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CONTRIBUTION TO THE DEVELOPMENT OF HIGH
CONCENTRATOR PHOTOVOLTAIC SYSTEMS. ANALYSIS OF NEW
MODULE CONFIGURATIONS.

1. Abstract

The end of the fossil fuels era will be one of the biggest challenges of Humanity to be
confronted. However, a lot of effort is currently ongoing worldwide to develop new
renewable energy technologies (solar, wind, biofuels, etc.). Also, different technologies
are being developed for energy carriers (hydrogen), energy storage (flow batteries,
supercapacitors, etc.) and “e-mobility” (electric vehicle network). All of these efforts are
aimed at a new era free of fossil fuels. The Photovoltaic (PV) technology is expected to
play an important role in this scenario.

The PV technology diversifies in many different technologies (Silicon, Thin Film,
Organic PV, Concentrator PV, etc.). Among all the PV technologies, the High
Concentrator Photovoltaics (HCPV, with concentrations higher than 100 suns) retains
the highest solar-to-electrical conversion efficiencies. Additionally, the HCPV modules
are recognised for their potential for a significant efficiency growth —especially due to
the increase in the efficiency of the concentrator solar cells. This Doctoral Thesis is
intended to be a contribution to the development of the HCPV technology by focusing
on the HCPV modules and on the improvement of their configurations, especially from
the point of view of the concentrator optics.

Firstly, the analysis of the HCPV modules technology is addressed. The most
important performance parameters of the HCPV modules, i.e. efficiency and acceptance
angle are analysed for the current commercial HCPV modules. The evolution of the
efficiency of the HCPV modules in the last 20 years is compared to other PV technologies
(crystalline-Silicon and Thin Film). This is found to be maximal for the HCPV modules,
with a growth of +0.83%/year. Although efficiency records of HCPV modules are around
43%, current commercial HCPV modules present efficiencies up to around 34%.
Regarding the acceptance angle, current commercial HCPV modules present values of
+0.9°% on average. Their geometrical concentrations are in the range between 500x and
1000x%. In order to compare datasheet values of commercial HCPV modules with
experimental ones, a total of 24 commercial HCPV modules were characterised indoors
in @ CPV Solar Simulator at the University of Jaén. The experimental results matched

those provided by the manufacturers for both efficiency and acceptance angle values.
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HCPV modules were also analysed from the point of view of their electrical behaviour
with respect to the incoming light, specifically with respect to the irradiance level. Two
commercial Fresnel-based HCPV modules were indoors characterised in the CPV Solar
Simulator under controlled conditions for different irradiance levels in the range
700-1000 W/m?, while the spectral conditions of the simulated light were maintained
constant and equivalent to the reference spectrum. The irradiance (DNI) was
demonstrated to be the main driver of the I-V characteristics of the HCPV modules: all
the characteristic parameters of the |-V curve can be approximated by simple functions
of the DNI. The parameters of the current-voltage (I-V) characteristics, as well as the five
characteristic parameters of the single exponential model (SEM) were analysed as a
function of the irradiance. SEM parameters showed that the photogenerated current
(Ion) increased linearly with the irradiance. In the cases of the ideality factor (m) and the
saturation current (/,), both resulted stable with DN/. On the other hand, both parasitic
resistances, series and shunt resistance (Rs y Rsn), decreased with DN/.

Economic aspects related to the HCPV installations were analysed. The feasibility of
the investments in HCPV systems (of 1 MWp) were analysed through the calculation of
the levelised cost of electricity (LCOE), since the LCOE is a common parameter to
compare different energy generation systems. The LCOExcpv (for a HCPV system) was
estimated for a total of 133 countries for the year 2014. The regions with lowest
LCOEkcpy, in the range 5-10 c€/kW-h, were: North America, Chile, Australia, North and
South Africa, and South of Europe. The LCOEncpy was compared to the price of the
electricity in the domestic segment in order to analyse the grid parity. The results
showed that grid parity was already achieved in Spain, Italy, Greece, France, or even in
Sweden, Denmark or Ireland, among other countries. In addition, a forecast for the year
2020 related to the LCOE of both HCPV and conventional systems was performed,
showing the investment in HCPV systems was more favourable than in conventional PV
systems in the MENA region (Middle East and North Africa), the South of Africa and
South America.

Regarding the improvement of the concentrator optical systems, a powerful optical
modelling was developed. This optical modelling included many wavelength-dependent
material properties, such us refractive index, absorption coefficient, spectral response
of solar cell, etc. Solar spectrum and angular distribution were also considered. It was
applied to four Fresnel-based HCPV units equipped with refractive secondary optical
elements (SOEs). These SOEs were: (i) DCCPC (dielectric-cross compound-parabolic-
concentrator), (ii) SILO-Pyramid, (iii) RTP (refractive truncated pyramid), and (iv)
Trumpet. As output of the optical modelling, the short-circuit current density of each

subcell (Jscsubcel™) was obtained, and using that, the optical polychromatic efficiency of
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each HCPV was calculated. Using the Jssubcei®" values of each HCPV unit, an analysis in
terms of SMR (spectral matching ratio) was conducted. It was concluded that in any
situation, none of the HCPV units produced concentrated light with a spectral
distribution equivalent to the reference spectrum. Concerning the optical efficiencies,
all the SOEs resulted in 81-83.4%, and the acceptance angles in +0.96-1.13°. Regarding
the Js subcei™ distributions, the SOEs RTP and Trumpet performed best. Considering all
the simulation results, the RTP unit showed the best trade-off among them all.

Four Fresnel-based HCPV units were mounted for their characterisation in the CPV
Solar Simulator. The four modelled SOEs were fabricated in PMMA (through precision
machining), whereas Fresnel lens and concentrator solar cells were commercial
products. |-V curves were acquired for different conditions of irradiance, spectrum and
incoming angle of the light. The measured electrical efficiencies, under reference
conditions, were in the range 25.5-28.2%, with effective concentrations of 403-427 suns.
The SOE RTP presented the best trade-off of results considering efficiency and
acceptance angle. In general, experimental results were similar to simulated ones,
especially for the optical efficiencies of the SOEs. The main divergences between
experiment and simulation were found in the case of the (commercial) Fresnel lens (with
8% less optical efficiency) and the acceptance angle curves of some HCPV units,
specifically in the case of the DCCPC SOE. Analysing the influence of spectrum and
irradiance in the acceptance angle of the HCPV units, these performed in a stable way.
Among the electrical parameters of the I-V characteristics in relation to the irradiance,
only Voc showed a clear tendency (logarithmic). In relation to spectral changes of the
incoming light, only the efficiency exhibited a slight reduction up to 3.7% for blue-rich
spectra.

Finally, an ultra-high CPV (UHCPV, with concentrations higher than 1000 suns)
module optical design was presented. It consisted in a modification of the Cassegrain
design, by using four different and independent optical units that focus sunlight onto a
central common receiver. Each unit consisted of a paraboloid-hyperboloid pair whose
optical axes were not parallel. The geometrical concentration was fixed to 2304x. The
optical simulation results were similar to those of conventional Cassegrain designs. The
optical efficiency was 73% (without considering antireflective coatings), resulting in an
effective concentration ratio of 1682 suns. By removing the glass cover, the optical
efficiency was 79%. The acceptance angle was simulated to be 0.61° with a CAP value
of 0.51.






2. Introduccion

En el sistema energético mundial, actualmente, las principales fuentes de energia
primaria son los llamados combustibles fésiles (petréleo, carbodn, gas natural...). Dichos
combustibles fésiles no se consideran una fuentes de energia renovable, pues su
formacion se produjo hace millones de anos. Ello implica una futura escasez de recursos
energéticos a medio y largo plazo, dada su limitacidon. Por otro lado, la utilizacién
energética de los combustibles fésiles supone la principal fuente de emisiones de
didéxido de carbono a la atmédsfera. Dichas emisiones han aumentado el llamado efecto
invernadero hasta el punto de provocar un cambio climatico mundial por causa
antropogénica [1]. Ademas, los gases emitidos por la combustion de los recursos
energéticos fosiles son muy toxicos para los seres vivos, provocando numerosas
enfermedades en las personas, especialmente en las grandes ciudades [2].

Como solucion a dichos problemas inherentemente asociados a los combustibles
fosiles, se presentan las energias renovables (solar, edlica, hidraulica, etc.). Dichas
fuentes de energia son obtenidas, principalmente, como consecuencia del vasto flujo de
energia del Sol que globalmente incide en la superficie de la Tierra. Por tanto, la fuente
inicial energética es un recurso no agotable.

Dentro de las energias renovables, la energia solar fotovoltaica supone el
aprovechamiento de un recurso ampliamente disponible en casi todas las regiones del
mundo, lo cual contribuye, ademas, a eliminar tensiones territoriales por el acceso al
recurso energético. Mas aun, supone una conversion directa de la radiacién solar en
electricidad, sin necesidad de usar maquinas grandes o complejas (como turbinas).
Actualmente se trata de una fuente de energia que puede ser competitiva, si bien su
implantacion no se ha generalizado ampliamente a nivel mundial atn (cubre un 1.3% de
la demanda eléctrica global [3]).

La tecnologia de alta concentraciéon fotovoltaica (HCPV, High Concentrator
PhotoVoltaics) es una variante de la tecnologia fotovoltaica que se basa en aumentar la
irradiancia sobre las células solares. Se entiende por HCPV cuando el sistema 6ptico es
capaz de concentrar al menos 100 veces la luz sobre la célula solar [4, 5]. Ello conlleva
una reduccién del area de semiconductor necesaria, que debe propiciar el
abaratamiento de costes de produccidon para instalaciones en lugares con altas
irradiancias anuales.

El potencial de la tecnologia HCPV se basa en dos aspectos fundamentales, por un

lado, la eficiencia de las células solares de concentracién no ha parado de aumentar en



los ultimos afos [6], por otro lado, los sistemas Opticos concentradores siguen
mejorando sus prestaciones (concentracion, compacidad, etc.) [7, 8].

Atendiendo a la realidad de la tecnologia HCPV, su implantacion mundial tan solo
llega a unos 370 MWp de instalaciones conectadas a red [9], mientras que, por ejemplo,
en el afio 2016 solo se instalaron algo mas de 15 MWp a nivel mundial. Ello es debido,
principalmente, a la competencia por parte de la tecnologia fotovoltaica convencional.
El coste nivelado de la produccion de electricidad (LCOE) de una instalacidn, en este caso
de tipo HCPV, es un parametro utilizado para comparar diferentes tipos de instalaciones
productoras de electricidad. El LCOE es el coste tedrico constante de produccién de cada
unidad de energia (1 kW-h) de la instalacion de produccion de energia durante toda su
vida util. Actualmente el LCOE para instalaciones HCPV en lugares con valores altos de
irradiancia (>2000 kW-h/kWp-afio) y con reducidos costes de financiacion es alrededor
de 5-10 c€/kW-h [10]. Sin embargo, este valor debe ser reducido para propiciar una
mayor implantacion de la tecnologia HCPV.

Con respecto a las instalaciones HCPV, éstas suelen utilizar sistemas de seguimiento
a dos ejes para garantizar el continuo apuntamiento de los médulos HCPV hacia los rayos
solares. Los seguidores solares son un componente fundamental de una instalacion
HCPV y estdn basados en sistemas electro-mecanicos, aunque no participan
activamente de la conversion de energia solar en electricidad [11, 4]. Su coste estd
relacionado con las exigencias impuestas por las necesidades de precision de
apuntamiento de los mddulos HCPV. Es por ello que los médulos HCPV, con mayores
tolerancias de desapuntamiento (mayor aceptancia angular), y menores peso y tamafio,
requeriran seguidores solares de menor coste.

En cuanto a los médulos HCPV, son muy diversos en su disefio, aunque basicamente
consisten en una caja cerrada que contiene las pequenas células fotovoltaicas de
concentracion, los sistemas Opticos concentradores, y el resto de componentes
eléctricos, térmicos y mecanicos necesarios para evacuar la electricidad y el calor, y
alojar todos los elementos de forma segura y protegida de los fendmenos atmosféricos
(lluvia, granizo, polvo...) [4]. Con respecto de los elementos eléctricos, ademas de los
cables de conexidn entre células solares y los terminales del médulo HCPV, también
suelen usarse diodos de paso para evitar el sobrecalentamiento de células. Ademas, el
exterior del modulo HCPV debe estar suficientemente aislado eléctricamente de los
componentes interiores. En relacidn a los elementos térmicos, los mdédulos HCPV suelen
disponer de elementos pasivos de refrigeracion de las células solares, como por ejemplo,
radiadores de aletas. En la Figura 1 puede verse un esquema de un médulo HCPV.

Para propiciar la implantacion a mayor escala de la tecnologia de HCPV es necesario

mejorar los médulos HCPV. Estos, en comparacién con los mdédulos fotovoltaicos
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convencionales, tienen una profundidad y peso muy superiores, ya que tienen que
albergar los sistemas dpticos concentradores, ademds de las células solares, cableado,
etc. El andlisis de los modulos HCPV se realiza fundamentalmente a través de sus
caracteristicas |-V (corriente-voltaje), mientras que para analizar las células
fotovoltaicas, el modelo SEM (single exponential model) proporciona cinco pardmetros
que se relacionan con los de las caracteristicas |-V [12]. Estos modelos circuitales
describen el comportamiento de las células solares a nivel de propiedades
fundamentales de los semiconductores, como p.ej. la corriente de saturaciéon, o las

resistencias parasitas.
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Figura 1. Esquema de componentes de un modulo HCPV [5].
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Figura 2. A la izquierda, espectro de radiacion solar terrestre y rangos tipicos de longitud de onda para cada

subcélula de una célula solar de triple-unién (TJ). A la derecha, esquema tipico de capas que forman una célula solar
TJ [4].




Las células solares empleadas en los mdédulos HCPV son tipicamente de triple-unién
(TJ, triple-junction). Dichas células alcanzan un 44.4% de eficiencia, aunque incluso ese
valor es superado por células de cuatro uniones p-n, llegando a un 46.0% de eficiencia
[6]. Para el caso de las células TJ, se muestran en la Figura 2 los rangos de longitud de
onda para los que es sensible cada subcélula (‘top’, superior; ‘mid’, media; ‘bot’, inferior)
[4]. También se muestra el esquema de capas que forman una célula TJ tipica. Las células
solares TJ de los médulos HCPV suelen ser cuadradas y de entre 5 mm y 10 mm de lado.

La luz debe ser concentrada sobre dichas células TJ, ya que el precio de las mismas es
demasiado elevado como para no utilizar un sistema dptico concentrador. Los sistemas
Opticos concentradores consiguen focalizar los rayos solares sobre las células TJ. Para
ello se pueden utilizar tanto lentes convergentes como espejos concavos, es decir,
sistemas con un foco real. En el caso de las lentes, las mas utilizadas son las lentes de
Fresnel. Las lentes de Fresnel se utilizan con la idea de eliminar material interior de la
lente, el cual no es necesario para la focalizacidon de los rayos solares, ya que esto es
solamente una consecuencia de la forma de las superficies exteriores de la lente [13,
14]. En la Figura 3 se puede ver un corte transversal de una lente de Fresnel con simetria
rotacional. Los dientes resultan en anillos de seccion cénica al revolucionar con respecto
del eje focal de la lente. Las lentes de Fresnel suelen ser de, o bien de PMMA
(polimetilmetacrilato), o bien de silicona adherida a vidrio (SoG, ‘silicon on glass’) [15].
En cualquiera de los casos, las lentes producen, en general, aberraciones cromaticas, las

cuales reducen las posibilidades de concentracion de la luz [7].

Figura 3. Esquema para el cdlculo bidimensional de los dientes de una lente de Fresnel. Aplicando trigonometria y
la ley de Snell, se puede determinar el dngulo a de cada diente para una distancia focal f y un radio R de lente
determinados. En rojo, un rayo solar incidente y focalizado posteriormente.

En el caso de los concentradores basados en espejos, el ejemplo mas basico lo
constituye el espejo parabdlico, el cual concentra los rayos solares en su punto focal

[16]. Los sistemas basados en espejos no producen aberraciones cromaticas, aunque no
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estan exentos de producir otros tipos de aberraciones dpticas. Los sistemas mas tipicos
basados en espejos son los de tipo Cassegrain, los cuales combinan un espejo primario
parabolico concavo con un espejo secundario hiperbdlico convexo [17, 18]. En la Figura
4 puede verse un esquema tipico de un concentrador HCPV de tipo Cassegrain, en donde
se tiene un espejo primario, un espejo secundario y una célula solar. Los concentradores
basados en espejos son propicios para alcanzar concentraciones ultra-altas (UHCPV, mas

de 1000 soles, 1 sol = 1000 W/m?) ya que no presentan aberraciones crométicas.

Espejo Secundario

Espejo Primario

Célula Solar

Figura 4. Esquema bdsico de un concentrador Cassegrain. En rojo, un rayo solar incidente en el médulo HCPV y
focalizado posteriormente sobre la célula solar.
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3. Justificacion

Como se ha comentado en la Introduccién, la tecnologia fotovoltaica de alta
concentracion (HCPV) es un tipo de tecnologia solar fotovoltaica con un alto potencial
de implantacion. No obstante, esta tecnologia no ha cumplido con las expectativas de
mercado en los Ultimos afios (la mayoria de las empresas fabricantes han cesado la
actividad), debido a la competencia de la tecnologia solar fotovoltaica convencional. Sin
embargo, para localizaciones con abundante radiacién solar directa, la tecnologia HCPV
puede ser competitiva [10]. Esta Tesis pretende ser una contribucién al desarrollo de la
tecnologia HCPV desde el enfoque de los mddulos fotovoltaicos.

Para lograr dicha finalidad, es necesario, en primer lugar hacer un analisis detallado
de la tecnologia actual de los mddulos HCPV. La informacion disponible sobre los
modulos HCPV es limitada, en gran parte, debido al secreto industrial de las empresas
fabricantes (las hojas de especificaciones técnicas no aportan todos los datos utiles
sobre su funcionamiento). Ademas, la informacion disponible en publicaciones (libros,
revistas cientificas, etc.) suele ser especifica de algunos aspectos del funcionamiento de
los modulos HCPV. Es por ello que el analisis propuesto permitird conocer las
caracteristicas principales de los médulos HCPV de forma general y ademas servird para
poder comparar los diferentes disefios comerciales bajo los mismos criterios.

No solamente es necesario analizar los médulos HCPV desde un punto de vista
técnico, sino también desde un punto de vista econdmico. De esta forma, serd posible
obtener una vision mdas completa de la tecnologia de médulos HCPV que propicie asi
aumentar su implantacion mundialmente. Un parametro econdmico clave para
comparar diversas fuentes de energia segun su coste es el LCOE [10]. Asi, el calculo del
coste nivelado de la produccién energia solar HCPV tiene que ser analizado en detalle.
Ello es debido a que no solamente influyen en el LCOE de una instalacion HCPV los costes
asociados a la tecnologia en si (como el coste total de los mddulos, de los seguidores
solares, etc.), sino que también son cruciales parametros relacionados con el recurso
solar y con los condicionantes econdmicos de cada pais. Aparte de estos condicionantes
econdmicos, el conocimiento sobre el LCOE aporta las claves sobre qué es necesario
mejorar de la tecnologia de mdédulos HCPV para reducirlo.

Desde el punto de vista de los sistemas dpticos, se encuentran tres caracteristicas
necesarias para propiciar la reduccién del LCOE. En primer lugar, es necesario aumentar
la energia total anual producida por una instalacion HCPV, y ello es posible mediante el
aumento de la eficiencia y de la aceptancia angular de los sistemas Opticos

concentradores. Por otro lado, es necesario aumentar el nivel de concentracién de los
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modulos HCPV, pues ello permite reducir la cantidad empleada de semiconductor y el
coste en médulos fotovoltaicos.

En cuanto a la mejora de la eficiencia y aceptancia angular de los médulos HCPV, es
necesario optimizar los disefios de los elementos dpticos secundarios (SOE, secondary
optical element, cominmente denominados ‘secundarios’). Dichos SOEs tipicamente
son de tipo refractivo y estan en contacto con la célula solar, o muy préximos a la misma.
Los SOEs, por un lado, aumentan la concentracién captando mas rayos solares
concentrados (funcionando como lentes y/o guias de luz), y por otro lado, aumentan la
tolerancia 6ptica del concentrador con respecto al alineamiento con los rayos solares
incidentes. Para poder realizar la optimizacidn de los SOEs, es necesario tener en cuenta
las no idealidades mas importantes en cuanto a la interaccién de la luz con los
materiales. Ello permitird realizar disefios mas realistas. Dichos efectos no ideales,
especialmente aquellos basados en las propiedades dependientes de la longitud de
onda (indice de refraccidn, coeficiente de absorcidn, respuesta espectral de la célula,
etc.), no suelen ser tenidos en cuenta en la mayoria de publicaciones cientificas
relacionadas. El desarrollo de un modelado éptico con esas caracteristicas para los
tipicos sistemas concentradores ha de servir de base para el disefo optimizado de
diferentes SOEs. Ademas ello provee de los elementos para el modelado mas exhaustivo
de las caracteristicas de los médulos HCPV.

Asimismo, es necesario un desarrollo experimental basado en tal modelado dptico
que permita verificar los supuestos del analisis tedrico de los médulos HCPV. La
fabricacion, ensamblaje y caracterizacion de los SOEs formando parte de diferentes
unidades HCPV, bajo las mismas condiciones controladas y repetitivas era un trabajo
aun pendiente de desarrollar con una profundidad de detalle como en la de esta Tesis.
Para obtener resultados de los médulos HCPV a condiciones constantes de irradiancia
sin variar sus condiciones espectrales, y viceversa, para condiciones constantes
espectrales variando la irradiancia, es necesario utilizar un simulador solar para médulos
de concentracion, como lo es el del Centro de Estudios Avanzados en Energia y Medio
Ambiente (CEAEMA).

Con respecto al aumento de los niveles de concentracién como estrategia para
reducir el LCOE de las instalaciones HCPV, una estrategia es superar la barrera de los
1000 soles de concentracién de las tipicas lentes de Fresnel, alcanzando las
concentraciones ultra-altas (UHCPV). Nuevos disefios basados en otro tipo de sistemas
concentradores son necesarios, ya que los actuales no alcanzan concentraciones ultra-
altas. En concreto, se dispone una posibilidad manifiesta para conseguirlo con el uso de
Opticas reflexivas. Los sistemas basados en el disefo tipo Cassegrain, con un espejo

primario parabdlico y otro secundario hiperbdlico, permiten alcanzar tales
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concentraciones. Por otro lado, es necesario explorar disefios basados en la focalizacién
de haces de luz provenientes de diferentes unidades Opticas para alcanzar niveles
superiores de concentracién. Aunque hay diversos disefios publicados con esas
caracteristicas para concentradores con Optica primaria de lentes de Fresnel, no se

habian desarrollado tales concentradores mediante elementos reflexivos.
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4. Objetivos

El objetivo de esta Tesis Doctoral es realizar una aportacion para el avance de la
fotovoltaica de alta concentracion, haciendo énfasis en nuevos disefios de mddulos
HCPV para mejorar la tecnologia. Este objetivo general se desarrolla a través de varios
objetivos especificos, realizando contribuciones a la tecnologia HCPV bien a nivel de
maodulo HCPV, bien a nivel de costes de los sistemas HCPV, bien a nivel de mejoras de
los sistemas épticos concentradores convencionales (elementos dpticos secundarios), o
bien a nivel de disefios dpticos de sistemas concentradores no convencionales
(alcanzando concentraciones ultra-altas). Los objetivos especificos son los siguientes:

1. Analizar el estado de la tecnologia de mddulos fotovoltaicos de alta

concentracion.

2. Analizar la viabilidad econdmica de la tecnologia fotovoltaica de alta

concentracion a nivel mundial.
Modelar, disefiar y caracterizar elementos dpticos secundarios.

4. Realizar un disefio éptico para concentraciones ultra-altas.
Los objetivos especificos se desarrollan a continuacion:

Objetivo n21. Analizar el estado de la tecnologia de médulos fotovoltaicos de alta

concentracion

Debido a la escasez de informacion sistematica sobre las caracteristicas
fundamentales de los mddulos HCPV comerciales actuales, tanto a nivel de literatura
cientifica como a nivel de hojas comerciales con caracteristicas técnicas de los mdédulos
HCPV, resulta necesario hacer un estudio sobre los mismos. La finalidad principal de este
Objetivo n21 es aportar informacion detallada sobre la eficiencia y aceptancia angular
de los mddulos HCPV comerciales actuales. Asimismo se pretende hacer un analisis
historico de la evolucion de los médulos HCPV.

Por otro lado, para complementar la informacion recopilada, se aportaran datos
experimentales sobre una serie de mddulos HCPV comerciales disponibles en Ia
Universidad de Jaén, que seran caracterizados bajo condiciones controladas en el
Simulador Solar CPV ‘Helios 3198’. El objetivo de dicha caracterizacion sera, entre otros,
cotejar la informacion comercial de dichos mdédulos HCPV con datos reales.

Dentro del Objetivo n?1, se plantea también el andlisis de los parametros eléctricos

de las caracteristicas corriente-voltaje (I-V) de los mddulos HCPV comerciales. En
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concreto, se espera encontrar las relaciones de los pardmetros mas importantes en
funcién de lairradiancia, ya que se trataba de un analisis poco explorado en la literatura.
Ademas, se estudiard la aplicacion de algin modelo circuital, como es el modelo SEM
(single exponential model), para aplicarlo al funcionamiento de los médulos HCPV. Para
conseguir este objetivo se utilizaran datos experimentales de mddulos HCPV obtenidos

bajo condiciones controladas en el Simulador Solar CPV.

Objetivo n22. Analizar la viabilidad econdmica de la tecnologia fotovoltaica de alta

concentracion a nivel mundial

El objetivo fundamental de la tecnologia HCPV es reducir el coste de generacion de
electricidad solar fotovoltaica, disminuyendo la cantidad de semiconductor empleada.
El parametro convencional para evaluar el coste de generacién de electricidad es el LCOE
(Levelised Cost of Electricity), en espafiol, coste nivelado de la electricidad. Este
parametro hace referencia al coste tedrico constante de produccidon de cada unidad de
energia (1 kW-h), de una instalacion de produccion de energia durante toda su vida util.

Debido a la drastica disminuciéon de los precios de los modulos fotovoltaicos
convencionales (con células solares de silicio y sin sistemas épticos de concentracién),
el mercado de la tecnologia HCPV ha quedado muy reducido en los ultimos afios. No
obstante, se analizardn las posibles oportunidades de la tecnologia HCPV para ser
competitiva (a través del LCOE) en diferentes regiones del planeta.

En este Objetivo n22 se pretende realizar un estudio a nivel mundial sobre la
factibilidad de la inversién en los sistemas HCPV (de 1 MWp) a través del cdlculo del
LCOE de los sistemas HCPV. En ese marco, ademas se analizara la paridad de red en los
paises considerados. Con toda la informacién obtenida, se presentaran diversos mapas
mundiales por paises que aporten informacion directa relevante sobre la factibilidad de
los sistemas HCPV, para utilidad de futuros inversores, propietarios y entidades

financieras.

Objetivo n23. Modelar, disefiar y caracterizar elementos dpticos secundarios

Los sistemas Opticos concentradores de los mdédulos HCPV necesitan del uso de
elementos 6pticos secundarios (SOE), acoplados a la célula solar, para lograr dos
requisitos fundamentales: (a) mejorar la tolerancia a desapuntamientos (aceptancia
angular) del médulo y, (b) mejorar la uniformidad de la luz concentrada que ilumina la
célula solar. Por tanto, la utilizacién de SOEs repercute en la disminucién del LCOE, ya

gue permite incrementar la energia anual producida.
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En este objetivo especificamente se pretende desarrollar un modelado dptico de
distintas unidades HCPV de tipo Fresnel con dptica secundaria, que tenga en cuenta
propiedades dependientes de la longitud de onda. El modelado éptico debera tener en
cuenta que la célula solar no es un absorbente perfecto de luz y que ademas esta
compuesta por tres uniones p-n tipicamente. Para ello se recurrird a conceptos como la
respuesta espectral y la eficiencia dptica policromadtica, entre otros. Se quiere
determinar, ademas, qué tipo de SOE, entre varios disefios tipicos, es el mas adecuado
para un sistema HCPV de tipo Fresnel.

Posteriormente, se procedera al estudio experimental (caracterizacién en el
Simulador Solar CPV) de diferentes SOEs disefiados y fabricados, integrando diferentes
unidades HCPV. El objetivo es determinar cual SOE funciona mejor desde el punto de
vista de las propiedades eléctricas medidas de cada unidad HCPV. Para ello se realizara
una caracterizacién tanto a condiciones de referencia como a condiciones muy alejadas
de las mismas. Se determinaran los parametros eléctricos caracteristicos de las curvas I-
V de cada unidad HCPV, asi como la aceptancia angular para las diferentes condiciones
espectrales y de irradiancia. Los resultados se compararan con aquellos de las

simulaciones dpticas.

Objetivo n24. Realizar un diseiio dptico para concentraciones ultra-altas

Otra estrategia para reducir el LCOE de la tecnologia HCPV es aumentar los niveles de
concentracion solar del médulo, alcanzando lo que se denomina, concentraciones ultra-
altas (“ultra-High” CPV, UHCPV) de mas de 1000 soles. De esta forma, se reduciria aun
mas la cantidad usada de semiconductor en cada mdédulo UHCPV, por tanto, abaratando
su coste de fabricacion.

El objetivo de este trabajo es realizar un disefio dptico de un dispositivo concentrador
UHCPV que dirija la luz concentrada, desde varias unidades dpticas independientes
entre si. Asi se conseguiria multiplicar la concentracién geométrica del médulo UHCPV
segun el nimero de unidades dpticas cuyos haces de luz concentrada convergen hacia
un mismo receptor comun.

Ademas, dicho concentrador UHCPV debe ser compacto, garantizar una aceptancia
angular minima (lo cual es mas dificil a medida que se aumenta la concentracidn
geométrica) e iluminar la célula solar de forma uniforme (para evitar problemas de

punto caliente, etc.).
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5.2. Conexion de las publicaciones con Objetivos de la Tesis

5.2.1. Objetivo n21: Analizar el estado de la tecnologia de

modulos fotovoltaicos de alta concentracion

Articulo n2 1: “Efficiency and acceptance angle of High Concentrator Photovoltaic

Modules: Current Status and Indoor Measurements”

Articulo n2 2: “Current-voltage dynamics of multi-junction CPV modules under different

irradiance levels”

El objetivo primero, “Analizar el estado de la tecnologia de médulos fotovoltaicos

de alta concentracidon”, se desarrollé entre los articulos numero 1y 2, arriba citados.

En el articulo numero 1 (“Efficiency and acceptance angle of High Concentrator
Photovoltaic Modules: Current Status and Indoor Measurements”) se realizé un analisis
de los médulos de alta concentracion fotovoltaica (HCPV).

El objetivo principal de este articulo es hacer una revision de los modulos HCPV
actuales, ya que la informacién disponible en la literatura es escasa y no abarca los
principales aspectos de los mdédulos HCPV de forma global. Ademas, la informacién
detallada de los mddulos HCPV, proporcionada por los fabricantes, suele ser incompleta.
Este articulo pretende aportar informacion detallada sobre dos aspectos clave de los
modulos HCPV, eficiencia y aceptancia angular, y asi cubrir la ausencia de la misma en
la literatura. Para completar la informacidn recopilada, se propone como objetivo
aportar datos de medidas experimentales en simulador solar de un total de 24 mddulos
HCPV comerciales. Dichos datos, ademas, son comparados con aquellos dados por los
fabricantes.

Para propiciar una mejor comprensiéon del analisis presentado en este articulo, las
principales magnitudes eléctricas fueron definidas: eficiencia del médulo HCPV (nwmob) y
de la célula solar (nce), eficiencia dptica del sistema concentrador (noer), concentracion
geométrica (C,), aceptancia angular (9) y producto concentracién-aceptancia angular
(CAP).

Previo al analisis de los médulos HCPV actuales, se presenta un analisis histérico,
desde 1990 hasta la actualidad, de la evolucién de los valores récord de eficiencia de los
modulos de las principales tecnologias fotovoltaicas: HCPV, c-Si (silicio cristalino) y ‘Thin
Film’ (lamina delgada). El mayor incremento de eficiencia corresponde a los mddulos
HCPV, con un crecimiento que llega al +1.43%/afio entre 2010y 2017 [9, 6].

23



Se detallan los cinco médulos fotovoltaicos con mayor eficiencia medida por
laboratorios de prestigio. Sus eficiencias son alrededor de 40% y ademas sus Cy son, en
general, menores de 400x. Los valores de estos modulos contrastan con aquellos de los
modulos HCPV comerciales, que son presentados en una tabla con los valores de
eficiencia de 15 médulos HCPV actuales de diferentes fabricantes. Se comprueba que
los modulos HCPV comerciales presentan eficiencias alrededor de 30% y su Cy esta entre
500x y 1000x. En la tabla, ademas se incluyen los valores de potencia, aceptancia
angular, CAP, y el tipo de éptica de los mddulos HCPV. Utilizando dichos valores de
eficiencia, se presenta un histograma de frecuencias centrado en 30% con poca
dispersion (3%). Usando los valores mencionados, la aceptancia angular resulta
tipicamente entre +0.7°y +1.0° con un promedio de +0.9°. El valor CAP promedio resulta
0.46. Se comprueba que ningin modulo HCPV comercial consigue simultdaneamente
altos valores de eficiencia, aceptancia angular y .

Complementando a los valores comerciales, se presentan valores medidos de
eficiencia, en el Simulador Solar CPV de la Universidad de Jaén, de un total de 24
maodulos HCPV comerciales correspondientes a tres fabricantes distintos. El promedio
de los valores medidos de los médulos HCPV comerciales resulta no desviarse mas de
un +3.5% respecto de los valores dados por los fabricantes. Considerando 21 de los 24
modulos, correspondientes a dos fabricantes distintos, sus valores de eficiencia
mantienen solo un 2% de desviacion alrededor de sus respectivos valores promedio. En
cuanto a la aceptancia angular caracterizada de 16 mddulos HCPV comerciales, se
obtiene una muy baja dispersion de los resultados, 0.05%, con un valor promedio entre
+0.77° y £0.82° Por consiguiente, tanto en eficiencia como en aceptancia angular, se
verifica muy poca dispersion en los resultados medidos.

En este articulo se concluye que las principales caracteristicas de los médulos HCPV
comerciales son analizadas, especialmente: eficiencia, aceptancia angular,
concentracion geométrica. En cuanto a la evolucién de la eficiencia de los mddulos
HCPV, ésta es la mayor entre todas las tecnologias fotovoltaicas. Los valores récord de
eficiencia de moédulos HCPV alcanzan valores alrededor del 40%. En el caso de los
moédulos HCPV comerciales, sus eficiencias estan alrededor del 30%, con
concentraciones geométricas entre 500x y 1000x, y valores de aceptancia angular entre
$0.7° y £1.0°% Complementando al analisis, se realizé la caracterizacién en Simulador
Solar CPV de un total de 24 mdédulos HCPV de tres fabricantes distintos. Las eficiencias
medidas se ajustaron a los valores dados por los fabricantes. Igualmente, los valores de
aceptancia angular (de 16 mddulos) se ajustaron a los de los fabricantes, fueron

repetitivos y resultaron entre +0.77°y +0.82°.
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En el articulo numero 2 (“Current-voltage dynamics of multi-junction CPV modules
under different irradiance levels”) se analizaron las propiedades de los mddulos HCPV
respecto de la irradiancia.

El funcionamiento de los mddulos fotovoltaicos de alta concentracion (HCPV) es
mucho mas complejo que el de los mddulos fotovoltaicos convencionales. Aunque la
literatura es extensa en cuanto a los andlisis de médulos HCPV a nivel de célula, médulo
y sistema, resulta indispensable estudiar el comportamiento de corriente-voltaje (I-V)
de los médulos HCPV en funcidn de un parametro esencial como es la irradiancia directa.
Para ello, se puede utilizar el modelo de la exponencial simple (SEM, single exponential
model), que relaciona la curva |-V de un dispositivo fotovoltaico con cinco parametros
caracteristicos: la corriente fotogenerada (/yn), la corriente de saturacion del diodo (/o),
el factor de idealidad del diodo (m) y las resistencias parasitas, en serie (Rs) y en paralelo
(Rsn). Este método ha de ser adaptado a nivel de mdédulo HCPV, para estudiar la
dependencia con la irradiancia, debido a que la dptica puede afectar a la uniformidad, y
los mismatch eléctricos y 6pticos pueden afectar a la curva I-V y al aumento de la
resistencia serie por el conexionado entre células.

El objetivo fundamental de este articulo es mejorar el conocimiento del
comportamiento de los modulos HCPV, especificamente, en funcion de la irradiancia.
Para ello, se pretende determinar (en condiciones totalmente controladas) la
dependencia de la curva |-V y de los parametros del modelo SEM con la irradiancia en
los médulos HCPV basados en células multi-union.

Para realizar el estudio planteado, se realiza la caracterizacién controlada, de dos
modulos HCPV comerciales, en el Simulador Solar CPV de la Universidad de Jaén, a
condiciones de referencia (temperatura 25° C, SMR(top/mid) = 1 + 0.05, spectral
matching ratio, y a diferentes irradiancias (700-1000 W/m?). Ambos mddulos HCPV
tienen Optica primaria de Fresnel y secundaria de pirdmide truncada refractiva de vidrio.
La lente primaria del médulo A es de tipo SoG (silicon on glass) mientras que la del B es
de PMMA (polimetilmetacrilato). El mddulo A tiene una concentracién geométrica de
500x y el B de 820x. Las células solares de ambos son ‘lattice-matched’ (pardmetro
reticular ajustado) de triple-unién (GalnP/GalnAs/Ge).

