pyranometer and four-wire Pt100 RTD
(resistive thermal detectors), respectively in each site (Madrid and
Jaén). Specifically, a RTD was thermally bonded to the rear side of
each PV specimen. As mentioned above, both G and T¢ are the only
environmental data needed to validate the simple methods tried.
The TF PV specimens were manually cleaned twice a month -except
in rainy weather - to avoid soiling effects.

Jaén and Madrid have similar sunny inland climates. Never-
theless, carrying out an experimental campaign in these two
different sites confers more generality to the results obtained in our
work. Besides, testing and measuring the same brand and model of
PV modules -this was not the case for CIGS ones- together with the
same environmental parameters in both locations allowed us to
compare results of measurements so that more solid empirical
grounds were attained.

3.2. Methods tried

In this section the methods that were used to model the
maximum power delivered by a PV module under specific envi-
ronmental conditions determined by G and T¢ are shown. It should
be kept in mind that the main target of this work is achieving an
accurate estimation of the electricity yield for four TF PV technol-
ogies in sites with sunny climates, in an easy and simple way,
leaving aside some effects which are difficult to be modelled.

3.2.1. OM (Osterwald's method)

This is one of the simplest available methods and is detailed by
Osterwald [32], where it is also proposed for CIS/CdS cells. Then, the
maximum power delivered by a PV module (Py, in W) may be
written as follows:

PMZPM%[HT(TCJ;)] (1)

where Py, [W] is the maximum power or peak power of the PV
module at STC, y [°C~!] is the PV module maximum power tem-
perature coefficient, G* is the global irradiance at STC (1 kW m~2)
and T{ is the operation PV module temperature at STC (25 °C).

3.2.2. Constant fill factor method (FFk)

This method assumes the fill factor remains constant under all
operating conditions. Also both module short-circuit current and
open-circuit voltage vary linearly with G and T¢ according to the
following expression:

Isclfn\d/oc = FE=FF' = I;:%SC (2)
Py = FF"-Isc-Voc (3)
Isc = Iécé (4)
Voc = Ve [1+ 8- (Te = T¢) (5)

where FF is the fill factor, FF* is the fill factor at STC, Isc [A] is the PV
module short-circuit current, I [A] is the PV module short-circuit
current at STC, Voc [V] is the PV module open circuit voltage, V(- [V]
is the PV module open circuit voltage at STC and 8 [°C~!] is the PV
module open circuit voltage temperature coefficient provided by
the manufacturers' data sheet.

It is important to note that neither spectral gains nor losses that
PV modules may experience during their outdoor operation are
taken into account in the two methods tried. Stability over the time
of the peak power of the PV modules is not considered either.
Moreover, the electrical behaviour of every cell comprised by a PV
module is assumed to be identical.

3.3. Methodology

The methods tried have been used to correct the electrical pa-
rameters of the tested PV modules calibrated outdoors from STC to
other measured conditions of G and T¢. Then, these modelled
maximum power values obtained through both methods were
compared to the measured maximum power values scanned by the
measurement system for the same values of G and T¢.

In other words, real samples of maximum power measured
at specific values of G and T¢, were compared with modelled



734 M. Torres-Ramirez et al. / Energy 73 (2014) 731—740

maximum power values calculated by means of the equations of
the two methods using these experimental values of G and T¢. Then,
to summarize, the required input data comprise: a) measured
values of G and T¢ and b) all significant PV module electrical pa-
rameters measured at STC. The outdoor calibration process that was
carried out at the IDEA facilities in October 2011 provided these
electrical parameters. Table 1 gathers these electrical parameters of
the eight PV specimens under test at the beginning of the analysis
period. Environmental parameters were also recorded during the
experimental campaign, from November 2011 to October 2012,
inclusive.

