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RESUMEN 

 

La concentración fotovoltaica (CPV) es una de las formas más prometedoras de reducir el 

coste de la energía proveniente del sol. Esto es posible gracias a células solares de alta 

eficiencia y a una significativa reducción del tamaño de la misma, que está fabricada con 

costosos materiales semiconductores. Ambos aspectos están íntimamente ligados ya que las 

altas eficiencias solamente son posibles con materiales y tecnologías de célula caros, lo que 

forzosamente conlleva una reducción del tamaño de la célula si se quiere lograr un sistema 

rentable. La reducción en el tamaño de las células requiere que la luz proveniente del sol ha 

de ser redirigida (es decir, concentrada) hacia la posición de la célula. Esto se logra colocando 

un concentrador óptico encima de la célula. Estos concentradores para CPV están formados 

por diferentes elementos ópticos fabricados en materiales baratos, con el fin de reducir los 

costes de producción. 

El marco óptimo para el diseño de concentradores es la óptica anidólica u óptica nonimaging. 

La óptica nonimaging fue desarrollada por primera vez en la década de los años sesenta y ha 

ido evolucionando significativamente desde entonces. El objetivo de los diseños nonimaging 

es la transferencia eficiente de energía entre la fuente y el receptor (sol y célula 

respectivamente, en el caso de la CPV), sin tener en cuenta la formación de imagen. Los 

sistemas nonimaging suelen ser simples, están compuestos de un menor número de 

superficies que los sistemas formadores de imagen y son más tolerantes a errores de 

fabricación. Esto hace de los sistemas nonimaging una herramienta fundamental, no sólo en 

el diseño de concentradores fotovoltaicos, sino también en el diseño de otras aplicaciones 

como iluminación,  proyección y comunicaciones inalámbricas ópticas. Los concentradores 

ópticos nonimaging son adecuados para aplicaciones CPV porque el objetivo no es la 

reproducción de una imagen exacta del sol (como sería el caso de las ópticas formadoras de 

imagen), sino simplemente la colección de su energía sobre la célula solar. 



 

Los concentradores para CPV pueden presentar muy diferentes arquitecturas y elementos 

ópticos, dando lugar a una gran variedad de posibles diseños. El primer elemento óptico que 

es atravesado por la luz del sol se llama Elemento Óptico Primario (POE en su nomenclatura 

anglosajona) y es el elemento más determinante a la hora de definir la forma y las 

propiedades del concentrador. El POE puede ser refractivo (lente) o reflexivo (espejo). Esta 

tesis se centra en los sistemas CPV que presentan lentes de Fresnel como POE, que son lentes 

refractivas delgadas y de bajo coste de producción que son capaces de concentrar la luz solar. 

El capítulo 1 expone una breve introducción a la óptica geométrica y no formadora de imagen 

(nonimaging), explicando sus fundamentos y conceptos básicos. Tras ello, la integración 

Köhler es presentada en detalle, explicando sus principios, válidos tanto para aplicaciones 

CPV como para iluminación. Una introducción a los conceptos fundamentales de CPV también 

ha sido incluida en este capítulo, donde se analizan las propiedades de las células solares 

multiunión y de los concentradores ópticos empleados en los sistemas CPV. El capítulo se 

cierra con una descripción de las tecnologías existentes empleadas para la fabricación de 

elementos ópticos que componen los concentradores. 

El capítulo 2 se centra principalmente en el diseño y desarrollo de los tres concentradores 

ópticos avanzados Fresnel Köhler que se presentan en esta tesis: Fresnel-Köhler (FK), 

Fresnel-Köhler curvo (DFK) y Fresnel-Köhler con cavidad (CFK). Todos ellos llevan a cabo 

integración Köhler y presentan una lente de Fresnel como su elemento óptico primario. Cada 

uno de estos concentradores CPV presenta sus propias propiedades y su propio 

procedimiento de diseño. Además, presentan todas las características que todo concentrador 

ha de tener: elevado factor de concentración, alta tolerancia de fabricación, alta eficiencia 

óptica, irradiancia uniforme sobre la superficie de la célula y bajo coste de producción. 

Los concentradores FK y DFK presentan una configuración de cuatro sectores para lograr la 

integración Köhler. Esto quiere decir que POE y SOE se dividen en cuatro sectores simétricos 

cada uno, y cada sector del POE trabaja conjuntamente con su correspondiente sector de SOE. 