Utilizando las curvas |-V obtenidas en el Simulador Solar, los cinco pardmetros del
modelo SEM son extraidos a nivel de una célula solar, para cada valor de irradiancia. Se
obtienen los siguientes resultados: I,» crece linealmente con la irradiancia, como es
esperado; m e I, no muestran dependencia con la irradiancia; mientras que las
resistencias pardsitas, Rs y en Rsn, decrecen al aumentar la irradiancia, debido al
incremento de los portadores de carga en el material semiconductor. Los parametros

claves de las curvas |-V, es decir, Isc, Impp, Voc Y Vmpp, € pueden obtener tras una serie de
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aproximaciones dentro del modelo SEM. Estos parametros resultan expresados por
funciones relativamente simples y con diversos coeficientes que pueden ser obtenidos
mediante analisis de regresion de datos monitorizados de los médulos HCPV, por tanto,
sin necesidad de conocer la curva I-V en condiciones de referencia. En el caso de estos
parametros clave de la curva |-V de ambos mddulos HCPV caracterizados, se observa
que, por un lado, Isc € Impp aumentan linealmente con la irradiancia, mientras que Vo
crece con el logaritmo de la irradiancia. Por otro lado, Vmpp aumenta hasta un cierto
valor de irradiancia (alrededor de 800 W/m?2) y luego decrece. Ello es debido al aumento
de las pérdidas por resistencia en serie a irradiancias mayores. A su vez, esta disminucién
de Vmpp produce una reduccién de la eficiencia a partir de cierta irradiancia. Esto implica
gue, por un lado, para optimizar el funcionamiento de un mddulo HCPV, es necesario
ajustar el nivel de concentracién del sistema 6ptico con aquél del maximo de eficiencia
de la célula. Por otro lado, para aumentar el valor de irradiancia a la cual la eficiencia de
la célula es maxima, es necesario reducir su resistencia en serie. Ademas, dado que
normalmente solo se dispone de valores a condiciones de referencia, se calculan las
curvas |-V teodricas a diferentes irradiancias. De esta forma, resulta un error relativo en
la estimacion de la potencia menor del 0.3% para irradiancias en el rango 750-1000
W/m?2.

En este articulo se concluye que se han caracterizado, en condiciones controladas de
laboratorio Simulador Solar CPV, dos mddulos comerciales HCPV basados en éptica
primaria Fresnel y en dptica secundaria de tipo refractivo, y en células de triple-unién.
Variando la irradiancia (DNI, entre 700-1000 W/m?), se han analizado las caracteristicas
de las curvas |-V asi como los parametros del modelo SEM (single exponential model)
aplicado a cada mdédulo HCPV. Con respecto a los parametros eléctricos de las curvas I-
V, los resultados muestran que la corriente de cortocircuito (/sc) y la corriente del punto
de mdaxima potencia (/mpp) aumentan linealmente con la DNI. Ademas, el voltaje a
circuito abierto (Voc) aumenta con el logaritmo de la DNI. Por otro lado, el voltaje en el
punto de maxima potencia (Vmpp) presenta un crecimiento hasta cierto valor de DNI
(unos 800 W/m?), a partir del cual disminuye debido al incremento de las pérdidas por
resistencia en serie en las células. Entre los parametros SEM, los resultados muestran
que la corriente fotogenerada (/,n) aumenta linealmente con la DNI. El factor de
idealidad (m) y la corriente de saturacién (/) no muestran dependencia frente a la DNI.
Por otro lado, las resistencias parasitas en serie y en paralelo (Rs y Rsx) disminuyen al
aumentar la DNI. A partir de los valores de referencia, se estiman las curvas |-V con

buena aproximacidn hasta irradiancias de 750 W/m?2.
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Para futuros trabajos se destaca el modelado del impacto de la temperatura en los
parametros SEM vy en las caracteristicas I-V en funcion de la irradiancia, y la aplicacién

de correcciones espectrales.
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5.2.2. Objetivo n22: Analizar la viabilidad econdmica de la
tecnologia fotovoltaica de alta concentraciéon a nivel

mundial

Articulo n2 3: “A worldwide assessment of levelised cost of electricity of HCPV systems” ‘

El objetivo niumero 2, “Analizar la viabilidad econémico de la tecnologia fotovoltaica
de alta concentracion a nivel mundial”, se llevd a cabo en el articulo nimero 3 (“A
worldwide assessment of levelised cost of electricity of HCPV systems”).

El aspecto econdmico de las instalaciones de energia solar fotovoltaica (PV) es tan
importante como la tecnologia PV en si. Los estudios econdmicos relacionados con la
energia solar PV son utiles para evaluar la factibilidad de una inversién, asi como para
apoyar regulaciones que fomenten la implantacion de las energias renovables (EERR).
No obstante, se observa escasez tanto de estudios econdmicos precisos sobre los
sistemas HCPV, como de analisis que indiquen las regiones potenciales 6ptimas para los
sistemas HCPV a nivel mundial. En este articulo se utiliza el pardmetro LCOE (Levelised
Cost of Electricity, coste nivelado de la electricidad) como el parametro que indica la
factibilidad de una inversidon econdmica para realizar una instalacion PV. El LCOE
representa el coste tedrico constante de un sistema de produccion de electricidad
durante toda su vida util. Este parametro es tipicamente utilizado para comparar
diferentes sistemas de produccion de electricidad, especialmente en los basados en
EERR. Ademas, el parametro LCOE se puede relacionar con el precio de la electricidad a
través del concepto de paridad de red (grid parity) [19]. La paridad de red se alcanza
cuando el LCOE de una fuente de EERR es igual o menor al precio de la electricidad. Se
observa que no hay estudios anteriores sobre la paridad de red de los sistemas HCPV.

Por todo lo expuesto, se pretende realizar un estudio a nivel mundial sobre la
factibilidad de la inversién en los sistemas HCPV (de 1 MWp) a través del cdlculo del
LCOE de los sistemas HCPV, en un total de 133 paises. En ese marco, ademas se pretende
analizar la paridad de red en los paises analizados. Con toda la informacion analizada, se
pretende presentar diversos mapas mundiales por paises que aporten informacién
directa relevante sobre la factibilidad de los sistemas HCPV, para utilidad de futuros
inversores, propietarios y entidades financieras.

El calculo del LCOE, para el afo 2014, se realiza en funcién de los siguientes
parametros de entrada: HCPV, (€), coste inicial de la inversién; HCPVaowm (€), coste anual
de operacién y mantenimiento; DEP (€), amortizacidon anual del sistema HCPV; Ny, el
numero de afios de amortizacion del sistema HCPV; Yf (kW-h/kWp-afio), la produccion

anual de energia; d (%), el tipo de descuento nominal; N, el nUmero de afios de vida util;
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T (%), el impuesto; rq (%), la degradacion anual de la eficiencia del sistema HCPV; y, roswm
(%), el incremento anual de los gastos de operacidon y mantenimiento del sistema HCPV.
Es importante destacar el calculo de Y}, que se realiza a través del método de basado en
el PR (Performance Ratio, coeficiente de rendimiento), definido por la norma IEC-61724
como la energia eléctrica producida en AC (corriente alterna) por un sistema PV por
unidad de potencia instalada, expresado en kW-h/kWp-afio. Se asume un PR = 0.82
comun para las instalaciones HCPV. Con estas premisas, se genera un mapa mundial
coloreado segun el valor de Ysucpy, que resulta en el rango 1100-2000 kW-h/kWp-afio.
Otro concepto importante para determinar el LCOE es la curva de aprendizaje de la
tecnologia, que sirve para determinar HCPV, (€) y, en general, determina la evolucion en
la reduccion del coste de una tecnologia como consecuencia de la experiencia
acumulada en su produccidn. En este analisis se asume un coste inicial de la instalaciéon
HCPV de 1700 €/kWp para el afio 2014.

Ademas, se asume una serie de suposiciones para realizar los calculos econdmicos,
como por ejemplo que el 70% de los costes iniciales se financian y el 30% corresponde
a capital propio, o que el préstamo se devuelve en un plazo de 20 anos. Con los
resultados se genera un mapa con el valor de LCOE (c€/kW-h) a nivel mundial (afio 2014).
Resulta minimo para EAU (Emiratos Arabes Unidos) con 6.7 c€/kW-h y maximo en
Vietnam, con 62 c€/kW:-h. Las zonas con menor LCOE (< 10 c€/kW-h) son: Norte América,
Chile, Australia, Norte y Sur de Africa, y Sur de Europa.

Comparando con el precio de la electricidad en el segmento doméstico, se alcanza la
paridad de red mediante la tecnologia HCPV (afno 2014), entre otros paises, en: Espafia,
Italia, Grecia, Francia, e incluso en paises nérdicos como Irlanda, Suecia y Dinamarca. El
motivo es el alto precio de la electricidad y los reducidos costes de financiacion.

Por ultimo se realiza un prondstico sobre el LCOE para las tecnologias HCPV y PV para
el afo 2020 para determinar en qué paises seria mas rentable una instalacién HCPV que
una convencional PV. Entre las suposiciones incluidas, por ejemplo, se asume un valor
de 900€/kWp para ambas tecnologias como coste inicial de la instalacion. El resultado
muestra que en 99 paises, el LCOEHcpy €s menor que el LCOEpy, destacando la region
MENA (Oriente Medio y Norte de Africa) y Sur de Africay Sur de América. Con los andlisis
realizados, se dibujan respectivos mapas mundiales, marcando los paises con un color
segun el valor de la magnitud correspondiente.

En este articulo se concluye que se ha realizado un estudio de la factibilidad de las
inversiones en instalaciones HCPV de 1 MW mediante el calculo del LCOExcpy mundial.
Las regiones con menor LCOExcpy (Mmenor de 10 c€/kW-h), son Norte América, Chile,
Australia, Norte y Sur de Africa, y Sur de Europa. Por otro lado, se utiliza el concepto de

paridad de red para analizar la viabilidad de las inversiones HCPV. Para ello se compara
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el LCOExcpy con el precio de la electricidad doméstica, y se obtiene que para el afio 2014
en, entre otros paises, Espafia, Italia, Gracia, Francia, Irlanda, Suecia y Dinamarca se
consigue la paridad de red. Ademas, se realiza una previsidn para el afio 2020 de la
factibilidad de los sistemas HCPV en comparacion con los convencionales. Segun el
prondstico, la inversion en HCPV resultara mas favorable en la region MENA (Oriente
Medio y Norte de Africa), Sur de Africa y Sur de América. Para facilitar la consulta rapida
de los resultados, se elaboran diferentes mapas mundiales marcando los paises mas

propicios para las inversiones en sistemas HCPV.
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5.2.3. Objetivo n23: Modelar, disefiar y caracterizar

elementos dpticos secundarios

Articulo n2 4: “Optical modeling of four Fresnel-based high-CPV units”

Articulo n2 5: “Development, indoor characterisation and comparison to optical
modelling of four Fresnel-based high-CPV units equipped with refractive

secondary optics”

El objetivo nuimero 3, “Modelar, disefiar y caracterizar elementos O&pticos
secundarios” engloba dos articulos, el niumero 4 (“Optical modeling of four Fresnel-
based high-CPV units”) y el nimero 5 (“Development, indoor characterisation and
comparison to optical modelling of four Fresnel-based high-CPV units equipped with
refractive secondary optics”).

Como se comentd anteriormente, una forma de propiciar la reduccién del LCOE es
aumentar la energia producida por los sistemas HCPV. Teniendo en cuenta las exigencias
de tolerancia Optica (focalizacidon, apuntamiento..) necesarias para el buen
funcionamiento de un concentrador HCPV, la utilizacién de elementos dpticos préximos
o acoplados a la célula solar permite incrementar considerablemente dicha tolerancia
Optica. Este incremento de tolerancia optica podria repercutir en pequefias pérdidas
Opticas bajo condiciones de alineamiento perfecto respecto de la luz incidente, pero, sin
embargo, supone una ganancia considerable de produccion de energia bajo condiciones
reales de operacion.

En el articulo numero 4 se expuso el desarrollo de un nuevo modelado éptico
(superando a los que habia disponibles) para la simulaciéon 6ptica de unidades (o
monomadulos) HCPV basadas en lentes de Fresnel y Optica secundaria (SOEs). Las
ventajas de usar SOEs se resumen en el aumento de: (a) la eficiencia dptica al captar
mas rayos concentrados, (b) la aceptancia angular, la cual sirve para incrementar la
produccidn de energia y para reducir costes de fabricacidn, instalacion y de sistemas de
seguimiento, y (c) la uniformidad espacial y espectral de la luz concentrada sobre la
célula multi-unién (MJ). Numerosos estudios anteriores realizan un modelado éptico de
los sistemas concentradores Fresnel con SOEs, pero la mayoria no incluyen la
dependencia de la longitud de onda de la luz en las propiedades Opticas de los
materiales.

El objetivo de este articulo es desarrollar un modelado dptico de distintas unidades
HCPV de tipo Fresnel con éptica secundaria, que tenga en cuenta propiedades
dependientes de la longitud de onda y se aproxime a los fendmenos épticos reales, para

aplicarlo al disefio y andlisis de los distintos SOEs. Para ello, el modelado 6ptico debe

31



incluir: (i) espectro solar estandar para la superficie de la Tierra, (ii) la distribucién
angular de los rayos solares, (iii) éptica primaria (POE) de tipo Fresnel, (iv) dependencia
con la longitud de onda del indice de refraccion y del (v) coeficiente de absorcidn, y (vi)
respuesta espectral de cada subcélula de una célula solar de triple-unién (TJ). Este
modelado optico permitird determinar qué subcélula estd limitando en corriente, asi
como calcular la eficiencia éptica policromaticay los parametros SMR (spectral matching
ratio) [20, 21].

El modelado dptico descrito es aplicado a cuatro unidades HCPV distintas, formadas
todas por la misma lente de Fresnel (POE) e igual célula TJ de concentracién, aunque con
un SOE, de PMMA (polimetilmetacrilato), distinto en cada una de ellas. Los cuatro SOEs
son: (i) DCCPC (dielectric-cross compound-parabolic-concentrator, concentrador
parabdlico compuesto cuadrado dieléctrico), (ii) SILO-Pyramid, (iii) RTP (refractive
truncated pyramid, pirdmide truncada (e invertida) refractiva), y (iv) Trumpet
(“trompeta’). El SOE SILO-Pyramid, una adaptacion del SILO con la base piramidal, es una
lente cuya superficie de entrada corresponde a un dvalo cartesiano de revolucién
calculado analiticamente. En el caso de los otros SOEs, éstos responden al principio de
la reflexion total interna (TIR) y funcionan como guias de luz, conduciendo los rayos
concentrados hacia la célula solar. Estos SOEs se diferencian basicamente en la
geometria de las aristas. Las aristas del RTP son rectas, las del DCCPC son parabdlicas y
las del Trumpet son hiperbdlicas. En cada una de las cuatro unidades HCPV, la lente de
Fresnel es cuadrada de 130 mm de lado y tiene 152 mm de distancia focal. La célula TJ
simulada esta compuesta por los materiales GalnP/GalnAs/Ge y es cuadrada de 5.5 mm
de lado, resultando cada unidad HCPV en una concentracion geométrica de 559x.
Atendiendo al modelado de las propiedades dpticas, destaca, por ejemplo, la aplicacién
de la ley de Beer-Lambert mediante el coeficiente de absorcion, para la transmisién de
luz a través de un material. Las simulaciones dpticas de cada unidad HCPV se realizan
mediante trazado de rayos, situando la superficie de entrada de cada SOE a la distancia
focal de la lente de Fresnel.

A partir de la tipica respuesta espectral para una célula TJ y con los resultados de la
simulacién dptica, se calcula la densidad de corriente de cortocircuito (Jsc°") de cada
subcélula (top, mid y bot) tanto para incidencia normal de luz solar como para diferentes
inclinaciones, hasta un valor de 2° De estos valores se calcula la eficiencia éptica
policromatica, HUoptpoiicrom, (que tiene en cuenta qué subcélula estd limitando en
corriente) asi como los valores SMR(top/mid), SMR(top/bot) y SMR(mid/bot). Se
encuentra que, por ejemplo, para incidencia normal, en las unidades HCPV DCCPC y
SILO-Pyramid limita la subcélula top, mientras que para las unidades RTP y Trumpet, la

subcélula bot limita en corriente, probablemente debido a la absorcion en el rango IR
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(infrarrojo) del espectro en el material PMMA. Se tiene que los valores de Uopt policrom
resultan entre 81-83.4%, mientras que la aceptancia angular resulta entre +0.96-1.13°
para las diferentes unidades HCPV. En términos de Woptpoiicrom, €l comportamiento
angular de las cuatro unidades HCPV es similar hasta los 1.4° de inclinacion de los rayos
solares.

Otros resultados de las simulaciones dpticas, son las distribuciones espaciales de
Jscsubcel®™ de la luz concentrada tanto para incidencia normal como para incidencia con
1°de inclinacion para cada una de las subcélulas. Aunque para incidencia normal, todas
las unidades HCPV presentan patrones muy uniformes en general, para 1°de inclinacion
se tiene que los SOEs RTP y Trumpet proporcionan una uniformidad visiblemente
superior a las unidades DCCPC y SILO-Pyramid. De forma global, es decir, valorando la
eficiencia dptica policromatica, la aceptancia angular y la uniformidad de la densidad de
corriente de cortocircuito para incidencia normal y de 1° de inclinacién, el SOE RTP
presenta el mejor resultado.

Se concluye que se ha desarrollado un modelado 6ptico que incluye un amplio
numero de no idealidades: espectro solar y su distribucién angular, indice de refraccion,
coeficiente de absorcion, etc. También se considera la respuesta espectral de cada
subcélula que compone una célula de triple-union y el cdlculo de la eficiencia dptica
policromatica. Se realiza un analisis espectral de la luz concentrada en términos de SMR
(utilizando las densidades de corriente de corto-circuito simuladas de cada subcélula), y
se encuentra que en ningln caso se obtiene una distribucion espectral de la luz
concentrada equivalente al espectro de referencia. Entre los resultados, los SOEs
disefados presentan valores de eficiencia y aceptancia angular similares entre ellos, en
los rangos 81-83.4% y +0.96-1.13° respectivamente. En cuanto a las distribuciones
espaciales de densidad de corriente de corto-circuito para cada subcélula, los SOEs RTP
y Trumpet presentan las distribuciones mds uniformes. En términos globales, el SOE RTP
presenta el mejor compromiso entre los valores simulados.

El desarrollo futuro de este trabajo es introducir los patrones de Jssubcsi©™ en un
modelo eléctrico tridimensional de la célula TJ, el cual emule los efectos de no
uniformidad de la iluminacidn concentrada, tanto para cada subcélula como en la célula

TJ en conjunto.

Para el articulo nimero 5 (“Development, indoor characterisation and comparison to
optical modelling of four Fresnel-based high-CPV units equipped with refractive
secondary optics”) se procedié a la fabricacién de los SOEs analizados tedricamente con
anterioridad. En el anterior articulo nimero 4, se establecid la necesidad de la utilizacion

de elementos dépticos secundarios en los mdédulos fotovoltaicos de alta concentraciéon
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para aumentar la produccion de energia y reducir los costes de generacion de la misma.
Sin embargo, una caracterizacion experimental comparativa, bajo condiciones
controladas y repetitivas, de la influencia de diferente SOEs refractivos en dispositivos
Fresnel HCPV estaba ausente en la literatura.

El objetivo de este articulo es determinar cual SOE funciona mejor desde el punto de
vista de las propiedades eléctricas de la unidad HCPV. Para ello se realiza una
caracterizacion tanto a condiciones de referencia como a condiciones muy alejadas de
las de referencia. Por un lado, se mantienen constantes las condiciones espectrales
variando la irradiancia. Por otro lado, se varian las condiciones espectrales a una
irradiancia fijada. Para las diferentes condiciones espectrales y de irradiancia, se
determinan los parametros eléctricos caracteristicos de las curvas |-V de cada unidad
HCPV asi como sus valores de aceptancia angular. Los resultados sirven también para
compararlos con aquellos obtenidos mediante simulacion éptica.

En este articulo se realiza una caracterizacién experimental (utilizando el Simulador
Solar CPV ‘Helios 3198’) de cuatro unidades HCPV, las mismas que fueron modeladas
Opticamente en el articulo numero 4. Tanto la lente de Fresnel como las células TJ
utilizadas corresponden a las caracteristicas descritas en el articulo nimero 4. Los cuatro
SOEs, fabricados en PMMA, son: (i) DCCPC (dielectric-cross compound-parabolic-
concentrator, concentrador parabdlico compuesto cuadrado dieléctrico), (ii) SILO-
Pyramid, (iii) RTP (refractive truncated pyramid, pirdmide truncada (e invertida)
refractiva), y (iv) Trumpet (‘trompeta’).

Para formar las diferentes unidades HCPV, se utilizan receptores del mismo modelo,
equipados con células TJ comerciales (AZUR SPACE Solar Power GmbH). También se
utiliza una lente de Fresnel comercial (ORAFOL Fresnel Optics GmbH). Cada SOE es
fabricado a bajo coste mediante tallado CNC (control numérico por computador) de
bloques de PMMA vy posterior pulido. Cada SOE es montado sobre una célula mediante
un adhesivo 6ptico (Norland 68TH). Con estos elementos se consigue cada unidad HCPV,
utilizando una mesa éptica para colocar los mismos. En el Simulador Solar CPV se realiza
una caracterizacién para diferentes condiciones espectrales y de irradiancia mediante la
utilizacion de distintos filtros, tanto neutros como no neutros.

Las correspondientes curvas |-V de todas las unidades HCPV son obtenidas. Los
valores de eficiencia resultan entre 25.5-28.2%, mientras la concentracién efectiva
resulta entre 403-427 soles. La eficiencia dptica de la lente de Fresnel resulta casi un 8%
menor que en la simulacidn dptica, aunque las eficiencia 6pticas de los SOEs resultan
entre 90.3-95.7%, similares a las simulaciones o&pticas. Con respecto de Ila
caracterizacion de la aceptancia angular, solamente en el caso del SOE RTP se obtuvo un

valor (+1.09°) similar al simulado mediante trazado de rayos. Para el resto de SOEs se
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obtienen valores inferiores, especialmente para el DCCPC (probablemente debido a las
tolerancias de fabricacion y al montaje sobre la célula). En la comparacién de la
eficiencias épticas medidas con las simuladas para diferentes angulos (entre 0-29), se
observa en general un comportamiento similar de las unidades HCPV en ambos analisis,
excepto para el SOE DCCPC.

Analizando el comportamiento de las unidades HCPV para diferentes irradiancias,
manteniendo similares condiciones espectrales, se encuentra que los valores de
aceptancia angular son, en general, estables. En cuanto a la eficiencia y el factor de
forma (FF), ambos no presentan variaciones con la irradiancia. En el caso del voltaje a
circuito abierto (Voc), éste aumenta con el logaritmo de la irradiancia, como es esperado.
Variando las condiciones espectrales (en funcion de SMR(top/mid)), manteniendo
constante la irradiancia, se encuentra que los valores de aceptancia angular son, en
general, también estables. Voc y FF no muestran dependencia espectral para las
unidades HCPV caracterizadas. Sin embargo, en el caso de la eficiencia, todas las
unidades HCPV, incluyendo la unidad sin SOE, presentan una ligera disminucion de
eficiencia (hasta un 3.7%) para valores SMR(top/mid) mayores de 1 (espectro ‘azul’).

Se concluye que, para las unidades HCPV de tipo Fresnel caracterizadas, el SOE RTP
presenta el mejor compromiso de eficiencia y aceptancia angular. Las eficiencias
eléctricas medidas estan en el rango 25.5-28.2%, con concentraciones efectivas entre
403-427 soles. Los valores medidos de eficiencia dptica son similares a los simulados en
general. Por el contrario, el SOE DCCPC presenta un comportamiento angular anémalo
gue habra de ser estudiado. Comparando con las simulaciones dpticas, las eficiencias
Opticas de los SOEs son similares a éstas. Sin embargo, ello no ocurre con la lente de
Fresnel (8% menos de eficiencia dptica), ni en el caso de la aceptancia angular de algunos
SOEs. Al variar las condiciones experimentales, se comprueba que la aceptancia angular
no es sensible a los cambios espectrales ni de irradiancia. Por otro lado, frente a cambios
de irradiancia, solo Vi presenta una dependencia clara (logaritmica) respecto de la
misma. Considerando los cambios espectrales, solo la eficiencia es ligeramente sensible,
disminuyendo hasta un 3.7% para espectros denominados ‘azules’.

Para futuros trabajos experimentales, la caracterizacion de la uniformidad de la luz
concentrada por los SOEs sobre la célula aportara una informacién muy util para una
mejor comprensién del funcionamiento de estas unidades HCPV. Ademas, las
divergencias encontradas entre las simulaciones y la caracterizacion experimental

deben ser investigadas.
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5.2.4. Objetivo n24: Realizar un disefio Optico para

concentraciones ultra-altas

Articulo n2 6: “Optical design of a 4-off-axis-unit Cassegrain ultra-high concentrator

photovoltaics module with a central receiver”

Otra estrategia para reducir el LCOE es reducir la cantidad usada de semiconductor
(costoso), sustituyéndolo por materiales convencionales (vidrio, plastico, etc.), que
conforman los sistemas 6pticos concentradores. Ello implica aumentar drasticamente el
nivel de concentracion. Se denomina concentracion ultra-alta (UH, ultra-high, UHCPV)
cuando la irradiancia promedio sobre la célula solar es de mds de 1000 soles (1 sol =
1000 W/m?).

Este objetivo numero 4 ha sido desarrollado en el articulo nimero 6: “Optical design
of a 4-off-axis-unit Cassegrain ultra-high concentrator photovoltaics module with a
central receiver”.

Diferentes autores han sefialado las ventajas, y el potencial para la reduccion de
costes, que tienen los sistemas de ultra-alta concentracién fotovoltaica (UHCPV), con
concentraciones por encima de 1000 soles [5]. Sin embargo, diversas barreras
tecnolégicas deben ser superadas para poder desarrollo la tecnologia UHCPV, como: la
obtencién de células con maximos de eficiencia a concentraciones de al menos 1000
soles, o la obtencién de adecuados sistemas de refrigeracién de las células solares.
Desde el punto de vista de la dptica, los sistemas basados en lentes de Fresnel de un
solo material estan limitados a concentraciones de alrededor de 1000 soles, debido a las
aberraciones cromaticas. No obstante, los espejos estdn exentos de este tipo de
aberraciones, aunque son caros y dificiles de fabricar.

El objetivo de este trabajo es realizar un disefio dptico de un dispositivo concentrador
UHCPV que dirija la luz concentrada, desde varias unidades Opticas independientes
entre si, hacia una Unica célula solar. Ademas, dicho concentrador UHCPV debe ser
compacto, garantizar una aceptancia angular minima e iluminar la célula solar de forma
uniforme.

En este trabajo, se disefia un concentrador UHCPV que utiliza cuatro unidades épticas
independientes entre si que concentran la luz solar sobre un receptor central, donde se
encuentra la célula solar. Por un lado, se modela cada unidad optica como una
modificacion del disefio tipico Cassegrain, aprovechando la acromaticidad y la alta
compacidad del mismo. Por otro lado, para asegurar una distribucion de luz concentrada
relativamente uniforme sobre la célula, se emplea la técnica de la iluminacién Kohler
[22].
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De esta forma, cada unidad dptica esta formada por un espejo POE (elemento
primario) paraboloide y un espejo SOE (elemento secundario) hiperboloide, con el eje
Optico de éste no paralelo al del POE (de ahi el nombre ‘off-axis’). Nétese que en este
contexto, SOE no hace referencia a un elemento éptico sobre la célula, como era el caso
de las unidades HCPV basadas en sistemas Fresnel. El punto focal del POE y el punto
focal cercano del SOE son coincidentes, de forma que los rayos solares se focalizan en el
foco lejano del SOE tras las dos respectivas reflexiones. Cada espejo POE esta recortado
con forma cuadrada, mientras que cada SOE es recortado por el contorno de los rayos
reflejados en el POE. En el foco lejano del SOE se coloca un dvalo cartesiano de
revolucion de tipo refractivo convenientemente calculado. Este évalo esta orientado
hacia el vértice mas lejano del SOE, proyectando asi una imagen del SOE sobre la célula
solar. El ensamblaje de las cuatro unidades Opticas resulta en un mono-médulo
cuadrado con simetria por cada 90° siendo el homogeneizador o TOE (elemento
terciario), la union de los volimenes de los cuatro évalos cartesianos de cada unidad
Optica.

El mono-modulo UHCPV disefiado tiene una concentracion geométrica de 2304x, ya
gue cada uno de los cuatro espejos cuadrados POE tiene un lado de 120 mm, y la célula
solar, de 5 mm. Cada espejo POE tiene una distancia focal de 150 mm, mientras que
cada espejo SOE tiene una distancia focal cercana (lado céncavo) de 35 mm vy una
distancia focal lejana (lado convexo) de 120 mm. La altura del mono-mddulo es de 123
mm. En las simulaciones dpticas se tienen en cuenta diferentes no idealidades como: (i)
la dispersion angular de los rayos solares, (ii) asi como su distribucion espectral, v (iii)
dispersién de luz en las superficies de los espejos (‘ABg scatter model’). El TOE es
simulado de vidrio B270y la cubierta protectora externa, de vidrio comun. La célula solar
se considera un absorbente perfecto.

La eficiencia dptica simulada es 73%, resultando una concentracion efectiva sobre la
célula solar de 1682 soles. La aceptancia angular se determina en £0.61°, siendo el valor
CAP = 0.51. Se obtiene sobre la célula un maximo de irradiancia a incidencia normal de
5480 soles, 3.3 veces mayor que el valor promedio de la distribucién de irradiancia.

Se concluye en este trabajo la factibilidad de un disefio UHCPV (con concentracién
geométrica de 2304x y concentracion efectiva de 1682 soles) basado en la
concentracion de luz solar desde diferentes e independientes unidades Opticas
compactas, que en este caso son de tipo Cassegrain no convencionales. Ademas se
obtienen valores similares de eficiencia, aceptancia angular y CAP a los de otros disefios
Cassegrain convencionales. Entre los resultados, se tiene que la eficiencia dptica es del

73%, con una aceptancia angular de 0.61° y un valor CAP de 0.51. Resulta una
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distribucién de iluminacidn sobre la célula relativamente uniforme, cuyo maximo es 3.3
veces superior al minimo.

Para aumentar la eficiencia O6ptica, se podrian considerar tratamientos
antirreflectantes (AR) en las superficies del TOE y del vidrio protector. Otra posibilidad
seria reducir el tamafio de los espejos SOE, los cuales producen un 7.5% de pérdidas por
sombreado. Por otra parte, el ajuste de la posicion del foco lejano del SOE de cada
unidad dptica en relacién con el TOE es un grado de libertad de diseno, Gtil para una

futura optimizacion del sistema.
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6. Conclusions and future work

This Doctoral Thesis supposes a contribution to the development of the High
Concentrator Photovoltaics (HCPV) technology from different points of view, which are
connected to each other. This Thesis provides knowledge about the current status of
commercial HCPV modules, as well as about the fundamentals of their working
performance through the characteristic electrical parameters. Complementary to the
technical knowledge of the HCPV modules, an economic analysis is carried out
worldwide, at country level, in order to calculate the levelised cost of electricity (LCOE)
of HCPV. This last allows a connection between the HCPV technology with the economic
reality of each country analysed. The necessity of reducing LCOE is detected, and in this
Thesis, this reduction is contemplated through the improvement of the concentrator
optics with two different strategies: on the one hand, to improve the secondary optical
elements (homogenisers), and on the other hand, to increase the concentration levels
beyond 1000 suns (ultra-high CPV, UHCPV).

The main conclusions can be summarised as follows:

* The main characteristics of the commercial HCPV modules are analysed:
efficiency, acceptance angle, geometrical concentration and concentration-
acceptance angle product (CAP).

¢ The evolution in the efficiency of commercial HCPV modules is the fastest one
compared to the rest of PV technologies (c-Si, Thin Film, etc.). It reaches a
growth rate up to +1.43%/year between 2010 and 2017.

e Record efficiency HCPV modules, certified by renowned laboratories, achieve
around 40% and, in general, they have geometrical concentrations no higher
than 400x.

e 15 commercial HCPV modules were analysed from their datasheets. Their
efficiencies are around 30%, whereas their geometrical concentrations are
spread between 500x y 1000x. Their acceptance angle values are typically
between +0.7°y +1.0° and their CAP values between 0.3-0.5.

e Two commercial Fresnel-based HCPV modules have been characterised
indoors in the CPV Solar Simulator for irradiances (DN/) between 700-1000
W/m?2. Both their I-V characteristics as well as the SEM (single exponential
model) model parameters are analysed.

¢ Results showed that both short circuit current (/sc) and current at maximum
power point (/mpp) increased linearly with DNI. The voltage at open-circuit (Voc)

grew logarithmically with DNI. On the other hand, the voltage at maximum
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power point (Vimpp) showed a maximum at a certain value of DN/ (ca. 800
W/m3).

SEM parameters showed that the photogenerated current (/,x) increased
linearly with DNI. Both ideality factor (m) and saturation current (/) were
stable with DNI. On the other hand, both parasitic resistances, series and
shunt (Rs y Rsn), decreased with DN/,

I-V curves of both HCPV modules were predicted from the reference values,
showing a good fitting until 750 W/m? of irradiance.

The economic feasibility for the investments in HCPV installations of 1 MWp
has been analysed through the worldwide calculation of the LCOEpcpy
(levelised cost of electricity) in 133 countries. The lowest LCOExcpy regions
were North America, Chile, Australia, North and South of Africa, and South
Europe, with values lower than 10 c€/kW-h.

Calculated LCOExcpy values were compared to the electricity prices in the
domestic segment in order to analyse the grid parity. The result was that grid
parity is already achieved, among other countries, in Spain, Italy, Greece,
France, Ireland, Sweden and Denmark for the year 2014.

Forecasts for LCOEHcpy and LCOE of conventional PV were conducted for 2020.
The investment in HCPV resulted more favourable than using conventional PV
in the following regions: MENA (Middle East and North Africa), the South of
Africa and South America.

An optical modelling that included many non-ideal effects has been
developed. This optical modelling took into account wavelength-dependent
optical properties of materials. It also included the spectral response of each
subcell within a triple-junction solar cell.

This optical modelling was applied to four different Fresnel-based HCPV units
equipped with the correspondent dielectric (PMMA) SOEs (secondary optical
units). These SOEs were: (i) DCCPC (dielectric-cross compound-parabolic-
concentrator), (ii) SILO-Pyramid, (iii) RTP (refractive truncated pyramid), and
(iv) Trumpet.

From the simulated short-circuit current density (Jscsubce™") values of each
subcell, a spectral analysis of the concentrated illumination in terms of SMR
(spectral matching ratio) was performed. It was found that, in any situation,
the spectral distribution of the concentrated light was never equivalent to the

reference spectrum.
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All the designed SOEs presented efficiency and acceptance angle values
similar to each other, being in the ranges 81-83.4% and +0.96-1.13°,
respectively.

The HCPV units with SOEs RTP and Trumpet showed the most uniform
distributions of Jscsubcei®™. The SOE RTP achieved the best trade-off among
the results.

Those four SOEs were fabricated in PMMA and the correspondent HCPV units
were characterised in the CPV Solar Simulator. Their |-V curves were acquired,
with efficiencies of 25.5-28.2% and effective concentrations of 403-427 suns
under reference conditions.

Regarding the experimental results of the HCPV units, the SOE RTP presented
the best trade-off between experimentally measured efficiency and
acceptance angle, moreover, those values were similar to the simulated ones.
On the other hand, the SOE DCCPC exhibited a bad angular performance
whose reasons are to be investigated.

The experimental results were, in general, similar to those of the optical
simulations except for the optical efficiency of the Fresnel lens (8% lower) and
in the acceptance angle of some SOEs.

It was found that the acceptance angle was stable under spectral and
irradiance variations.

Under irradiance variations, only V.. exhibited a clear trend (logarithmic).
Under spectral variations, only the efficiency was (slightly) sensitive,
decreasing up to 3.7% for ‘blue-rich’ spectra.

A UHCPV design based on the sunrays concentration from different and
compact optical units (non-conventional Cassegrain-based), while achieving
similar values of optical efficiency, acceptance angle and CAP (concentration-
acceptance angle product) to conventional Cassegrain-based designs, was
demonstrated.

The simulated optical efficiency was of 73%, reaching an effective
concentration of 1682 suns over the solar cell (with a geometrical
concentration of 2304x). Removing the glass cover, the optical efficiency rose
up to 79%. Concerning the angular properties, the acceptance angle was
$+0.61° whereas the CAP value was 0.51. Regarding the illumination
distribution over the solar cell, it reached a maximum value of 5480 suns, 3.3

times over the minimum, assuring the uniformity.
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The main future work to be developed are:

To analyse the impact of temperature in the SEM parameters as well as in the
I-V characteristics as a function of the irradiance. Moreover, spectral
corrections in the |-V characteristics are to be developed.

To input the Jscsubcer®®™ distributions in a three-dimensional electrical model
of a triple-junction solar cell, in order to simulate non-uniformity effects at
subcell level and also for the entire solar cell as a device.

For future experimental work, the spectral uniformity characterisation of the
concentrated illumination over the solar cell is to be developed. In addition,
the divergences found between simulation and experimental results are to be
investigated.

In order to increase the optical efficiency of the UHCPV design, antireflective
coatings may be applied to the entrance surfaces of both TOE and glass cover.
Another possibility is to reduce the size of the SOE mirrors, which incur 7.5%
of optical losses by shading, by changing the correspondent focal distances of
both POE and SOE. On the other hand, the adjustment of the position of the
far focal point of the SOE of each optical unit in relation to the TOE, is a degree

of freedom in the optical design, which can be useful for a future optimisation.
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Abstract

High Concentrator Photovoltaic (HCPV) modules (with concentrations higher than 300
times) have increased their conversion efficiency records up to more than 43% in the last
years. This represents the maximum conversion efficiency by any type of photovoltaic
(PV) module. Moreover, HCPV modules still have a theoretical potential for a significant
efficiency growth. This work analyses the current status of efficiency records of HCPV
modules and their evolution in the last 20 years, as well as the most efficient commercial
HCPV modules, these last with up to around 34% efficiency nowadays. It is found that
the efficiency growth of HCPV modules in the last years is considerably greater than that
of other PV technologies like crystalline silicon (c-Si) or Thin Film. The values of
efficiency, acceptance angle, geometrical concentration and power of current HCPV
modules are gathered. Current efficiency values are typically centred in the range between
27% and 33%, whereas the current average of acceptance angle values is £0.9°. Regarding
the geometrical concentration of the efficiency record HCPV modules, it is typically
lower than 400x whereas current commercial HCPV modules work in the range of 500-
1000x. Moreover, a total of 24 commercial HCPV modules were characterised indoors
at the CPV solar simulator at the University of Jaén in order to compare the datasheets
with the experimental data. The measurement results, including the efficiency and
acceptance angle characteristics, are presented and compared with datasheet values.

Keywords: High Concentrator Photovoltaics. Modules. Efficiency. Acceptance angle.