Some statistical parameters were introduced in the analysis
addressed at assessing the goodness of fit of each method. These
statistical parameters were the RMSPEp (root mean square per-
centage error) and the MBPEp (mean bias percentage error) of the
maximum power. The suitability of each method when modelling
the maximum power delivered by each PV module was tested ac-
cording to the minimization of both RMSPEp and MBPEp RMSPEp
provides information on the scattering of the modelled values vs.
the measured ones, while MBPEp provides the average deviation of
the modelled values from the measured ones. RMSPEp is always
positive, while MBPEp may be either positive or negative. These
parameters may be written as follows:

N (P _ P2 N
RMSPEp (%) = 100- W+%-Z%i (6)
i=1

N p._p. N
MBPEp(%) = 100% 2L > Po; (7)
i=1

=

where Pr; [W] is the ith modelled value of the maximum power
delivered by a PV module; Py; [W] is the ith measured value of the
maximum power delivered by a PV module and N is the number of
modelled or measured values.

Both RMSPEp and MBPE; figures derived from measured versus
modelled maximum power are to be shown, analyzed and dis-
cussed in next section. Furthermore, both methods described were
used to model the annual energy yield. A comparative study be-
tween the modelled and measured annual energy produced by the
TF PV specimens under test is presented and also discussed.

Table 1

Values of maximum power, open-circuit voltage and short-circuit current of the PV
modules under test at STC in Oct-2011. Values of y are assumed as provided in the
manufacturers' data sheet.

Electrical parameter at STC PV specimens located in Jaén

a-Si CIGS CdTe a-SI:H/pc-Si
Py, [W] 574 +4% 1191 +4% 672 +4% 1094 + 4%
I [A] 1.1 +3% 3.0+3% 1.2 + 3% 32+3%
Vi [V] 89.3 + 0.3% 58.6 + 0.3% 89.6 + 0.3% 56.8 + 0.3%
vy [°C] —0.0023 —0.0039 —-0.0025 —0.0024
Electrical parameter at STC PV specimens located in Madrid

a-Si CIGS CdTe a-SI:H/pc-Si
Py [W] 576 +4% 782 +4% 53.6+4% 1142 +4%
I [A] 1.1 +3% 2.7 +3% 1.2 + 3% 32+3%
Vie V] 86.5 + 0.3% 44.0 + 0.3% 82.8 + 0.3% 56.6 + 0.3%
y[°C] —0.0023 —0.0039 —0.0025 —0.0024

4. Results and discussion
4.1. Results related to delivered maximum power

A brief statistical analysis of maximum power measured out-
doors versus maximum power obtained through the methods tried
is shown below. Over 20,500 and 23,500 I-V curves were measured
in Jaén and Madrid, respectively, together with the same number of
measured samples corresponding to G and Tc. This methodology
was followed for each PV module tested during the entire experi-
mental campaign. The modelled maximum power value was
determined for all scanned G and T¢ samples. It is worth
mentioning the lowest value of G was set equal to 300 W m~2 for
the two locations — owing to the reasons given in Subsection 3.1 —
while the highest recorded values of this parameter rose up to
1394 and 1480 W m2 in Jaén and Madrid, respectively. These data
were collected on April 13th, 2012 and correspond to extreme
enhancement events. These phenomena take place when clouds
such as cumulus pass near to the sun —from the pyranometer view-
so that little or no reduction is experienced by the direct compo-
nent of the on-plane irradiance while higher levels of its diffuse
component appear compared to a clear-sky atmosphere. Extreme
enhancement events have been deeply analyzed by Piedehierro
et al. [39] for a site with a sunny inland climate such as that of Jaén
and Madrid.

In order to improve the understanding of the results, they are
bar plotted in Figs. 2-3. Fig. 2 shows the values of MBPEp obtained at
Jaén and Madrid for each different technology according to Oster-
wald's and FFk methods. Fig. 3 depicts in the same way the values of
RMSPEp obtained at Jaén and Madrid for each different technology
according to these methods.

Figs. 2—3 show that all TF technologies under study present a
very similar behaviour when the methods considered are tried in
both locations. The values of RMSPEp and MBPEp stay below 4.5%
and 3.8% for the CIGS and CdTe specimens, respectively. The largest
discrepancies between modelled and measured maximum power
become apparent for a-Si and a-Si:H/uc-Si PV modules. Specifically,
RMSPEp exceeds 5.4% in both locations for these PV specimens
(Fig. 3).