La principal diferencia entre los dos concentradores es que el POE del FK es una lente de 

Fresnel plana, mientras que una lente curva de Fresnel es empleada como POE del DFK. El 

concentrador CFK incluye una cavidad de confinamiento externo integrada, que es un 

elemento óptico capaz de recuperar los rayos reflejados por la superficie de la célula con el 

fin de ser reabsorbidos por la misma. Por tanto, se aumenta la absorción de la luz, lo que 

implica un aumento en la eficiencia del módulo. Además, este capítulo también explica un 

método de diseño alternativo para los elementos faceteados, especialmente adecuado para 

las lentes curvas como el POE del DFK. 



El capítulo 3 se centra en la caracterización y medidas experimentales de los concentradores 

ópticos presentados en el capítulo 2, y describe sus procedimientos. Estos procedimientos 

son en general aplicables a cualquier concentrador basado en una lente de Fresnel, e incluyen 

tres tipos principales de medidas experimentales: eficiencia eléctrica, ángulo de aceptancia y 

uniformidad de la irradiancia en el plano de la célula. Los resultados que se muestran a lo 

largo de este capítulo validarán a través de medidas a sol real las características avanzadas 

que presentan los concentradores Köhler, y que se demuestran en el capítulo 2 mediante 

simulaciones de rayos. Cada concentrador (FK, DFK y CFK) está diseñado y optimizado 

teniendo en cuenta condiciones de operación realistas. Su rendimiento se modela de forma 

exhaustiva mediante el trazado de rayos en combinación con modelos distribuidos para la 

célula. 

La tolerancia es un asunto crítico de cara al proceso de fabricación, y ha de ser máxima para 

obtener sistemas de producción en masa rentables. Concentradores con tolerancias limitadas 

generan bajadas significativas de eficiencia a nivel de array, causadas por el desajuste de 

corrientes entre los diferentes módulos (principalmente debido a errores de alineación en la 

fabricación). En este sentido, la sección 3.5 presenta dos métodos matemáticos que estiman 

estas pérdidas por desajuste a nivel de array mediante un análisis de sus curvas I-V, y por 

tanto siendo innecesarias las medidas a nivel de mono-módulo. El capítulo 3 también 

describe la caracterización indoor de los elementos ópticos que componen los 

concentradores, es decir, de las lentes de Fresnel que actúan como POE y de los secundarios 

free-form. El objetivo de esta caracterización es el de evaluar los adecuados perfiles de las 

superficies y las transmisiones ópticas de los diferentes elementos analizados, y así hacer que 

el rendimiento del módulo sea el esperado. 

Esta tesis la cierra el capítulo 4, en el que la integración Köhler se presenta como una buena 

alternativa para obtener distribuciones uniformes en aplicaciones de iluminación de estado 

sólido (iluminación con LED), siendo particularmente eficaz cuando se requiere 

adicionalmente una buena mezcla de colores. En este capítulo esto se muestra a través del 

ejemplo particular de un concentrador DFK, el cual se ha utilizado para aplicaciones CPV en 

los capítulos anteriores. Otra alternativa para lograr mezclas cromáticas apropiadas está 

basada en un método ya conocido (deflexiones anómalas), y también se ha utilizado aquí para 

diseñar una lente TIR aplanética delgada. Esta lente cumple la conservación de étendue, 

asegurando así que no hay bloqueo ni dilución de luz simultáneamente. Ambos enfoques 

presentan claras ventajas sobre las técnicas clásicas empleadas en iluminación para obtener 

distribuciones de iluminación uniforme: difusores y mezcla caleidoscópica mediante guías de 

luz. 
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ABSTRACT 

 

Concentrating Photovoltaics (CPV) is one of the most promising ways of reducing the cost of 

energy collected from the sun. This is possible thanks to both, very high-efficiency solar cells 

and a large decrease in the size of cells, which are made of costly semiconductor materials. 

Both issues are closely linked since high efficiency values are only possible with expensive 

cell materials and technologies, implying a compulsory area reduction if cost-effectiveness is 

desired. The reduction in the cell size requires that light coming from the sun must be 

redirected (i.e. concentrated) towards the cell position. This is achieved by placing an optical 

concentrator system on top of the cell. These CPV concentrators consist of different optical 

elements manufactured on cheap materials in order to maintain low production costs.  