1. Introduction

A High Concentrator Photovoltaic (HCPV) module is made up of solar cells, optical devices and
peripheral components necessary to generate electricity. The most industrialised HCPV module
is typically a closed box containing a series of interconnected concentrator photovoltaic solar cells
and their respective concentrator optical systems. The solar cells inside the HCPV module are
interconnected through a circuit with typically only two terminals exiting it. This circuit is isolated
to prevent current leakages and, in addition, all the components in the HCPV module are protected
from different meteorological phenomena. A HCPV module also incorporates others elements
such as bypass diodes to avoid the overheating of cells, mainly due to mismatch among cells and
the shading that may take place when HCPV systems are working under real operating conditions.
Among the basic requirements needed by a HCPV module from the point of view of its operation,
it has to be capable of permanently concentrating sunrays onto the solar cells when mounted on a
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2-axis tracker, and collecting their generated current. These functions are to be performed without
incurring in high losses and removing enough heat in order to maintain the solar cells at controlled
working temperatures.

Regarding to the terminology, HCPV modules are designed to concentrate sunlight more than
300-500 times over the solar cell [1]. Broadly speaking, HCPV technology can be considered in
the concentration range between 100 to 2000 times [2]. Other authors refer to the HCPV
technology to concentration ratios over 400 times [3] or even over 500 times [4]. The authors of
this work find more convenient to use the definition of most than 300 times of concentrated
sunlight over the solar cell since, as it will be described later, most of efficiency records of HCPV
modules are measured under concentrated light between 300 and 400 times.

In relation to the use of the HCPV modules in energy production plants, the worldwide cumulative
installed capacity of the HCPV technology is approximately 370 MW [5]. Figure 1 shows the
cumulative installed capacity of HCPV technology detailed by manufacturer. It can be seen that
the highest installed capacity by a manufacturer (Suncore) is around 140 MW, a value that is
around twice as high as for the second highest manufacturer in terms of installed capacity (Soitec,
formerly Concentrix). The third company with more installed capacity is Arzon Solar (formerly
Amonix) with a total of 40 WM. Despite more than 10 manufacturers have been installing HCPV
plants in the last years, only three manufacturers installed the majority of the total HCPV capacity.
The contribution of the other manufacturers to the total cumulative installed capacity is marginal.
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Figure 1. Global installed capacity of HCPV technology by companies [5-7].

Although the CPV technology has been developed some decades ago, current CPV (especially
HCPV) is a relative new technology with a smaller market than conventional PV. This is mainly
due to the higher electricity generation costs of the HCPV respect to the conventional PV systems
[8]. In order to make HCPV more competitive and increase the market, the costs associated to the
HCPV systems need to diminish. One way to lower costs is to reduce the total amount of material
involved in the HCPV systems, particularly, reducing the quantity of most expensive materials
and also replacing them by less expensive materials as far as possible. In order to achieve this
costs decrease, among other possibilities, the next improvements are indicated:



i.  Toincrease the concentration since the total amount of expensive semiconductor material
is decreased by replacing it with less expensive concentrator optics.

ii.  To increase the efficiency since, in this way, HCPV modules can be smaller while
maintaining their generated power. Therefore, less material will be needed for a HCPV
module, also smaller tracker systems, less wire connections, less land area, etc.

iii.  To increase the misalignment tolerance, or acceptance angle of HCPV modules, since
less accurate and expensive tracker systems will be needed.

Therefore, to increase concentration, efficiency and acceptance angle it is needed to reduce the
cost of electricity generated by HCPV systems. Moreover, these three parameters can be
considered as merit figures from the point of view of costs, besides economical parameters.

Thus, this work is intended to serve as a review of current HCPV modules, placing an emphasis
on their efficiency and acceptance angle characteristic. Moreover, indoor characterization results
(using a CPV Solar Simulator) of different commercial HCPV module technologies, including
the measurement of the efficiency and the acceptance angle characteristic, are presented. These
measurement results will be useful to validate the data given by the manufacturers and also to
provide more information about the HCPV modules.

The literature concerning different aspects related to HCPV modules is extensive. For instance,
there are many publications about multi-junction solar cells [9] and optical concentrator systems
[10, 2]. In those works, a lot of information dealing with concentrator solar cells efficiency and
with the acceptance angle of the concentrator optical systems is delivered. Nevertheless they
rarely provide much information concerning efficiency and acceptance angle of HCPV modules.
It is possible also to find in the literature many works about different theoretical models that
calculate electrical parameters of the HCPV modules under different conditions [11-14].
Nevertheless, those theoretical models allow to estimate efficiency only of the specific HCPV
module used for validating the model. However, some works can be found in which some
efficiency and/or acceptance angle data of HCPV modules are given [1,7,15], although those data
are either limited or not up-to-date. Additionally, some works include information related to
prototypes of HCPV modules [16] but those have been not considered in this work since this is
limited to commercial ones.

Besides, detailed information about commercial HCPV modules is limited since manufacturers
usually consider it as confidential, and therefore, e.g. less precise data are given in company
brochures, or even HCPV modules’ datasheets are absent in manufacturer’s websites. Moreover,
many manufacturers have ceased their activity and closed their websites. Considering the
information related to HCPV modules, it is very limited in quantity, despite HCPV market still
exists. In fact, nowadays, some of the referred companies in Figure 1 do not manufacture HCPV
modules since they either have closed down, or moved their business to conventional PV, or
transferred their technology to other companies —like in the case of Soitec to Stace (Saint-
Augustin Canada Electric Inc.) and Daido to BSQ Solar. Nevertheless, this work includes the
HCPV modules of those companies in order to provide a global vision of the HCPV modules
technology. Thus, there is currently a lack of information on module specifications, features,
performance, designs, etc. In addition, most of the published data are incomplete. For all those
reasons, it is worthy to compile some useful information about HCPV modules like in this work.

This Paper is structured as follows. In the second section, the key definitions for this current status
analysis, related to HCPV modules, are described, namely, efficiency, acceptance angle and
concentration-acceptance angle product (CAP). In the third section, the evolution of efficiency
values of HCPV modules in the last 25 years is presented and also record measurement values are



analysed. In the fourth section, the current status of commercial HCPV modules is shown and
analysed in terms of efficiency and acceptance angle. In the fifth section, indoor measurement
results are presented and analysed, as well as the experimental setup is described. In the sixth
section, the summary and conclusions are exposed.

2. Definitions
In this section, the definitions involving the key magnitudes, needed for understanding the
performance of HCPV modules, are described.

2.1. Efficiency
In order to have a deep view of the efficiency, it is worthy to analyse its definition. The efficiency
of a HCPV module, #, is defined as the relation between the electric power produced by the
module, Pouput, and the incoming irradiance, Pinput, (EQ. 1):
P

— _ output,
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Concerning the energy conversion process, concentrator solar cells are the only elements in a
HCPV module that generate electrical energy. The efficiency of a solar cell, #ce., can be
expressed in terms of the global irradiance, G, impinging on its surface, the solar cell’s area, Acal,
and the electrical power provided by the cell, Pcen (EQ. 2):
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Applying this definition to HCPV modules, the overall module efficiency, #wmop, is related to the
electrical power generated, Pmod, When an incoming direct normal irradiance, DNI, is collected at
the module’s surface, Amod (EQ. 3):
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From the point of view of the optics, the efficiency of the concentrator optical system, #opr, is
referred to its capability of collecting and focusing sunrays onto the relative small solar cell area.
For a monomodule, it can be defined by the next equation, using the concept of geometrical
concentration, Cyg=Amod/Acen (EQ. 4):
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where lscref IS the short-circuit current of the solar cell under reference conditions (reference
spectrum ASTM G173-03 and an irradiance level of 1000 W/m?2 [17]) and lscconcentrated i$ the short-
circuit current of the HCPV monomodule under the same reference conditions, thus when the
solar cell is converting concentrated sunlight into electricity. Taking into account the previous
definitions, the total efficiency of a HCPV module can be stated as (Eq. 5):
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where Lmod represents all the electrical losses of the rest of elements in the HCPV module (diodes,
wires, etc.). Note that the contribution of the optical efficiency to the module efficiency is as
important as the solar cell efficiency, since it is modelled as a linear factor in (Eq. 5). Thus, the
HCPV module efficiency can be understood as the product of three partial efficiency factors (cell,
optical system, and rest of electrical connections).

2.2. Acceptance angle
Although the efficiency of a HCPV module is a crucial parameter, its acceptance angle is also
very important in relation to the electrical energy that can produce such kind of modules in real
operating conditions. The acceptance angle of the HCPV module has to be considered when
designing a HCPV installation, since the accuracy requirements of the tracker systems for the
HCPV modules will be relaxed by increasing the misalignment tolerance of the HCPV modules.

The acceptance angle, 9, of a HCPV module can be defined as the angle of misalignment respect
to the incoming sunlight for which its short-circuit current is 90% of the value under perfect
alignment to the incoming sunlight (Eq. 6):

Isc(0

ﬁ =09 (6)
where Isc(0) the short-circuit current of the HCPV module under normal alignment respect to the
incoming sunlight and Isc (@) is that by the acceptance angle. Another possibility is to define the
acceptance angle in terms of power generated instead of the short-circuit current. Both definitions
may lead to different angular values. Commonly, the first definition (short-circuit current) is used.
Although different acceptance angle characteristics may have the same value of acceptance angle,
this last represents a useful parameter for characterising the angular behaviour of the HCPV
modules.

2.3. Concentration-Acceptance angle product (CAP)
High acceptance angle values are difficult to achieve with very high concentration levels.
Therefore, when working with HCPV modules, it is common to utilize the concept of
concentration-acceptance angle product (CAP). This figure of merit (CAP) [18], can be defined
as (Eq. 7):

CAP=_/C, -sin@. )

The concentration-acceptance angle product is a measurement of how much near the concentrator
system is to the ideal maximum concentration.

3. Evolution of HCPV module efficiency and efficiency records

In this section, the efficiency values of the HCPV modules within around the last 25 years are
analysed and compared with other PV technologies. In addition, the five HCPV modules with
highest efficiencies are discussed.



In order to have a look to the evolution of the HCPV modules’ efficiency in the last decades,
HCPV modules record efficiency data versus the year of appearance are shown in Figure 2. These
values are connected with a straight line to make easier the visualization of the efficiency growth
trend, and they are mainly based on the data of Green et al [19] through all the versions of the
solar cell efficiency tables and from data of Fraunhofer ISE [6]. Also, efficiency values
corresponding to HCPV sub- and minimodules are presented. In order to compare the efficiency
growth of the HCPV technology with other photovoltaic technologies, the efficiency evolution
lines for c-Si (crystalline silicon) and Thin Film modules are added. These last two module
technologies present a slower efficiency growth than that of HCPV modules, as can be seen in
Figure 2. More in detail, on one hand, HCPV modules efficiency has increased from around 19%
in 1992 to around 39% in 2017 which results in an annual increment of +0.83%. It is remarkable
that the increase in the efficiency of HCPV modules is even greater (+1.43%/year) from 2010 to
present time than in the period from 1992 to 2010 (+0.56%/year). On the other hand, c-Si modules
efficiency has grown from around 21% in the year 1992 to around 24% in 2017, which supposes
a yearly efficiency increment of +0.12%. Whereas in the case of Thin Film modules, their
efficiency has changed from around 12% in 1992 to around 20% in 2016, with a yearly efficiency
increment of +0.3%. It can be seen in Figure 2 that HCPV modules’ efficiency evolution has
substantially overtaken the growth of other photovoltaic technologies.
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Figure 2. Efficiency evolution of HCPV Modules and other photovoltaic technologies [6,19].

According to the efficiency record data collected by Green et al., the list of the five record
efficiencies (certified by renowned laboratories) of HCPV modules, minimodules or submodules
is shown in Table 1, when considering only geometrical concentrations above 300x, at conditions
of DNI=1000 W/m? and solar cell temperature of 25 °C [20]. Moreover, the geometrical



concentration, manufacturer, date of measurement, solar cell type and optics used are detailed in
Table 1. All these devices were measured in different experienced and renowned test centres. The
efficiencies of these five record HCPV module devices range from 33.9% (Semprius [21]) up to
43.4% (Fraunhofer ISE), and up to 38.9% (Soitec) if no minimodule or submodule are considered.
It is remarkable that among these five HCPV module devices, different concentrator solar cell
technologies are involved, like microtransfer triple-junction solar cells (Semprius), triple-junction
solar cells (Amonix), four-junction solar cells (Fraunhofer ISE and Soitec) or triple-junction plus
a Si solar cell (University of New South Wales). Considering the optical concentrator systems,
distinct strategies from the conventional Fresnel lens (Soitec and Amonix) are present among
these record devices such, e.g., central tower plus spectrum splitting (University of New South
Wales), achromatic full-glass lens (Fraunhofer ISE) or solid lenses (Semprius). The geometrical
concentrations related to these HCPV efficiency record modules are mostly near 350% (Soitec,
Fraunhofer ISE and University of New South Wales), being the maximum one the case of
Semprius with 1111x—around triple than in the other cases. Concerning the date of measurement,
it is remarkable that two of the efficiency records were achieved some years ago, i.e. Semprius in
2012 and Amonix in 2013, while the other ones are more recent.

Table 1 Record efficiencies of HCPV modules, minimodules and submodules measured in test centres. Note that all
the measurements are rated to DN1=1000 W/m? and cell temperature of 25 °C.

- Geometrical .
0,

Efficiency (%0) concentration (x) Manufacturer Date Cell type Optics

1[19]  43.4° 340 Fraunhofer ISE 2015  Four-junction  “‘chromatic full-
glass lens
University of New Triple-junction  Central tower plus
b

2[19] 406 365 South Wales 2016 plus Si-cell spectrum splitting

3[19] 38.9 333 Soitec 2015  Four-junction Fresnel

4[19] 35.9 N/A Amonix 2013 Triple-junction Fresnel

5[21] 339 1111 Semprius 2012  Microtransfer. Lens
Triple-junction

aMinimodule. °Submodule



4. Current status of commercial HCPV modules
In this section, current commercial HCPV modules are analysed in terms of efficiency,
concentration and acceptance angle.

4.1. Current efficiency and concentration values
Current commercial HCPV modules have increased significantly their efficiency in the last years
until reaching record values near to 34%, which is directly influenced with the fact that,
nowadays, manufacturers provide commercial concentrator solar cells with efficiencies over 40%.
Also, the geometrical concentration ratio of some current HCPV modules is greater than 1000x
(between 1100x and 1300x), more than double than some years ago. It has been achieved either
by increasing the size of the primary optics or by reducing the size of the solar cells used. In
addition, secondary optics are typically used in HCPV modules, since they are convenient to
homogenize the concentrated light onto the solar cell at high concentrations. In terms of heat
removing, this increase in the concentration ratio may lead to higher solar cell temperatures.
Nevertheless, nowadays HCPV modules can manage heat removing only through passive cooling.

In order to have an idea of the performance and main characteristics of different commercial
HCPV modules, a list of the extracted parameters, from the available published information, is
showed in both Table 2 and in the Annex | (data of previous models of HCPV modules) with the
next items: geometrical concentration ratio, the kind of optical device used, the power of the
HCPV module and its efficiency, the acceptance angle and CAP value. The concentration-
acceptance angle product values are calculated from the data provided by the manufacturers. Note
that power and efficiency data are relative to the conditions of cell temperature Te=25 °C and
direct normal irradiation DNI=1000 W/m?. For composing the tables, available data of cell
operating temperature and power are translated to the aforementioned conditions [12, 22-26].

Table 2. HCPV Modules data from their datasheets at Tcen=25 °C and under DN1=1000 W/m? [7,15].

HCPV Module Cq (%) Optics Power Efficiency Half CAP (-)
(W) (%) Acceptance
angle (°)
Abengoa M300S 1300 Fresnel 2342 325 1.0 0.63
Arima CPV-G2-140 1000 Fresnel 142.5 34.0 1.0 0.55
Arzon Solar n/a Fresnel 2700 31.7° n/a n/a
Daido 280 W 820 Fresnel 280 28.0 0.9 0.45
Emcore G3-1090 1090 Fresnel 455 28.0 0.7 0.40
Guascor 700 Fresnel 3452 33.0 n/a n/a
Isofoton GEN-2 500? Fresnel 95 21.7 0.8 0.31
Magpower TRK60 800 Fresnel 8336° 25.0° 1.9 0.94
Redsolar 500 Fresnel n/a 32.0 n/a n/a
Semprius SM-U01 1111 Lens 87.5 33.9 0.8 0.47
Soitec CX-M500 500 Fresnel 2450 31.8 0.4 0.16
Solfocus SF-1100P 650 Mirror 3907 27.0° 1.0 0.44
Soliant SE-1000X 1000 Fresnel 5542 27.0° n/a n/a
Suncore DDM-090X 1090 Fresnel 4902 31.0° 0.7 0.40
Suntrix SCPV-500 59432 Fresnel 266 28.0 0.75 0.32
mean 833 n/a 1202 30.0 0.90 0.46

2@ Calculated from modules’ datasheets.



From the data of the HCPV modules of Table 2, the following analysis can be done.

In relation to the concentration ratio values, the average is 833x, with 40% of the HCPV modules
with higher concentrations and 60% of them with lower concentrations. In one case, a
concentration ratio much greater than the other HCPV modules is shown: Abengoa with 1300x
—beyond the theoretical limit imposed by chromatic aberrations of stand-alone lenses [2]. Apart
from that case, five of the HCPV modules work at concentration ratios higher than 1000%: Arima,
Emcore, Semprius, Soliant and Suncore. There are also some examples of concentration ratios
around 500x (Isofoton, Redsolar, Soitec and Solfocus), which is the minimum value found.

Concerning the optics, on one hand, many of the concentrator designs are based on Fresnel lenses
plus secondary optics. On the other hand, mirror-based designs were also available in the market,
like in the case of Solfocus, but working at relative lower concentration ratios (650x) than the
typical maximum concentration of lens-based ones. Some other less typical designs, like dome-
shaped Fresnel lens (Daido), or based on light-guides (Sun Simba™ of Morgan Solar) are also
used.

Regarding to the power of the HCPV modules, their mean value is 1202 W, and these values vary
in a wide range, from 87.5 W (Semprius) to 8336 W (Magpower). Excepting for the cases of
Magpower (with 8336 W), Arzon Solar (with 2700 W) and Soitec (with 2450 W), most of the
HCPV modules have a maximum power no higher than around 550 W. The dispersion in the
power values is a direct consequence of the wide variety of number of cells used in the HCPV
modules.

Finally, the available efficiency values show an average of 30% and range from a minimum of
25% (Magpower) to a maximum of 34% (Arima). Note that this maximum efficiency of the
module of Arima was not certified by a renowned laboratory and therefore it is not included in
Table 1 (efficiency record modules). From all the analysed HCPV modules, seven different
manufacturers assure to provide HCPV modules with more than 30% efficiency (Abengoa,
Amonix, Arima, Redsolar, Semprius, Soitec and Suncore).

Considering now only the five highest efficiency HCPV commercial modules (Abengoa, Amonix,
Arima, Redsolar and Semprius), they show efficiency values logically lower than the record
values of Table 1 and range from 32.0% (Redsolar) up to 34% (Arima). Most of these highest
efficiency HCPV modules utilise Fresnel lenses as primary optic elements with the only exception
of Semprius, using small solid plano-convex lenses. Two of these five modules overtake the
geometrical concentration ratio of 1000x (Abengoa and Semprius). The lowest geometrical
concentration value correspond to Resolar, with only 500x. In relation to the type of solar cell
used, all of these HCPV modules incorporate multi-junction solar cells. Concerning the
manufacturers by countries, two of them are from USA (Amonix and Semprius), other two of
them are Asiatic (Arima in Taiwan and Redsolar in China), and Abengoa is European (Spain). It
can be also observed that most of the record efficiency values of Table 1 correspond to
concentration ratios no higher than 400x, which is much lower than comparing with the highest
efficiency commercial HCPV modules.

Using the 15 efficiency values of Table 2, the histogram of Figure 3 is built. This figure shows
that most efficiency values are in the range between 27% and 33% and they present a normal
distribution with a mean value of 30%. In contrast, the normal distribution corresponding to the



efficiency values for the year 2010 [1] has a mean value of 24%. This shows a clear increase in
the HCPV modules efficiency in the last years.
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Figure 3. Histogram and probability density functions of HCPV module efficiencies. The solid line represents the
normal distribution of current efficiency values, N(30,3), whereas the dashed line represents the normal distribution,
N(24,4) of efficiency values for the year 2010 [1].

For commercial HCPV modules, their efficiency values can be plotted (see Figure 4) versus their
geometrical concentrations. As it was previously commented, from the point of view of reducing
the cost of producing electricity through the HCPV technology, those modules with
simultaneously high efficiency and high geometrical concentration levels are desired in principle,
since they will produce more energy per unit of area, and also less photovoltaic material will be
required, respectively. In the case of the modules represented in Figure 4, those points in the
upper-right zone, i.e. more than 1000x as geometrical concentration and above 30% of module
efficiency, correspond to the more competitive designs in principle. In this figure, also data of
year 2010 are included (hollow points). These are centred in around 500x of geometrical
concentration and with efficiency no higher than 28%. It can be observed that the efficiency and
geometrical concentration of current HCPV modules have dramatically increased in the last years.
Some data corresponding of year 2010 used for both Figure 3 and Figure 4 are taken from Pérez-
Higueras et al [1].
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Figure 4. Current module efficiencies of different commercial HCPV technologies (datasheets) versus geometrical
concentration. Also values corresponding to the year 2010 [1] are plotted.

4.2. Current acceptance angle values and CAP
The acceptance angle values of current HCPV modules (Table 2) range from +£0.4° (Soitec) to
+1.9° (Magpower), although they are typically in the range of +0.7° to £1.0° (Arima, Emcore,
Semprius, Solfocus and Suncore), being the average around £0.9°. The concentration-acceptance
angle product, CAP, values have an average of 0.46, and are of a minimum of 0.16 (Soitec) and
a maximum of 0.94 (Magpower).

In Figure 5 current values of acceptance angle of commercial HCPV modules versus geometrical
concentration are plotted. Most half acceptance angle values are between 0.7° and 1.0° and are
spread relatively uniformly versus the geometrical concentration values. As it was commented
before, the HCPV modules with best optical systems are those with highest both concentration
and acceptance angle. It can be observed in Figure 5 that the maximum acceptance angle value
(1.99 corresponds to a HCPV module with a medium geometrical concentration ratio, whereas
the HCPV module with highest concentration (1111x) has an acceptance angle value not much
higher than the average. Therefore, from the point of view of the optics, none of the commercial
HCPV modules can be considered as the best. This last is equivalent to the observation that none
of the points of acceptance angle of Figure 5 are in the upper-right zone.
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Figure 5. Current acceptance angle and efficiency values of HCPV modules versus their geometrical concentration.

4.3. Combined analysis of Cg, efficiency and acceptance angle
As it was previously commented, among other possibilities, concentration, efficiency and
acceptance angle of a HCPV module are needed to be increased in order to lower the cost of the
generated electricity of a HCPV system.

From the data of Table 2, the best HCPV modules concerning the three categories, geometrical
concentration, efficiency and acceptance angle, are selected and gathered in Table 3. This will
inform if it is possible to find a HCPV module with best values simultaneously in those three
categories. The three selected HCPV modules are: Abengoa, Arima and Magpower. Their
geometrical concentration values range from 800x (Magpower) to 1300x (Abengoa). Their
efficiency values range from 25% (Magpower) to 32.5% (Abengoa). Finally, their acceptance
angle values range from 1° (Abengoa and Arima) to 1.9° (Magpower). It can be observed that
none of those selected HCPV modules simultaneously reaches the maximum value of these
paremeters. Moreover, each of the three HCPV modules only has as maximum value one of the
three parameters. For instance, the module Abengoa is that with highest Cq4 (1300%) but it has
lowest efficiency (32.5%). Also, the module Arima is the best in one category (with 34%
efficiency) but with the worst acceptance angle (1°). Finally, the module Magpower has the
highest acceptance angle (1.9°) but also the lowest geometrical concentration (800x). Note that
CAP values are added in this table to complete the information.

Table 3. Geometrical concentration, efficiency and acceptance angle of the three HCPV modules with highest values
of one of these parameters. CAP values are also added.

Cq (%) Efficiency (%) | Acceptance Angle (°) CAP (-)
Abengoa M300 1300 32.5 1.0 0.47
Arima CPV-G2-140 1000 34.0 1.0 0.55
Magpower TRK60 800 25.0 1.9 0.94
Mean value 1033 30.5 1.3 0.65
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That idea can be graphically shown as in the radial plot of Figure 6, in where each HCPV module
of Table 3 is represented with a non-equilateral triangle (which would be the case of a HCPV
module with the three parameters in a maximum simultaneously).
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——— Arima CPV-G2-140 'I \

e o e Magpower TRK60
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Figure 6. Radial plot of the three best HCPV modules in terms of the next parameters: geometrical concentration,
acceptance angle and efficiency.

5. Indoor Measurements

In order to obtain real measurement data of the parameters of the HCPV modules analysed in the
previous sections, a series of indoor measurements of a total of 24 HCPV modules were
performed in a CPV Solar Simulator under controlled and repeatable conditions. These
measurement data are useful to be compared with the data given in datasheets or in any other kind
of publication. Thus, in this section, first, the experimental indoor measurement setup is
described, then, efficiency and acceptance angle indoor measurement results are presented,
discussed and compared with datasheets.

5.1. Experimental Setup
As mention above, controlled indoor measurements in a CPV Solar Simulator were performed in
order to measure HCPV modules with guaranteed repeatability in terms of incoming irradiance,
spectral distribution, ambient temperature, etc. The details of the indoor test laboratory “Helios
3198” CPV Solar Simulator are described below.

The “Helios 3198” CPV Solar Simulator uses a xenon flash bulb for simulating the solar radiation
and a parabolic mirror as a collimator [27]. Light collimation is needed in order to perform the
electrical characterization of HCPV modules, since they only utilise direct normal irradiation [15].
For this purpose, the flash tube (light source) is located at the focal point of the parabolic mirror,
then the light rays are reflected parallel to the parabola’s optical axis. The parabolic mirror has a
focal distance of 6 m and a diameter of 2 m and its surface is capable of reflecting light coming
from the lamp with relative good uniformity (less than £5% intensity deviation from average)
[27]. The angular size of the lamp seen from the parabolic mirror’s surface is similar to that of
the sun (x0.3°) and is conserved after reflection on the mirror. The spectral distribution of the
light emitted by the Xenon flash bulb is similar enough to that of the AM1.5D low AOD spectrum
[28]. Since this is a multi-flash simulator, a series of current-voltage points, preceded each one
by a flash pulse, are measured. A reference irradiance sensor is used in order to measure the I-V

13



curve for a determined irradiation level. For that, the short-circuit current of a previously
calibrated monomodule is registered during the light pulse in order to measure each I-V point at
the desired irradiance level. Moreover, it is possible to characterise the HCPV module at different
irradiance levels, or DNI, (e.g. from 700 to 1000 W/m?) during the decay of each light pulse [29].
For this interval of DNI, the spectral matching ratio, SMR(top/mid) [30], is 1 £0.05, as measured
using a spectro-heliometer ICU-3J25 [31, 32]. Concerning the temperature, it is maintained at 25
°C during the whole characterisation.

For the calculation of the HCPV module efficiency, only the primary optics area is considered
(without frames). Each HCPV module under test is mounted on a 2-axis adjustable support
structure that permits to search for an optimum alignment of the module. All these characteristics
assure the indoor measurement of HCPV modules under controlled and repeatable conditions.

5.2. Results and discussion

5.2.1. Measurement of Efficiency

A total of 24 HCPV modules of three different manufacturers, being of a total of four different
models, are indoors characterised using the described experimental setup. From these 24 HCPV
modules, twelve modules are of the same model of a Manufacturer A; nine modules are of the
model B1 of a Manufacturer B; two modules are of the model B2 of the Manufacturer B too; and,
one module is of the Manufacturer C. Due to the difficulty of obtaining commercial HCPV
modules, only those ones have been characterised. Although these HCPV modules are not
completely representative, their characterisation provide useful data, since the related published
information is limited.

The HCPV modules are characterised for irradiance values from 700 W/m? to 1000 W/m? in steps
of 50 W/m?, and for standard test conditions of DNI=1000 W/m?, the measured efficiency values
range from 23.1% up to 27.7%.

The measured average efficiency of the 12 HCPV modules of the Manufacturer A is around 3%
lower than the data given in the manufacturer’s datasheet. In the case of the 9 HCPV modules of
model B1 of Manufacturer B, the measured average efficiency is around 3.5% higher than in the
manufacturer’s datasheet. For the group of two HCPV modules B2 of the Manufacturer B, the
measured average efficiency is around 3% lower than in the manufacturer’s datasheet. For the
HCPV module of Manufacturer C, the efficiency measured is around 2% lower than in the
datasheet. It is observed that those average efficiency values are within around +3.5% deviation
from their respective manufacturers’ datasheets, thus, they are within the typical tolerances for
HCPV modules.

For the cases of the B2 HCPV modules of Manufacturer B and that of Manufacturer C, the low
number of samples gives a less representative measurement. However, in the cases of the HCPV
modules of Manufacturer A and those B1 of Manufacturer B, the measurements can be considered
as representative enough. Moreover, for those last groups of HCPV modules, a histogram with
the measured efficiency values can be plotted (see Figure 7). In this figure, also efficiency results
of Abengoa HCPV modules (Manufacturer D) from [7] are included, in order to complete the
analysis. These histograms are built using the normalized efficiency data to allow a comparison.
The dashed line represents a normal distribution that fits the frequency histogram, resulting in this
particular case approximately the same normal distribution for both experimental series of data,

14



characterised by N(100,2), i.e. with a standard deviation of only 2%. This assures a low dispersion
of the indoors measured efficiencies. From the histogram of Figure 7, it also can be concluded
that these three types of HCPV modules are manufactured with a good repeatability in terms of
efficiency and with centred values around their respective average ones.
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Figure 7. Normalized efficiency histogram of HCPV modules measured indoors with the CPV solar simulator
“Helios 3198” at the University of Jaén and of data published in [7].

In addition to this analysis of the indoor measured efficiencies at standard test conditions, an
analysis of the behaviour of the efficiency respect to the irradiance can be conducted. For that,
the efficiency of the modules measured indoors can be plotted versus the DNI in the range of 700-
1000 W/m?.

The results are shown in Figure 8 for four different models HCPV modules, one module of
Manufacturer A, one module of the group B1 and another of group B2, both of Manufacturer B,
and the module of Manufacturer C. There is an efficiency decrease for increased DNI for the four
HCPV modules, which is of a maximum of 1.3% (for Manufacturer A) in absolute value, when
analysing the efficiency between 700 and 1000 W/m? of DNI. This decrease is expected, since
the most concentrator solar cells utilised by the HCPV modules manufactures, present a maximum
efficiency at 500x%. Thus, for increased concentrations, the efficiency of the HCPV modules is
expected to decrease.
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Figure 8: Efficiency measured indoors versus DNI.

5.2.2. Measurement of the acceptance angle characteristic

The procedure of measuring indoor acceptance angle characteristics of HCPV modules consists
in acquiring a series of I-V curves corresponding to different and controlled tilted positions of the
HCPV module. This is possible since the HCPV module under test is mounted on the 2-axis
adjustable support structure. This support structure is similar to that of a tracker system with the
difference that the mechanism manually is actioned. A laser pointer is fixed to the support
structure in such a way that its light impacts on a screen at around 7 m distance creating a spot of
around 2 mm diameter. For every I-V curve measurement, the position of the laser spot on the
screen is registered. Tilt angles of I-V measurements are known by measuring the distances
among the laser spots on the screen.

The angular characterisation is performed for a total of 16 HCPV modules. These HCPV modules
are: the 12 modules of Manufacturer A; one of the modules of the group B1 and the two modules
of the group B2, all of Manufacturer B; and, the module of the Manufacturer C.

The acceptance angle measurement results are useful to be compared with those ones of the
respective datasheets and they range from a minimum of £0.51° to a maximum of £0.97°. In the
case of the HCPV modules of Manufacturer A, their measured average of Isc acceptance angle
matches that of their datasheet. The module of the group B1 presents an acceptance angle 7.4%
higher than in its datasheet. The average of acceptance angle values of the two modules of the
group B2 matches that of their datasheet.

Only in the case of the HCPV modules of the Manufacturer A, there are enough acceptance angle
values for building a histogram as in Figure 9. It shows a symmetric distribution of the half
acceptance angle centred in the range 0.77°-0.82°, with 50% percent of the total frequency
distribution for that group. The distribution can be adjusted by a normal distribution with mean
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value 0.80° and a dispersion of 0.05°, N(0.80°,0.05°). This histogram takes account of the small
dispersion in the acceptance angle values of this kind of HCPV modules.
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Figure 9. Isc acceptance angle histogram corresponding to the indoor measurements of the HCPV modules of
Manufacturer A.

In order to compare the Isc acceptance angle characteristics of the five different types of HCPV
modules indoors measured, these are plotted in Figure 10 corresponding to five representative
examples of modules. Most of these kinds of HCPV modules present similar angular behaviour
until a misalignment angle of around +1° (corresponding to around 90% of the maximum).

Isc Acceptance Angle Characteristic at 1000 W/m2

1.1
1.0 4 100,08 =
/k"/‘o‘. = :“ "')A\
09 1 Av", () 0 QA\‘A
—_— o Q N
T 0.8 - WA A . DA
$ 0.7 a ) ‘:\
e / .
£ 0.6 - X g
& Q M\
S 0.5 -
o ()
> Q
'-g 0.4 4 A —#— Isc rel. Manuf. A [-]
& 0.3 - () =t [sc rel. Manuf. B (B1) [-] o
0.2 - A = Isc rel. Manuf. B (B2) [-]
L Q O
01 o ==0O=—Isc rel. Manuf. C [-]
0-0 T T T T T T T T T
-2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5
Tilt Angle [?]

Figure 10. Normalised Isc acceptance angle characteristics of each type of HCPV module measured indoors.

Appart from the Isc acceptance angle, other electrical parameters like Puax and Voc can also be
plotted versus the tilt angle, like in the example of Figure 11, which corresponds to a HCPV
module of the group B2 of Manufacturer B. For simplicity, only normalised magnitudes to their
maximum values are represented for plotting the characteristic acceptance angle curves, which
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were measured indoors for a DNI of 1000 W/m?. As it is exposed in the example of Figure 11, it
is commonly observed for HCPV modules that the Puax acceptance angle characteristic is
typically lower than that of Isc, whereas Voc is much less sensitive to misalignments. Both Isc
and Pwax characteristic curves are typically bell-shaped with relative good symmetry around the
maximum value, as can be seen in the example of Figure 11. In this case, the Isc acceptance angle
value is of £0.91° while Isc decreases to around 20% of the maximum Isc value for around +1.8°
tilt angle, whereas Puax acceptance angle value is 0.73° and decreases to less than 10% of the
maximum value of power for around +1.8° of tilt angle.

Indoor Acceptance Angle Characteristic at 1000 W/m?
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Figure 11. Example of acceptance angle characteristics of a commercial HCPV module measured indoors at the
University of Jaén.

Derived from the measurement of the Isc acceptance angle values, CAP values can be estimated.
Note that since the geometrical concentration values of the modules measured are given by the
manufacturers, they may be not exact, and therefore, these CAP values are approximate. Bearing
this in mind, these CAP values result in a range from 0.24 to 0.46.

6. Summary and conclusions

An analysis of the main characteristics of the current HCPV modules has been presented in this
work. The key performance definitions (efficiency, acceptance angle and concentration-
acceptance angle product) have been detailed for a better understanding of the current status of
the HCPV modules. Then, the evolution of the efficiency of the HCPV modules from around the
year 1990 to the year 2017 was presented for different PV technologies, being the HCPV modules
those with highest efficiency yearly growth (+0.83%/year, and +1.43%/year in the period 2010 to
2017). Moreover, the five highest efficiency record HCPV modules, measured in renowned
laboratories, were compared. They reach efficiency values up to around 40% and geometrical
concentrations lower than 400x.
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Concerning current commercial HCPV modules, their characteristic were detailed and analysed:
a table with the geometrical concentration, efficiency, power, acceptance angle and CAP value
for 15 modules was built. In terms of efficiency, commercial HCPV modules are usually around
30%, and with low dispersion (standard deviation of 4%). It was found that commercial HCPV
modules usually work with geometrical concentrations between 500x and 1000x. Current
commercial HCPV modules were analysed simultaneously respect to their efficiency and
geometrical concentration. A small group of them maintain highest efficiency values (more than
30%) and, at the same time, geometrical concentrations of 1000x or greater. These last HCPV
modules may represent the most favourable conditions to produce cheapest energy in principle.
Concerning the acceptance angle values and concentration-acceptance angle product (CAP), they
are typically in the range of +0.7° and +1.0° and in the range of 0.3 and 0.5, for current
commercial HCPV modules, respectively. Note that none of the commercial HCPV modules
presented simultaneously best performance values in efficiency, geometrical concentration and
acceptance angle.

Complementary to the review analysis commented above, a series of indoor measurements of
HCPV modules in a CPV solar simulator were taken in order to compare them with those data
provided by the manufacturers. A total of 24 HCPV modules of three different manufacturers,
and with a total of four different models of HCPV modules, were indoor characterised.

The average of the measured efficiency of each type of HCPV module was within a tolerance
range of £3.5%, acceptable for this technology, and also matched the datasheet values. The
measured efficiencies of a total of 21 HCPV modules (identical twelve of one manufacturer and
other identical nine of other manufacturer) were used for building a histogram. Both group of data
were centred on their average values and with low dispersion (2% of standard deviation).
Additionally, the efficiency of four different models of HCPV modules was proven to decrease a
maximum of absolute 1.3% in the range of DNI between 700 and 1000 W/m?.

Finally, the acceptance angle characteristics of 16 of those HCPV modules were also acquired.
For each type of HCPV module, the measured average of I acceptance angle values matched the
correspondent one of the datasheet. Additionally, with the 1. acceptance angle values of 12 HCPV
modules of one of the manufacturers, a histogram was built. It resulted centred in the range of
+0.77° and +0.82° and with low dispersion (+0.05° of standard deviation), assuring good
repeatability.
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Annex I: Previous models of HCPV modules
In this section, the information about the previous models of HCPV modules is presented in Table
4. These data were not used in this work, although they are here gathered to fill out the information
about HCPV modules.

Table 4. Data of previous models of HCPV modules from their datasheets at Tcen=25 °C and under DNI1=1000 W/m?
[7,15].