Four scattering diagrams are depicted for the CIGS and CdTe PV
modules tested (Figs. 4—5). These representations enable us to
visually appreciate how the modelled values of maximum power
match the measured ones. Fig. 4 shows the set of N samples related
to the CIGS PV modules, arranged according to the method tried
and the site considered. Likewise, Fig. 5 depicts the set of N samples
related to the CdTe specimens in the same way. In these figures, the
diagonal line with unitary slope represents the ideal relationship
between measured and modelled values. The coefficient of deter-
mination (R?) is also provided in Figs. 4—5.

Although scattering plots are not depicted for every PV module
tested, Figs. 4—5 show how these plots regardless of the method
used show a very similar pattern for the two locations where the PV
modules are placed (Jaén and Madrid). Modelled results obtained
by means of the analyzed methods match the measured values
fairly well. OM yields the best results, since R?> > 0.981 in all cases.
The best fit (R> = 0.996) is achieved for CIGS specimens using OM
in Madrid.

4.2. Results related to annual energy produced

In this section, modelled and measured annual energy yield are
compared. For the period under analysis, the experimental annual
energy produced is calculated by integrating over the 12-month
campaign the maximum power values scanned at 5-min in-
tervals. Likewise, modelled energy produced has been calculated by
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Fig. 2. Bar plots showing values of MBPEp of the methods tried for the considered TF technologies and sites.

means of integrating over the same period of time the modelled
values of maximum power using measured values of G and T¢
recorded every 5 min Table 2 shows the measured and modelled
values of the annual energy produced by the eight TF PV modules
under study. This table also gathers the relative error between
measured and modelled annual energy produced (REg), given by:

Modeled annual energy produced (kWh) — Experimental annual energy produced (kWh)

means of OM. Additionally, the scattering plots depicted in
Figs. 4—5 show similar shapes in each site for the outdoor behav-
iour of the CdTe and CIGS specimens modelled by the methods
under study. It should be remarked that very good values for the
coefficient of determination are achieved. In fact, these values are
greater than 0.981, as shown in these figures. However, statistics

REf (%) = 100-

Values of REg stay below 4.0% for all the PV modules and sites.
FFk method shows fairly good results for CdTe and CIGS, while OM
shows the best results for these two technologies. The largest
values of REg are obtained for the a-Si and a-Si:H/uc-Si specimens.
Anyway, the modelled values of the annual energy produced match
the experimental ones quite well, whatever the method applied.

4.3. Discussion of results

As stems from Sections 4.1 and 4.2, similar results are obtained
when the maximum power delivered by each of the two tested PV
modules of the same technology is modelled by means of OM,
regardless of the site where the PV module tested is located. The
same applies to FFk method. Figs. 2—3 show how modelled
maximum power values match the measured ones rather well
when OM and FFk are used to predict the behaviour of the CIGS and
CdTe specimens. Indeed, figures of RMSPEp stay less than or equal to
4.5% and 3.8%, respectively, for these technologies and both
methods tried. In general, these methods slightly overestimate the
experimental data; that is: MBPEp > 0, as defined in Eq. (7). Anyway,
it is clear the best results are achieved with CdTe specimens,
although a tiny annual underestimation for this technology is
appreciated when modelling its performance in power terms by

Experimental annual energy produced (kWh)

(8)

corresponding to a-Si and a-Si:H/uc-Si PV modules show slightly
worse results.

In general, two facts may be hypothesized to mainly influence
the discrepancies between modelled and measured maximum
power. Doubtless, the stability of the peak power over the experi-
mental campaign together with the spectral effects experienced
over the period under analysis exerted an impact on the behaviour
of all the PV modules tested. It should be remembered that the two
models tried do not take these two phenomena into account.

The eight PV modules under test were calibrated on a monthly
basis during the experimental campaign. Thus, Fig. 6 depicts the
evolution of their measured peak power over the period under
study. The measured value for this parameter at the beginning of
this period —October 2011- is used as a baseline figure.