The optimal framework for the design of concentrators is nonimaging optics. Nonimaging 

optics was first developed in the 60s decade and has been largely developed ever since. The 

aim of nonimaging devices is the efficient transfer of light power between the source and the 

receiver (sun and cell respectively in the case of CPV), disregarding image formation. 

Nonimaging systems are usually simple, comprised of fewer surfaces than imaging systems 

and are more tolerant to manufacturing errors. This renders nonimaging optics a 

fundamental tool, not only in the design of photovoltaic concentrators, but also in the design 

of other applications as illumination, projection and wireless optical communications. 

Nonimaging optical concentrators are well suited for CPV applications because the goal is not 

the reproduction of an exact image of the sun (as imaging optics would provide), but simply 

the collection of its energy on the solar cell.  

Concentrators for CPV may present very different architectures and optical elements, 

resulting in a vast variety of possible designs. The first optical element that sunlight goes 

through is called the Primary Optical Element (POE) and is the most determinant element in 

order to define the shape and properties of the whole concentrator. The POE can be either 



 

refractive (lens) or reflective (mirror). This thesis focuses on CPV systems based on Fresnel 

lenses as POE, which are thin and inexpensive refractive lenses able to concentrate sunlight. 

Chapter 1 exposes a short introduction to geometrical and nonimaging optics, explaining 

their fundamentals and basic concepts. Then, the Köhler integration is presented in detail, 

explaining its principles, valid for both applications: CPV and illumination. An introduction to 

CPV fundamental concepts is also included in this chapter, analyzing the properties of 

multijunction solar cells and optical concentrators employed in CPV systems. The chapter is 

closed with a description of the existing technologies employed for the manufacture of optical 

elements composing the concentrator. 

Chapter 2 is mainly devoted to the design and development of the three advanced Fresnel 

Köhler optical concentrators presented in this thesis work: Fresnel-Köhler (FK), Dome-

shaped Fresnel-Köhler (DFK) and Cavity Fresnel-Köhler (CFK). They all perform Köhler 

integration and comprise a Fresnel lens as their Primary Optical Element. Each one of these 

CPV concentrators presents its own characteristics, properties and its own design procedure. 

Their performances include all the key issues in a concentrator: high concentration factor, 

large tolerances, high optical efficiency, uniform irradiance on the cell surface and low 

production cost. 

The FK and DFK concentrators present a 4-fold configuration in order to perform the Köhler 

integration. This means that POE and SOE are divided into four symmetric sectors each one, 

working each POE sector with its corresponding SOE sector by pairs. The main difference 

between both concentrators is that the POE of the FK is a flat Fresnel lens, while a dome-

shaped (curved) Fresnel lens performs as the DFK’s POE. The CFK concentrator includes an 

integrated external confinement cavity, which is an optical element able to recover rays 

reflected by the cell surface in order to be re-absorbed by the cell. It increases the light 

absorption, entailing an increase in the efficiency of the module. Additionally, an alternative 

design method for faceted elements will also be explained, especially suitable for dome-

shaped lenses as the POE of the DFK. 

Chapter 3 focuses on the characterization and experimental measurements of the optical 

concentrators presented in Chapter 2, describing their procedures. These procedures are in 

general applicable to any Fresnel-based concentrator as well and include three main types of 

experimental measurements: electrical efficiency, acceptance angle and irradiance uniformity 

at the solar cell plane. The results shown along this chapter will validate through outdoor 

measurements under real sun operation the advanced characteristics presented by the 



Köhler concentrators, which are demonstrated in Chapter 2 through raytrace simulation: 

high optical efficiency, large acceptance angle, insensitivity to manufacturing tolerances and 

very good irradiance uniformity on the cell surface. Each concentrator (FK, DFK and CFK) is 

designed and optimized looking at realistic performance characteristics. Their performances 

are modeled exhaustively using ray tracing combined with cell modeling, taking into account 

the major relevant factors.  

The tolerance is a critical issue when coming to the manufacturing process in order to obtain 

cost-effective mass-production systems. Concentrators with tight tolerances result in 

significant efficiency drops at array level caused by current mismatch among different 

modules (mainly due to manufacturing alignment errors). In this sense, Section 3.5 presents 

two mathematical methods that estimate these mismatch losses for a given array just by 

analyzing its full-array I-V curve, hence being unnecessary any single mono-module 

measurement. Chapter 3 also describes the indoor characterization of the optical elements 

composing the concentrators, i.e. the Fresnel lenses acting as POEs and the free-form SOEs. 