19



HCPV Module Cq (x) | Optics Power Efficiency Half CAP (-)
(W) (%) Acceptance
angle (9
Abengoa M300 1000 Fresnel 4062 32.0 1.3 0.72
Arima CPV M010 476 Fresnel 1512 24.02 0.5 0.19
Arima CPV-G1 476 Fresnel 500 27.0 0.3 0.11
?:éij/sngcpv 550 Fresnel 150 23.0° 0.9 0.37
Soitec CX-M400 530 Fresnel 95 29.9 0.4 0.14
Solfocus SF-CPV-205 500 Mirror 2592 18.0% 1.0 0.39
Suncore LMT-Alpha 625 Fresnel 1168 30.5° 0.8 0.35
Mean value 594 390 26.3 0.74 0.32

@ Calculated from modules’ datasheets.
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1. Introduction

Concentrator photovoltaics (CPV) is considering as one of the
most promising research avenues to reduce the cost of solar elec-
tricity and for large scale implementation (Talavera et al., 2016,
2017). The CPV module is the fundamental unit of this technology
to convert the non-concentrated sunlight into electricity. Nowa-
days, these modules are largely based on multi-junction (M]) solar
cells made up of several p-n junctions interconnected in series,
usually a GaInP/GalnAs/Ge structure, to improve the absorption
of the spectral irradiance (Cotal et al., 2009; Fernandez et al.,
2015a). The most widely used optical configuration is based on a
primary optical element (POE) and a secondary optical element
(SOE) per receiver (Shanks et al., 2016). The aim of the POE, usually
a Fresnel lens, is to collect and concentrate the direct light received
from the sun (Xie et al.,, 2011). On the other hand, the SOE, e.g.
pyramid, CPC, SILO, etc., is intended to homogenize the luminous
power on the solar cell surface and to improve the acceptance
angle of the system (Victoria et al., 2009). A passive cooling mech-
anism for avoiding overheating of the solar cells consisting of a flat

* Corresponding author.
E-mail address: fenandez@ujaen.es (E.F. Fernandez).

http://dx.doi.org/10.1016/j.solener.2017.06.012
0038-092X/© 2017 Elsevier Ltd. All rights reserved.

back plate or finned heat-sink is used in the majority of the cases
due to its simplicity and reliability (Micheli et al., 2016; Rodrigo
et al,, 2014).

The assembly of the elements above makes the electrical perfor-
mance of CPV technology more complex and inherently different
than conventional photovoltaics (PV) (Rodrigo et al., 2013). Hence,
important efforts have been made within last years to analyse the
behaviour and to develop models tailored to the special features of
this technology at cell (Theristis and O’'Donovan, 2015; Fernandez
et al.,, 2013a; Dominguez et al., 2010), module (Fernandez et al.,
2013b; Theristis et al., 2017; Steiner et al., 2015) and system level
(Fernandez et al., 2015b; Kim et al., 2013; Strobach et al., 2015).
This is crucial to gain a better understanding of the current-
voltage output of concentrator devices as a function of the relevant
input parameters, and therefore, to promote the market expansion
of CPVs (Kurtz et al., 2015; Leloux et al., 2014; Fernandez et al.,
2016a).

The single exponential model (SEM) relates the I-V curve of a PV
device and its five characteristic parameters, namely, the photo-
generated current, the diode saturation current, the diode ideality
factor, the series resistance and the shunt (or parallel) resistance.
The extraction and study of the SEM model parameters of PV
devices have been under study for decades (Cotfas et al., 2013;
Ciulla et al.,, 2014; Humada et al.,, 2016; Li et al., 2013, 2016;
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Ghani et al., 2014). Last years, several authors have also applied
different methods for extracting the five parameters of multi-
junction CPV devices (Segev et al., 2012; Ben Or and Appelbaum,
2013; Appelbaum and Peled, 2014; Almonacid et al., 2016;
Fernandez et al., 2016b). A semi-empirical method was applied
to extract the parameters of InGaP/InGaAs/Ge solar cells under dif-
ferent concentrations and temperatures (Segev et al., 2012). The
Newton-Raphson method, the Levenberg-Marquardt method com-
bined with Lambert-W function and a Genetic-Algorithm have
been applied to the same structure under different concentration
levels (Ben Or and Appelbaum, 2013; Appelbaum and Peled,
2014). More recently, numerical and analytical methods have been
applied for the electrical characterization of a whole CPV module
under real working conditions (Almonacid et al., 2016; Fernandez
et al., 2016b; Ghani et al., 2017).

The direct irradiance is the main driver of the current-voltage
output of CPV systems (Fernandez et al., 2013c). Because of this,
it is fundamental to investigate the behaviour of the parameters
of the SEM model and the I-V characteristics of concentrator mod-
ules as a function of this variable. However, only few studies, and
mainly at cell level, have been conducted regarding the depen-
dence of these magnitudes (Ben Or and Appelbaum, 2014; Khan
et al., 2014). Nevertheless, the dynamics of the current-voltage
characteristics of CPV modules cannot be completely understood
from the simply analysis of the concentrator cells employed. First,
the use of optical devices could affect the uniformity over the solar
cell surface, and therefore, the I-V characteristics of the concentra-
tor (Baig et al., 2012). Second, the interconnection of several recei-
vers produces optical and electrical mismatches that could modify
the performance of the system with light intensity (Rodrigo et al.,
2016; Peharz et al., 2011a). Finally, the wiring among the cells is
expected to produce additional series resistance losses that could
affect the evolution of the electrical characteristics with light
intensity.

Bearing the above in mind, this paper aims to analyse and elu-
cidate the behaviour of the SEM model and I-V parameters of
multi-junction CPV modules with irradiance variations under fully
controlled conditions. To the knowledge of the authors, this has not
been addressed in any previous research work and is, therefore,
still pending. In order to achieve this issue, two different CPV mod-
ules were characterized under laboratory controlled conditions by
using the Helios 3198 CPV solar simulator for light intensities
within 700-1000 W/m?. Based on the experimental data, the
SEM model parameters of the modules are extracted and their
dependence with intensity discussed in relation to the physical
properties of the multi-junction solar cells. Based on the extracted
values, different approximations are carried out in the I-V charac-
teristic equation to explain the electrical performance of the con-
centrators under irradiance variations. The accuracy in the
modelling of the I-V curves and key electrical parameters with irra-
diance from the measured and extracted parameters at reference
conditions is also investigated. The final goal is to contribute to
the understanding and modelling of the performance of CPV mod-
ules as a function of the input direct irradiance.

2. Materials and experimental procedure

To carry out this study, two samples of commercial CPV mod-
ules from different manufactures have been selected i.e. module
A and B. Both modules are based on triple-junction lattice-
matched GalnP/GalnAs/Ge solar cells. The primary optics of the
modules consists of point-focus flat Fresnel lenses. The module A
uses silicone-on-glass (SoG) lenses, while the module B uses poly
(methylmethacrylate) (PMMA) lenses. The modules also include a
secondary optics based on refractive truncated pyramids made

up of glass. The geometric concentration of the modules is 500x,
module A, and 820x, module B. Both concentrators use a passive
cooling mechanism to remove the heat generated by the cells.
The cooling system of the module A is based on aluminium finned
heat-sinks, while is based on a simple aluminium flat back plate for
the module B. Additional information about the main characteris-
tics of each module can be found in Table 1. In addition, Table 2
shows the rated values of the main electrical parameters of the
two concentrators under reference conditions. The features of the
modules selected represent the most wide-spread multi-junction
concentrator PV system nowadays. Because of this, it is worth
mentioning that the conclusions of this work can be considered
representative of the current CPV technology (Rodrigo et al., 2015).

The multi-junction CPV modules were tested with the Helios
3198 solar simulator from Solar Added Value Company at the Cen-
tro de Estudios Avanzados en Energia y Medio Ambiente (CEAEMA)
of the University of Jaen. This solar simulator uses a Xenon flash
lamp for simulating the solar radiation and a parabolic mirror as
a collimator. The spectral irradiance distribution is close to the
AM1.5D reference spectrum, and the collimation angle is around
+0.3°. Hence, this set-up represents a useful tool for the electrical
characterization of CPV modules and systems under controlled
conditions, see Fig. 1. Additional detailed information about the
features of the simulator can be found in (Dominguez et al., 2008).

The modules were mounted on the support structure of the
solar simulator. After that, the Fresnel lenses were cleaned and
examined to avoid any distortion of the data caused by soiling or
damaged optical elements. Later on, the modules were aligned to
the continuous light, a halogen lamp located in the centre of the
Xenon flash tube, by changing the azimuth and elevation angles
of the adjustable support structure to diminish the possible effect
of optical mismatches. The correct alignment of both systems is

Table 1
Main features of the multi-junction concentrator PV modules used to carry out this
study.

Parameter Module A Module B
Geometric 500x 820x
concentration

Primary optics Silicone-on-glass (SoG) Poly
(methylmethacrylate)
(PMMA)

Lens area 23.9cm x 23.9cm=571cm? 20 cm x 20 cm = 400 cm?

F-number ~0.90 ~0.80

Secondary optics
Type of solar

Refractive pyramid
Lattice-matched GalnP/

Refractive pyramid
Lattice-matched GalnP/

cells GalnAs/Ge GalnAs/Ge
Number of solar 6 25

cells
Area of solar cells  ~1 cm? ~0.5 cm?
Bypass diodes 1 per cell 1 per cell

Cooling type Passive (finned heat-sink) Passive (flat heat-sink)
Number of fins 10 -
Length of fin 9cm -

Table 2

Rated values of the main electrical parameters of the concentrator PV modules used in
this study obtained with the Helios 3198 CPV solar simulator at the CEAEMA in the
University of Jaen at 1000 W/m?, spectral irradiance similar to AM1.5D reference
spectrum, SMR (top/mid) = 1 + 0.05 and room temperature of 25 °C + 0.5 °C.

Parameter Module A Module B
Isc (A) 5.84 4.29
Impp (A) 5.55 4.00
Voe (V) 18.9 77.5
Vinpp (V) 16.8 68.3
FF (%) 84.5 82.2
n (%) 273 274
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Fig. 1. Photo of the Helios 3198 CPV solar simulator at the Centro de Estudios
Avanzados en Energia y Medio Ambiente (CEAEMA) of the University of Jaen.

later verified by measuring the acceptance angle profile of the CPV
modules in steps of around 0.15° by using the adjustment controls
of the structure, see Fig. 2.

The modules were tested under light intensities from 700 to
1000 W/m?, see Fig. 3, which can be considered as a representative
range of irradiance under actual conditions (Soria-Moya et al.,
2015). Each I-V curve was measured in steps of 50 W/m? by mea-
suring a set of 20-25 current-voltage points spread relatively uni-
formly excepting in the “knee” of the curves, where a more density
of measurement points was fixed. The room temperature was
maintained at 25+ 0.5 °C to avoid thermal effects in the results
(Peharz et al., 2011b). Also, the Spectra Matching Ratio (SMR)
(Dominguez et al., 2013) for the top and middle subcells was mon-
itored through the measurements of component cells from Solar
Added Value Company with an equivalent structure than the MJ
solar cells of the modules:

. IC.C. C.C. )

SMR(top/mid) = = 2! M)
sc,top,ref sc.mid

where I, and I, are, respectively, the measured short-circuit

currents of the top and middle components cells; the subscript “ref”
refers to the values at reference conditions. This index has been
recorded to ensure the adequate input spectrum for each light

intensity due to the high spectral sensitivity of CPV modules caused
by the use of multi-junction solar cells made up of various subcells
with different band gaps (Fernandez et al., 2014, 2016c). The value
of SMR (top/mid) was kept constant at 1 + 0.05 for all the irradiance
values, so that, the spectral effects are not expected to play an
important role in the results (Muller et al., 2015; Theristis et al.,
2016; Fernandez et al., 2015c).

3. Dependence of SEM model parameters with irradiance

In this section, first, the methodology used to extract the
parameters of the SEM model is described and experimentally val-
idated. After that, the impact of irradiance changes on the
extracted parameters is discussed.

3.1. Methodology

The equivalent circuit shown in Fig. 4 has recently demon-
strated to be valid for the electrical characterization of multi-
junction CPV modules (Almonacid et al., 2016). Based on this cir-
cuit, the relation between the parameters of a concentrator module
and its current-voltage electrical output can be expressed by the
so-called single exponential model (SEM) as:

V+IR V+IR
I:Iph—I(,(exp(mVTs)—l)— R, s (2)
S|

where I,,;, is the photo-generated current, I, is the diode saturation
current, m is the diode ideality factor, R; is the series resistance and
Rsp, is the shunt (or parallel) resistance of the modules. Vr in Eq. (1)
is defined as the thermal voltage, given by V1 =KkT/q; being k the
Boltzmann constant with a value of 1.38E—23 J/K and q the elemen-
tary charge with a value of 1.60E-19C.

The five parameters of Eq. (2) can be extracted from the mea-
sured [-V characteristics of the photovoltaic device under study.
Several methods for extracting the five parameters of the SEM
model for the electrical characterization of multi-junction CPV
modules were evaluated in (Fernandez et al., 2016b). Among the
different approaches analysed, the method of Phang et al. (1984)
has been selected in this study due to its accuracy and simplicity.
First, the initial values of Ry, and Ry, are estimated by performing
a linear fit of the I-V curve around the open-circuit voltage and the
short-circuit current as:

dv
Ro == <ﬁ> V=Voc ©)

Relative short-circuit current (-)
u

Tilt Angle (°)

Fig. 2. Acceptance angle profile of the CPV module A measured with the Helios 3198 CPV solar simulator at the CEAEMA in the University of Jaen at 1000 W/m?, spectral
irradiance similar to AM1.5D reference spectrum, SMR (top/mid) = 1 + 0.05 and room temperature of 25 °C + 0.5 °C. The optimum alignment is considered at the point O of the

X-axis.



42 E.F. Ferndndez et al./Solar Energy 155 (2017) 39-50

Module A
6.5
< --£F-- 1000 W/m2
o
g R ---0--- 950 W/m2
3 Lo | e 900w/m2
'2 ---A--- 850 W/m2
>— 800 W/m2
15 - !
--9--- 750 W/m2 2
1 L
700 W/m2 i
05 | E
0 1 1 1 1 1 1 1 1 1 A
0 2 4 6 3 10 12 14 16 18 20
Voltage [V]
Module B
5
45 |
0f3---8----3----F----1 =
i & = &
4 oo e
s bAoA ;u A A--
3 |
z I
= --F-- 1000 W/m2
S 25|
£ ---0-- 950 W/m2
©  2r  --%--900 W/m2
15 | -850 W/m2
--5¢-- 800 W/m2
1r 750 W/m2
o0s L 700 W/m2
0 1 1 1 1
0 10 20 30 40
Voltage (V)

Fig. 3. Current-voltage curves of the CPV modules used in this study measured with the Helios 3198 CPV solar simulator at irradiance levels within 700-1000 W/m?, spectral
irradiance similar to AM1.5D reference spectrum, SMR (top/mid) = 1 + 0.05 and room temperature of 25 °C + 0.5 °C.

R, L,
W
Iph C) h 4 Rsh 3 Vv

Fig. 4. Equivalent circuit of the single exponential model of a photovoltaic device.

dv
Rsho = - (E) . (4)

After that, the parameters of Eq. (1) are estimated from the
measure values of Isc, Voo, Imppsy Vimpps Rso and Rgpo according to:

R IR
I = 1“(1 +R—:h) +1, (exp (mVT) - 1) (5)
_ Voc Voc
Io - (Isc - R_sh) exp (_ mVT) (6)

Vmpp + Rsolmpp — Vo

"= ) , )
'sh
. mVr Voe
k= o=t () ®
Rsh = Rsha (9)

In order to give a sense of the accuracy of the method, Fig. 5
shows the measured and modelled I-V curves for the modules
under study at reference conditions. As can be seen, the method
estimates the electrical output with a high quality. In particular,
the maximum, minimum and average absolute percentage errors
between actual and predicted power are, respectively, 0.12%,
0.01% and 0.05% for module A, and 0.10%, 0.01% and 0.07% for mod-
ule B. This accuracy is important to be confident with the results
obtained and discussed below.
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Fig. 5. Experimental and modelled current-voltage curve of the CPV modules used in this study at 1000 W/m?, spectral irradiance similar to AM1.5D reference spectrum, SMR

(top/mid) =1 +0.05 and room temperature of 25 °C £ 0.5 °C.

3.2. Results

In this section, the dependence of the SEM model parameters of
the modules with light intensity is discussed. It should be noted
that the parameters are given and discussed at one-cell level by
considering the electrical configuration of the modules as:

IphAc = Iph (10)

loe =1 (11)
m

me =1 (12)
R.

Rec = WZ (13)

Rsh.c = Rsh (14)

where the subscript “c” refers to the values at cell level and N the
number of cells in series of each module. The use of normalized val-
ues is more appropriate since allows the extracted values of both

modules to be directly compared. In addition, this also allows the
results to be discussed based on previous studies concerning MJ
solar cells. Moreover, the values provided can be easily translated
to other modules by considering the specific number of cells in ser-
ies of the specific concentrator considered.

Table 3 shows the extracted parameters of the CPV modules
under study at reference conditions. As can be seen, the module
A has a higher value of I, than the module B, around 1.35 times
greater, due to the its larger cell area. On the contrary, the module

Table 3

Single exponential model parameters of the CPV modules used in this study at
1000 W/m?, spectral irradiance similar to AM1.5D reference spectrum, SMR (top/
mid) = 1 +0.05 and room temperature of 25 °C + 0.5 °C. The values of the parameters
are given at one-cell level by considering the electrical configuration of the modules.

Parameter

Module A Module B
Iph,c (A) 5.84 4.30
loc (A) 9.43E-25 411E-19
m 3.14 3.76
Rsc (Q) 1.91E-02 1.93E-02
Rone () 75.9 302.5
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A presents a much lower value of I, than the module B, an order of
magnitude around 4E+5 times. Regarding the ideality factor, the
module B has a higher value, around 1.20 times greater than mod-
ule A. Both modules present a similar value of R, while they pre-
sent a significant difference for Ry, ¢, a value around 4 times greater
for the module B.

Fig. 6-top shows the evolution of Iy, with light intensity for the
two modules considered. Under uniform irradiance, the photo-
generated current of multi-junctions solar cells is expected to have
a linear behaviour with intensity (Kinsey et al., 2008). However,
the assembly of concentrator optics affects the spatial and spectral
distribution of the irradiance over the solar cells surface (Victoria
et al., 2013) and produce intrinsic electrical mismatches among
the receivers (Vorster and Van Dyk, 2005), which can affect the
behaviour of I, . Despite the possible effect of these phenomena,
the extracted values of I, are largely dominated by intensity and
show a clear linear tendency with irradiance for both modules.
They range from a value of 4.27 A (700 W/m?) to 5.84 A
(1000 W/m?) for the module A, and from a value of 3.03 A
(700 W/m?) to 4.30 A (1000 W/m?) for the module B. It should be
noted that this linear behaviour, R? = 0.99 for both modules, also
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verifies the negligible effect on the results of the narrow spectral
variations commented in Section 2.

Fig. 6-mid shows the values of In(l, ) and m. as a function of the
input irradiance for the two sample modules. These two parame-
ters provided information about the rate and type of recombina-
tion mechanism that occurs in the solar cells (i.e. Radiative,
Auger and Shockley-Read-Hall) (Nelson, 2014). Hence, they are
expected to be sensible to the incident irradiance since this affects
the injection level. As is shown, the extracted values of In(I, ) and
m, present a similar behaviour and do not show any particular
trend with irradiance. The In(I,.) range from a value of —58.4 A
(900 W/m?) to —51.3 A (800 W/m?) for the module A, and from a
value of —50.5 A (800 W/m?) to —42.6 A (700 W/m?) for the mod-
ule B. Also, the m, values range from a minimum of 3.0 (900 W/m?)
to a maximum of 3.3 (800 W/m?) for the module A, and from a
minimum of 3.3 (800 W/m?) to a maximum of 3.8 (700 W/m?)
for the module B. Based on these results, it can be concluded that
the recombination processes of the solar cells are not significantly
affected by intensity variations. In addition, the module A shows an
average value of m. of 3.2, around 1.0 per subcell, and the module B
shows an average value of m. of 3.6, around 1.2 per subcell. So, the
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Fig. 6. Dependence of single exponential model parameters with input irradiance of the CPV modules under study. The values of the parameters are given at one-cell level by

considering the electrical configuration of the module.
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conversion of photons into electricity of the multi-junction solar
cells of both modules, for the irradiance levels considered, seems
to be dominated by radiative recombination in the surface and
bulk region (Siefer and Bett, 2014).

Fig. 6-bottom shows the dependence of parasitic resistances, i.e.
Rsc and Rgy, with irradiance variations. The R, of a solar cell is
mainly determined by the resistance of the semiconductor layers,
by the front metal grid resistance and by the metallic contact resis-
tance (Vossier et al., 2012). In this case, the Ry is also going to be
affected by the resistance of the wires of the CPV modules. As can
be seen, the R trends to decrease with intensity for both modules.
It ranges from a value of around 0.023 Q (700 W/m?) to 0.019 Q
(1000 W/m?). This tendency can be understood by considering
the increase of the conductivity of the semiconductor layers with
the number of charge carriers, and therefore, with the input irradi-
ance (Grundmann, 2010). This trend can be approximated with the
following equation:

Rs¢ = ags exp(—bgsDNI) (15)

with an R? around 0.80 for both modules. The R of a GalnP/GaAs/
Ge solar cell has previously proven to decrease with concentration
and ranges from a value of around 0.016 Q (350 suns) to 0.009 Q
(900 suns) at 25 °C (Ben Or and Appelbaum, 2014). As expected,
these values are slightly lower than the reported for the two CPV
modules, probably due to the contribution of the resistance of the
wires. Despite of this, it can be stated that the evolution of R with
light intensity is dominated by the dependence of the properties of
the semiconductor materials.

On the other hand, the Ry, is usually attributed to manufactur-
ing defects that produce a leakage current flowing through the
solar cell and around the edges of the semiconductor device
(Nelson, 2014). In the case of concentrator modules, the extracted
values of Ry, are also going to be affected by possible optical and
electrical mismatches among the receivers. As shown in Fig. 6-
bottom, the Ry, shows a clear tendency for diminishing with irra-
diance for both modules. It ranges from a value of 108.6 (700 W/
m?) to 75.9 (1000 W/m?) for the module A, and from a value of
463.7 (700 W/m?) to 302.5 (1000 W/m?) for the module B. This
trend can be explained due to the increase of the conductivity com-
mented above, as well of the higher shunt leakage current as a
function of the growing irradiance (Grundmann, 2010; Khan
et al., 2014). As in the previous case, this behaviour can be approx-
imated with the following equation:

Rsh‘c = Qgsh exp(_bRshDNI) (16)

with an R? around 0.85 for both modules. The same tendency has
been found for a GalnP/GaAs/Ge solar cell with Rg, values raging
from around 450 Q (350 suns) to 160 © (900 suns) at 25 °C (Ben
Or and Appelbaum, 2014). The results obtained for the module B
are in agreement with these values, however, the module A pre-
sents significantly lower Ry, values. This could be explained due
to the possible decrease of the slope of the I-V curves near short-
circuit current by the presence of optical mismatches(Vorster and
Van Dyk, 2005). Despite of this effect, the dependence of Ry, with
irradiance has demonstrated to be dominated by the changes of the
properties of the semiconductors materials.

4. Dependence of I-V parameters with irradiance

Fig. 7 shows the evolution of the key parameters of the I-V
curves of both modules as a function of the input irradiance,
namely, short-circuit current (Is.), current at maximum power
point (Impp), Open-circuit voltage (Vo) and voltage at maximum
power point (Viypp). Based on the results obtained in the previous

section, different approximations are carried out in the SEM model
to explain the results found.

As shown in Fig. 7-top, Isc presents a clear linear tendency with
irradiance for both modules. This can be explained by setting V =0
in Eq. (1) at reference conditions, “*”, as follows:

I! R; I R
I =I -TIlexp(=22)-1)-22~1T 17
(o)) e

Then, under different irradiance levels, Is. can be expressed with
the following:
e ~ 2t pNp < K _py (18)
"~ DNI" DNI

As in the previous case, Inp, shows a linear dependence with
light intensity, see also Fig. 7-top. This can be understood by set-
ting V = Vypp and I = I1pp, and rearranging Eq. (1) at reference con-

ditions as:
ve +I R vi +I' R
= 1 (e (L ) ) Vit

m*Vr Rsh

With light intensity, In,pp, can be expressed as follows:

r
Lpp = DT{;I* DNI — I, (EEXp (Vmppn;rvlrpr'&) - 1)

_ Vmpp + ImPPRS (20)
Rsh
After substituting Iy, in this equation, In,pp can be simplified to
the following expression:

I
Lnpp = %DNI (21)

Based on the above, it could be stated that Is. and I, present
the same behaviour than I, with intensity variations and that
are not significantly affected by the presence of parasitic
resistances.

Fig. 7-bottom shows the evolution of V,. with the intensity of
the light. As shown, V,. grows with a logarithmic dependence as
the irradiance increases. According to Eq. (1), at reference condi-
tions, Vo (I = 0) can be expressed as:

I v I
ph oc * ph
- —— *+l>zm Vﬂn(—*) (22)
Io Rshlo Io
Based on this, under irradiance variations, V. can be approxi-
mated to the following expression:
DNI I;;,, DNI)

DNT E) ~V,. +mVrln (7DNI*

V.. =m'Vrin (

Ve ~ mVTln( (23)

Hence, it could also be considered independent of parasitic
resistances. In addition, the slope of V.. as a function of In(DNI)
shows a constant behaviour. This confirms the narrow dependence
of the ideality factor of the modules with irradiance commented in
the previous section.

Fig. 7-bottom also shows the evolution of Vp,,, with light inten-
sity. This parameter has proven a more complex dependence than
the previous. It trends to grow with In(DNI) until a certain level
and then starts to decrease gradually due to series resistance
losses. This can also be explained from Eq. (1) following different
approximations. At maximum power, Vp, at reference conditions
can be expressed as:

ro_r Vi 4 R
K ph mpp mpp mpp~s * 4
Vipp =M Vﬂn( A KT + 1> — LppRs
* I;h B Fmpp * N
~m*'Vyin -7 )~ ImppRs (24)
[
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Fig. 7. Dependence of current-voltage parameters with input irradiance of the CPV modules under study.

So, with light intensity, Viypp can be approximated to the fol-
lowing equation:

DNI . R

DNI I, — 1,
Vinpp (DNI) = mVTln< u) ~ DN o

DNI[ T,

x DNI . DNI
~ Vmpp + mVTln <W> - ImppR5 (W - ])

This analysis demonstrates that the behaviour of Vo and Vi, is
dominated by In(DNI) variations. However, despite the reduction
of R with irradiance, it causes Vppp, to decrease above a certain
irradiance level. The presence of Ry, does not play a relevant role
on the performance of these two parameters.

It should be noted that, based on the experimental data and
relationships described above, the behaviour of the parameters
with irradiance shown in Fig. 7 can be approximated with the fol-
lowing simple expressions:

(25)

I ~a-DNI (26)
Ipp ~ b - DNI (27)
Vo ~ ¢1In(DNI) + ¢, (28)
Vinpp ~ d1In(DNI) — dy - DNI + ds (29)

with a high quality - a R? within 0.95-0.99 for both modules. In
order show an example of the high accuracy of these approxima-
tions, Fig. 8 shows the measured and modelled Vy,p,p,, the parameter
with the more complex behaviour, for the module A. These approx-
imations are useful since avoid the SEM model parameters and the
[-V characteristics under reference conditions to be known. Hence,
they offer a simple and accurate way for predicting the main elec-
trical parameters as a function of the irradiance by performing sim-
ple regression analysis from monitored data.

The outcome of this study also indicates that the performance
of the CPV modules is going to be limited by the effect of Rg on
Vmpp- The fill factor (FF) of a photovoltaic device can be written as:

ImppV
FF = pp ¥ mpp
1 sc Voc

By combining Egs. (18), (21), (23) and (25), FF can be rewritten

(30)

as:
FF = Iapp V:npp + mVZln(%) - I:ngl;\;”Rs (G — 1) 31)
Isc Voc + mVTln(DNI*)

So, FF trends to unity as the irradiance increases without con-
sidering the effect of series resistance. However, for real concentra-
tors, it tends to diminish above a determined irradiance level due
to the increase of Ry-DNI/DNI*.

The efficiency () of a concentrator module can be expressed by
means of the following equation:

Prpp
_ 32
g AmoduleDNI ( )
where Pp,pp, is the maximum power and Apoqule i the area of the
concentrator. By combining Eqs. (18), (23) and (30), n can be
rewritten as:

n= e <V;C +mVrln <M)>FF

Amodule DNI DNI (33)

Hence, the efficiency of the modules trends to grow due to the
logarithmic increase of V, with the intensity of the light. However,
as the irradiance increases, this effect is counterbalanced by the
decrease of FF due to series losses. As a result, 1 of the modules
decreases above a certain level.

The effect of the series resistance on FF and n with the increase
of the intensity of the light is shown in Fig. 9. The FF decreases
around 1% and 3% for the module A and B respectively. Regarding
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, it is redws 1 approximately 1% for both modules. It is worth values of the concentrators at reference conditions. This is useful

meqtioning th e maximum of FF and n with irradiance cannot since the electrical characteristics under standard conditions are
be chearly 1dent1 d since it could happen at lower irradiance the variables provided by the manufacturers and testing laborato-
levels thap the consitiared in this study. This highlights the impor- ries in the majority of the cases. Hence, they are the only magni-
tance of tha\coupling D&Y fween the concentration of the modules tudes available when is not possible to perform long-term
and the peak o fﬁcnency c e cells. The geometry and properties outdoor measurements or to use a solar simulator able to change
of the optical eletsents need dake carefully selected and designed the input irradiance.

to ensure multi-junction solar ¢eNy to operate around their maxi- Fig. 10 shows an example of the measured and modelled I-V

mum efficiency for the\typical 1 u nce levels in outdoors. In curve for the module A and the relative error between actual and
addition, the reduction ofNthe series Mesjstance of the modules predicted maximum power as a function of the input intensity
seems to be a crucial concernMp have\a payk efficiency at higher for both modules. The photo-generated current at each light inten-
irradiance levels, and therefore, to\maximize thg energy harvested sity has been estimated from the reference values, considering the

by CPV systems under real working ®Qnditiens. linear dependency discussed in Section 3, with the following
equation:
5. Modelling the electrical characteristics from referentg values I
\ Iph =~ o DNI (34)

The analysis and relationships discussed in the_ previous
tions allow the electrical characteristics of concentratoi\PV mod The rest of the parameters of the SEM model equation have
ules as a function of the incident irradiance to be understsod. For been kept constant at the values given in Table 3 and considering
electrical modelling purposes, it is interesting to evaluate th&accu- tha number of cell in series of each module. As can be seen, the
racy in the estimation of the I-V curve and key parameters from'she erroNin the fitting of the I-V curves increases as the irradiance
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Fig. 10. Top: Experimental and modelled current-voltage curve by using the reference values of the CPV module A at three different irradiance levels, spectral irradiance
similar to AM1.5D reference spectrum, SMR (top/mid) = 1 + 0.05 and room temperature of 25 °C + 0.5 °C. Bottom: Absolute percentage error between actual and estimated
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Table 4

49

Mean absolute percentage error (MAPE), mean absolute error (MRE) and determination coefficient (R?) between actual and predicted electrical parameters of the CPV modules

under study using Egs. (11), (14), (16) and (18) and the values at reference conditions.

Parameter Module A Module B

MAPE (%) MRE (%) R? MAPE (%) MRE (%) R?
Isc 1.2 04 0.98 0.4 0.4 0.99
Impp 1.1 1.0 0.99 0.3 0.2 0.99
Voc 0.0 0.0 0.99 0.0 0.0 0.99
Vinpp 0.1 0.0 0.90 0.3 0.0 0.90

decreases. Despite of this, this approximation offers a good quality
for both modules until irradiance values around 750 W/m? due to
the fact that the absolute percentage error in the estimation of the
maximum power is below 0.3%. So, it can be considered as a good
first approximation to predict the I-V curve of concentrator mod-
ules for the typical operating irradiance levels in outdoors when
the dependencies of the parameters of the SEM equation are
unknown.

For the same reasons above, it is interesting to evaluate the
accuracy in the estimation of the key electrical parameters of the
modules from the reference values. These parameters have been
estimated by means of Egs. (18), (21), (23) and (25) and the refer-
ence values provided in Tables 2 and 3. Different statistical param-
eters have been calculated: the mean absolute percentage error
(MAPE), the mean relative error (MRE) and the determination coef-
ficient (R?). These magnitudes have been calculated by means of
the following expressions:

100 N Zimodelied — Zimeasured
MAPE (%) = — Tmodetled  Tmeasured (35)
N ; Zmeasured
100 N Zmodelled - Zmeasured
MRE (%) = —— y —modered  —measured (36)
N i1 Zmeasured
R vazl (Zmeusured - Zmeasured) (Zmodelled - Zmodelled) (37)

- N 52N 2
\/21:1 (Zmeusured - Zmeasured) Zi:l (Zmndelled - Zmodelled)

where N is the number of samples and Z represents the electrical
parameter considered.

As can be seen in Table 4, the proposed approximations present
a low variation of the estimated data around the experimental with
a maximum MAPE of 1.2%. Also, the MRE is within 1%, which indi-
cates that the approximations neither overestimate nor underesti-
mate the electrical parameters significantly. Finally, a close match
between actual and predicted data has been found - an R? equal of
higher than 0.9.

Bearing the above in mind, the use of the reference values offer
a simple way to predict the I-V curve and main electrical parame-
ters of multi-junction CPV modules for the typical irradiance levels
with a low margin of error. Obviously, under real operating condi-
tions, thermal and spectral corrections need to be incorporated to
model the electrical output with a satisfactory degree of accuracy.
This should be the topic of next research activities concerning this
issue.

6. Conclusions

This paper is focused on the analysis of the current-voltage out-
put of multi-junction CPV modules under different irradiance
levels. To carry out this study, two samples of concentrator mod-
ules were experimentally characterized in indoor laboratory at
the CEAEMA of the University of Jaen by using the Helios 3198
CPV solar simulator. The I-V curves of both systems were recorded

for light intensities within 700-1000 W/m?, spectral irradiance
similar to AM1.5D reference spectrum, SMR (top/mid) =1 + 0.05
and room temperature of 25 °C + 0.5 °C. Based on these data, the
single exponential model (SEM) parameters and I-V characteristics
of the modules as a function of the input irradiance were extracted
and discussed.

Results show that the photo-generated current increases lin-
early with irradiance. The diode ideality factor and saturation cur-
rent have proven a noteworthy stable behaviour under irradiance
variations. On the contrary, the parasitic resistances, i.e. series
and shunt, of both concentrators have shown a clear tendency to
decrease as the intensity increases. The fundamentals behind the
behaviour of the SEM model parameters of the CPV modules are
also discussed in relation to the physical properties of the multi-
junction solar cells of the concentrators. In addition, different
approximations are carried out in the I-V characteristic equation
to explain the dependence of the electrical output of the devices
with light intensity. Results show that the short-circuit current
(Isc) and current at maximum power point (Inpp) are not affected
by parasitic resistances and increase with a linear behaviour with
irradiance. On the other hand, the open-circuit voltage (V,c) and
voltage at maximum power point (Vp,p,) have proven to grow with
a logarithmic dependence as the irradiance increases. However,
while V,. can be considered independent of parasitic resistances,
Vmpp has demonstrated to decrease above a certain light intensity
due to the increase of series resistance losses. Finally, the accuracy
in the estimation of I-V curves and key electrical parameters of the
concentrators from reference values are investigated. Results show
that the I-V curves can be modelled with a good quality until irra-
diance values of around 750 W/m? due to an error in the estima-
tion of the maximum power below 0.3%. The modelling of the
main electrical parameters, i.e. Isc, Impp, Voc and Vppp, present a
high quality with a mean percentage absolute error (MAPE) lower
than 1.2%, a mean relative error (MRE) within 1% and a determina-
tion coefficient (R?) equal of higher than 0.9.

Future works should study the impact of temperature on the
performance of the SEM model parameters and the [-V character-
istics under different irradiance levels. This is a crucial next step
to leverage our understanding of the electrical output of CPV mod-
ules under real working conditions. In addition, the validation of
the relationships to predict the electrical parameters should be
extended to a wider irradiance range to ensure their accuracy for
low irradiance conditions. Thermal and spectral corrections have
to be also incorporated with the aim of modelling the current-
voltage output under the relevant time-varying atmospheric vari-
ables in outdoors.
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with relative low Yy values are also of relative low LCOE values (e.g. Canada and France).

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Electrical generation systems based on conventional Photo-
voltaic (PV) modules, either crystalline or thin film ones, have
proved to be a sound technology thoroughly deployed around
the world. That implies the existence of a significant number of
studies, and research, concerning different economic aspects
related to conventional PV systems [1,2]. Such studies are quite
useful to assess, on one hand, the feasibility of the investments
and, on the other hand, to support policy makers in order to outline
renewable energy promotion policies.

Economical assessment of PV systems can be performed by
means of the analysis of different methods such as: net present
value (NPV), discounted payback time (DPBT), internal rate of
return (IRR) and levelised cost of electricity (LCOE) [3-7]. The later
one, LCOE, represents the constant and theoretical cost of every
kW h produced by an energy generation system along its useful life
[8] and it is a commonly used method to assess and compare
energy generation systems of different technologies [9-16] and,
in particular, in the economical assessment of conventional PV
systems [5,9,13,14,17-20].

* Corresponding author.
E-mail address: dlopez@ujaen.es (D.L. Talavera).

http://dx.doi.org/10.1016/j.enconman.2016.09.054
0196-8904/© 2016 Elsevier Ltd. All rights reserved.

High Concentrator Photovoltaic (HCPV) systems are based on
the use of optical devices able to concentrate solar radiation, usu-
ally in a range from 500 up to 1000 times, onto small and high effi-
cient multi-junction solar cells. Currently the main strengths of
HCPV systems are: (a) high efficiency, with M] cells that have cur-
rently reached a 46% efficiency and with HCPV modules showing
efficiencies up to 36.7%, they have potential for further efficiency
increase; (b) technological maturity; (c) cost reduction potential
by means of the optimization of the semiconductor materials used;
(d) higher energy yield per square meter than other renewable
energies; (e) high potential deployment; (f) high potential market
growth rate as shown by the last years market progress when CPV
accumulated power installed have increased around 330 MWp
[21,22] in 2014. On the other hand, HCPV systems still have weak-
nesses such as: (a) higher costs than conventional PV systems; (b)
lack of operational experience which implies higher technological
risks; (c) suitability restricted to locations with high direct solar
irradiation levels; (d) difficult architectural integration; (e)
requirement of highly precise solar trackers.