Deviations of the normalized measured peak power of the
a-Si:H/uc-Si PV modules from the baseline ‘one’ figure lie in the
interval —2 to 2%, expressed in percentage terms. Most values for
this parameter keep within these limits for the CIGS and CdTe
modules. Anyway, it is worth noting that two data points for the
CdTe specimen tested in Madrid rise up to 104% while five data
points slightly exceed a +2% interval around 1 for the CIGS spec-
imen tested in Jaén. As could be anticipated, the variability of the
peak power is very noticiable for the two a-Si PV modules tested, in
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Fig. 3. Bar plots showing values of RMSPE, of the tried methods in the considered TF technologies and sites.
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Fig. 4. Scattering plot for CIGS specimens for OM (above) and FFk (below) method in Jaén (LHS) and Madrid (RHS).

which the identified seasonal fluctuations are due to thermal
annealing [17,40—44]. More specifically, the measured values of
their peak power rise in the hot season while they decrease in the
cold one.

A very accurate approach to TF technologies outdoor perfor-
mance should not neglect spectral issues. Both Jaén and Madrid are
characterized by a prevailing ‘red-rich’ spectrum, so that the
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fraction of annual irradiation collected at longer wavelengths of the
solar spectrum is enhanced [5,7,36,37]. Anyway, a-Si PV materials
are more influenced than the rest of the technologies tested by
spectral effects because of their narrow spectral responses. These
spectral gains/losses over the year have been already modelled and
measured in Madrid and Jaén [4,7]. A typical a-Si PV cell experi-
ences monthly spectral losses of some 8% in January while these
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Fig. 5. Scattering plot for CdTe specimens for OM (above) and FFk (below) method in Jaén (LHS) and Madrid (RHS).
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Table 2

Experimental and modelled annual energy produced by the PV specimens under
study during the experimental campaign. Relative error between experimental and
modelled energy produced is also shown.

PV Experimental Modelled Modelled REr  REg
specimens annual energy  annual annual (OM) (FFk)
located in  produced energy energy (%) (%)
Jaén (kWh) produced produced
by OM (kWh) by FFk (kWh)
a-Si 84.0 86.6 86.5 32 31
CIGS 161.2 161.0 165.0 -02 24
CdTe 96.1 96.0 96.8 -0.1 0.7
a-SI:H/pc-  156.7 161.8 162.0 33 33
Si
PV Experimental Modelled annual Modelled REE  REg
specimens annual energy energy annual (OM) (FFk)
located in  produced produced energy (%) (%)
Madrid (kWh) by OM (kWh) produced
by FFk (kWh)
a-Si 90.4 93.0 92.8 28 26
CIGS 123.9 125.7 128.0 14 33
CdTe 86.0 85.6 86.1 -05 0.1
a-SI:H/pc- 178.8 185.8 186.0 39 40
Si

losses turn to gains of some 6% in June in Madrid. Regarding Jaén,
these spectral losses and gains slightly decrease down to 6%
(January) and 5% (July), respectively. However, the spreads between
the months with the lowest and highest spectral gains/losses are
less remarkable for a typical CdTe and a typical CIGS PV cell. Spe-
cifically, these spreads are equal to some 6% and 4% in Madrid and
Jaén, respectively for the former PV cell. As regards a typical CIGS
PV cell, the differences between the maximum monthly spectral
gains and losses this cell experiences are even lower: in fact they
stay below some 3% for both sites. Unfortunately, the quantification
of the spectral effects integrated on a monthly basis for a-Si:H/uc-Si
PV cells in Madrid and Jaén is not available. However, values for
RMSPEp and MBPEp are worse for this material than those obtained
for the CIGS and CdTe PV modules tested. This suggests these
monthly spectral effects must be remarkable, as the peak power of
the a-Si:H/uc-Si PV modules tested remains quite stable over the
experimental campaign.

Taking into account the issues dealt with in the preceding
paragraph, the a-Si PV modules tested experience spectral gains as
their peak power increases in the hot season. Conversely, spectral
losses and peak power shrinkage happen in the cold season. This is
why the worst results are obtained with this material when trying
to model TF PV modules outdoor behaviour in power terms by
means of two methods that leave aside spectral effects and stability
over time. Although not shown in this work, even higher discrep-
ancies appear between experimental and modelled data if RMSPEp
and MBPEp are calculated on a monthly basis.