The aim of this characterization is to assess the proper surface profiles and optical 

transmissions of the different elements analyzed, so they will allow for the expected module 

performance. 

This thesis is closed by Chapter 4, in which Köhler integration is presented as a good 

approach to obtain uniform distributions in Solid State Lighting applications (i.e. illumination 

with LEDs), being particularly effective when dealing with color mixing requirements. This 

chapter shows it through the particular example of a DFK concentrator, which has been used 

for CPV applications in the previous chapters. An alternative known method for color mixing 

purposes (anomalous deflections) has also been used to design a thin aplanatic TIR lens. This 

lens fulfills conservation of étendue, thus ensuring no light blocking and no light dilution at 

the same time. Both approaches present clear advantages over the classical techniques 

employed in lighting to obtain uniform illumination distributions: diffusers and kaleidoscopic 

lightpipe mixing.  
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Chapter 1  

BASIC CONCEPTS AND DEFINITIONS 

 

1.1 Introduction to geometrical optics 

 

Geometrical optics has always been the core of optical system design. This branch of optics is 

quite convenient because of the intuitiveness of its foundational concepts and, in a particular 

manner, that of a ray of light, roughly defined as the path along which luminous energy 

travels, an idea inspired by sunbeams. 

When spatial variations of the electromagnetic field are large compared to the wavelength, 

Maxwell’s equations yield rays traveling with linear trajectories obeying Snell’s Law. 

Applying this condition of small wavelength, the ray can be defined as a normal to any surface 

of constant phase of light waves (in terms of the wave theory of light). This surface is called 

wavefront, as long as its scale is a large number of wavelengths. Then a ray trajectory is a 

characteristic curve of this field of normals, i.e. tangent to the field at all its points.  

Rays follow straight trajectories, but when they impinge on an optical surface or element, 

rays are deflected in accordance with the laws of refraction or reflection. When a ray is 

reflected by a smooth surface, the reflected ray forms the same angle with the normal to the 

surface as the incident ray does, lying both rays and normal vector on the same plane. This 

law of reflection is expressed in Equation (1.1), where αi and αr are incident and reflected 

angles, respectively: 

1 
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 i rα α=  (1.1) 

When a ray passes from one refractive medium to a different one, its direction changes 

according to Snell’s law of refraction: the incident and refracted rays form angles with the 

normal to the surface with sines having the inverse ratio of their respective refractive indices. 

Equation (1.2) shows Snell’s law of refraction where again, α i and αr are incident and 

refracted angles, respectively, and ni and nr are refractive indices of both media: 

 sin sini i r rn nα α=  (1.2) 

When a ray changing from certain medium to another impinges on the surface with an angle 

greater than the critical angle, the ray will experience total internal reflection (TIR), thus 

fulfilling Equation (1.1) [1]. 

 

1.1.1 Fermat’s principle and Hamiltonian formulation 

Fermat’s principle states that, given a light ray between two points and its travel time 

between them, any adjacent path close to it presents the same travel time. Fermat’s principle 

concerns the concept of optical path length (OPL), defined by Equation (1.3): 

 ( ), ,
B

A

L n x y z dl= ∫  (1.3) 

where ( , , )n x y z  is the refractive index of the medium at point ( , , )x y z  and dl is the 

differential length along the light’s path between points A and B.  

Suppose we have an optical medium presenting certain number of optical elements, and we 

would like to predict the path that light will follow between two points in this medium, 

designated by A and B. The mentioned Fermat´s principle states that a physically possible ray 

path for light is the one for which the optical path length along it from A to B takes a 

stationary value if compared to all the neighboring paths. 

2 

 



Basic concepts and definitions 

From Fermat’s principle can be derived all of geometrical optics, including the laws of 

reflection and refraction, the reversibility of ray trajectories, and the equality of the optical 

paths among the rays of a continuous bundle linking any two given points.  