Another weakness of HCPV technology is the lack of precise
studies related with its economic aspects and we can only find a
few studies concerning LCOE for CPV [10,23,24]. In [10] Fraunhofer
ISE analysed different renewable energy technologies and
estimated LCOE for CPV for two specific locations: (a) a location
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Nomenclature

[HCPVaomliwp normalized per-kWp annual operation and main-
tenance cost of the HCPV system (€)

[HCPV]xwp normalized per-kWp initial investment cost
of HCPV(€/kWp)
[PVaomlkwp normalized per-kWp annual operation and

maintenance cost of the PV system (€)

[PVilkwp normalized  per-kWp  initial  investment  cost
of PV (€/kWp)

d nominal discount rate (%)

dec annual dividend the equity capital -return on
equity- (%)

DEP annual tax depreciation (€)

DNI, annual direct normal irradiation (kW h/(m? year))

DNIsrc  direct normal irradiation in standard test condition
(1 kW h/m?)

Gstc global irradiance in standard test condition (1 kW/m?)

HCPVpop annual operation and maintenance cost of the HCPV
system (€)

HCPV,. amount equal to the portion of the initial investment
financed with equity capital (€)

HCPV,  initial investment cost on the HCPV system (€)

HCPV,  amount equal to the portion of the initial investment
financed with loan (€)

Hopt o annual Global Irradiation on optimally inclined plane

(KW h/(m? year))
i annual inflation rate (%)

i annual loan interest (%)

LCC life cycle cost of the HCPV system (€)

LCOE levelised cost of electricity (€/kW h)

LR learning rate

N life cycle of the HCPV system, equal to analysis
period (years)

Ny tax life for depreciation (years)

N, amortization of loan (years)

PR performance ratio (%)

PW [DEP] present worth of the tax depreciation (€)

PW[HCPVyy, (N)] present worth of the HCPV system operation
and maintenance cost (€)

q factor equal to 1/(1 +d)

Qncpy HCPV world cumulative installed capacity

Qa annual growth installed capacity (%)

Tq annual degradation rate in the efficiency of the HCPV
panels (%)

TosM annual escalation rate of the operation and maintenance
cost of the HCPV system (%)

Sy salvage value of the system at the end of their life
cycle (€)

T income tax rate (%)

WACC  weighted average cost of capital (%)

YfHepy  annual final yield of a HCPV system (kW h/(kWp year)

Ys py annual final yield of a conventional PV

system kW h/(kWp year)

with an annual Direct Normal Irradiation (DNI,) of 2000 kW h/
(m? year), typical in southern Spain and, (b) another one with
DNI, = 2500 kW h/(m? year), typical in the MENA region, where
the initial investment cost is considered between 1400 and
2200 €/kWp. LCOE calculation for CPV systems with DNI, = 2000
kW h/(m? year) in year 2013 results in the range of 0.10-0.15 €/
kW h and with DNI, = 2500 kW h/(m? year) it varies in the range
of 0.08€/kWh to 0.12€/kWh. In a prospective scenario and
assuming an initial investment cost for CPV system between 700
and 1100 €/kWp, LCOE for CPV would range between 0.045 €/
kW h and 0.075 €/kW h. In [23] LCOE is evaluated by SolFocus for
both CPV systems and conventional fixed PV for the locality of
Phoenix, Arizona (USA). The results of this last study showed that
LCOE for CPV was able to compete with PV in year 2009 and to
reach the lowest LCOE in 2011 in locations with relative high val-
ues of DNI like Phoenix and south west USA. In [24] Talavera et al.
perform an exhaustive analysis of the economic feasibility of HCPV
systems in Spain using the LCOE. LCOE calculation for HCPV sys-
tems with DNI from 2221 to 982 kW h/(m? year) can reach LCOE
values ranging from 0.081 to 0.184 €/kW h respectively, when
assuming an initial investment cost for HCPV of 1800 €/kWp. Also,
in a prospective scenario and assuming an initial investment cost
for HCPV system of 700 €/kWp, LCOE for HCPV would range
between 0.035 €/kW h and 0.080 €/kW h.

Except for that exposed above, no LCOE for HCPV studies are
available in up-to-date literature. Thus, due to the lack of exhaus-
tive worldwide studies of the HCPV technology and with the exist-
ing demand of economic feasibility information of HCPV systems,
rigorous and detailed worldwide LCOE for HCPV studies are
needed. Those studies should include potential regions for HCPV
systems to be installed.

It is important to remark that LCOE is also utilized for compar-
ing different electricity generation technologies in terms of grid
parity. By definition, grid parity takes place when the LCOE for a
renewable energy source is less or equal to the electricity price.
Some specific studies use the model LCOE to analyse PV technology

grid parity [19,25], but there are no previous studies in the litera-
ture about HCPV grid parity.

For those reasons, a worldwide analysis of economic feasibility
of HCPV systems is carried out in this paper, using the LCOE as a
feasibility indicator. In this document, firstly, the methodology is
described and the data used for the calculations are explained
and justified. Next, an economic feasibility analysis of HCPV sys-
tems for 133 countries is performed in terms of the LCOE. For
determining LCOE values, specific parameters of each country like:
DNI, financial cost (cost of capital) or tax rate and inflation have
been taking into account. However, other parameters like the ini-
tial investment cost have been considered of the same value for
every location. After that, a study concerning the grid parity of
HCPV technology in the domestic market segment is conducted.
Finally, the comparison of the LCOE of HCPV and conventional PV
systems for a future year 2020 scenario is carried out.

The methodology shown here is definitively useful to identify
countries where HCPV technology can be a feasible technology to
generate electricity, and it means an original contribution regard-
ing HCPV electrical generation costs in a global basis, not covered
by previous literature. Furthermore, the map-based methodology
proposed in the paper is easy to handle and can be consulted by
future owners, investors and financial entities involved in HCPV
systems.

Moreover, for applying this methodology, some assumptions
have been made. First, on one hand, in this work, we define a HCPV
system as a grid-connected system composed of HCPV modules
with the characteristics commented above. On the other hand,
we define a conventional PV system as a grid-connected system
composed of c-Si fixed PV modules optimally inclined and oriented
southwards in the North hemisphere or northwards in the South
hemisphere. Second, concerning the data, since this work is a glo-
bal analysis and the values of the parameters can be obtained from
different sources, then the results obtained may differ slightly if
other different sources of data (like Meteonorm, PWATTS, PVGIS,
etc.) are used. Third, inside a single country, different electricity
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prices are possible, since many of the electrical markets are liber-
alized and different operators may exist in the same country, but
for the purpose of this study an average value for the domestic
electricity price in a determined country has been taken.

2. Methodology and input factors

In this section, the model LCOE utilized for the feasibility anal-
ysis of the HCPV systems is presented. A review of the parameters
used as inputs for the equations presented below is conducted.
This review will lead to identify the parameter values for the anal-
ysis of the HCPV for a scenario in the year 2014 and prospective
scenario 2020. Furthermore, in the Appendix A, all the parameter
values used for the calculations are available. It should be noted
that the figures presented here referring to costs and electricity
yields are all normalized-per-kWp. The symbols used for these fac-
tors are the same for those not normalized, except that they are
shown in brackets and with the subscript ‘kWp'.

2.1. Model LCOE

The method utilized for the feasibility analysis is the LCOE and
will be shown below. The calculation procedures are similar to
those presented in previous works [6,24]. Levelised cost of electric-
ity can be defined as the constant and theoretical cost of produc-
tion of electricity of a HCPV system over its total life time
expressed as:

HCPV1 + ZN: HCPVADM,,Y(II—T) _
LCOE = s L
anl (1+d)"

where HCPV, (€) is the initial investment cost of the HCPV system,
HCPVoum (€) are the annual operation and maintenance costs, DEP
(€) is the annual tax depreciation for the HCPV system, N, (years)
is the tax life for depreciation, E (kW h/(kWp year)) is the Annual
Final Yield (it will be later defined and denoted as Yy according to
the IEC 61724 standard), d (%) is the nominal discount rate, N
(years) is the useful life of the HCPV system and T (%) is the tax rate.

Assuming that ry4 (%) is the annual degradation rate in the effi-
ciency of the HCPV system and rogy (%) is the annual escalation
rate of the operation and maintenance costs of the system, the
LCOE may be estimated by:

Ng DEP,-T
n=1 (11d)" 1)

N HCPVpomn(1470em)"-(1=T) _ §~Ng  DEPy-T
LCOE — HCPVI + anl (1+d)" n=1(1+d)" (2)
- N En(1-rp)"
n=1"(11d)"

Defining the parameters Ky = (1 —rg)/(1 +d), Kp= (1 + rogm)/(1 +d),
and q = (1/(1 + d)). Taking constant the annual HCPV electricity yield
(E) and annual operation and maintenance costs (HCPV,op) over the
life-cycle, using the parameters ry and roga, and considering that the
annual tax depreciation (DEP) is calculated as lineal over the period
time (N,) for the HCPV system, the Eq. (2) can be expressed:

Kp-(1-KY) (1—-qVd
LCOE — HCPV, + HCPV pom (1 — T) - #=-2 — DEP - 402 T
E Kq(1-KY)
1Ky

(3)

The numerator of Eq. (3) represents the life cycle cost of the HCPV
system (LCC):

. —_— N : - N
LCC = HCPV; + HCPVaom(1 —T) - w — DEP- T%&”
— P -
(4)

Besides, Eq. (4), may be written as:
LCC = HCPV,| + PW[HCPV oy (N)] — PW[DEP(Ny)] (5)

where PW[HCPVo,, (N)] is the present worth of operation and main-
tenance cost of the system and PW[DEP(N)] is the present worth of
the tax depreciation.

The weighted average cost of capital (WACC) over the discount-
ing factor (nominal discount rate) allows for including explicitly
the share of external financing and equity financing. HCPV, (€) is
the initial investment cost of the HCPV system which may be
financed through long-term debt or/and equity capital. HCPV; is
financed through of a loan (HCPV}) and equity capital (HCPV,.), so
that HCPV, = HCPV, + HCPV,.. Then, this can be written as:

] - . _ aNi
HCPV, = | HCPV, - l'(]. T) - q-(1-g"M)
1-1+y1-T)™ 1-¢
(1 —aVN
+ ((dec . HCPVEC) %(;])+HCPV“ . qN) (6)

The loan is represented by the first addend of Eq. (6): HCPV, is
borrowed at an annual loan interest (i;) to be repaid in N; years.
The second term represents the equity capital, with an annual pay-
back in the form of dividends (d..), which is, the return on equity,
and it is amortized at the end of the life cycle of the system. It is
remarkable that the left-hand side of Eq. (6) only equals its right-
hand side if the selected value of d is equal to the weighted average
cost of capital (WACC) of the investment.

WACC is the cost that the owner or investor of the project must
pay for the use of capital sources in order to finance the investment.
Organizations typically use the value of the organization’s weighted
average cost of capital as nominal discount rate (d) [8]. In this paper,
the nominal discount rate is assumed to be equal to WACC in order
to calculate the LCOE. LCOE values are highly location-specific,
because factors like annual normal irradiation (DNI,), cost of capi-
tal, tax rate and inflation are specific of each country.

2.2. Average HCPV electricity yields per country

As it was previously pointed, the Annual Final Yield of a HCPV
system is a key parameter for the LCOE estimation. There are differ-
ent methods to calculate the generated energy [26,27]. We use in
this work the method based on the Performance Ratio (PR), which
is established in the IEC 61724 standard [28]. In this standard, the
Annual Final Yield is defined (Yj) as the output electrical energy
(ACelectricity) generated by a photovoltaic system per unit of power
installed, and is expressed in kW h/(kWp-year).The energy yield for
aconventional PV system, Yypy, can be estimated through the Eq. (7):

Yy = PRHOPTA 7
GSTC

where HOTP, (kW h/(m?-.year)) is the annual global irradiation on
the optimal inclined plane and Gsjc the global irradiance at Stan-
dard Test Conditions (1 kW/m?). The value of PR for conventional
PV systems is typically in the range from 0.70 to 0.80. In our study,
we take a value of PR = 0.75, based on the experience of this kind of
systems [29-33].For the case of HCPV technology, the Annual Final
Yield can be estimated using the following Eq. (8):
Yy hery = PR% )
where Yf ycpy is the Annual Final Yield of a HCPV system (kW h/
(kWp year)), DNI, is the annual direct normal irradiation (kW h/
(m? year)) and DNIsrc is the direct normal irradiance at Standard
Test Conditions (1 kW/m?). The value of PR in an HCPV system
typically ranges from 0.76 to 0.91 [34-44]. In this case, we have
used an intermediate value of 0.82.

Fig. 1 represents a novel map for the HCPV Annual Final Yield in
133 countries. The values here represented have been calculated
from Eq. (8) taking an average value of DNI, for each country and
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Fig. 1. Global map of HCPV systems annual final yield, Y ycpy-

assuming a fixed value of PR = 0.82 for all the countries. NASA data
[45], with a resolution of 1° for latitude and 1° for longitude, were
utilized for calculating the average DNI, for each country.

The results of the map of Fig. 1 show five different categories
according to the level of the Annual Final Yield from lower than
1100 kW h/(kWp year) to greater than 2000 kW h/(kWp year).
Each country is marked in a corresponding colour as a function on
its level of energy yield. Analysing this map, three groups of coun-
tries can be made. There is a group of countries (Mexico, Chile,
Australia, and those in North and South of Africa and Near East)
where the annual energy production is over 1800 kW h/(kWp year).
In principle, these countries may be considered as the most suitable
for HCPV technology. There is another group of countries, where
1100 < Yf yepy < 1800 kW h/(kWp year), those marked in green and
light brown. For those countries, it is necessary to realise a more
detailed study, since some regions of those countries may have rel-
ative high values of Yy ycpy and be suitable for HCPV technology. And
finally, there is a last group of countries with Yy ycpy values lower
than 1100 kW h/(kWp year) that, in principle, might seem to be
not of interest for HCPV. However, it will later explained that some
of these countries are really of interest for HCPV technology, as in
the case of Canada and some other European countries.

2.3. Experience curve approach and HCPV initial investment cost

To determine the costs and the market that a new technology,
as in the case of HCPV, will reach in next years is a difficult task.
This is due to different causes that are, on one hand, inherent to
the technology, an on the other hand, external to the technology.
In relation to inherent causes, the costs may undergo strong varia-
tions in the initial stages of this technology development because
of the incorporation of technological improvements on the prod-
ucts (increase of the efficiency, incorporation of new materials
and new manufacturing processes). In relation to external causes,
the evolution of the market is highly conditioned by the price of
fossil fuels, the cost of other renewable energies and by the renew-
able energy policies dictated by the different governments.

Several market analysis [46-50] indicate that the HCPV world
cumulative installed capacity in 2013 was between 160 and
275 MWp, 330 MWp in the year 2014 [22], and that this could
be between 1100 and 1800 MWp in the year 2020 [51]. Based on

the available information, an annual growth, Q4 (%), scenario of this
capacity can be assumed to be of 40%. This growth rate, although
high, is nevertheless lower than the historical annual growth rate
of 88% during the period 2007-13 and have a possibility of being
achieved in the coming years [52].

The learning curve can be used to estimate the evolution of the
initial investment cost of HCPV systems for upcoming years. This
curve describes the cost reduction as a function of the accumulated
experience in the manufacturing and in the use of a particular tech-
nology. The learning curve of a HCPV system can be expressed as:

log1~1R

2
HCPV/ yoar = HCPV 5014 <73”CC”V 2ym4> 9)
HCPV

where HCPV; yeqr (€/KWp) is the HCPV initial investment cost in the
year under review, HCPV] 5914 is the HCPV initial investment cost in
2014, Qucpv year (MW) is the HCPV world cumulative installed
capacity in the year under review, Qucpy 2014 (MW) is the HCPV
world cumulative installed capacity in 2014 and LR (0-1) is the
Learning Rate. Based on an industry and literature survey in 2014,
the typical initial investments cost per kWp of a HCPV system of
a capacity larger than 1 MW may be taken at 1700 €/kWp with a
variation ranging from 1400 to 2200 €/kWp [10,11,22]. Moreover,
and based on survey literature, a learning ratio within 0.14 and
0.22 with a 90% confidence value was found Hayson et al. [52]

In this work, three scenarios have been considered, a low one
where HCPV, 5014 is 2000 €/kWp and LR is 18%, a conservative
one where HCPV; 5014 is 1800 €/kWp and LR is 20% and an acceler-
ated one where HCPV; 3014 is 1600 €/kWp and LR is 21%. Fig. 2
shows both proposed scenarios and the forecast of the company
GTM Research Inc [53] Yole [54] and IHS [47]. Fig. 2 shows also
the values of the scenario proposed by Hayson et al., where a
HCPV; 5913 of 2.8 $/Wp and a LR of 18% are assumed.

These results depend on multiple variables that may change
over time and, therefore, modify the data obtained. For the year
2020, both scenarios predict that HCPV; 5930 will be between 800
and 1000 €/kWp approximately. In this work it is assumed a
Normalized-per-kWp initial investment cost of HCPV, [HCPV,]xwyp,
equal to 900 €/kWp for the prospective scenario of 2020, what is
around the mean value between both scenarios and also close to
the prediction of GTM Research Inc.
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Fig. 2. Learning curves of the initial investment cost of HCPV systems. Also, initial
investment cost of HCPV forecast estimated by Hayson et al. and the private
company Yole, IHS and GTM Research Inc. Note: An exchange rate of 1,34 $/€ for the
year 2014 has been considered.

2.4. Values of remain factors

The averages of historical data of the inflation rate (i) for each
country in the period 2009-2013 [55,56] have been reviewed
and the resulting data of this analysis are shown in Appendix A.

Initial investment cost may be financed by means of debt or/and
equity capital. In this paper, we have selected the proportion
between long-term loans and equity capital. On one hand, it has
been assumed that 70% of this amount is borrowed at a loan -
debt-, while the remaining investment amount, 30%, is contributed
from equity capital; taking into account that commercial banks are
generally accepting higher leverage in stable economies with
secure property rights [57]. On the other hand, for remaining coun-
tries, the share of equity and debt in the project is assumed to be
50%, which is in line with the recommendations of the CDM Execu-
tive Board [58]. Regarding HCPV systems, the loan, i, is specific for
each country (see Appendix A), N; is equal to 20 years, and also
equity capital, d., is assumed specific for each country (see Appen-
dix A) and being amortized at the end of the life cycle of the system.

The income tax rate (T) for the organization or taxpayer,
changes depending on each country’s regulations. In this analysis,
the value of corporate income tax rate is assumed specific for each
country, as shown in Appendix A. The method used in the tax
depreciation is based on general method, using a maximum linear
coefficient of 5%, with a tax life for depreciation of 20 years [59,60].

The HCPV Annual Final Yield is assumed to decrease every year.
The annual degradation rate, ryq (%/year), in the efficiency of the
HCPV System is 0.5%/year [9,61]. The analysis period is equal to
the life time of the HCPV system, therefore N = 30 years. Nowadays,
conventional PV systems have a life cycle of around more than
30 years. Salvage value of the system at the end of their life-cycle
(Sy) is taken as equal to zero.

The nominal discount rate (d) is assumed to be equal to the
weighted average capital of cost in order to calculate the LCOE
[8,10]. This cost of capital will vary depending on how the capital
resources are chosen to finance the initial investment cost. The
after-tax WACC values are shown in Appendix A.

Normalized-per-kWp annual operation and maintenance costs,
[HCPVaomlkwsp, are taken at 28 €/(kW year) for the HCPV systems
[11,62], while for conventional PV systems they are estimated to
be 20 €/(kW year) [62,63]. Moreover, there are estimations that
consider an annual fixed percentage of the normalized-per-kWp
initial investment cost of 2% for HCPV systems [50], while for
conventional PV systems it is assumed to be 1.5% for the annual

Table 1
Values of the factors assumed for the calculation of LCOE on HCPV systems in the
scenario for 2014.

Factors Case base values Units
Yhcpv According Fig. 1 kW h/(kWp year)
[HCPV lkwp 1700 €/kWp
[HCPV aomlkwp 2 %

Tq 0.5 %[year
Tosm Equal to i %[year
T According Appendix A %

i According Appendix A %

d According Appendix A %

i According Appendix A %

N, 20 years
dec According Appendix A %

N 30 years

operation and maintenance costs [25]. The latter approach has
been chosen in this paper. The annual escalation rate of the oper-
ation and maintenance costs (rosn) is set equal to the value of
the annual inflation rate, so rog = i.

Table 1 summarizes the previous analysis by showing the fig-
ures chosen and assumed for each factor defining the HCPV system
in each country. The LCOE estimation for each country is realised
by solving the equations presented in Section 2.1 in combination
with the figures shown in Table 1 in a spreadsheet.

3. Analysis and results

The LCOE for HCPV systems in 133 countries in the year 2014
has been estimated through solving the equations presented in
Section 2. The parameters and the input data used in this study
are shown in Table 1, including the next factors: Annual Final Yield
(Yucpy), Normalized-per-kWp initial investment cost of HCPV
([HCPV)]kwp), Normalized-per-kWp annual operation and mainte-
nance costs ([HCPVaoumlkwp), annual degradation rate (r4), annual
escalation rate of the operation and maintenance costs (rosum),
income tax rate (T), inflation (i), nominal discount rate (d), loan
interest rate (i;), repaying loan (N;), dividends (d..) and life time
of the HCPV system (N). The worldwide maps shown in Figs. 3-5
represent the output results of the analysis conducted. Moreover,
in the Appendix A, the detailed numeric results of each country
are available. Below, the levelised cost of electricity for the HCPV
technology systems has been estimated.

In this work, the average value of DNI, is taken for each country.
However, those countries with highest area, or such area that LCOE
variations are significant inside the own territory, are divided in
two partitions North-South or West-East. Although these parti-
tions are not shown in Fig. 3, they have been considered for obtain-
ing the results shown in Section 3.1.

The global LCOE map of Fig. 3 has also five categories with the
same colours as in Fig. 1, being the most favourable cases for HCPV
in terms of LCOE those countries marked in red colour too. Some
ideas can be pointed from this global LCOE map: (i) LCOE values
range from 6.7 c€/kW h, in the case of United Arab Emirates, to
62 c€/kW h, in Vietnam. (ii) The zones that present lowest LCOE
are: North America, Chile, Australia, North and South of Africa
and the South of Europe. (iii) Although there is an inverse relation
between Yrand LCOE, as it was defined in Eq. (1), when comparing
both maps of Figs. 1 and 3, on one hand, it can be observed that
some countries with relative high Yy values are also of relative high
LCOE values (e.g. Iran and Sudan). On the other hand, some other
countries with relative low Yy values are also of relative low LCOE
values (e.g. Canada and France).

It is important to point out that, concerning the LCOE estima-
tion, countries in geographical zones with similar DNI, values
may not have similar economic parameters, like in the case of
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Fig. 3. Global map of LCOE for the year 2014.
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Fig. 4. Global map of difference between domestic electricity price and LCOE of the HCPV Systems.

Egypt and Sudan, or in South America, etc. The importance of the
economic parameters is quite evident in the next two examples.
On one hand, the study performed in countries like Algeria, South
Africa and Mauritania, with relative high average values of DNI, of
2490, 2493 and 2441 kW h/(m? year) respectively, provides values
of LCOE of 13, 11 and 15 c€/kW h respectively. On the other hand,
for some other countries like USA, Spain, Italy, Greece and Japan
with average values of DNI,, 1834, 1892, 1730, 1844 and
1325 kW h/(m? year) respectively, lesser than those of above coun-
tries, the values of LCOE obtained are 8, 7, 9, 7 and 10 c€/kW h
respectively. Although the factors with more impact on the LCOE
are the initial investment costs and the direct normal irradiation,
others like the financing costs and the operation and maintenance
costs, that exert a lower effect on the LCOE [24], are also important.
From the cases studied above, it can be observed that the group of

countries of Algeria, South Africa and Mauritania, with higher DNI,
than the group of USA, Spain, Italy, Greece and Japan, has higher
values of LCOE. This is due to the fact that financing cost (cost of
capital) is greater in the African countries than in USA, Euro Zone
or Japan.

Although an average LCOE for each country is shown in the map
of Fig. 3, for relative large countries like USA, Brazil, Australia and
China, the analysis has been carried out considering two partitions
of them by separating the most and the less sunny regions. In the
case of Brazil, eastern Brazil (longitude > -50°) and western Brazil
(longitude < -50°) have been considered obtaining a LCOE value
of 25 c€/kW hy 27 c€/kW h respectively. Similarly, we have for
USA, eastern USA (longitude > -97°) and western USA (longitude
< -97°) with values of 9 c€/kW h and 7 c€/kW h respectively. For
eastern Australia (longitude > 135°) and western Australia
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Fig. 5. Global map of difference between LCOE of conventional PV and HCPV systems in the prospective scenario (2 0 2 0).

(longitude < 135°), we have calculated LCOE of 9c€/kWh y
8 c€/KW h respectively. Considering Chile, it is for northern Chile
(latitude > -33°) and southern Chile (latitude <-33°) LCOE equal
to 9 c€/kW hand 11 c€/kW hrespectively. In the case of China, east-
ern China (longitude > 100°) and western China (longitude < 100°)
correspond to LCOE of 15 c€/kW hy 11 c€/kW h respectively.

In other countries like Canada, the indicated value of LCOE in
the map is only representative for locations with latitude lower
than 60°, as well as for Norway and Sweden, the LCOE value corre-
sponds only for locations above a latitude of 65°. For other coun-
tries like Syria, Iraq, and Sudan that are involved in different
wars, or Venezuela and Zimbabwe, with political instability, some
economic parameters like inflation and the financing cost are rela-
tively very high. Therefore, for those countries, the values will not
be representative for future stable periods.

3.1. Comparison between the LCOE of HCPV and domestic electricity
price

In this section, an analysis of the grid parity for the HCPV tech-
nology in the domestic market segment is made. This analysis is
done by comparing HCPV LCOE values with electricity price values
in the domestic market segment. Below, some considerations
assumed to fix electricity price values in the domestic market seg-
ment are explained.

Average electricity prices (€/kW h) in the domestic segment for
some selected countries in 2014 with all taxes and levies included
[64,65] are shown in Appendix A. There are significant variations in
the electricity price depending on the quantity of the electricity
consumption and even on the location within the same country.
For instance, there are different ranges of annual domestic
electricity consume for the countries in the European Union: (a)
band DA, consumption < 1000 kW h; (b) band DB, 1000 kW h <
consumption < 2500 kW h; (c) band DC, 2500 kW h < consumption <
5000 kW h; (d) band DD, 5000 kW h < consumption <15,000 kW h;
(e) band DE, consumption >15,000 kW h [65]. In the case of Africa,
each electricity supplier company has its own list of tariffs even
those that operate in similar socio-economic and political environ-
ments. Some companies apply the same tariff for all their clients
while others set different tariffs depending on the annual consume.
As an example, as described in a comparative study [66], there

are three categories in the domestic segment of electricity
consume in Africa: (a) social consumers, with a consumption of
100 kW h/month; (b) single phase domestic consumer, with a
consumption of 200 kW h/month; and (c) three-phase domestic
consumer, with a consumption of 600 kW h/month.

In order to simplify the analysis, domestic electricity prices
(€/kW h) considered in this document are a representative average
of an annual consumption between 2400 kW h and 7200 kW h for
the whole country, even when there are different categories or
types of tariff.

In the case of USA, the average electricity prices (€/kW h) in the
domestic segments in 2014 do not include the taxation [67]
because of the different tax rates among the states. For some coun-
tries, electricity price has not been found in the literature no in
data bases available for the authors. Therefore, data of previous
years have been taken. A correction to these data has been applied
consisting of an annual increment rate equal to the mean value of
the annual increment of the electricity price in the period 2009-
2013, otherwise an annual increment rate equal to the mean value
of the inflation rate for the country in the same period 2009-2013.

In Fig. 4, it can be observed that some countries have already
achieved HCPV grid parity (in 2014), corresponding to the scenario
considered whose values are shown in Table 1. Grid parity is
already achieved in countries like Spain, Italy and Greece, due to
the relative high electricity price and DNI and to the relative low
financial costs. Grid parity is even achieved in countries with mod-
erate DNI values like Germany, Belgium, Denmark, Ireland, Sweden
or Japan since their relative high electricity prices and relative
lower financial costs. In other countries like USA, with moderate
electricity prices, relative low financial costs and relative high
DNI values, grid parity is achieved. In Chile and Morocco, with
moderate electricity prices, moderate financial costs and relative
high values of DNI, grid parity is also achieved. Finally, in countries
with relative low electricity prices, moderate financial costs and
relative high DNI values, like Algeria, Libya, Saudi Arabia, Iraq,
etc., grid parity is not achieved. Therefore, an appropriate parame-
ters combination is needed in order to make HCPV systems com-
petitive in the domestic market segment. The results show that
most countries, that have achieved grid parity, are developed coun-
tries. For the light blue coloured countries in Fig. 4, the LCOE of the
HCPV systems is higher than the domestic electricity price.
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3.2. Comparison between the LCOE of HCPV and conventional PV

In order to improve the analysis of this paper, a LCOE estimation
in a prospective scenario in the year 2020 of conventional PV and
HCPV systems has been also carried out. The LCOE for both tech-
nologies has been estimated following the method described in
Section 2, and is analogous to the procedure previously used for
estimating the LCOE of HCPV systems in the year 2014. In this case,
the energy yield of conventional PV systems has been calculated
according to Eq. (7) and considering a fixed value of PR =0.75, as
also discussed in Section 2. As for the case of HCPV systems, NASA
data with a resolution of 1° for latitude and 1° for longitude, were
utilized for calculating the average HOTP, for each country. In this
prospective scenario, a normalized-per-kWp initial investment
cost of 900 €/kWp has been considered for both technologies. This
value has been taken from the learning curves shown in Fig. 2 for
HCPV systems, while it has been taken from the analysis conducted
in [68] for PV systems. The rest of the techno-economic variables
involved in the estimation of the LCOE of both technologies remain
constant to the values previously considered in the estimation of
the LCOE of HCPV systems in the year 2014 since this can be con-
sidered a short-term forecast analysis. Table 2 summarizes the
main variables used for estimating the LCOE of both technologies
in the year 2020.

Fig. 5 shows the difference between LCOE for conventional PV
and for HCPV systems in the prospective scenario of the year
2020. From this map, the next analysis can be realised. First,
the HCPV technology is more suitable than conventional PV
technology in terms of LCOE for those countries in red colour. In
those countries, the values of DNI, range from 1853 and
2804 kW h/(m? year), that corresponds respectively to Mongolia
and Niger. Moreover, the irradiation (HOTP,) is those countries in
red colour is between 1616 and 2461 kW h/(m? year), that corre-
sponds respectively to Albania and Niger. LCOE for HCPV is of
12.8 c€/kW h in Mongolia and of 5.9 c€/kW h in Niger, whereas
LCOE for conventional PV for these two same countries is
respectively 14 c€/kW h and 7.2 c€/kW h. Second, a more detailed
regional study in the countries in yellow colour is necessary, since
it is probable to find regions in which the HCPV technology
presents lower costs of producing and vice versa. For these
countries, DNI, is between 944 and 2538 kW h/(m? year), that cor-
responds respectively to Norway and Oman. Irradiation values
(HOTP,) for the countries in yellow colour is between 966 and
2300 kW h/(m? year), that also correspond respectively to Norway
and Oman, whereas LCOE for conventional PV is of 10 c€/kW h in
Norway and of 6.7 c€/kW h in Oman. Third, for the countries in
blue colour, conventional PV technology is preferable to the HCPV
one in terms of LCOE. In these countries, the irradiation values

Table 2
Values of the factors assumed for the calculation of the LCOE on the prospective
scenario (2 02 0) for HCPV and conventional PV Systems.

Factors Case base values Units

Yf nerv According (Fig. 1) kW h/(kWp year)
Yf pv According (Eq. (7)) kW h/(kWp year)
[HCPVilikwp 900 €/kWp

[PVilkwp 900 €/kWp

[HCPV aomlkwp 2 %

[PVaomliwp 1.5 %

Tq 0.5 %[year

Tosm Equal to i %[year

T According Appendix A %

i According Appendix A %

d According Appendix A %

i According Appendix A %

N, 20 years

dec According Appendix A %

N 30 years

(HOTP,) are between 977 and 1946 kW h/(m?year), that
correspond respectively to Ireland and Venezuela. DNI, values for
the countries in blue colour range between 811 and 1782 kW h/
(m? year), that also correspond respectively to Ireland and
Venezuela. LCOE of HCPV systems, is of 10.3 c€/kW h in Ireland
and of 24.1 c€/kKW h in Venezuela, whereas LCOE for conventional
PV is 8.7 c€/kW h in Ireland and of 22.5 c€/kW h in Venezuela.
Considering those results comparing LCOE for both HCPV and
conventional PV, HCPV systems are more attractive investments
than conventional PV for those countries where DNI, is near or
higher to HOTP,, when maintaining constant all the other calcula-
tion parameters except for the operation and maintenance costs.

4. Conclusions

The market of solar photovoltaic energy and, specifically, that of
the HCPV systems, is continuously growing, mainly due to the
economies of scale and to the effects of learning curves. This grow-
ing will result in the extension of the number of countries where
HCPV technology will be competitive in relation with other sources
of electricity generation.

One of the methods used for the study of PV or HCPV systems’
economic viability is the levelised cost of electricity (LCOE), with
the purpose of comparing those systems with other technologies
of electricity generation. This is a vital issue from the point of view
of industrial planning, given that it is a way to analyse the potential
of this young technology. In the work here presented an analysis of
the LCOE of HCPV systems has been carried out in 133 countries,
together with the comparison between LCOE and domestic elec-
tricity price in those countries. Besides, the LCOE of HCPV systems
has been compared with the LCOE of conventional photovoltaic
systems, for a mid-term scenario at 2020. The results obtained
are shown in a set of innovative maps. These maps are easy to han-
dle and can be consulted by future owners, investors and financial
entities involved in HCPV systems.

Future owners and potential investors in HCPV systems demand
information relating to the economic feasibility of their invest-
ment. That is why one of the objectives of this document is to pro-
vide information about the LCOE in HCPV systems. Besides,
government organizations of each one of the countries that have
been studied here, which participate either in the design or the
selection of support mechanisms for HCPV, can be guided by the
results obtained in this work.

On the other hand, LCOE values obtained in countries like USA,
Spain, Greece, Australia and Japan, which were lower than LCOE
values obtained in countries with higher DNI4 values, make evident
the relevant effect that parameters like loan interest rate, divi-
dends (return on equity) and inflation produce. Results suggest
that, from a worldwide economic perspective, current growth pat-
tern will continue, in large part concentrated in countries with low
financing cost for HCPV projects and low inflation rates, instead of
those ones with high DNI values and high project financing cost.
Therefore, it would be an advantageous achievement for renewable
energies and particularly for HCPV technology to reduce the
financing cost of this type of projects in developing countries.

Regarding HCPV technology parity in relation with the domestic
market segment, already at 2014 there are some countries were
LCOE in HCPV plants is cheaper than the kW h price that domestic
consumer pays to the electricity supplier. Besides, the upward
trend in the price of domestic electricity will increase the number
of countries where parity will be achieved.

According to the results obtained and represented in maps of
Figs. 3 and 4, red colour countries are today’s 'most favourable ones

! For interpretation of color in Figs. 3 and 4, the reader is referred to the web
version of this article.
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for investments in HCPV systems. Likewise if we have to decide
between investing in HCPV technology or in conventional PV in a
mid-term prospective scenario, red colour countries depicted in
the map of Fig. 5 will be the most favourable ones for receiving
investments in HCPV technology.

It is also remarkable that in a future year 2020 scenario, in 92
countries out of the analysed 133 the cost of electric generation
represented by LCOE (c€/KW h) in HCPV technology plants will

687

be lower than that of conventional PV technology electric genera-
tion plants, provided that the predicted parameter values of the

2020 scenario finally occur.

Appendix A

Input data and results (see Tables A1 and A2).