Very good results are obtained when OM and FFk methods are
used to model the annual energy produced by the eight PV mod-
ules. Thus, Table 2 shows that relative errors between measured
and modelled values lie in the interval —0.5—4%. This good
behaviour of both methods when estimating the outdoor perfor-
mance of the PV specimens tested in energy terms deserves some
comments addressed at providing a compelling explanation.

On the one hand, it is true that the narrower the bandgap of a PV
material is, the more the solar spectral distribution influences its PV
conversion. On the other hand, longer integration periods reduce
spectral effects [4,11,17,45] Thus, the impact of the spectrum was
measured and modelled over the experimental campaign on an
annual basis for the case of Jaén [4,7]. Results obviously show that
annual spectral issues are less important than those experienced on
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Fig. 6. Evolution of the measured peak power over the experimental campaign of
the eight TF PV modules tested in Madrid (above) and Jaén (below). Measurements
for each PV specimen have been normalized to its peak power measured at
November 2011.

a monthly basis. Specifically, these effects range —for all the PV
specimens tested in Jaén- from annual spectral losses of 1% for the
a-Si PV module to annual spectral gains of 1.5% for the CIGS PV
module located in the same site. Of course, the spectral character-
ization of the site matters. It should be kept in mind that ‘red rich’
spectra prevail in Madrid and Jaén: some 55% of the on-plane
incident irradiance was collected with solar spectral distributions
which are redder than the reference AM 1.5G spectrum [46]. This
value is much higher than those reported for other sites with
maritime climates such as Kusatsu city (Japan, latitude 35°N,
longitude 136°E) and Malaga (Spain, latitude 36°N, longitude 4°W)
which are below 30% for surfaces facing due south with a tilt angle
somewhat lower than the local latitude [37,47].

Additionally, the seasonal increase of the peak power of the a-Si
PV modules that takes place in the hot season is likely to be
partially offset by the seasonal decrease that takes place in the cold
season. In this sense, the relative bad stability of the CIGS PV
module tested in Jaén is also compensated by a similar ‘offset effect’
over the whole experimental campaign. Anyway, the behaviour of
the peak power over the period of study of this PV specimen should
be further investigated.

5. Conclusions

Simple analytical modelling approaches to the outdoor perfor-
mance of eight TF PV modules -a sample for each one of four
technologies considered (a-Si, CIGS, CdTe, and a-Si:H/puc-Si:H)
located in Madrid and Jaén- have been explored in this paper.
Specifically, the suitability of Osterwald's and constant fill factor
methods to model the outdoor behaviour of these TF PV modules in
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sunny inland climates has been assessed. No original models have
been proposed: admittedly, the two dealt with in this work have
been successfully used for c-Si PV modules for over three decades,
at least. However, no such assessment on their suitability for TF PV
modules has been produced, as far as we know.

A 12-month experimental campaign carried out in the sites
mentioned in the preceding paragraph has provided us with the
necessary data to try the above methods when applied to model the
maximum power recorded from real sunlight. Indeed, maximum
power calculated by Osterwald's and constant fill factor methods
using as inputs the measured on-plane irradiance and PV module
temperature was compared to maximum power delivered at these
specific measured values of both two environmental factors. The
same methodology was used to evaluate the agreement between
modelled and experimental values of the annual energy delivered
by each one of the tested PV specimens, using a 12-month interval
of integration.

In general, Osterwald's and constant fill factor methods tend to
slightly overestimate the maximum power delivered by the tested
PV modules. Thus, MBPEp obtained with constant fill factor method
rises to 3.6% for the a-Si:H/uc-Si:H PV specimen located in Madrid.
Rather good results are obtained when modelling the outdoor
performance of CdTe and CIGS PV modules in power terms using
these methods, since values of RMSEp less than or equal to 3.8 and
4.5% are obtained for these PV specimens, respectively, in Madrid
and Jaén. These results become worse with a-Si and a-Si:H/uc-Si:H
PV modules: RMSEp is greater than or equal to 6.3% for both two a-
Si PV modules tested and both methods tried. These results are
partly due to monthly spectral effects. Thus, the impact of the solar
spectrum distribution on a-Si PV modules in terms of spectral gains
and losses in summer and winter months, respectively, is especially
remarkable. The seasonal oscillations of the peak power this ma-
terial experiences due to thermal annealing also help to explain
why the two simple methods under analysis are not so well suited
for modelling their performance in power terms as they are for
CdTe and CIGS PV modules.