A highly useful formulation for geometrical optics is that of Hamiltonian [2]. In a three 

dimensional space, a ray is specified as passing through a generic point ( , , )x y z  with a 

direction given by a unitary vector v, and thus is represented as the six-dimensional vector 

( , , , , , )x y z p q r , where ( , , )p q r  are the respective optical direction cosines of the ray, (i.e., 

cosines of the ray’s angles with the three coordinate axes). The Hamiltonian formulation 

states that the trajectories of the rays are given as solution of the following system of first-

order ordinary differential Equations (1.4): 

 

= = −

= = −

= = −

      

      

      

p x

q y

r z

dx dpH H
dt dt

dy dqH H
dt dt

dz drH H
dt dt

 (1.4) 

Where H  is called the Hamiltonian, defined by 2 2 2 2( , , )H n x y z p q r= − − − , and t is a 

parameter without physical significance. The solutions of interest to this system are the ones 

with 0H = , that is,  fulfilling 2 2 2 2( , , )p q r n x y z+ + = . 

 

1.1.2 Phase space 

Since the squares of a ray’s direction cosines ( , , )p q r  must sum to one, we can define a ray 

as a five-parameter entity comprising a point in the three-dimensional space and two 

direction cosines. Moreover the value of the refractive index n can be included in this 

definition, as a factor multiplying each direction cosine. This five-dimension space is called 

Extended Phase Space. 

3 
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A ray-bundle M4D (or ray manifold) is a four-parameter entity, a closed set of points in the 

extended phase space, with each point representing a different ray (i.e., two different points 

cannot correspond to the same ray at two different instants). A ray manifold M4D is often 

defined at its intersection with a reference surface, RΣ . This situation defines a four-

parameter manifold called Phase Space. It is very common to define this reference surface as 

a plane z=constant (in an analogous way for x=constant and y=constant), obtaining a 

resulting phase space defined by four parameters (x, y, p, q).  

In 2D geometry, all these concepts can be defined similarly. For instance, the extended phase 

space is a three-dimensional sub-manifold defined by 2 2 2( , )p q n x y+ =  in the four-

dimensional space of coordinates ( , , , )x y p q . In this case the reference surface becomes a 

curve in the x-y plane, where a ray-bundle m2D is a two-parameter entity.  

 

1.1.3 Poincaré invariants. Concept of étendue 

The theorem of conservation of the étendue in two dimensions states that étendue is an 

invariant of any ray bundle in 2D as it propagates through an optical system, i.e. étendue is 

independent of the reference curve for which it is calculated. Étendue in 2D is one of the 

invariants of Poincaré and is applicable to biparametric ray bundles [3]. If m2D is a 

biparametric ray bundle, its étendue is given by:  

 ( )
( )2

2

D R

D
m

E m dxdp dydq dzdr
Σ

= + +∫   (1.5) 

This invariant is equivalent to Lagrange’s invariant [4]. Since the étendue must be conserved 

for any ray bundle, the differential étendue (the integrand of (1.5)) is also conserved. 
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1.1.4 Rotational three dimensional optical systems 

Free-form surfaces (i.e., those surfaces free from any symmetry) are in general very complex 

and may be difficult and expensive to manufacture. Therefore, the design approach is often 

limited to only two dimensions, giving rise to curves in the two-dimensional cross-section. 

These designed curves will generate the final surfaces by rotational or linear sweep 

(depending on the design symmetry), which impose constraints on the Hamiltonian 

equations, thereby reducing the number of unknowns in an optical system’s equations. 

In the case of linear constancy along the x axis (linear symmetry along x axis), the 

Hamiltonian, H, is independent of x, / 0dp dt =  (deduced from Equations (1.4)), thus 

p=constant (p is an invariant for each ray). Then the system can be analyzed as a two 

dimensional one [3], implies that the projection of 3D rays on a y-z plane match 2D 

trajectories, making designing devices in 2D sufficient.  

In the case of rotational symmetry, the most suitable coordinate system is cylindrical, with 

variables ( , , , , , )z g h rρ θ . The condition of symmetry is 0Hθ = , i.e. constanth xq yp= − =  

(in this coordinate system one of the Hamilton equations is H hθ = − ). The value cosh nS γ=

, with S being the shortest distance between the ray and the optical axis, and γ the angle 

between the ray and the axis, is conserved in these systems, and is known as a skew invariant 

or simply skewness.  

Accordingly, these systems can be studied in a meridian plane (θ=constant). Luneburg 

showed that with the reduction of variables from the system of differential equations, it is 

equivalent to the 2D optical system with effective refractive index [2]: 

 
2

2( , ) ( , ) hn z n zρ ρ
ρ

 
= − 

 
 (1.6) 

The rays with h=0 are called meridian rays, while rays with h≠0 are referred to as skew rays. 