Table A1

Input data.
Country Average Lending interest Average Inflation (i) Nominal Dividends (d.c) WACC (%) Tax? (%) Electricity price for domestic

rate (i) 2009-2013% (%) 2009-2013" (%) (return on equity)© (%) segment 2014 (c€/kW h)"

Afghanistan 15.2 3.5 18.5 15.6 20.0 16.6
Albania 11.7 2.7 16.0 133 15.0 11.6
Algeria 8.0 53 18.8 134 19.0 2.4
Angola 17.9 12.1 26.7 19.5 35.0 4.5
Argentina 143 9.5 254 17.9 35.0 5.0
Armenia 17.8 5.5 18.7 16.6 20.0 6.8
Australia 6.8 25 11.8 7.6 30.0 121
Azerbaijan 193 43 16.0 15.7 20.0 24
Bangladesh 134 7.6 214 16.1 27.5 10.7
Belgium 3.9 1.9 7.1 4.6 34.0 224
Belize 13.1 0.5 15.1 12.8 25.0 15.6
Benin 16.8 3.0 16.7 144 30.0 13.6
Bolivia 11.1 5.2 19.7 14.6 25.0 7.8
Bosnia and Herzegovina 74 1.5 15.5 11.8 10.0 8.1
Botswana 115 74 19.0 14.5 22.0 7.0
Brazil 385 5.6 18.1 21.7 34.0 19.0
Burkina Faso 16.8 1.8 15.8 14.0 30.0 203
Burundi 13.8 10.6 26.7 18.7 30.0 35
Cambodia 13.0 2.9 171 14.1 20.0 17.3
Cameroon 15.2 24 15.7 129 38.5 103
Canada 2.8 15 8.9 5.1 26.0 8.4
Central African Rep. 15.2 2.7 17.6 144 30.0 0.0
Chad 15.2 3.7 18.0 14.0 40.0 21.7
Chile 8.1 2.0 12,5 10.0 20.0 14.0
China 5.9 2.7 134 9.8 25.0 119
Colombia 114 3.0 154 124 25.0 103
Congo. Dem. Rep. 42.7 7.3 229 274 25.0 3.7
Congo. Rep. 15.2 43 17.9 144 33.0 6.1
Costa Rica 173 5.6 183 154 30.0 12.6
Cote d’Ivoire 16.8 23 15.9 144 25.0 16.4
Cuba 18.0 0.0 15.5 14.2 30.0 18.0
Cyprus 6.7 1.6 12.1 9.6 125 18.5
Denmark 7.1 1.9 8.9 6.8 245 30.2
Djibouti 11.0 3.6 17.0 13.2 25.0 -
Dominican Republic 15.0 5.0 194 15.5 28.0 17.8
Ecuador 124 4.2 219 16.3 22.0 8.9
Egypt 11.7 9.9 23.1 16.6 25.0 22
El Salvador 14.0 19 14.1 12.2 30.0 15.8
Eritrea 14.2 0.0 14.5 12,5 30.0 -
Ethiopia 7.5 16.1 33.0 203 30.0 5.1
Fiji 7.2 4.8 18.5 13.0 20.0 16.8
Finland 24 1.8 11.2 6.0 20.0 16.1
France 3.7 13 7.1 4.6 333 159
Gabon 15.2 1.6 135 12.0 35.0 14.7
Georgia 154 3.2 16.5 15.0 15.0 -
Germany 43 1.4 9.6 5.9 29.6 30.1
Ghana 25.6 119 26.8 23.1 25.0 7.3
Greece 6.2 2.0 2.0 2.8 26.0 174
Guatemala 13.5 4.0 17.0 13.8 28.0 15.5
Guinea Bassau 19.4 1.7 16.4 14.7 35.0 7.7
Guyana 14.2 2.9 11.0 12.6 35.0 221
Haiti 12.8 5.2 18.9 144 30.0 174
Honduras 19.1 5.5 20.0 16.9 30.0 12.7
India 103 104 234 16.0 34.0 9.9
Indonesia 12.7 5.2 183 14.4 25.0 6.6
Iran. Islamic Rep. 114 222 379 241 25.0 53
Iraq 13.7 4.7 14.7 133 15.0 1.6
Ireland 2.6 -0.1 6.3 4.1 12.5 243
Israel 5.6 2.5 133 9.6 26.5 133
Italy 4.8 19 8.1 5.4 314 235
Jamaica 183 9.2 26.1 22.2 25.0 24.6
Japan 1.5 -0.4 8.1 43 33.1 18.6
Jordan 9.0 3.8 16.8 12.8 14.0 115

(continued on next page)
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Country Average Lending interest Average Inflation (i) Nominal Dividends (dec) WACC (%) Tax" (%) Electricity price for domestic
rate (i) 2009-2013" (%) 2009-2013" (%) (return on equity)" (%) segment 2014 (c€/kW h)’
Kazakhstan 11.2 6.7 19.0 14.5 20.0 4.5
Kenya 16.3 85 229 17.5 30.0 13.0
Korea. Dem. Rep. 6.1 0.0 9.5 7.6 25.0 -
Korea. Rep. 54 2.6 13.7 9.9 24.0 11.1
Kuwait 5.2 3.7 141 10.2 15.0 21
Kyrgyz Republic 24.8 8.1 225 224 10.0 2.0
Lao. PDR 26.0 4.8 18.8 19.3 24.0 4.4
Lebanon 8.0 1.0 14.2 11.1 15.0 5.8
Liberia 13.8 7.5 23.1 17.2 25.0 29.6
Libya 6.0 5.9 17.0 11.9 20.0 1.6
Macedonia. FYR 9.0 2.2 153 12.2 10.0 11.7
Madagascar 533 8.0 22.9 32.7 20.0 20.1
Malawi 30.4 14.4 31.0 26.2 30.0 3.8
Malaysia 49 1.9 13.0 9.3 25.0 10.9
Mali 16.8 2.3 164 14.3 30.0 16.9
Mauritania 17.5 4.6 19.1 16.3 25.0 -
Mexico 5.3 4.2 15.8 109 30.0 10.0
Moldova 15.4 4.8 14.8 14.2 12.0 4.5
Mongolia 19.0 10.0 23.2 19.0 25.0 -
Morocco 11.5 1.2 134 11.1 30.0 10.9
Mozambique 16.6 6.7 221 171 32.0 5.8
Myanmar 153 4.2 141 129 25.0 -
Namibia 9.3 6.1 19.8 13.8 33.0 11.1
Nepal 8.0 9.6 25.5 17.0 20.0 -
Netherlands 19 2.0 9.2 5.0 25.0 19.2
New Zealand 6.1 2.2 10.0 6.7 28.0 17.2
Nicaragua 13.0 6.3 22.8 16.5 30.0 203
Niger 16.8 14 16.1 14.3 30.0 9.6
Nigeria 171 114 25.8 19.3 30.0 3.0
Norway 5.7 1.7 9.1 6.2 27.0 18.9
Oman 6.3 3.1 13.9 10.5 12.0 -
Pakistan 13.7 114 27.5 189 34.0 6.9
Panama 7.3 4.3 16.8 12.0 25.0 16.7
Paraguay 21.6 4.4 19.5 19.5 10.0 6.5
Peru 19.2 29 15.0 14.3 30.0 7.2
Philippines 6.9 3.8 17.0 11.9 30.0 17.4
Puerto Rico 5.1 0.0 8.3 6.4 39.0 11.2
Qatar 6.1 -0.1 10.0 8.2 10.0 -
Russian Federation 10.6 7.8 20.1 12.6 20.0 4.3
Rwanda 16.3 5.8 204 16.2 30.0 12.7
Saudi Arabia 6.9 4.5 153 11.2 20.0 4.2
Senegal 16.8 1.1 14.6 133 30.0 15.7
Serbia 16.3 8.1 20.8 17.6 15.0 6.1
Sierra Leone 21.2 13.0 29.4 224 30.0 -
Somalia 14.2 0.0 9.5 9.4 35.0 -
South Africa 9.6 5.6 17.1 12.6 28.0 9.0
Spain 43 1.7 7.6 5.1 30.0 234
Sudan 119 241 40.2 248 35.0 9.9
Suriname 11.7 6.3 20.1 145 36.0 19.2
Swaziland 9.5 6.5 203 14.3 27.5 8.8
Sweden 33 0.9 9.7 5.7 22.0 213
Switzerland 2.7 -0.1 6.0 4.0 17.9 16.5
Syrian Arab Republic 9.7 27.2 436 26.5 22.0 1.5
Tajikistan 241 7.2 22.0 20.1 25.0 0.8
Tanzania 15.2 11.0 26.3 18.9 30.0 6.3
Thailand 6.6 23 13.7 103 20.0 7.7
Togo 17.5 2.6 16.8 14.8 29.0 13.6
Tunisia 4.8 4.6 16.7 113 25.0 8.7
Turkmenistan 27.2 0.0 13.8 17.6 20.0 29
Uganda 225 11.0 26.4 21.2 30.0 222
United Arab Emirates 8.1 1.0 11.2 8.2 55.0 -
United Kingdom 0.5 3.1 10.5 5.1 21.0 18.3
United States 33 1.6 10.0 5.5 40.0 9.5
Uruguay 11.8 7.7 215 15.8 25.0 26.9
Uzbekistan 27.2 0.0 133 19.0 8.0 1.7
Venezuela. RB 17.5 28.6 46.4 294 34.0 4.5
Vietnam 12.8 10.1 241 13.1 22.0 6.8
Yemen. Rep. 22.7 135 28.6 235 20.0 43
Zambia 16.7 8.4 22.8 17.2 35.0 4.4
Zimbabwe 496.5 2.7 16.4 199.0 25.7 7.5
Sources

2 [69].

> [70].

€ [71,58].

4 [72-74].

f [25,75,67,76,64,65,77-79].
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Table A2
Analysis results.
Country LCOE of the HCPV Difference between domestic electricity price Difference between LCOE of PV and
systems 2014 (c€/KW h) and LCOE of HCPV systems for 2014 (c€/kW h) HCPV systems for 2020 (c€/KW h)

Afganistan 15.6 0.9 1.7
Albania 19.0 -74 1.2
Algeria 134 -10.9 14
Angola 215 -17.0 0.6
Argentina 20.0 -15.0 1.5
Armenia 239 -171 0.9
Australia 8.2 3.9 0.7
Azerbaijan 228 -20.4 1.0
Bangladesh 21.6 109 0.1
Belgium 14.2 8.2 -0.6
Belize 18.1 -2.5 -0.6
Benin 16.1 -2.5 0.5
Bolivia 19.0 -11.2 -0.1
Bosnia-Herzegovina 20.7 -12.6 0.7
Botswana 143 -7.3 1.2
Brasil 258 -6.8 0.1
Burkina Faso 139 6.4 0.6
Burundi 275 -239 -1.2
Cambodia 184 -1.1 -0.2
Cameroon 15.1 —4.8 -0.0
Canada 12.6 —-43 -0.1
Central African Rep. 15.6 0.0 0.4
Chad 114 103 1.1
Chile 9.5 4.4 1.2
China 13.1 -1.2 0.6
Colombia 20.9 -10.6 -1.5
Congo Dem. Rep. 36.4 —-32.7 -0.9
Congo Rep. 227 -16.6 -1.5
Costa Rica 27.5 -14.9 -2.5
Cote d’lvoire 18.6 -2.3 -0.3
Cuba 14.4 3.6 0.8
Cyprus 9.9 8.6 1.2
Denmark 16.7 135 0.2
Djibouti 12.8 - 0.8
Dominican Rep. 18.2 -0.3 0.3
Ecuador 34.2 -25.3 -4.1
Egypt 15.0 -12.8 1.9
El Salvador 15.0 0.8 0.0
Eritrea 119 - 0.7
Ethiopia 229 -17.8 0.7
Fiji 203 -3.5 -0.9
Finland 16.3 -03 0.8
France 11.0 4.9 0.0
Gabon 21.2 -6.4 -2.1
Georgia 229 - 0.8
Germany 173 12.8 -0.9
Ghana 30.8 -23.5 -0.6
Greece 7.2 10.2 0.3
Guatemala 183 -2.8 -04
Guinea Bissau 24.7 -17.0 04
Guyana 18.2 3.9 -0.7
Haiti 159 1.4 0.5
Honduras 22.6 -10.0 -0.6
India 194 -9.5 0.5
Indonesia 223 -15.7 -1.2
Iran 30.0 -24.8 2.1
Iraq 149 -133 1.5
Ireland 193 5.0 -15
Israel 104 29 1.0
Italy 9.2 144 0.5
Jamaica 209 3.6 1.0
Japan 9.9 8.7 -0.3
Jordan 13.5 -2.0 1.5
Kazakhstan 22.7 —-18.2 0.9
Kenya 19.6 -6.5 0.4
Korea Dem. Rep. 10.9 - 0.4
Korea Rep. 15.2 —4.1 0.2
Kuwait 11.7 -9.6 1.1
Kyrgyz Republic 26.9 -24.9 2.3
Lao PRD 29.0 -249 -1.2
Lebanon 13.0 -7.2 1.2
Liberia 26.3 32 -14

(continued on next page)
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Table A2 (continued)

Country LCOE of the HCPV Difference between domestic electricity price Difference between LCOE of PV and
systems 2014 (c€/kW h) and LCOE of HCPV systems for 2014 (c€/kW h) HCPV systems for 2020 (c€/kW h)
Libya 11.5 -9.9 14
Macedonia FYR 19.9 -83 0.8
Madagascar 338 -13.7 1.7
Malawi 30.9 -271 0.3
Malaysia 15.1 —4.2 -0.8
Mali 13.0 3.9 1.0
Mauritania 15.3 - 1.2
Mexico 11.7 -1.7 0.7
Moldova 28.8 -243 -0.3
Mongolia 243 - 1.2
Morocco 10.8 0.2 1.1
Mozambique 19.4 -13.6 0.4
Myanmar 17.9 - -0.1
Namibia 12.0 -0.9 1.2
Nepal 17.9 - 1.1
Netherlands 16.0 3.2 -0.6
New Zealand 13.0 4.2 0.0
Nicaragua 25.1 —-4.8 -1.3
Niger 11.2 -1.5 1.3
Nigeria 22.0 -19.0 04
Norway 18.8 0.1 0.1
Oman 11.0 - 0.9
Pakistan 19.5 -12.6 1.5
Panama 20.3 -3.6 -1.4
Paraguay 25.6 -19.1 0.3
Peru 20.4 -13.2 -0.8
Philippines 16.8 0.6 -0.6
Puerto Rico 7.0 3.2 0.3
Qatar 10.7 - 0.7
Russian Federation 26.8 -22.5 0.5
Rwanda 24.6 -11.9 -14
Saudi Arabia 11.2 -7.0 1.1
Senegal 13.6 20 0.5
Serbia 29.5 -235 1.0
Sierra Leone 29.2 - -0.5
Somalia 9.6 - 04
South Africa 12.2 -3.2 1.2
Spain 8.2 15.2 0.5
Sudan 25.8 -15.9 1.7
Suriname 194 -0.2 -0.6
Swaziland 179 -9.1 0.5
Sweden 15.9 55 0.5
Switzerland 11.8 4.7 -03
Syrian Arab Rep. 37.0 -35.5 2.8
Tajikistan 223 -21.5 2.0
Tanzania 223 -16.0 0.2
Thailand 15.2 -7.5 -04
Togo 17.3 -3.8 0.1
Tunisia 13.0 —-43 1.2
Turkmenistan 20.1 -17.2 1.8
Uganda 24.2 -2.0 0.3
United Arab Emirates 6.7 - 0.7
United Kingdom 20.2 -2.0 -14
USA 8.0 1.5 0.4
Uruguay 20.6 6.3 0.8
Uzbekistan 224 —20.7 23
Venezuela 45.6 -41.1 -1.6
Vietnam 62.4 —55.6 -2.2
Yemen Rep. 21.2 -16.9 1.8
Zambia 17.2 -12.8 0.8
Zimbabwe 1814 -173.9 134
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High Concentrator Photovoltaic (HCPV) units are typically based on the use of Fresnel lenses, refractive
secondary optical elements (SOE), and triple-junction (T]) solar cells. In this work, a detailed optical mod-
eling is applied to analyze the performance of four Fresnel-based HCPV units equipped with different
refractive SOEs while considering the subcells current density generation. Wavelength-dependent mate-
rial properties are utilized while simulating the optical performance. The spectral response of a typical TJ
solar cell is also included. This modeling allows to establish the subcell current limitation and the spectral
matching ratio, SMR, values in each case. The following SOEs have been used for simulating the HCPV
units: (i) Dielectric-cross compound-parabolic-concentrator (DCCPC), (ii) (SIngle-Lens-Optical element)
SILO-Pyramid, (iii) Refractive truncated pyramid (RTP) and, (iv) Trumpet. Results show that the HCPV
units with SOEs RTP and Trumpet, exhibit bottom subcell current limitation and lowest optical polychro-
matic efficiency, this is partly due to the irradiance absorption in the bottom cell spectral region and
longer optical path length of the concentrated rays within the SOE material. In the case of the HCPV unit
with the DCCPC SOE, top and bottom subcells limit the current generation alternatively depending on the
misalignment angle of the HCPV unit respect to the simulated sunrays. None of the SMR parameters are
equal to 1 under normal alignment of the HCPV units. The short-circuit current density distributions for

each subcell in each case are studied under normal alignment and under 1° of misalignment angle.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Fresnel-based High Concentrator Photovoltaic (HCPV) devices
are typically equipped with secondary optical elements (SOE) in
order to improve their performance, since for increased concentra-
tions, the tolerance to misalignment decreases (Pérez-Higueras
and Fernandez, 2015; Kumar et al., 2015). Some authors (Victoria
et al., 2009; Fu et al., 2010; Benitez et al., 2010) have already
pointed the advantages of using SOEs, which can be summarized
as the increase of: (i) the optical efficiency by collecting more con-
centrated sunrays, (ii) the acceptance angle, which enhances the
energy production and decreases manufacturing, installation and
tracker costs, and (iii) the spatial and spectral irradiance unifor-
mity over the multi-junction (M]) solar cell (Fu et al., 2010). The
non-uniform illumination is one of the key issues of the concentra-
tor systems (Victoria et al., 2009; Baig et al., 2012), since the pro-
duction and collection of the generated current may be altered
depending on how uniformly the light is concentrated.

* Corresponding author.
E-mail address: jferrer@ujaen.es (J.P. Ferrer-Rodriguez).

http://dx.doi.org/10.1016/j.solener.2017.07.027
0038-092X/© 2017 Elsevier Ltd. All rights reserved.

The literature shows detailed studies analyzing the perfor-
mance of different SOEs under the same primary optical element
(POE). Victoria et al. (2009) compared some different SOEs under
the same circular plano-convex aspheric lens, results showed that
the refractive compound parabolic concentrator (CPC) is more effi-
cient and has a wider acceptance angle than those SOEs based on
the SILO (SIngle-Lens-Optical element) design (James, 1989), while,
on the other hand, the refractive CPC showed much less irradiance
uniformity over the solar cell. Fu et al. (2010) compared three dif-
ferent refractive SOEs made of BK7 or B270 glass under the same
Fresnel POE with a geometrical concentration of 800x: kaleido-
scope, half-egg and domed kaleidoscope with breaking-symmetry
top. They found that the domed kaleidoscope had a better perfor-
mance, greater irradiance uniformity and acceptance angle.
Mifiano et al. (2013) presented some free-form Fresnel-Kéhler
SOE designs achieving relative good irradiance uniformity while
avoiding total internal reflection (TIR), and therefore, light leakage
between the solar cell and the SOE. Chen and Chiang (2015)
showed a “kaleidoscope with equal optical path design (KOD)”
SOE based on an ellipsoidal-top, a middle conic section and a bot-
tom region that works under TIR and ends at a square surface. They
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compared the KOD design with other SOEs like the refractive trun-
cated pyramid (RTP), showing higher acceptance angle. The above
commented studies are very interesting from both a scientific and
an industrial point of view, nevertheless, the refractive index
wavelength dependency of the materials simulated is not included
in the ray tracing in those works, excepting in that of Chen and
Chiang (2015). Moreover, no spectral light absorption inside the
materials was simulated or the spectral response of the M] cell
was considered. Among the different studies, only one, in which
those last aspects were considered and simulated, has been found.
This is the case of Espinet-Gonzalez et al. (2012), who simulated
and compared some refractive SOE, although not under the same
POE. They took into account both absorption coefficient and refrac-
tive index as a function of the wavelength, and even of the spectral
response of the MJ cell, however no related material property data
were presented. They showed spatial profiles of the photocurrent
density for each subcell, and found the illumination from
Fresnel-Kohler design to be the most uniform in comparison to
the SILO and the RTP.

An optical modeling intended to improve the approach to real
optical phenomena is implemented in this work, including key fea-
tures, like: (i) standard terrestrial spectrum, (ii) angular distribu-
tion of sunrays, (iii) Fresnel POE, (iv) wavelength dependency of
refractive index and (v) absorption coefficient for both POE and
SOE and for (v) absorption coefficient, and (vi) spectral response
of each subcell within the T] solar cell. This modeling provides
the simulated subcell short-circuit currents of a typical TJ solar cell.
This allows to know which subcell is limiting the current genera-
tion and to properly calculate the optical polychromatic efficiency
and spectral matching ratio parameters. These calculations are
conducted for normal alignment of the HCPV unit respect to the
sunrays and also by different misalignment angles. Moreover,
using these results, instead of analyzing the irradiance uniformity
on the TJ solar cell, the short-circuit current density uniformity is
analyzed for each subcell and for all the misalignment angles.

This modeling is applied in this work to four different Fresnel-
based HCPV units equipped with refractive SOEs. These SOEs are
designed and their performance analyzed through ray tracing sim-
ulations. The materials chosen for the POE and all the SOEs is poly
(methyl methacrylate), PMMA, due to its ease of fabrication in a
future experimental validation. Both a typical Fresnel lens and a
typical triple-junction (TJ) concentrator solar cell are maintained
constant for all of the HCPV units while using different SOEs. The
different SOEs designed include: (i) Dielectric-Cross Compound-
Parabolic-Concentrator (DCCPC), (ii) SILO-Pyramid, (iii) RTP, and
(iv) Trumpet.

2. Description of the HCPV units simulated

In this section, the elements configuring the four HCPV units
simulated are described. Firstly, the common elements to all the
HCPV units, i.e. Fresnel lens POE and TJ solar cell, are detailed. Sec-
ondly, the four different SOEs composing the HCPV units are
described and briefly explained.

2.1. Primary optics and the TJ solar cell

The primary optical element (POE) used in this study is a typical
square Fresnel lens made of PMMA with an effective area of
130 x 130 mm? and a focal distance of 152 mm. Its thickness is
1.8 mm and the ring facet spacing is 0.381 mm. F-number is equal
to 0.83 and the geometrical concentration ratio between the areas
of POE and TJ solar cell, Cg = Ajens/Acen, is around 559x, since the TJ
solar cell is a square of 5.5 mm side. These parameters defining the
POE are listed in Table 1.

Table 1

Summary of parameters defining the Fresnel lens simulated.
Parameter Value
Size [mm?] 130 x 130
Focal distance [mm)] 152.0
F-Number [-] 0.83
Facet spacing [mm] 0.381
Thickness [mm] 1.8

The solar cell is a typical T] solar cell made of GaInP/GalnAs/Ge
on Ge substrate. It is simulated through the spectral response char-
acteristic of each subcell, top, middle (“mid”) and bottom (“bot”), as
plotted in Fig. 5 (Section 3). The short-circuit current density values
under STC (standard test conditions, AM1.5D, ASTM G173-03,
1000 W/m?, 25°C) are simulated to be (Anon., n.d.):
]sc,top1sun =15.6 I'l‘lA/Clle; ]sc,mid]sun =15.7 I‘l‘lA/Clle; ]sc,bot1sun =
19.2 mA/cm?. Whereas for the whole device, J,.'**" = 15.6 mA/cm?,
since the subcells are series connected. Table 2 shows the main
parameters of the TJ solar cell simulated.

2.2. Four different SOEs

The different SOEs under study are shown in Fig. 1. Parametric
optimization is carried out by varying their heights/truncation to
reach a trade-off between efficiency and their acceptance angle.
Fig. 1 shows a rendering of the four SOEs obtained: (a) DCCPC,
(b) SILO-Pyramid, (c) RTP, and (d) Trumpet.

In order to have an idea of the relative SOE sizes to scale, both
height and the shape of each SOE are shown in Fig. 2:

For each HCPV unit, the SOE entrance surface is located at the
focal distance respect to the POE except for the case of the SILO-
Pyramid, which is located 2 mm closer to the POE in order to
improve its performance. In the following lines, the different SOEs
are explained.

The DCCPC SOE is based on the geometrical principles of the
CPC but combining both square entrance and exit surfaces
(O’Gallagher, 2008; Cruz-Silva et al., 2016; Cooper et al., 2013).
Its exit aperture matches the T] solar cell area, like in all the SOEs
here investigated. The DCCPC SOE here designed is defined by a
characteristic axis tilt of the parabola, 6. = 32°, with a focal distance
of f=4.2073 mm and a height h =11 mm. 0. is close to the maxi-
mum angular size of the POE seen from its focal point. The SILO-
Pyramid SOE corresponds to a modification of the bottom part of
the standard SILO (also called “Dome-B” (Victoria et al., 2009)),
which is calculated applying the Fermat's Principle. This modifica-
tion takes advantage of the TIR at the walls of the pyramid. The
resulting SILO-Pyramid SOE has a total height of 10.54 mm,
whereas the truncated pyramid bottom part has a height of
3.2mm and a total virtual entrance square of 10 mm side. The
RTP SOE is based on a statistical design approach, as Fu et al.
described (Fu et al., 2010), and can be also utilized as homogenizer
in a Cassegrain-type concentrator (Shanks et al., 2016, 2017). The
resulting design has a height of 17 mm with a square entrance of
12 mm side. The Trumpet SOE here designed is based on the use

Table 2

Summary of parameters defining the triple-junction solar cell simulated.
Parameter Value
Size [mm?] 5.5x 5.5
Materials (top, mid, bot) GalnP/GalnAs/Ge
Jscop™™" [MAJcm?] 156
Jsc,midlsu" [mA/CmZ] 15.7
]sc,botlsun [mA/cmz] 19.2
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Fig. 1. Not a scale rendering of the different SOE designs simulated: (a) Dielectric-Cross-CPC (DCCPC); (b) SILO-Pyramid; (c) refractive truncated pyramid, RTP; and (d)

Trumpet.
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ww |
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Fig. 2. Layout of the different SOEs profiles to scale with their height specified.

of a total of eight hyperbolic edges (Reddy et al., 2014), four ones
for the vertexes of the exit surface and other four ones for the cor-
responding center of each side. The asymptotes of all of the hyper-
bolic edges maintain an angle of 15° respect to the symmetry axis
of the SOE. The hyperbolic edges are calculated following the
description of O’Gallagher for the design of the Compound Hyper-
bolic Concentrator (CHC) (O’Gallagher, 2008). The solid volume of
the Trumpet is built in a CAD environment (SolidWorks) using
the hyperbolic edges as guiding curves until reaching a height of
18 mm. The entrance surface is composed by four arcs of circum-
ference whose centers are almost coincident to the center of the
entrance surface.

3. Optical modeling

In this section, each feature of the optical modeling imple-
mented in this work is carefully detailed. Moreover, this modeling
is compared with other optical modeling works in the literature.

3.1. Description

An original and realistic optical modeling has been developed
during this study. This optical modeling includes some non-
idealities that are not usually taken into account simultaneously
in previous research. These considerations include the use of: (i)
standard terrestrial spectrum, (ii) angular distribution of sunrays,
(iii) Fresnel POE, (iv) wavelength dependency of refractive index
and (v) absorption coefficient for both POE and SOE, and (vi) spec-
tral response of each subcell within the TJ solar cell. Moreover, as a
result of those characteristics, this optical modeling provides the
next output features —which are not available using a simpler opti-
cal modeling: (a) subcell short-circuit current generation, (b) spec-
tral matching ratio analysis, (c) optical polychromatic efficiency,

(d) effective acceptance angle calculation, and (e) subcell short-
circuit current density uniformity.

3.2. Optical modeling features

(i) Standard terrestrial spectrum and (ii) angular distribu-
tion of sunrays

Sunrays are simulated under standard terrestrial direct spec-
trum ASTM G173-03 within the wavelength range of 0.3 and
2.5 pm. Also, the angular distribution of sunrays (4.7 mrad of angu-
lar size) is included in the simulations. See in Fig. 3 both normal-
ized spectra, the one introduced and simulated in the ray tracing
software and the standard one, which are almost identical. From
here, it will be noted 1 sun=1000W/m? of standard terrestrial
spectrum ASTM G173-03 or, simply, 1 sun of DNI.

(ii) Fresnel POE

The POE is modeled as an aspheric Fresnel lens using conical
facets whose angles are calculated in order to focus the light from
a point located at the object distance before the lens, to a point
located at the image distance after the lens. The facet angle, g, is
calculated through Eq. (1) (Leutz and Suzuki, 2001):

sin 01 + sin 6,

y/ (n? — sin’ 61) — cos 0,

with 0, the incident angle of rays on the Fresnel lens, 0, the angle of
light exiting the Fresnel lens, and n the refractive index of the mate-
rial. In this work, the object distance is set infinite and the image
distance is 152 mm.

tan g = (1)

(iii) Wavelength dependency of refractive index for POE and
SOE

As mentioned above, both POE and SOE are modeled to be made
of standard PMMA in each HCPV unit. The correspondent material
property is defined through a refractive index, n(4), and an absorp-
tion coefficient, op( 1), for every wavelength, /, in the range or inter-
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Fig. 3. ASTM G173 and simulated solar spectra, both normalized.
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est, in this case, from 0.3 to 2.5 pum. Refractive index values are
taken from the model of (Beadie et al., 2015) for PMMA and
extended as a constant to the wavelength range mentioned (see
Fig. 4). According to the aforementioned refractive index data of
PMMA, wavelength-dependent Fresnel reflections and chromatic
dispersion are simulated in the ray tracing.

(iv) Wavelength dependency of absorption coefficient for
POE and SOE

Concerning the light absorption inside the materials, the Beer-
Lambert law of transmission is applied (see Eq. (2)):

Oy = (D,e'“"h, (2)

where @7 and @, are the transmitted and incident flux respectively,
h is the bulk thickness and op is the absorption coefficient (for
PMMA in our case). Then, the flux absorbed inside the material,
@y, is (see Eq. (3)):

Dy = Dy(1 —e™™h), 3)

In this work, absorptance data from (Miller et al., 2011) for stan-
dard PMMA for a known bulk thickness are used in order to calcu-
late op(2). The resulting op(1) values are plotted in Fig. 5. It can be
observed that, approximately, the absorption is negligible in the
wavelength region where the middle subcell is active. However,
ap(4) is not zero for the whole spectral response region of the TJ
solar cell. This may have an impact on the subcell current gener-
ated and, consequently, on the performance of each HCPV unit
modeled in this work.

Standard PMMA
1.505

1.500 1

1.495

1.490 A

Refractive Index [-]

1.485 A

1.480 T T T T T T T T T T
03 0.5 0.7 0.9 11 13 1.5 17 1.9 21 23 25

Wavelength [pm]

Fig. 4. Refractive index characteristic of standard PMMA used in the simulations.

(v) Spectral response of each subcell within the TJ solar cell

The TJ solar cell is modeled as composed of three different sub-
cells. Each subcell is simulated separately as a surface with an
absorption property according to the external quantum efficiency,
EQE, values of each subcell of a typical T] solar cell. The typical
spectral response data of each simulated subcell surface of a T]
solar cell are plotted in Fig. 5. These plotted values correspond to
the spectral response data, SRsypcei(4), normalized to the total max-
imum value of spectral response of the three subcells, which corre-
sponds to around SRy;,qx = 0.977 A/W.

3.2.1. Optical modeling output features

(vi) Subcell short-circuit current density generation

The utilization of the SRsscen(4) data allows us to obtain the cur-
rent density generated, Js supcen, fOr each simulated subcell surface.
The expression used for calculating the current density generated
by each subcell is given by Eq. (4):

.]sc,sub—cell = /SRsubcell(;L) E(;») -dJ.
= % /EQEsubcell(;“) : E()) A d}., (4)

where q is the electric charge, h is the Planck’s constant, c is the
speed of light in vacuum, E(1) is the spectral irradiance impinging
on the solar cell simulated through ray tracing, and EQEsypcen(2) is
the external quantum efficiency of each subcell in each case.

(vii) Spectral matching ratio analysis

The spectral matching ratio, SMR, parameters are related to the
current density generated in each subcell. For a TJ solar cell, the
next SMR parameters can be defined: SMR(top/mid), SMR(top/bot)
and SMR(mid/bot). SMR(top/mid) can be defined as (Dominguez
et al., 2013):

conc 1sun
SMR(top/mid) = 7];{5"/ / S0 (5)
-]sc,mid/.]samid
where J{%bcen is the current density generated by the correspond-
ing subcell under concentrated illumination and J supcer'**" is anal-
ogous to 1 sun of DNI. Similarly, the other spectral matching ratios,
SMR(top/bot) and SMR(mid/bot) can be defined just by replacing the
corresponding subcell short-circuit density currents in Eq. (5). SMR
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(top/mid)=1 means that the proportion between top and mid
subcell photocurrents under concentrated irradiance impinging on
the TJ solar cell is the same as compared to standard conditions 1
sun of DNL In this case, the concentrated spectral irradiance is
called equivalent to the standard spectrum with respect to the
top and mid subcells. SMR(top/mid) <1 represents a lower irradi-
ance contribution of the top-wavelength region than the mid-
wavelength one of the concentrated sunlight on the TJ solar cell
when comparing to the case of the TJ solar cell under 1 sun of
DNI, i.e. without any concentrator system. And SMR(top/mid) > 1
means vice versa. This reasoning is extended to SMR(top/bot) and
SMR(mid/bot) by changing the correspondent short-circuit current
densities(Rodrigo et al., 2017). The study of these indexes is inter-
esting due to the strong spectral dependence of multi-junction
CPV systems in outdoor conditions (Fernandez et al. 2014, 2016).

(viii) Optical polychromatic efficiency

Using the Js.subcen Values obtained through ray tracing, the opti-
cal polychromatic efficiency, 7y, is calculated through Eq. (6)
(Benitez et al., 2010):

: conc yconc  jconc
jﬁ(cmc min {]sc,tow sc,mid> sc.bot} (6)
nUPf = Tsun — : Tsun  glsun  jplsun °
ngsc Cg mln{]sc,mp7]sc,mid’]sc,bot

This definition of the optical efficiency takes into account the
series connection of a typical TJ solar cell and how its resulting
Jsc is obtained. Therefore, it is linked to the solar cell used as target,
instead of only considering the optical efficiency as the relation
between the output radiant flux over the incoming one to the con-
centrator system.

(ix) Effective acceptance angle calculation

The angular performance of the different HCPV units is charac-
terized through the acceptance angle, o, where the #,p; drops to
90% respect to the maximum. It is also helpful to use the figure
of merit effective concentration-acceptance angle product, CAP,
(Eq. (7)), which cannot be greater than the refractive index of the
medium surrounding the TJ solar cell and also takes into account
the angular distribution of sunrays (Benitez et al., 2010):

AP = /G, -sina (7)

(xi) Subcell short-circuit current density uniformity

Instead of analyzing the irradiance distributions over the TJ
solar cell, short-circuit current density generated distributions for

each subcell under the concentrated irradiance are obtained and
analyzed. The normalized J%ipcen Spatial distributions for each
subcell and for both normal alignment and 1° of tilt angle are

shown in Fig. 9 in Section 4.

3.3. Optical modeling in the literature versus present study

Table 3 shows a comparison among different optical modeling
works in the literature for concentrator systems that are based
on the use of a refractive lens as POE. It can be found that in the
majority of the modeling works found, the next features are usu-
ally taken into account: (i) standard terrestrial spectrum, (ii) angu-
lar distribution of sunrays, (iii) Fresnel POE, (iv) absorption inside
dielectric materials and (v) effective acceptance angle calculation.
Moreover, the next features are only included in some optical mod-
eling works: (i) wavelength dependency of refractive index for POE
and SOE, (ii) wavelength dependency of absorption coefficient for
POE and SOE, (iii) spectral response of each subcell within the TJ
solar cell, (iv) subcell short-circuit current density generation, (v)
optical polychromatic efficiency and (vi) subcell short-circuit cur-
rent density uniformity. The optical modeling utilized in this work,
using a ray tracing software (TracePro), includes all of those fea-
tures, as can be seen in Table 3. Note that the feature “Absorption
inside dielectric materials” is also included since some authors
estimate absorption losses without detailing the absorption coeffi-
cient of the material.

4. Results and discussion

In this section, the numerical results (quantitative) obtained via
simulations are deeply analyzed applying a reasoning derived from
the different features of the optical modeling. Additionally, some
qualitative results are also analyzed, like the short-circuit current
density uniformity of the different subcells.

4.1. Quantitative modeling results

4.1.1. Results under normal alignment and 1° of tilt angle

As commented previously, ray tracing simulations are con-
ducted for the four Fresnel-based high concentrator units. For each
unit, the three subcells of the TJ solar cell are simulated obtaining
the different short-circuit current densities. A preliminary collec-
tion of simulation results of the four HCPV units under normal
alignment respect to the incident sunrays is given in Table 4, which
shows the resulting short-circuit current density generated of each
subcell, the optical polychromatic efficiency and the spectral
matching ratios among the three subcells.

Table 3
Summary of different optical modeling works of lens-POE-based systems in the literature.
Feature Fu et al. Benitez et al. Espinet-Gonzdlez et al.  Mifiano et al. Chen and Chiang This work.
(2010) (2010) (2012) (2013) (2015) 2017
Standard terrestrial spectrum X X X X X X
Angular distribution of sunrays X X X X
Fresnel POE X X X X X X
Wavelength dependency of refractive index for POE X X X
and SOE
Absorption inside dielectric materials X X X X X
Wavelength dependency of absorption coefficient X X
for POE and SOE
Spectral response of each subcell within the TJ solar X X X
cell
Subcell short-circuit current density generation X X X
Spectral matching ratio analysis X
Optical polychromatic efficiency X X
Effective acceptance angle calculation X X X X
Subcell short-circuit current density uniformity X X
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Table 4

conc

Summary of simulation results of subcell short-circuit current density generated, J$5ubcen

of each HCPV unit respect to the sunrays for each Fresnel-based concentrator unit.

optical polychromatic efficiency, #,p., and spectral parameters under normal alignment

Parameter SILO-Pyramid DCCPC RTP Trumpet
Jsens, [AJcm?] 7.29 7.30 7.31 7.29
Jeone.; [AJem?] 7.60 7.60 7.60 7.60
Jeone, [Afcm?] 7.67 7.62 7.15 7.08
Limiting subcell Top Top Bot Bot
Nopt [%] 83.4 83.6 81.8 81.0
ope [%] ideal case 85.3 84.6 83.2 86.6
SMR(top/mid) [-] 0.96 0.97 0.97 0.97
SMR(top/bot) [-] 1.17 1.18 1.25 1.26
SMR(mid/bot) [-] 1.21 1.22 1.30 1.31

Table 4 shows values of 0%, .; between 7.0 and 7.7 Ajcm? for
all the units and subcells. However, the current limiting subcell
varies depending on the HCPV unit. The top subcell is limiting cur-
rent in the SILO-Pyramid and DCCPC HCPV units, whereas the bot
subcell is limiting current in the RTP and Trumpet ones. The optical
polychromatic efficiency is greater than 80% for all the HCPV units,
specifically between 81.0% (Trumpet HCPV unit) and 83.5% (DCCPC
HCPV unit). Moreover, 7, is slightly higher in the top-current-
limiting HCPV units than in the bot-current-limiting ones. This last
result may be related to the light absorption in the PMMA SOEs
within the bot-wavelength region due to the longer optical path
way (greater SOE height) of concentrated rays in the RTP and
Trumpet SOEs compared to the other units. These #,p; results can
be compared to those when not considering most of the non-
idealities in the optical simulations like: angular and spectral dis-
tribution of sunrays, light absorption within POE and SOE and
spectral response of the solar cell (just like a perfect absorber).
When using a monochromatic source of rays, in this case with a
wavelength of 546 nm, the optical efficiency of the HCPV units is
simulated to be higher than when considering all those non-
idealities, reaching a maximum of 86.6% (Trumpet HCPV unit).
These highlight the importance of considering those non-
idealities in order to have realistic simulated results of the optical
elements designed.

In relation to the SMR values under normal alignment, these are
globally in the range between around 0.96 and 1.31. Specifically,
SMR(top/mid) is between 0.96 and 0.97 for the four HCPV units.
Considering SMR(top/bot) values, these are near 1.17 for the SILO-
Pyramid and DCCPC HCPV units, and around 1.25 for the RTP and
Trumpet ones. SMR(top/bot) values higher for RTP and Trumpet
HCPV units are in concordance with the bot subcell current-
limitation of both HCPV units. About SMR(mid/bot) values, these
are near 1.21 for SILO-Pyramid and DCCPC HCPV units and around
1.30 for RTP and Trumpet ones. Taking into account all the SMR
values of all the HCPV units, those of the SILO-Pyramid unit are clo-
ser to 1, i.e., this HCPV unit concentrates sunrays with the lowest
impact on the spectrum in relation to a typical TJ solar cell. This
can be related to the lowest SOE height and absence of TIR. On

Table 5

Summary of simulation results of subcell short-circuit current density generated, Js¢sipcenn

each HCPV unit respect to the sunrays for each Fresnel-based concentrator unit.

the other hand, the Trumpet HCPV unit corresponds to the case
of highest spectral change of concentrated sunrays respect to the
standard spectrum. Note that, for all these HCPV units, SMR=1 is
not achieved in none of the three versions, so the reference spec-
trum is distorted by effect of the optical system.