Osterwald's and constant fill factor methods produce notably
better results when measured versus modelled annual energy
produced is examined, with discrepancies that do not exceed 4% in
any of the eight PV specimens tested. Spectral issues become,
precisely, less important when the considered time interval ex-
tends to a year. In addition, the seasonal increases are partly
balanced with seasonal decreases of peak power, in the case of a-Si
PV modules. Consequently, the influence of both the solar spectrum
distribution and peak power stability may be neglected to some
extent, on an annual basis. It should be remembered once again
that the methods tried completely neglect these two phenomena.

In short, the results obtained in this work show that Osterwald's
and constant fill factor methods can be used to model the outdoor
performance of the a-Si, a-Si:H/uc-Si, CIGS and CdTe PV modules
tested in inland climates -ordered from the lowest to the highest
accuracy obtained-for PV engineering purposes, in which accurate
outputs are compromised in favour of simplicity. This simple
analytical modelling achieves better results when applied to the
annual energy produced. Needless to say, the methods tried here
have two main advantages: they use environmental data
commonly available in meteorological databases and are easy to
use because cumbersome calculations are avoided.

Anyway, the above conclusions should be used cautiously. First,
the outcome of the work presented here has been produced in two
sites where the prevailing solar spectra are shifted to the red, when
compared to the reference AM 1.5G standard. Consequently, the
suitability of these methods for modelling TF PV modules outdoor
behaviour should be investigated in sites where ‘blue rich’ spectra
prevail. This would be the case of sites with maritime climates, in

which a higher humidity of the atmosphere leads to a larger ab-
sorption by water vapour; hence the fraction of spectral irradiance
at longer wavelengths is decreased causing a ‘blue-rich’ spectrum
in such sites. Additionally, long-term suitability of the analyzed
methods should be investigated further, as degradation over time
has not been considered given that the duration of the experi-
mental campaign was limited to 12 months. Finally, a reduced
number of PV specimens -only two PV modules for each TF PV
technology studied- have been tested and measured. However, it
should be remembered that many valuable contributions have
produced some sound conclusions on TF PV module outdoor per-
formance using measurements drawn from only one PV specimen
[7,23,24,26,28,48—56].
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Abbreviations

Terminology

AC Alternating current

a-Si amorphous silicon

a-Si:H/pc-Si:H hydrogenated amorphous silicon/crystalline silicon
hetero-junction

Cds cadmium sulfide

CdTe cadmium telluride

CIGS copper indium gallium selenide sulfide

CIS copper indium selenide

c-Si crystalline silicon

FFk constant fill factor method

IDEA Investigacion y Desarrollo en Energia Solar (Research and

Development in Solar Energy)
LHS left hand side
oM Osterwald's method

PV photovoltaic

RHS right hand side

RTD resistive thermal detector

STC standard test conditions

TF thin film

Symbols

FF fill factor

FF* fill factor at STC

G on-plane global irradiance [W/m?]

G* global irradiance at STC (1 kW/m?)

Isc short-circuit current [A]

I short-circuit current at STC [A]

-V current—voltage

MBPEp, maximum power mean bias percentage error
N number of measured/modelled samples
Py maximum power [W]

Py maximum power at STC [W]
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Poi ith measured value of maximum power
Py ith modelled value of maximum power
R? coefficient of determination
REg relative error between measured and modelled annual
energy produced
RMSPEp maximum power root mean square percentage error
Tc module temperature [°C]
¢ operation PV module temperature at STC (25 °C)
Voc open circuit voltage [V]
Sc open circuit voltage at STC

open circuit voltage temperature coefficient [°C~1]
module maximum power temperature coefficient [°C!]
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