Ray tracing simulations are also conducted under different
misalignment angles of the HCPV concentrator unit respect to
the incident sunrays. It is worthy to analyze the corresponding
simulation results under 1° of tilt angle, which are summarized
in Table 5.

Table 5 shows values of J%scen between around 6.3 and 7.7 A/
cm? for all the HCPV units and subcells under 1° of tilt angle. For
this tilt angle, it is found that the bot subcell is limiting the current
generation in all the HCPV units except for the SILO-Pyramid one
(with top subcell current limitation). The optical polychromatic
efficiency is between 72.0% (Trumpet HCPV unit) and 78.2%
(SILO-Pyramid HCPV unit). This is a reduction of 7% in average in
comparison with normal alignment, being DCCPC and Trumpet
HCPV units those with highest decrease (around 8%), whereas for
SILO-Pyramid and RTP HCPV units it is lowest (around 5%). Note
that, for this tilt angle, the top subcell is limiting current only in
the SILO-Pyramid HCPV unit and the bot subcell is limiting current
in the rest of the cases, whereas under normal alignment, top sub-
cell is limiting in SILO-Pyramid and DCCPC HCPV units. Again,
when not considering the non-idealities, the #,,; increases, being
in this case in the range between around 76% (Trumpet HCPV unit)
and 84% (DCCPC HCPV unit).

Considering the SMR values under 1° of misalignment, they are
found to range between 0.90 and 1.34. More in detail, SMR(top/
mid) is between around 0.90 (SILO-Pyramid HCPV unit) and 0.93
(Trumpet HCPV unit). This corresponds to a similar effect described
for normal alignment but intensified. In the case of the DCCPC
HCPV unit, SMR(top/mid) corresponds to around 0.98, which is a
value very close to 1, i.e., near to equivalent conditions to the stan-
dard spectrum. SMR(top/bot) values are in the range from around
1.09 to 1.27, being the lowest value that of the SILO-Pyramid HCPV
unit. Finally, SMR(mid/bot) values range from around 1.21 (SILO-
Pyramid HCPV unit) to 1.34 (RTP HCPV unit). Comparing to the

optical polychromatic efficiency, #o,;, and spectral parameters under 1° of tilt angle of

Parameter SILO-Pyramid DCCPC RTP Trumpet
Js2isy [AJem?] 6.84 6.84 6.96 6.36
Jooncq [AJem?] 7.60 7.03 7.34 6.86
Jeene, [Afcm?] 7.69 6.68 6.70 6.30
Limiting subcell Top Bot Bot Bot
Nopt [%] 78.2 76.3 76.6 72.0
ope [%] ideal case 80.0 83.7 81.5 75.9
SMR(top/mid) [-] 0.90 0.98 0.95 0.93
SMR(top/bot) [-] 1.09 1.26 1.27 1.24
SMR(mid/bot) [-] 1.21 1.28 1.34 1.33
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case under normal alignment, on one hand, SMR(top/mid) and SMR
(mid/bot) for 1° of tilt angle are further from the value equal to 1.
On the other hand, SMR(top/bot) is much closer to 1 for the SILO-
Pyramid HCPV unit, whereas it separates from 1 in the rest of the
HCPV units.

4.1.2. Results under misalignment angles

Simulated J&24pcen Values adding the misalignment are shown in
Fig. 6. The subcell that is limiting the current generated is that of
the minimum J&25pcen vValue for each tilt angle. It can be seen, on
one hand, top subcell current-limitation in the case of the SILO-
Pyramid HCPV unit for all the misalignment angle range except
beyond around 1.8°. It is also relative easy to observe the continu-
ous bot subcell current limitation in the case of the RTP HCPV unit.
There is also bot subcell current limitation for the whole tilt angle
range in the case of the Trumpet HCPV unit. On the other hand, for
the DCCPC HCPV unit there is an alternation between the limiting
subcells, i.e., there is top subcell current limitation from normal
alignment to around 0.8° of tilt angle and from 1.2° and beyond,
but there is bot subcell current limitation in the interval between
0.8° and 1.2°.

In order to analyze those spectral differences among the four
HCPV units, the three SMR plots, (top/mid), (top/bot) and (mid/
bot), for each HCPV unit varying the misalignment angle are shown
in Fig. 7. These plots present significant differences from each other
not only under normal alignment but also under the different tilt
angles. On one hand, it can be seen that SMR(top/mid) is lower than
1 (with a minimum of 0.87 at 1.2¢ for the SILO-Pyramid HCPV unit)
in all the cases except for tilt angles greater than around 1.8° for
the SILO-Pyramid HCPV unit and Trumpet one. Moreover, it shows
a value within 0.87 and 1.09, and is stable in general. On the other
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hand, SMR(top/bot) and SMR(mid/bot) present a relative higher
variation with the tilt angle. For instance, in the case of the DCCPC
HCPV unit, these last both SMR parameter curves have a peak max-
imum (with SMR(mid/bot) = 1.29) at around 1.05° and then they
decrease rapidly for increased tilt angles until a value of 0.85 at
2.0°, whereas SMR(top/mid) is maintained relative constant
(0.96). Something similar occurs in the RTP HCPV unit but with
the relative SMR maximum (with SMR(mid/bot) = 1.34) of the three
parameters at around 1.1-1.2°, while the relative SMR minimum
for SMR(top/bot) and SMR(mid/bot) is of 1.19 at 2.0°. For this sys-
tem, SMR(top/mid) is again relative constant (0.97). Considering
the cases of the SILO-Pyramid and DCCPC HCPV units, the SMR
parameter curves change relatively more strongly. In the case of
the SILO-Pyramid HCPV unit SMR(top/mid) and SMR(top/bot) pre-
sent a strong minimum (with SMR(top/mid)=0.87) at around
1.2°, whereas SMR(mid/bot) is relatively constant near a value of
1.2. As seen in Fig. 7, in terms of the spectral variations, the Trum-
pet HCPV unit, and especially the RTP one, present lowest depen-
dency with the tilt angle.

Since the n,, values are also calculated including misalign-
ments, it allows for a comparison between all the HCPV units with
the different SOEs, including the case of having no SOE (see Fig. 8),
to be carried out. This last case is more efficient for normal align-
ment, since there are no Fresnel losses involved. Nevertheless, its
optical efficiency drops relative fast compared to the case of
including a SOE. For instance, the #,p; of the system without SOE
is approximately 0% at around 1.2°, while it is kept within 70-
80% for the systems with SOE. The SILO-Pyramid represents the
less sensitive SOE design to misalignment for angles between
1.7° and 2.0° among the HCPV units. In general, all these SOE
designs present relative similar misalignment performance,
although their angular characteristics spread each other for angles
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Fig. 6. J<2%bcen values of the four Fresnel-based HCPV units for normal alignment and their evolution under the correspondent tilt angle.
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Fig. 8. Optical efficiency versus tilt angle for the four Fresnel-based HCPV units and also including the case of having no SOE (i.e., only POE and TJ solar cell).

Table 6

Summary of main parameters and simulation results.
Parameter No SOE SILO-Pyramid DCCPC RTP Trumpet
Optical Polychromatic Efficiency [%] 87.7 83.4 83.6 81.8 81.0
Optical Polychr. Efficiency with AR [%] - 85.5 87.1 83.5 82.4
Acceptance Angle [°] +0.50 +1.13 +1.03 +1.11 +0.96
CAP' 0.21 0.47 0.43 0.46 0.40
Opt. Polychr. Efficiency at Acceptance Angle [%] 78.9 75.3 75.2 73.6 72.9
SOE Volume [mm?] - 916 871 1361 1020
SOE Height [mm] - 10.5 11.0 17.0 18.0
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greater than 1.4°. It can be seen that the DCCPC HCPV unit presents
variation after 1.4° misalignment.

Table 6 summarizes the values of all parameters for each HCPV
unit, and also including the case of having no SOE for comparison
reasons. The optical polychromatic efficiency is highest for the
HCPV unit with the smallest SOE in terms of optical path length
(SILO-Pyramid HCPV unit), with values slightly greater than 83%,
which is due to the relative lowest light absorption inside PMMA.
The opposite case, with optical efficiency lower than 82%, occurs
for the SOE designs of more height: RTP and Trumpet HCPV units.
For these two last cases, the bot subcell is limiting the current gen-
erated. The effective acceptance angle values of these designs
range from +0.96° (Trumpet HCPV unit) to +1.13° (SILO-Pyramid
HCPV unit). In terms of the effective concentration-acceptance
angle product, CAP*, the best SOE designs correspond to the SILO-
Pyramid and the DCCPC HCPV units, with values 0.47 and 0.46
respectively. Applying perfect antireflective (AR) coating on the
SOE entrance leads to better efficiency results. These improved
optical polychromatic efficiencies range from 82.4% (Trumpet
HCPV unit) to a maximum of 87.1% (DCCPC HCPV unit). Obviously,
simulating SOEs made of glass (e.g. BK7) and without considering
any light absorption inside the materials, may lead to higher per-
formance values. The volume of each SOE in each HCPV unit is also
included, since the cost of manufacturing is related to it (Benitez
et al.,, 2010). The RTP SOE has the relative highest material con-
sume, with 1361 mm>. It is also remarkable the relative reduced
volume of the SILO-Pyramid SOE with 871 mm?>.

4.1.3. Uncertainties

The parameters defining both Fresnel lens and TJ solar cell are
inherently subject to uncertainties. For example, in a real case,
the dimensions of the lens, its focal distance, etc. are measured
with a determined uncertainty. In order to analyze the impact of
these uncertainties in the simulation results, optical simulations
have been conducted with changed dimensions parameters. In this
way, POE dimensions, focal length, facet spacing and also solar cell
size have been varied and the correspondent Jssubcei, Hope and SMR
values obtained after optical simulation.

The variation of Fresnel lens parameter with highest impact on
the results is its area, with variation in the Js supcen lower than
0.11 A/cm?, lower than 0.23% in Hopr and lower than 0.01 in SMR.
Considering the variation in the T] solar cell area, concentrated rays
would be lost, since the exit surface is defined by that of the SOE.
Therefore, a higher reduction of the #,p is expected, and it results
to be lower than 6.2%. Nevertheless, Jsc subcen and SMR variations are
expected to be lower than 0.4 A/cm? and 0.03 respectively.

Hence, according to the results above, no substantial changes in
the simulation results may be expected as a consequence of the
inherent uncertainties related to the simulation parameters.

4.2. Qualitative modeling results

Instead of analyzing the irradiance distributions over the TJ

solar cell, short-circuit current density generated, J$2t;pcen, distribu-

tions are obtained and analyzed. The normalized J%;pcen Spatial

Distribution Diagrams of Current Density Generated

Middle-cell

Top-cell

0.85

06 SILO-
055 Pyramid

RTP

Normal Alignment

Bottom-cell

Top-cell Middle-cell Bottom-cell

Tilt angle :1"

Fig. 9. Normalized short-circuit current density distributions generated by top, mid and bot subcells for normal alignment (left) and for a tilt angle of 1° (right) for the four

Fresnel-based HCPV units and, also for the case of the HCPV unit without any SOE.
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Fig. 10. Polar iso-candela plots for the exit surface of the Fresnel-based concentrator units: (a) DCCPC, (b) SILO-Pyramid, (c) RTP, and (d) Trumpet. Data covers + 90° from

normal to the surface.

distributions for each subcell and for both normal alignment and 1°
of tilt angle are shown in Fig. 9 (Baig et al., 2012). Under normal
alignment, most of SOE designs for the HCPV units lead to rela-
tively uniform current density distributions as a consequence of
rays mixing after TIR on side walls or after refraction on the convex
entrance shape in the case of the SILO-based design. The lack of
uniformity of the J5255 distribution in the DCCPC HCPV unit can
be observed, this is due to a less interaction with the SOE walls
for the rays in the region of the bot cell spectral response. Under
1° of tilted angle, RTP and Trumpet HCPV units are the least sensi-
tive ones to misalignments. This may be due to the TIR effect com-
bined to the higher height of these SOEs compared to the other
ones. As from the global results and considering the Jstpcen distri-
bution uniformity, the RTP SOE may have here the best perfor-
mance although the highest amount of material as commented
above.

Not strictly considered as an output of this modeling, since the
subcells structure of the T] solar cell is ignored in this case, the inci-
dent angle of rays impinging the solar cell can be however shown
through different plots. Fig. 10 shows polar iso-candela plots for
the exit surface of each SOE in watts per steradian under normal
alignment. The case with less concentrated rays angle respect to
the normal of solar cell is that of the SILO-Pyramid HCPV unit, with
almost all the rays with less than 20° of incident angle. Among the
SOEs based on TIR the maximum incident angle increases due to
the multiple reflections on the side walls up to around 50°, which
is the case of the RTP HCPV unit. Those rays with more incident

angle (e.g. with 50°) may be more difficulty absorbed by the TJ
solar cell (Garcia-Linares et al., 2014; Bunthof et al., 2017).

5. Conclusions and future works

We present a complete optical modeling procedure intended to
improve the simulation of typical Fresnel-based high concentrator
photovoltaic (HCPV) units equipped with a refractive secondary
optical element (SOE) and a typical triple-junction (T]) solar cell.
The Fresnel lens (primary optical element, POE) and the SOE are
simulated as made of PMMA although any other material can be
applied in the modeling. This powerful modeling takes into
account some non-idealities for the ray tracing simulations but
specially, the wavelength dependency of key material properties
are simulated, like: absorption coefficient of the optical materials
and the spectral response of the TJ solar cell.

As a consequence of simulating the spectral response of the TJ
solar cell, the current density generated by each subcell is also sim-
ulated. It allows to calculate the optical polychromatic efficiency,
which takes into account the correspondent subcell current limita-
tion. Moreover, the simulation of the current density generation of
each subcell allows to determine which subcell is limiting the cur-
rent generation and to calculate the expected spectral matching
ratio (SMR) parameters among the three subcells. Plots of current
density uniformity generated on each subcell are even provided
by this modeling.
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Four different HCPV units with the same aspheric Fresnel POE
and TJ solar cell, and with four different SOEs are simulated. The
design of each SOE is the result of a trade-off between the optical
polychromatic efficiency and the acceptance angle of the corre-
spondent HCPV unit.

Among the main results, the HCPV units equipped with higher
SOEs, i.e. RTP and Trumpet, exhibit bottom subcell current limita-
tion and lower optical polychromatic efficiency which may be
related to the spectral absorption within the PMMA material in
the spectral region of the bottom subcell. However, for the other
HCPV units with smaller SOEs, i.e. DCCPC and SILO-Pyramid, there
is top subcell current limitation and higher optical polychromatic
efficiency. Moreover, for a determined HCPV unit, like specifically
in the case of the DCCPC SOE, the current limitation can vary
among the composing subcells. Specifically, top subcell is limiting
for normal alignment and until around 0.8° of misalignment angle
of the HCPV unit respect to the incident sunrays and from 1.2° and
2° angle; whereas between 0.8° and 1.2° angle, the bottom subcell
is limiting the current generation. Concerning the spectral perfor-
mance of the four HCPV units, that with the RTP SOE presents
the lowest variation of SMR with the misalignment angle. Consid-
ering extreme values, SMR(mid/bot) is around 1.30 for the HCPV
units with RTP and Trumpet SOEs under normal alignment. It is
remarkable that, under normal alignment, SMR is never equal to
1 in none of its three versions in none of the four HCPV units. About
the optical polychromatic efficiency, #,pr, and its variation with the
misalignment angle, all the HCPV units exhibit similar perfor-
mance until 1.4° of misalignment angle. They show 7, between
81.0% (Trumpet HCPV unit) and 83.6% (DCCPC HCPV unit) with
acceptance angles between +0.96° (Trumpet HCPV unit) and
+1.13° (SILO-Pyramid HCPV unit)-resulting the effective
concentration-angle product between 0.40 and 0.47. However,
the HCPV unit equipped with the DCCPC SOE presents little varia-
tion after 1.4° of misalignment angle. Taking into account the uni-
formity of the current generated by each subcell in each HCPV unit,
the HCPV units with SOEs based on total internal reflection exhibit
an apparent better current density uniformity for a misalignment
angle of 1°.

For future works, the validation of this modeling has to be con-
firmed with experimental data. Moreover, this modeling can be
extended to quantify the impact of the uniformity of the current
density generated by each subcell in each HCPV unit (Espinet-
Gonzalez et al.,, 2012). The incident angle of rays and the quantifi-
cation of its impact on the current generation of each subcell is to
be modeled also in future works (Garcia-Linares et al., 2014), like
also other non-idealities such as light scattering on the surfaces
or light leakage between SOE and TJ solar cell (Baig et al., 2015).
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Abstract

In this work, we compare the optical and electrigatformance of a Fresnel-based HCPV system wheipged with
different refractive secondary optical elementsESJusing both modelling and experiments. ThesesS@&signed through
a powerful optical model): (i) Dielectric-cross cpound-parabolic-concentrator (DCCPC), (ii) (SIngkns-Optical
element) SILO-Pyramid, (iii) Refractive truncategrgmid (RTP) and, (iv) Trumpet; are fabricated (ead PMMA) and
mounted on commercially available concentratorrsoddl assemblies. An indoor characterisation bfredse HCPV units,
under controlled and repeatable conditions, usi@®® solar simulator “Helios 3198” is performed.eTRTP unit shows an
optimum performance in terms of overall efficieranyd acceptance angle, although this is not nedlyssaen in terms of
the optical efficiency of the RTP as an SOE. Thasneed values of optical efficiencies of the SORscimwell the simulated
ones, although the performance of a unit at maxirpomer point is not directly comparable with theical efficiency of
the SOE. The error between the simulations andrawpats is less than 3.2% in optical efficiencyues of the SOEs.
Additionally, the I-V curve parameters and the g@tance angle are measured under varying irradiance spectral
conditions of the incoming light.

Keywords: High concentrator photovoltaics. Indobacacterisation. Secondary optical elements. CRgrsimulator. Optical efficiency. Acceptance
angle.

1. Introduction

The photovoltaic (PV) technology presents a gredéemial for global implementation given the
abundance of the solar resourcefreely available.Wtrldwide installed PV capacity grows constantly,
favoured by the nowadays competitive PV productiosts. Besides from these factors, different PV
technologies compete for lower generation coselagtricity (or specifically, LCOE, levelised cast
electricity). This is the case of the High Concatdr Photovoltaic (HCPV) technology, which aims for
the substitution of limited and costly semiconduct@terial by available and economical concentrator
optical systems based on conventional material$ofigh the efficiency of concentrator solar cells
continues increasing, this technology still has¢hieve more competitive LCOE values compared to
the conventional PV technology in order to be esiterly implemented and to be one of the key
components in a possible mix of the electricity egyation [1]. Despite the advantages of the HCPV
technology, the global installed HCPV power hasrearely dropped in the recent years [2]. Its
implementation is, however, competitive enough determined geographic areas with high direct
irradiation rates and favourable economic cond#id8]. The relative complexity of the HCPV
technology compared to other PV ‘technologies islisadvantage, but also an opportunity for
improvement, since the designs and the industr@deis can still be highly enhanced. For that, it is
necessary to increase the theoretical and pragmoatiedge of the HCPV technology, which has a rich
repertory of physical phenomena involved (light @amtration, optical coupling, light interaction it
materials, subcell spectral responses of multifjonccells...).

Attending to the HCPV systems, the typical simmlafgguration is based on a concentrating Fresnel
lens [4] that focuses the sun rays onto a smalktjunction (TJ) solar cell through a secondariiaah



element (SOE). The SOEs will provide an increagberoptical tolerance to misalignments (acceptance
angle) and improve the light uniformity over theslar cell [29]. SOEs can be reflective or refirast
although the refractive ones allow a higher thecakémaximal concentration [5], thus they are tytli
utilised in HCPV modules.

Many works analyse the basic configurations of keébased HCPV systems at simulation level and
compare the impact of the different SOEs in therfgrmance [6-8]. Considering experimental works
related to that kind of systems, the next publaaiare a summary of their experimental charaeteors.
Schmidt et al [9] investigated a typical refractn@n-imaging SOE (SILO, Single Optical elementain
Fresnel-based concentrator system, using an indog@erimental setup, by characterising the
concentration profile at the SOE’s exit aperturd proving the high optical tolerances of this kirfd
SOE. Schmidt et al. [10] analysed the outdoor perémce of different types of refractive SOEs made
of glass, the SILO SOE and another one with sphktigrvature, comparing with optical simulations in
terms of short-circuit current generated. They aaohed that the SOE with spherical shape was aldaita
option for mass production. Herrero et al. [11]astigated Fresnel-based HCPV systems equipped with
refractive SOEs focusing the irradiance distributad the output of the SOE and its effects on the T
solar cells. They presented a method to estimatiotises caused by non-uniform irradiance patt@ins
the TJ solar cells. Zamora et al. [12] charactdrizgtdoors two different prototypes of Fresnel-Kgihl
HCPV concentrators, including a comparison with tdmical simulations results of the measured
acceptance angle characteristic and illuminatioifotmity over the TJ solar cell. They showed
experimental performance results which confer pgtential in the CPV market to the Fresnel-Kéhler
concentrator. McVey-White et al. [13] developedeahhique to measure the influence of the lens
temperature of different concentrator prototypethairradiance uniformity ant its impact on théeil
current generation. They determined that the Ftdébleler concentrator showed better results than
other typical lens-based concentrator systems. €agy the characterisation method based on subcell
current limitation diagrams developed by Domingwzal. [14], it was applied to analyse the
performance of different Fresnel-based HCPV systémBlerrero et al. [15]. They showed the necessity
of SOEs and that, in relation to Fresnel-basedesyst chromatic aberrations are dominant respect to
spatial optical aberrations. Shanks et al. [16]yaeal the theoretical optical efficiency, acceptaangle
and irradiance uniformity of a Cassegrain HCPV ntedwquipped with refractive truncated pyramids as
secondary optics. They also presented experimealizs, using the CPV solar simulator “Helios 3198”
at the University of Jaén, of the optical efficigrand acceptance angle characteristic of the system
showing similar acceptance angle values and loffierency values (due to a problem with the sti§se
of the SOE material). Renzi et al. [17] characeti®utdoors different Fresnel-based HCPV mono-
modules, equipped with refractive SOEs and a gewraktoncentration ratio of 1300x%, including the
acceptance angle characteristic. They developdceaférm” lateral profile and hexagonal top surface
SOE made of optical glass. Their results showeb-bifjciency values for the system formed with the
“freeform” SOE.

The work presented here is also related to Frdsasdd HCPV systems (units) with the emphasis on
the influence of the refractive SOEs in the elealrperformance of the systems. A better undersignd
of the behaviour of these systems will contributeah improvement in their design to a higher
performance. For that, a Fresnel-based HCPV umiguur different SOE’s is characterised under
controlled and repeatable indoor conditions and pared to determine the best SOE design. This
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characterisation is performed at equivalent stathtkzst conditions of AM 1.5D as well as at conatifio

far from them, in order to have a wider knowledgthe behaviour of these HCPV units. This knowledge
will be useful for understanding the relationshipth energy harvesting as a function of the chaggin
outdoor conditions. In our experiments we use a GBM\r simulator “Helios 3198” which has a
A+A+A+ rating and allows us to analyse the perfong®of the units by varying only one parameter
(Incoming solar radiation level). On one hand, &i¥ve measurements can be acquired under different
spectral irradiance conditions, while maintainimstant the irradiance level. This is utilised tmw

the impact of the spectral change in the acceptangke and in the electrical parameters, depenaiing
the SOE in the Fresnel-based HCPV unit. On therdthad, I-V curve measurements are possible at
different irradiance levels while the spectral dtinds are delimited.

The refractive SOE experimentally analysed in thask were previouslyanalysed using a detailed
optical simulation methodology including wavelengdpendent properties (implemented in TracePro
optical software) [18]. The SOE designs resultemnfithat optical modelling were later manufactured
and have been utilised in this study. The foura@fve (as made of PMMA (poly(methyl-methacrylate))
SOEs fabricated are: i) Dielectric-cross compouadzpolic-concentrator (DCCPC, inspired in the SOE
of [19] but similar to that of [20]), ii) (SIngledns-Optical element) SILO-Pyramid, iii) Refractive
truncated pyramid (RTP) and, iv) Trumpet. The SBROE, which works as a lens that images the Fresnel
lens on the TJ solar cell, has been deeply anaiysix literature, including design modificatid24 ].

The other SOEs work under the effect of the tattdrnal reflection (TIR) of light, being the RTPuas$
in commercial HCPV modules. Besides, an HCPV systeithout SOE is also mounted and
characterised in order to differentiate the impddhe SOEs on the measured performances.

The characterisation includes the influence on &RV system performance (though their electrical
parameters) of the different irradiance levels différent spectra (monitoring the spectral matchigp
[14, 22]). The acceptance angle characteristi@ohéHCPV unit is obtained at reference conditiars a
also at different irradiance and spectral condgidn addition, this work is useful to improve thgtical
modelling already developed by comparing the expental results with those obtained by ray tracing
simulations, like all those related with the aceepe angle characteristic, the optical efficierabtdined
through the measured short-circuit current), etc.



Nomenclature
0 Acceptance angle fdgc [ sFon Isc under concentrated illumination
CAP* Effective concentration-acceptance angle [ et sun Iscat 1 sun of irradiance and reference
product spectrum
Ceft Effective concentration LCOE Levelised Cost Of Electricity
DCCPC Dielectric-Cross Compound-Parabolic- Mid Middle subcell of a TJ solar cell
Concentrator n refractive index
DNI Direct Normal Irradiance Prmp Power at maximum power point
DNIro,  Effective irradiance for the top subcell PMMA poly(methyl-methacrylate)
DNIvia  Effective irradiance for the middle subcell Voc Voltage at open circuit
DUT Device Under Test POE Primary Optical Element
n Efficiency RTP Refractive Truncated Pyramid
Hopt Optical efficiency SCA Solar Concentrator Assembly
1POE Optical efficiency of the POE SILO Single Lens Optical element
7SoE Optical efficiency of the SOE SMR Spectral Matching Ratio
FF Fill factor SOE Secondary Optical Element
-V Current-voltage TIR Total Internal Reflection
Isc Short-circuit current TJ Triple-junction
Top Top subcell of a TJ solar cell

2. Description of the high-CPV units
2.1.Main characteristics of the analysed Fresnel HCPNtu

The four Fresnel-based HCPV units investigatecguepped with refractive PMMA SOEs. Note that
“unit” is used as a synonym of “mono-module” instrork. Besides, they are compared to an equivalent
Fresnel-based HCPV unit without SOE in order tdyam®athe impact of the SOEs. This last unit isezhll
“No-SOE” unit. These units were investigated atiagtsimulation level in a previous work [18]. As a
summary of the characteristics, the Fresnel lerimgoy optical element, POE) used is a square 6f 13
mm side, with 1.8 mm thickness, 152 mm of focatatise, facet spacing of 0.381 mm, and is made of
PMMA. It was fabricated by the company ORAFOL Frdsdptics GmbH [23]. The SOEs are made of
PMMA, as commented above, with refractive inagex 1.495 at a wavelength of 540 nm [24]. These
SOEs are: i) Dielectric-cross compound-paraboliceemtrator (DCCPC), ii) (Single-Lens-Optical
element) SILO-Pyramid, iii) Refractive truncatedraayid (RTP) and, iv) Trumpet. Their profiles are
sketched to scale iRrigure 1. On one handrigure 1 (b) shows a photograph of the four SOEs from a
side but slight elevation respect to the SOEs. Waoisld be referred, in terms of concentrator optass
out of the acceptance angle of the SOEs, sincedlae cell is not visible through entrance surfagkes
the SOEs (applying the principle of reversibility lmght). On the other hand, ifigure 1 (b), the
photograph is taken from a position slightly desthfrom the zenith of the SOEs with the solar cells
visible after a direct refraction on each SOE ertessurface and also after TIR (total internaleefbn)
on the sides of the RTP, DCCPC and Trumpet SOEsSIhO-Pyramid SOE does not work under TIR
in general). For these three SOEs, it is possibéee a gap between the images of the solar Talksis
due to the optical adhesive spilled over the stdfirand may cause light leakages [25].
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Figure 1. (a) Layout to scale of the four SOEs [18]. (h}t#e of the four SOEs mounted over the correspondolar cell
assemblies (SCASs) near a rule in millimetres. {c)uPe of the four concentrator receivers showhmgitnages of the solar
cells from a different position than the zenithgliglated to the acceptance angle).

The five triple-junction (TJ) concentrator solarliee(GalnP/GalnAs/Ge) utilised during the
experiment are CPV assemblies 3C42A purchased AR SPACE Solar Power GmbH with grid
optimised for high concentration and with an afleaive coating adapted to glass [26]. The TJrsola
cells are a square of 5.5 mm side. From their Hattsthey have the next averaged values: (shauiti
current)lsc= 2.28 A, (voltage at open circuif)c = 3.08 V, (power at maximum power poiftp = 6.32
W, (fill factor) FF = 0.90 and, (efficiency) = 41.4 % at 500 suns (1 sun = 1000 \A)/of DNI (direct
normal irradiance) under the spectral distributi@8TM G173-03. All the relevant parameters
concerning the POE and the TJ solar cell are gadhieMable 1

Table 1 Parameters of lens and TJ solar cell assemhid2A (from the datasheet) composing the Fresnel\H@#ts.

FresnelLens TJ Solar Ce?
Paramete Value Paramete  Value
Size [mn?] 13Cx 13C Size [mn?] 5.Ex5.E
Focal distance [mn 152.( Isc[A] 2.2¢
F-Number -] 0.8: Voc[V] 3.0¢
Facet spacing [mr 0.381 Pmp [W] 6.32
Thickness [mmr 1.6 FF[-] 0.9C
Geometrical oncentration [x 55¢ n [%] 41.4

3Data corresponding at 500 suns of irradiance antMA&173-03 spectrum.



In the previous work [18], those different Fresoptical units were optically modelled and simulated
through ray tracing software (including e.g. thedpal response of the TJ solar cell) . Those tesuill
be compared with the experimental results andwarersarised infable 2

Table 2. Summary of simulation results of each Fresnel-b&eBV unit of the previous work [18].

Paramete No-SOE SILO-Pyramic DCCPC RTF Trumpe
Optical folychromaticefficiency [%] 87.1 83.4 83.€ 81.¢ 81.C
Acceptance ngle [© +0.5C  #1.1% +1.0¢ +1.11 +0.9¢
Concentration acceptar-angle productCAP*  0.21 0.47 0.4: 0.4¢ 0.4C
SOE teight [mm - 10.t 11.C 17.C 18.C

2.2.0btaining the different Fresnel HCPV units

Four different CPV assemblies, with TJ solar ceflthe same type, are taken. Each SOE is obtained
by CNC multiaxis machining from a block of PMMA. &ih, the machined parts are polished in order to
achieve surfaces with enough optical quality. Tgrecedure allows to obtain these refractive SOEs at
low cost. Each SOEs is mounted on one of the &r sell. For that, an optical adhesive (Norlandi@8T
n = 1.54 for cured polymer) is used to assure thealpcoupling between SOE and TJ solar cell. The
curing of the adhesive is achieved through UV ilimation, as shown ifigure 2, using an UV lamp.
Each Fresnel-based HCPV unit has in common the sangde Fresnel lens, as their setup are not
permanent.

Figure 2. UV curing lamp, used for solidifying the opticaltesive between solar cell and refractive SOE,temit/V
light downwards over the receivers (SCA plus SOE).

3. Experimental set-up

The indoor characterisation is conducted usingdR¥ Solar Simulator “Helios 3198” (Solar Added
Value, SAV S.L.) [27-29]. This is a multi-flash solsimulator that produces collimated light at a
maximum of a bit more than 1 sun of irradiationedleand with a spectral matching ratio “top/mid”
(SMR(top/mid)near to 1 [14, 30, 31], which is defined as (EQ.

jmeas
sc,top

Isctop _ DNltop
SMR(top/ mid) = jmeas——— =
sc,mid DNImiq
Ilsun

sc,mid

(1)



wherelsc op"®Sis the measured short-circuit current of the smtyipe-component celkc op5""is that
at 1 sun of standard spectrum, &Mdliop is the top effective direct normal irradiancdslanalogous for
the mid isotype-component cell. The laboratory terafure is maintained constant at 25 °C. The
simulated light can be tuned to ma@NR(top/mid) 1 at different irradiance levels by using diéfiet
optical filters, including neutral filters (meshesf) 50% and 30% of transmittance. In the standard
configuration, the xenon discharge arc bulb is gut@d by a glass cover which partially filters UV
components the flash light. In addition, that glesger can be replaced by other one with veryl8gs
filtering. See the transmittance values of thasgd non-neutral filters “SAVF-050" and “SAVF-000",
in Figure 3, both with lower transmittance at shorter wavetkag

SAVF-050

4  eee- SAVF-000

Transmittance [%]

O 1 1 1

350 450 550 650 750
Wavelength [nm]

Figure 3. Non-neutral filters utilised (provided by the qoamy Solar Added Value) after the flash lamp ineortd tune the
spectrum of the light impinging the Fresnel-bas&PN units.

The HCPV devices are mounted on a 2-axis orientigeort structure, thus allowing the acceptance
angle characterisation of any device under testT{DUhis angular characterisation is performed by
using a laser pointer fixed to the support strietiihe vertical angle of rotation of the DUT is nitored
by measuring the location of the laser spot onraescat around 7 meters distance. A modelling lamp
(halogen lamp), located at the centre of the fladb, provides continuous light to be used fordbarse
alignment of the DUT with respect to the incomimgndated light. Simultaneously to the I-V curve
acquisition, the spectral conditions of the incagnilght are monitored by using a Spectroheliometer
(isotype component cells) of the company SAV.

For the experiments of this work, a conventiondlagp breadboard is fixed to the 2-axis orientable
support structure. Both Fresnel lens and receireenaunted on the optical breadboard Giggire 4).

The spatial location of the receivers is adjustedding some rails and also an adjustable mousndsird
optomechanical components). Maintaining the Frelams in a fixed position, the receivers are lodate
being the concentrated light spot (lens focushaicentre of the SOE’s surface. A fine adjustméthe
receivers is done by maximising theof the measured I-V curves. Then that positioeaifh receiver
respect to the Fresnel lens is maintained fixediferwhole characterisation process of each HCRYV un



|

Optical
breadboard

Figure 4. (a) Picture of the experimental setup for the Rreébased HCPV units. The spatial location of #eeiver is
adjustable by using rails and mounts. (b) Detathefreceiver with the Trumpet SOE aligned underabntinuous light
concentrated into a spot at the centre of the Tatmgntrance surface. (c) Analogous to (b) bubwie RTP SOE.

4. Analysis of results

4.1.1-V characteristics at reference conditions

The I-V curves of all the analysed Fresnel HCPMsuai 1000 W/rh(1 sun) of irradiance, temperature
of 25 °C and spectral conditions equivalent to AMEL(ASTM G173-03), are plotted in Figure 5. Note
that in this work, the temperature of the TJ so#dris always constant at 25 °C for the experimeainid
also for the theoretical considerations. The maipartant parameters related to those I-V curves are
summarised in Table 3. The unit without SOE presémt higheslksc value (2.03 A) since less optical
steps are involved, and therefore, less opticaldesThe four HCPV units with SOE preskavalues
between 1.84 and 1.95 A at 1 sun. Among those H@#tg, the lowesltsc value corresponds to the RTP
unit.

It is useful to utilise the concept of effectivencentration,Cett, which is useful to know at which
concentration the TJ solar cell is really workimglas defined as (Eq. 2):

conc
ISC

Cer = 115 2)

where Is7°" formally represents the short-circuit current bk tsolar cell under concentrated
illumination when the HCPV unit is illuminated umde sun ofDNI of standard spectrum, thus the TJ
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solar cell is under the concentrated illuminatisovided by the Fresnel lens, ahd '"is the short-
circuit current of the bare TJ solar cell (no ogltisystem) when it is also illuminated under 1 stiBNI
of standard spectrum. Taking into accountlthealues at 500 suns of Table 1, thkseneasured values
correspond to effective concentrations betweenstd3 (RTP unit) and 427 suns (DCCPC unit).

55 Fresnel HCPV Units
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Figure 5. I-V curves of the different Fresnel HCPV unitsl800 W/nd of irradiance, temperature of 25 °C and
SMR(top/mid} 1 + 0.5.

Table 3. I-V curve indoor measurement parameters of tfferént Fresnel-based HCPV unitszitll = 1000 W/n.

HCPV Uni Voo VT To[A] PeolWT VoIV TmplAl FF [ Cerr[SUNS
RTF 3.1€ 1.8/ 4.7 2.76 1.7¢ 08: 28(  40¢
SILO-Pyramic  3.1€  1.8¢ 4.3 2.6¢ 1.61 0.7: 255 414
DCCPC 314 1.9t 4.8 2.7¢€ 1.7z 0.7¢ 282 427
Trumpe 315  1.9¢ 4.7 2.7t 1.72 0.7¢  27.¢ 417
No-SOE 315  2.0¢ 5.1 2.71 1.8¢ 0.8C  30.5  44€

TheVqc values are between 3.14 and 3.16 V. All the umits SOE preser®mp values between 4.7 and
4.8 W except for the case of that with the SILO&yid with only 4.3 W. This last case is relatec@to
lower FF value, 0.72, for this unit. The reason of this IBkvcould be an imperfect mounting of the SOE
on the TJ solar cell. The RTP unit presents théElesvith 0.82, even better than the unit without SOE
(FF = 0.80). In general, theF values lower than expected. This may be due t@ftett of the
contribution of the I-V curve of the bottom suboghen that is producing similar current than theeot
subcells, as it is explained in [32]. That situatiavith the bottom subcell without an important ess of

current generation, could be due to the irradiafxsorption within the PMMA material in the infrared
range, thus affecting the bottom subcell. The Efficy of the units ranges from a minimum of 25.5%
(SILO-Pyramid unit) to a maximum of 28.2% (Trumpeit). This last value is around 7% lower than



without SOE (30.3%), which supposes a loss of iefficy but a gain in acceptance angle, as it is show
in Section 4.2.
The effective concentration allows to calculatedbécal efficiencyyopt, Of each unit as (Eq. 3):

Ceff _ 1 . Iscgnc

nOptz Cy - a Islgun (3)

The 7opt Of the units with SOE is between 72.0% and 76.8%ereas for the unit without SOE it is
79.8%.70pt can be split into two factors (two optical stems)e of POE and other of SOE (Eq. 4):

Nopt = NMpoE " NsoE 4)

wherenpoe is the optical efficiency of the POE ansbeis that of the SOE. The corresponding values
are summarised as irable 4, assuming the same valuer@be since the same single Fresnel lens was
used for each HCPV. Thus, the unit without SOE lmaised to calculatgoe and then, that value can
be used to calculate the correspondest of each unit with SOE.

Table 4 Summary of measured and simulated optical effiyjevalues.

Experimental measureme Optical simulation resul [18]
HCPV Unif nl-l nopt[-] neoel-]  nsoel] Hopt [] neoel-]  nsoel-]
RTF 28.C 72.C 79.€ 90.: 82.C 87.1 93.t
SILO-Pyramic  25.t 74.C 79.€ 92.¢ 83.€ 87.1 95.2
DCCPC 28.2 76.2 79.¢ 95.7 83.7 87.1 95.t
Trumpe 27.¢ 74.5 79.€ 93.t 81.2 87.1 92.¢
No-SOE 30.: 79.¢ 79.€ - 87.1 87.1 -

The measured optical efficiency of the unit with@@®E, 79.8%, is much lower than in the optical
simulations, 87.7%. This overestimation of the Retdens performance may be due to the difference,
related with the manufacturing tolerances, betwiengeometry of a real lens and that ideal lens
simulated through ray tracing [33]. Concerning #lbes measurement values, these show a good match
to those of the optical simulations, and are betv@#3% (RTP unit) and 95.7% (DCCPC unit), with an
average of 93.1% (being 94.2% in the optical situtes). The DCCPC unit performs the higheste
both in experimental measurements and in ray tgagimulations (95.5%).

It is interesting to compare the cases of the RT®PSZLO-Pyramid units. On one hand, the RTP unit
shows the lowesjsoe by far (90.3%), although itg is the second best one (28.0%). On the other hand,
the SILO-Pyramid unit shows a betigsoe (92.8%), whereas itg is the lowest one (25.5%). This
contradictory performance results could be attedun terms of th&F and the illumination uniformity
[34], sinceFF is lowest for the case of the SILO-Pyramid unid &mghest for the RTP unit. Therefore,
the performance of the unit at maximum power pannot directly comparable with the optical
efficiency of the SOE.
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4.2.Impact of incident angle

In order to obtain the angular performance of tHaesnel-based HCPV units, their acceptance angle
characterisation is performed indoors at a simdlatadiance of 1000 W/t

The measured values ket acceptance angle a@AP* (effective concentration-angle product) for all
the Fresnel-based HCPV units are gatherddbie 5. In addition, in order to compare those resulthwi
the optical simulations, both simulateg: acceptance angle a@\P* values are also included Trable
5. Note that the acceptance angle of the simulaégdshould ideally equal that of measuteg since
both magnitudes are directly proportional eachofgg. 3). The effective concentration-angle praduc
Is a parameter that, for ideal concentrator systemgls the refractive index of the medium surdbogp
the solar cell, and is defined as (Eg. 5) [35]:

CAP* = [Cy-sinB (5)

whered is thelsc acceptance angle (the angle for whighs 90% of the maximum value). Note that
the term “acceptance angle” is referred to thdt©of no other specification is denoted.

Table 5. Acceptance angle values of each Fresnel-based/H@P by both experimental indoor characterisatial
optical simulations.

Experimental measureme Optical simulation resuli{18]
HCPV Unit Isc acceptance angle [°] CAP [-] nopt acceptance angle [°] CAP [-]
RTF +1.0¢ 0.4¢ +1.11 0.4¢€
SILO-Pyramic +0.82 0.3¢ +1.13 0.47
DCCPC +0.5¢ 0.2¢ +1.02 0.4:
Trumpe +0.8( 0.3: +0.9¢ 0.4C
No-SOE +0.4¢ 0.2C +0.5(C 0.21

In terms oflsc and considering only the units with SOESs, the kivaeceptance angle value is that of
the DCCPC unit (£0.58°), whereas the highest onleaitsof the RPT unit (£1.09°). The other two units
SILO-Pyramid and Trumpet, show simikato each other, roughly £0.80°. The acceptanceeanigihe
DCCPC unit is clearly lower than expected, maybe tumanufacturing tolerances or errors by hand
mounting. The unit without SOE presents the lowgsacceptance angle value, as expected since the
SOEs are designed to increase de acceptance ditglemeasuredCAP* values range from 0.24
(irregular low value for the DCCPC unit) to 0.45IfRunit), being 0.20 for the unit without SOE. Taes
CAP* values of the SILO-Pyramid, RTP and No-SOE uaits similar than those presented by Benitez
et al. [35]. The RTP unit represents the neares tmthe ideal concentrator among these units.

Comparing with the optical simulation results, theasured acceptance angle @4#dP* values are in
general lower than in the simulations for all tiés1 The RTP unit presents similar values of ataosge
angle in both experimental and simulation resdis@9° and +1.11°, respectively). Therefore, itveho
almost the same values GAP* comparing both situations (measured 0.45 and Ilsited 0.46). The
measured acceptance angle of the Trumpet uniigbtlsi lower than in the simulations (£0.80° and

+0.96° respectively). The SILO-Pyramid unit prowwdew measured acceptance angle values respect to
11



the simulation ones (£0.83° and +£1.13°, respedtjvéh the worst case, the DCCPC unit shows the
highest deviation of experimentht acceptance angle respect to the simulations (*&B8 +1.03°,
respectively), and also f&ZAP* value (0.24 and 0.43, respectively). Those dewt to the optical
simulation results could be explained in terms @nofacturing tolerances or hand mounting errors
related, especially for the case of the DCCPC tote that the unit without SOE shows similar resul
by both experimental and simulations, conferringrggth to the experimental method.

The results normalised to the maximuga values of each unit constitute their acceptanagean
characteristics. They are almost symmetrical wa8pect to the vertical axis Bigure 6 (not completely
due to defects or imperfections by the manufacguaind assembly of the SOEs) and are bell-shaped. Up
to misalignment angles of around £0.5°, all thetsuprresent roughly similar angular performance.
However, at misalignment angles of £1°, there atable differences among the units with SOEs: the
RTP unit shows the highest normalidedralues; the DCCPC unit shows the lowest valuesilif, the
Trumpet and SILO-Pyramid units present similar rarsed values. The acceptance angle curve of the
DCCPC unit presents a fast drop for angles fronuratat0.6° to £1°. This drop is not observed for the
other SOE units, and moreover, it was not obtalmethe ray tracing simulations (as showrFigure
7). It may be due to manufacturing tolerances. Tiewithout SOE shows the worst acceptance angle
characteristic, as expected.

Isc Acceptance Angle

—e— Isc rel. RTP

Relative Magnitudes [a.u.]

T-o—Isc rel. sILO-
L Pyramid
—— Isc rel. DCCPC

—24— Isc rel. Trumpet

Isc rql. No SOE .

P

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5
Tilt Angle [2]

Figure 6. Normalised measured acceptance angle characte$the Fresnel-based HCPV units, includinguhie
without SOE, at 1000 W/fn

In order to compare with the results presentechegdrevious work (optical simulations) [18], the
experimental results can be plotted in terms ofmtleasured optical efficienc¥igure 7) by using Eq.
7. The measured lowefopt Values than in optical simulations can be understas a systematic
underestimation (due to the reduced Fresnel 4gps In addition, the general angular behaviour is
similar to both measurements and simulations. Hewen the case of the DCCPC unit, its measured
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angular behaviour is different than in the simwlat, as commented above. That may be due to
manufacturing errors by the machining of a parabshiape, since the rays are bouncing off the sides
more intensively by misalignment angles. Anothdéfiedence takes place at misalignment angles greater
than around 1.4°, since in the optical simulatidhs,different optical polychromatic efficiency ges
separate each other, whereas in the indoor measuotgnthey remain together, with very similar value
Note the similar angular behaviour of the unit withSOE within experiment and simulation.

Optical Simulations: Fresnel-based HCPV units equipped with refractive SOEs
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Indoor Measurements: Fresnel-based HCPV units equipped with refractive SOEs
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Figure 7. Optical efficiency of all the Fresnel-based HCinits analysed from both optical simulations (u8][and
indoor measurements (down).

Concerning the variation of the power of each wmder the changing misalignment andhay
acceptance angle values (relative to the anglevfoch the measured power is 90% of the maximum
value) can be obtained (see Table 6):
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Table 6. MeasureBmp acceptance angle values of all the Fresnel-baSM

HCPV Unit Pmp acceptance angle [°]
RTF +0.7(C
SILO-Pyramic +0.9¢
DCCPC +0.61
Trumpe +0.3€
No-SOE +0.5(C

The measureBmp acceptance angle values of these units with S@tggerfrom +0.36° (Trumpet unit)
to £0.98° (SILO-Pyramid unit). In the case of theifipet SOE, it was found that tRep acceptance
angle is much lower than for the unit without SGEcan be seen irigure 8. Note that this last lower
value does not imply a low: acceptance angle value for the Trumpet unit (¥).8the experimental
values of acceptance angle fép are very different to thic acceptance angle values for all the cases
[36], except for the DCCPC unit. The only case Vi acceptance angle clearly superior to thdtof
is the SILO-Pyramid unit (£0.98° ant.83° respectively). From the point of view of teeergy
harvesting, a higlPmp acceptance angle value is recommended, sincdlisuppose that the HCPV
system performs with greater tolerance to misaligmisi Considering simultaneously theBgp
acceptance angle values and the electrical efi@erof the unitsTable 4), the RTP unit presents the
best trade-off between both magnitudes, Wit acceptance angle of +0.70° and 28.0%.

Regarding the measured angular characteristiceafidhmalisedPnp, it presents a similar shape to that
of Ise, as shown irrigure 8, i.e. bell-shaped curves and a different behawdtine DCCPC unit respect
to the other units. In addition, the RTP and Trutypets show a central peak within the bell-shapwe,
much narrower than that of the DCCPC unit. Theseethinits working under TIR, RTP, Trumpet and
DCCPC show a similar central peak within the bbBly®e acceptance angle curve. That may be caused
by the TIR in the SOEs.

In the case of normalised bdtk andV,c, these parameters are less sensitive to angudatignments,
especially for the case dhc. See inFigure 9 the corresponding normalised FF and Yo with respect
to the tilt angle. NormaliseBF values oscillate although they are greater foreéased misalignment
angles, with a total relative range of around 2@%.Q-Pyramid unit). NormaliseW,c values decrease
for increased tilt angles with a very low relatra@ge, with a maximum of 6% (RTP unit). The No-SOE
unit presents the fastest reduction of normaliégdas expected, due to the lowest acceptance angle.
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Figure 8. Angular behaviour of the normalis®d,, values of all the Fresnel-based HCPV units.
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Figure 9. Measured-F andV,c normalised (to the maximum values) angular charatics of all the Fresnel-based HCPV
units analysed.

4.3.Impact ofDNI

In this section, the experimental results of the ®ystems are analysed at the irradiance lefds)(
of 450, 650 and 850 W/mIn Figure 10, the acceptance angle of each Fresnel-based H@R\su
plotted versus the selected irradiance (in natlogdrithmic scale) of the I-V curve measurements
involved. Note that all those I-V curves measureddiculate the acceptance angle values were acquir
in the range oBMR (top/midpetween 0.95 and 1.05, in order to avoid speetfetts. With that restricted
spectral conditions, and assuming thagrows linearly with th®NIl, the optical efficiency is maintained
constant. Note also that those lines between aexpetal points are only included to facilitate the

visualisation of the results (this is applicablete rest of the figures of this and the next satise).
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The acceptance angle values range from +0.55° (MC@f at INDNI) = 6.48 W/n) to +1.14° (RTP
unit at InONI) = 6.11 W/nf), which is a similar range than that presente@able 5 (from +0.58° to
+1.09°). The averaged acceptance angle value$rane Jowest to greatest: £0.57°, +0.78°, £0.79° and
+1.06° for the DCCPC, SILO-Pyramid, Trumpet and RihRs, respectively.

In general, all the SOE units present a remarkadmastant performance under variations of irradiance
with some exceptions. The Trumpet unit shows ar@eance angle value of £0.65°. The maximum
acceptance angle variation (standard deviation average) is found to be 5.9% (RTP unit) whereas th
minimum one is 3.0% (DCCPC unit).

115 T = 25 °C; SMR(top/mid) = 1 + 0.05
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Figure 10. Indoor acceptance angle as a function o for aSMR(top/mid) 1 + 0.05.

For those same three different irradiance levéls,mmeasured electrical parameters of the Fresnel-
based HCPV units, like, FF andVqc, can be analysed under the spectral restricti@MR (top/mid)=
1 £ 0.05. These results are shown in the three pifdftigure 11 TheV,c values manifest a linear trend
versus INDNI), as expected [27], with determination coefficeeRE between 0.97 and 0.99, and with
slopes as ifrigure 11between 0.13 and 0.14, with slight variation amibregunits. Note that these linear
fits corresponding to the units with SOEs presanilar slope values than that of the No-SOE uniiiug,
the SOEs have no clear effect in the relationgfwith the irradiance.
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Figure 11 Indoor measured electrical parameters of thenetdsased HCPV units analysed as a function obié
maintainingSMR (top/botpetween 0.95 and 1.05: (Ug), (down left)y, and (down right}FF.

Regarding the efficiency values of the SOE unigse range from a minimum of 25.8% (SILO-
Pyramid unit at INDNI) = 6.48 W/n3) to 28.8% (DCCPC unit at IBNI) = 6.75 W/ni). That range is
similar to those values dfable 4 (from 25.5% to 28.2%). The averaged efficiencyuealare: 26.04%,
28.00%, 28.48% and 28.63%, for the SILO-Pyramidnipet, RTP and DCCPC unit, respectively. That
ranking among the units is not maintained in theecaf the DCCPC unit, with an intermediate value
between those of Trumpet and RTP units for aniaramk of INDNI) = 6.48 W/m. However, these three
units show similar values in general. Taking intoaunt the variability of the efficiency valuesesch
unit, it is very low in general, with a total maxim value of standard deviation over an averagesshl
(DCCPC unit). With those results, no clear dependei the efficiency, in general, as a functiornhaf
irradiance (INDNI)) is observed for these units. Comparing withuthg without SOE, with an averaged
efficiency of 30.9%, the effect of the SOEs isd@duce the efficiency, as commented in Subsectibn 4.
In addition, there is no a different behaviourtad efficiency No-SOE unit, as a function of thadiiance,
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respect to the SOE units. Thus, the SOEs do na aavumpact on the efficiency of the Fresnel-based
HCPV units with the irradiance.

Considering the fill factor values of the SOE unitsese range from a minimum of 0.70 (SILO-
Pyramid unit at INPNI) = 6.48 W/ni) to 0.83 (RTP unit at INI) = 6.11 W/m). This range is similar
than that ofTable 3 (from 0.72 to 0.82). The averagE# values are: 0.71, 0.78, 0.79 and 0.82, for the
SILO-Pyramid, DCCPC, Trumpet and RTP units, respelgt This ranking is maintained in general for
the units except for the DCCPC and Trumpet unitea@NI) = 6.75 W/n3). The variations in thEF
values are very low, with a standard deviation dlieraverage values with a maximum of 1.8% for the
case of the Trumpet unit. The No-SOE unit showgeneral, a slightly higher FF than the SOE units,
with an average of 0.83. Thus, the SOEs may proadak@all reduction of thieF, which may be due to
the manufacturing errors of them. Therefore, thésfttor exhibits no clear dependence on the ianack,
in the range of this analysis, for these FresnektddHCPV units.

4.4.Impact of spectrum

In this subsection, I-V curve electrical parametend acceptance angle measurements are analyd#feiant spectral
conditions.

In order to analyse the impact of the spectral tand in the acceptance angle, these correspondent
I-V curve measurements are acquired for a fikdd (in order to avoid any possible impact of the
changing irradiance) whileMR(top/mid)s changed from around 0.894 to 1.098 (Sgerre 12). These
acceptance angle values range from a minimum &~2JDCCPC unit, aMR(top/mid}= 0.896) to a
maximum of £1.17° (RTP unit @MR(top/mid)}= 0.902), which is a similar range to thatTable 5
(from £0.58° to £1.09°). The averaged acceptangiearalues are: £0.58°, £0.82°, +0.85° and +1.14°,
for the DCCPC, SILO-Pyramid, Trumpet and RTP unitspectively. Note that this ranking is
maintained in general except for the value of thempet unit, +0.69° aBMR(top/mid)= 0.97. The
results present low variability in general, witmaximum standard deviation over the average of 3.8%
except for the case of the Trumpet unit (with astjo@able measurement pointSNR (top/midy 0.97).
Considering those results, no clear general depeedef the acceptance angle of the SOE units can be
established as a function of tB®R(top/mid)Moreover, the SOEs have no impact on the relatidhe
acceptance angle with ti#VIR(top/mid)since there is no clear difference in the behavas the SOE
units respect to the unit without SOE.
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Figure 12 The acceptance angle of the analysed Fresnettb#SPV units for a fixedNI = 800 W/n3 at different
spectral conditions.

I-V curve electrical parameterg,c, # andFF for a fixedDNI = 800 W/n% are plotted irFigure 13
within a spectral range of 0.8945#R(top/midx 1.099. Regarding thé, values, the range of variation
is very low, from 3.10 V (DCCPC &MR(top/mid}¥ 1.05) to 3.13 V (RTP unit &R (top/mid¥ 0.98),
which presents lower absolute values than thosefettence conditions (3.14 V to 3.16 V,Tiable 3.

The SOE units do not present a stable rankindoef/alues for the different spectral conditions. Thei
variability is very low, with standard deviationluas over the average no greater than 0.35% (DCCPC
unit). No clear dependence of thg: in the SOE units respect to tB&R(top/mid)s found. Thus, no
effect of the SOEs is found on th&c respect to the spectral conditions. In addition, different
behaviour is found for the No-SOE unit, therefdhes SOEs do not alter th&c values respect to the
spectral conditions.

Concerning the efficiency values, these range f&2% (SILO-Pyramid unit aBMR(top/mid)=
1.05) to 31.14% (DCCPC unit@MR(top/mid¥ 0.93). The averagedvalues are: 27.1%, 29.1%, 29.4%
and 29.8% for the SILO-Pyramid, Trumpet, RTP anddPC units, respectively. These last three units
show similar values each other for all the spectaabe, whereas the SILO-Pyramid unit presents the
lowest values for all th&MR(top/mid)values. The variability of the results is low, kwistandard
deviation over the average lower than 6.5% (SIL@aRyd unit). However, the efficiency values tend
to be slightly lower (2-3% absolute) at higl&¥vIR(top/mid)/alues than 1.0. In the most extreme case,
the SILO-Pyramid unit shows a decrease from 28.9&dfwiency atSMR(top/mid)= 0.90 to 25.2% at
SMR(top/mid)= 1.05, which supposes an absolute reduction mfrat 3.7% (around 12% in relative
terms) of efficiency. Therefore, a general slighdigcreasing trend is attributed to the efficienoy f
SMR(top/midygreater than 1.0. Besides the lower efficienapefSOE units respect to the No-SOE unit,
as commented already, there is no different belaar this unit. Thus, no effect of the SOEs can b
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established in relation to the behaviour of thesesirel-based HCPV units with the different spectral
conditions.

In relation to theFF values of the units with SOE, they range from O(30.O-Pyramid unit at
SMR(top/mid} 1.05) to 0.83 (RTP unit &8MR(top/mid)= 0.93), which is a similar range than that of
Table 3(from 0.72 to 0.82). Three units with SOE presemilar average values &F: 0.79, 0.79, 0.82
for the Trumpet, DCCPC and RTP units, respectivEhese three units also have similar values each
other for the different spectral conditions. Wherdae SILO-Pyramid shows the lowddt average:
0.72, and always the lowest values for the diffespectral conditions. The variability is very lowith
maximal standard deviation over average lower th8f (RTP unit) and also there is no clear trend in
the FF values respect to the spectral conditions. Thesefthe SOEs have no impact on the spectral
behaviour of the=F of these Fresnel-based HCPV units. In addition,RR values of the NO-SOE
present no important differences respect to thbfgeaunits with SOE. Thus, the SOE’s have no inhpac
on theFF values, except for the case of SILO-Pyramid wmitich may be due to by hand mounting
defect.
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Figure 13 1-V curve electrical parameters of all the anatysinits for a fixeddNI = 800 W/n? versus the spectral
conditions.

5. Conclusions and future works

Four different refractive secondary optical elerse(8OEs) were manufactured and mounted on
commercial Concentrator Photovoltaic (CPV) assesslilh build four Fresnel-based high-CPC (HCPV)
units. These SOEs were made of PMMA (poly(methythaerylate)) and glued to the concentrator solar
cells by using an optical silicone. These HCPV snitere indoors characterised under controlled
conditions by using the CPV solar simulator “Hel8198”. In addition a HCPV unit without SOE was
characterised in order to differentiate the impafcthe SOEs in the measured performances. All the
HCPV units were measured at reference conditioB®@QMW/nt of irradiance, ambient temperature of
25 °C, and spectral conditions similar to AM1.5DTA$G173-03). Considering the efficiency and the
acceptance angle of the units and the opticalieffay of the SOEs, none of the units showed much
better results than the others. For instance, divedt optical efficiency was given by the RTP SOE,
however, the RTP unit achieved the second besiaifiy value among the SOE units. On the contrary,
the SILO-Pyramid unit yielded the worst efficiernegiue although the highest SOE optical efficiency.
Therefore, the performance of the unit at maximwwer point is not directly comparable with the
optical efficiency of the SOE. All the SOE unitosfed a good match with the optical simulations in
terms of their optical efficiency (with an averagemeasured values of around 93%). However, the
Fresnel lens performed a much lower optical efficie(~ 80%) than in the simulations.

Acceptance angle characterisation was performedilfathe units and at different irradiance and
spectral conditions and plotted for all the bassctical parameters of the |-V curvdse(Pmp, FF and
Voo). Isc acceptance angle of the RTP unit was in a goodhmaith that of the optical simulations (~
1.1°), but the rest of the SOE units showed lowseptance angle values than in the simulations.
Regarding the acceptance angle curve of the omftialency, all the units provided similar shapéth
respect to the tilt angle than in the optical satiohs except for the DCCPC unit.

In general, no trend was found for the acceptamggeavalues measured when varying only the
irradiance and when changing only the spectral itiomd, for all these Fresnel-based HCPV units,
except for the RTP and Trumpet units, with relatmmimum acceptance angle values at a spectral
matching ratio $MR (top/mid) of ~ 0.98.
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Regarding the electrical paramete¥s,, FF and efficiency were also investigated at different
irradiance and spectral conditions. No clear treardfound respect to the irradiance, excep¥Véewith
a logarithmic dependence, as well as no trend®aral respect to the spectral conditions. Howether,
efficiency of all the units decreases MR (top/mid)greater than ~ 1.0. In relation to the general
performance of these SOEs, the RTP unit presehiedeést balanced measured performance when
considering its high efficiency and acceptance englative to the other units.

For future experimental works, the measurement@fltumination uniformity at the exit surface of
the SOEs will help to a better understanding ofgédormance of the refractive SOEs. Moreover, the
found differences in the acceptance angle of mdrtiie@ SOE units has to be investigated in order to
improve both the experimental setup and the opticadelling, as well as in the case of the perforrean
of the Fresnel lens.
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Ultra-high concentrator photovoltaics (UHCPV), with
concentrations higher than 1000 suns, have been pointed
out by different authors as having great potential for being
a cost-effective PV technology. This Letter presents a
UHCPV Cassegrain-based optical design in which the
sunrays are concentrated and sent from four different and
independent paraboloid—hyperboloid pairs optical units
onto a single central receiver. The optical design proposed
has the main advantage of the achievement of ultra-high
concentration ratios using relative small mirrors with
similar performance values of efficiency, acceptance angle,
and irradiance uniformity to other designs.  ©2016 Optical
Society of America
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Concentrator photovoltaic (CPV) technology presents some
advantages with respect to other renewable energy ones (effi-
ciency, etc.), however, CPV systems have to be improved in
order to be a more competitive technology [1,2]. Different
authors have pointed out the advantages and potential in terms
of cost reduction of ultra-high CPV (UHCPV) systems with
effective concentration ratios equal to or higher than 1000 suns
[3]. Despite such excellent potential, different technological
barriers must be eliminated at such elevated concentration
levels, namely, (1) to develop solar cells with efficiencies peak-
ing at irradiance values higher than 1000 suns [4], (2) to design
a suitable cooling mechanism capable of removing the high heat
power density generated by the cells [5,6], and (3) to develop
optical designs able to reach UH concentration levels with an
adequate optical performance [7]. This Letter is focused on this
last concern.

In relation to the optical systems involved in the UHCPV,
the use of Fresnel lenses seems to limit the effective concentra-
tion ratio at around 1000 suns due to the chromatic aberration

0146-9592/16/091985-04 Journal © 2016 Optical Society of America

[8]. Moreover, the use of mirrors offers a promising alternative
solution to get UH fluxes, since they are not limited by the
chromatic aberration [9]. However, they have the disadvantage
in that large mirrors are usually required [10]. Hence, they are
affected by the common problems involved in the fabrication of
large reflective optical devices: they are usually expensive and
difficult to manufacture [11].

In this Letter, a UHCPV module based on a new optical
design that concentrates sunrays from different and indepen-
dent optical units onto the same single solar cell is proposed.
This approach resembles telescopes based on segmented mir-
rors and is intended to avoid the use of large reflective optical
devices. The aim is to offer an alternative optical solution to
those currently being discussed in the literature in order to de-
velop successful UHCPV systems [7]. In this work, Cassegrain-
based concentrators are considered as concentrators on
account of their achromatism and ultra-compactness [12,13].
Other concentrators are also based on using pairs of primary-
secondary reflective elements, some of them are compact and
reach and maximum performance [14]. Moreover, the design
exposed in this Letter utilizes the well-known Kéhler technique
to produce uniform illumination on a target [15].

The proposed design is based on an adaptation of the
Cassegrain concept and consists of a kind of off-axis Cassegrain
design. The sunray’s concentration is performed after three op-
tical steps in each optical unit [see the two-dimensional (2D)
sketch in Fig. 1]. (1) The incoming parallel sunrays reach the
primary optics and are reflected on the concave paraboloid of
the revolution mirror surface (primary optical element, POE).
Since these rays are parallel to the paraboloid’s optical axis, then
they are focused toward the focus (F). (2) The convex hyper-
boloid of the revolution mirror surface (secondary optical
element, SOE) reflects and focuses the sunrays toward its far
focus (G) (it is located inside the homogenizer), since the sun-
rays of step 1 converge to its near focus (F). The POE and SOE
are optically coupled, since both the paraboloid’s focus and the
near hyperboloid’s focus coincide at the same three-coordinate
point. (3) The sunrays of step 2 are refracted by the homog-
enizer (tertiary optical element, TOE) and spread on the cell’s
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Fig. 1. Two-dimensional sketch of the rays’ paths for the transverse
section of two optical units through a module’s diagonal. (0) Incoming
sunrays; (1) reflected rays on the primary optics; (2) reflected rays on
the secondary optics; (3) rays transmitted through the tertiary optics
and impinging the solar cell. The foci of the two-sheeted circular
hyperboloid are (F) and (G), where (F) is also the circular paraboloid’s
focus.

surface. The homogenizer’s optical active surface is a Cartesian
oval of revolution optically coupled to the hyperboloid mirror.

The module presented in this Letter is composed of four
symmetrical and independent optical units (see Fig. 2) with
the axis of symmetry being normal through the center of the
solar cell’s plane. Each optical unit is based on the adaptation of
the Cassegrain design described above (see Fig. 1) and consists
of a set of three optical elements: one square paraboloid mirror
(POE), one trimmed (resulting in four edges) hyperboloid
mirror (SOE), and one Cartesian oval of revolution (TOE).
The homogenizer is the assembly of the four Cartesian ovals
of revolution (one for each optical unit) and functions as a
Kohler integrator, thus, it contributes to spreading out the sun-
rays onto the solar cell [16] [as it is shown in Fig. 2(b)]. Each
Cartesian oval of revolution couples the more external vertex of
each secondary mirror with each vertex of the opposite side of

(b)

Fig. 2. (a) Model and ray tracing of the Cassegrain 4-optical-unit
module with the central receiver. The elements are marked: (1) parabo-
loid mirrors (POE), (2) hyperboloid mirrors (SOE), (3) homogenizer
(TOE), and (4) solar cell. (b) Detail of ray tracing at the central

receiver.
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the solar cell [17]. In more detail, each POE mirror is based on
a circular paraboloid described as

2 5
——-z=0. 1
25 2457 @
Whereas each secondary mirror is based on the open up-
wards sheet of a two-sheeted circular hyperboloid, which can

be described as

x2 }/2 ZZ

G5 TG e @

where x, y, and z are in millimeters. In the case of the design
proposed, the SOFE’s shape has been trimmed by the contour of
the light beam that impinges its reflecting surface. The shape of
each Cartesian oval of revolution has as the generatrix curve
as the locus resulting after solving the differential equation
of conservation of the optical path length of any ray trajectory
between a vertex of the solar cell and the opposite vertex of the
correspondent secondary mirror. The generatrix curve is then
revolved around the axis defined between the two vertexes. The
height of each individual solid Cartesian oval of revolution
along its longitudinal axis is chosen to be 20 mm from its
basis—the basis matches the correspondent solar cell vertex.
The location of the far focus of the SOE mirror has as relative
positive Cartesian coordinates, with respect to the solar cell
surface’s center (which is 10 mm over the plane, defined by
the centers of the POE mirrors), the next values: (x,y,z) =
(3.54, 6,3.54) mm. The module has symmetry around the
normal at the solar cell’s center in steps of 90°, i.e., each of the
four optical units corresponds to an identical quadrant portion
of the module. For the simulations, a glass frontal exterior
covering, needed to protect the module against soiling, water,
etc., is also included. The SOE mirrors can be fixed to the
interior side of the glass covering by adding a small support
like a cylinder.

The geometrical concentration ratio is C P 2304.X, since
the cell is of 5x mm x 5 mm and each paraboloid mirror is
of 120 x mm x 120 mm. Each paraboloid is of 150 mm focal
distance. For each hyperboloid, the far focus is at 120 mm in
front of the mirror (front focal distance) and the near focus is
35 mm back from the mirror (back focal distance). The module
has a depth of 123 mm.

The optical simulation was performed by simulating the so-
lar ray’s source, taking into account the solar angular profile
(4.65 mrad) and also, the solar spectral distribution of energy
(for simplicity, extra-terrestrial spectrum ASTM E-490-00).
For both optical design and simulations, the software TracePro
was used. Figure 2 shows the ray tracing and the sunray’s
concentration from the four different optical units to the same
target. The planar frontal glass covering is simulated as fused
silica. All the mirrors have been simulated as “standard mirror”
in TracePro. It corresponds to a surface with the next flux co-
efficients: absorptance = 0.05, specular reflectivity = 0.949,
and integrated bidirectional reflectance distribution function
(BRDF) = 0.001324 using the ABg scatter model. The
homogenizer is simulated as if made of B270 glass and the solar
cell as the perfect absorber.

From the optical simulation, the optical efficiency of this
design, defined as the ratio between the power reaching the
solar cell over the module’s incoming power, results n = 73%,
resulting an effective concentration ratio of 1682 suns. If the
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glass covering is not considered, the calculation of the efficiency
increases up to 79%. The 3D irradiance map on the cell is not
completely uniform and has a relative small “hole” (less irradi-
ance in the cell’s center than in its surroundings, see Fig. 3).
The irradiance distribution on the solar cell reaches a maximum
of 5480 suns and has an average value of 1682 suns; when sim-
ulating an incoming power of 1000 W/m?~the maximum
value is around 3.3 times higher than the average one. Each
of the four rays’ beams is impinging on the solar cell with an
average angle of approximately 30° with respect to the normal
at the solar cell’s surface.

In Fig. 4, the effective acceptance angle characteristic (con-
sidering the finite angular aperture of the sun) of the whole
optical system is presented. The relative transmission efficiency
of 0.9 (relative to the maximum optical efficiency value) cor-
responds to a misalignment angle of 0.61°. From this value, the
effective concentration-acceptance angle product (CAP*) can
be calculated, resulting 0.51.

The summary of the simulation results of this 4-optical-unit
design module and its geometrical parameters are presented in
Table 1.

The values shown in Table 1 are similar compared to the
optical performance results of other Cassegrain designs [18-22]
for which the optical efficiency ranges from 0.62 [18] to 0.85
[21], CAP* values vary from 0.36 [18] to 0.47 [21], and the
geometrical concentration ratio is between 500x [21] and
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Fig. 3. Irradiance map of the incident rays on the solar cell.

Effective Acceptance Angle Characteristic

0 —— e

0.3 0.4 0.5 0.6 0.7 0.8 0.9
Misalignment Angle [°]

0 01 02

Fig. 4. Effective acceptance angle characteristics of the design.
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Table 1. Summary of Geometrical and Simulation
Parameters

Magnitude Value
Geometrical Concentration Ratio [—] 2304
Optical Efficiency [-] 0.73
Effective Concentration [suns] 1682
Effective Acceptance Angle [°] 0.61
Effective Concentration-Angle Product [-] 0.51
Optical Efficiency without Glass Covering [-] 0.79
Cell’s Irradiance Maximum [suns)] 5480
Cell’s Irradiance Maximum over Average [-] 3.3

1057 x [19]—much lower than in the design proposed. In
relation to the irradiance distribution over the solar cell, the
two best designs, among the above cited ones, are a two-mirror
Kohler-based design with a cell’s irradiance maximum over
average value near to 2.6 [22], and a Cassegrain-based design
with a kaleidoscope homogenizer with a value near to 1.4 [21].

Concerning the optical efficiency of the design, the global
optical efficiency losses are explained in terms of the next
factors: (1) transmission through the planar frontal glass cover-
ing, (2) the shadow of the SOE and (3) TOE, (4) the metallic
reflection on the POE and (5) SOE, and (6) the transmission
through the TOE. For each loss factor, an optical efficiency, 7;,
and the associated optical losses, Losses; = 1 - #;, can be de-
fined. The global optical efficiency, 7701, can be expressed as

i=6
Hglobal = H’?i =0.73, @)

i=1

where i =1 to 6 corresponds to each loss factor item in
Table 2. The global losses can be calculated as Lossesgopa =
1 = giobal = 0.27. The correspondent optical efficiencies for
each loss factor, and the associated optical losses, are listed
in Table 2.

Both the SOE and TOE shadowing are shrinkable.
Reducing the near focal distance of each SOE, the useful mirror
area will decrease. Nevertheless, due to the conservation of the
étendue, the sunrays’ focalization at the SOFE’s far focus will
be worse, and this has to be considered as a trade-off between
both characteristics. Concerning the TOE shadowing, the size
of each Cartesian oval of revolution can be reduced in the trade-
off with the acceptance angle characteristic of the module.

It is important to note that, although the proposed design
may be relatively complex due to the relatively high number of
optical elements needed, it offers some important opportuni-
ties. This design is a way of reaching UH concentration ratios

Table 2. Detailed List of Optical Losses

Optical Optical

Efficiency [-] Losses [%]
1. Glass Cover Transmission 0.931 6.9
2. SOE Shadowing 0.925 7.5
3. TOE Shadowing 0.991 0.9
4. POE Reflectance 0.949 5.1
5. SOE Reflectance 0.949 5.1
6. TOE Transmission 0.955 4.5
Global 0.73 27
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while avoiding the use of large concentrating mirrors which
are, apparently, more expensive and difficult to fabricate than
smaller ones, as previously stated [10,11]. Moreover, the height
of the POE is reduced 75% (36 mm) when compared with
having only one single parabolic mirror of the same focal dis-
tance. Furthermore, since the POE and SOE are quadric sur-
faces, they may be easier to be manufactured, in general, than
freeform surfaces if these last do not have a symmetry axis [23].
Another opportunity of this design is derived from the use of a
Kohler-based homogenizer, which provides more degrees of
freedom in the optical design.

In analyzing the compactness of this design, the more com-
pact this design is the higher the incident angle of rays over
the cell, and therefore, Fresnel losses on the cell are higher.
However, the relative low rays’ incident angle on the solar cell’s
plane is a guarantee of not having significant Fresnel reflecting
losses at the solar cell’s surface [24]. Another limitation is re-
lated to the conservation of the étendue, since it contributes
to spread out the concentrated sunrays. This is more evident
if the design is tuned to reduce the size of the SOE mirrors
in order to decrease the shadowing losses.

Considering the maximum concentration value over the
solar cell (see Fig. 3), it does not represent a problem for
up-to-date HCPV solar cells in terms of their reliability which
some authors demonstrated by measuring triple-junction cells
at very high concentration ratios, even up to around 1 x 10%
suns [25]. The maximum irradiance value of the proposed
design results in less than four times the average irradiance on
the solar cell, a value that is slightly higher than other designs,
as it was mentioned above. This value should be improved in
future designs, since it may have an impact on the fill factor of
the solar cell’s I-V curve, and therefore, reduce the efficiency
of the whole concentrator module [26]. As can be seen in
Fig. 3, the irradiance pattern on the cell’s surface has a 90° step
symmetry, since the four irradiance patterns of the four
optical units are summed on the solar cell’s surface. The
impact of the shadow of each SOE on the total irradiance
distribution leads to a central region with lower values than
its surroundings [16].

In order to improve the optical performance of this design,
different variations of primary and secondary mirrors’ focal dis-
tances can be explored. Also, the calculation of the homogen-
izer can be varied, due to the degrees of freedom existing in
the design, in searching for an improvement of both irradiance
uniformity and acceptance angle.

In conclusion, a new UHCPV (i.e., effective concentration
higher than 1000 suns) module design based on the Cassegrain
design (pair paraboloid—hyperboloid) with four optical units
around a central receiver has been designed. Each one of these
optical units is an adaptation of the conventional Cassegrain
design in order to send the sunrays out of the axis defined
by the paraboloid mirrors (primary optics). The effective
CAP* of the design is relatively good at 0.51 with an effective
acceptance angle of 0.61°. The optical efficiency is 73%, the
geometrical concentration ratio is 2304, and the effective
concentration value is 1682 suns. Without considering the
covering glass, the optical efficiency is 79%. These simulation
results assure the optical feasibility of the design concept imple-
mented in this Letter. The UHCPV module’s proposed optical
design represents a good trade-off between the acceptance angle
and irradiance uniformity, having similar optical performance

Letter

values to other designs, while avoiding the use of relatively large
concentrating mirrors.
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