The ray paths of the latter are not rectilinear in 2D.   
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1.2 Introduction to nonimaging optics 

 

The goal of nonimaging optical systems is to transfer luminous power from a source to a 

receiver in the most efficient way [5] (see Figure 1.1), with no consideration of image 

information. Nonetheless, nonimaging optics, as part of geometric optics, does not necessarily 

imply that image formation never occurs. 

 

Figure 1.1 The difference between imaging and nonimaging optical systems is that of specific point-to-

point correspondence between the source and the receiver being required. 

A concentrator (employed in concentrating photovoltaic applications) is an optical system 

that presents higher irradiance onto the receiver than on its entry aperture. Since ray 

trajectories are reversible, concentrators can be used in the opposite direction as collimators 

(employed in illumination applications), because through conservation of the étendue, the 

spatial “deconcentration” brings with it a smaller angular dispersion of the emergent bundle. 

Classic imaging systems are appropriate solutions for some paraxial nonimaging problems, 

i.e., those in which the transmitted rays at no time form large angles with the axis of the 

optical system. When the design problem is non-paraxial, as often occurs in the design of 
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concentrators, the restrictions imposed by image formation are usually quite inconvenient, 

but more importantly unnecessary in most illumination situations. Imaging optics has the 

prime goal of preserving spatial contrasts, while illumination engineering usually wants a 

contrast-free distribution of light upon a surface, in spite of source non-homogeneities. In 

fact, nonimaging optics welcomes blurring, since it needs only boundaries of the source in 

order to do the projection. 

 

1.2.1 Design problem in nonimaging optics  

In the photovoltaic framework for instance, the bundle of rays impinging the surface of the 

entry aperture of the concentrator within a cone of acceptance angle ±α is called input 

bundle, and is denoted by Mi. The bundle of rays that links the surface of the exit aperture of 

the concentrator with the solar cell is the exit bundle, denoted by Mo. The set of rays common 

to Mi and Mo is called the collected bundle Mc. Mi and Mo are connected to each other through 

Mc, by means of the concentrator. The exit bundle Mo is a subset of Mmax, which is the bundle 

formed by all the rays that can impinge on the cell (i.e. Mmax is the ray bundle that 

isotropically illuminates the cell).  

Design problems in nonimaging optics are divided into two main groups: bundle-coupling 

and prescribed irradiance. Both groups are usually treated independently in nonimaging 

literature, but photovoltaic concentrators constitute an example of a nonimaging design 

belonging to both groups. 

In the first group, the bundle-coupling, the design problem is to specify the bundles Mi and 

Mo, and the aim is to design the concentrator to couple them, thus making Mi = Mo = Mc. When 

Mo = Mmax, concentration is maximized. This design problem is found in solar thermal 

concentration and in point-to-point IR wireless links for example, where irradiance 

distribution on the receiver is not an issue.  

For the second group of problems, prescribed-irradiance, the design problem only imposes 

the specification of one bundle being included in the other, for instance Mi in Mo (so that Mi 

and Mc coincide), with the additional condition that the bundle Mc produces a prescribed 

irradiance distribution at the output side. Since Mc is not fully specified, this problem is less 
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restrictive than the bundle-coupling one. These designs are useful for instance in automotive 

lighting, with a far-field target for which the intensity distribution is prescribed. 

Coming back to the design problem of an ideal photovoltaic concentrator, it can be stated as 

either of the following two design conditions:  

 Coupling two ray bundles Mi and Mmax, where Mi is defined with the input acceptance 

angle ±α and the squared entry aperture of the concentrator, and Mmax is defined with 

the refractive index around the cell and the square cell’s area.  

 Stipulating that every bundle Mi’, defined as the cone with arbitrary axis direction and 

the sun’s angular extension ±αs (contained in Mi) must produce the same relative 

irradiance distribution, which is prescribed as uniform on the square cell’s area. 

Therefore, the first condition describes a bundle-coupling problem at maximum 

concentration, while the second one describes a prescribed-irradiance problem for every 

subset Mi’. A trade-off arises as inevitable here, with only partial solutions found so far for 

both conditions.  

 

1.2.2 Edge-ray principle 

The edge-ray principle is a fundamental tool in nonimaging optics design. This principle 

states that, for an optical system coupling two ray bundles Mi and Mo, it suffices to couple 

bundles δMi and δMo, where δMi and δMo are the edge-ray subsets of bundles Mi and Mo. 

Therefore, a perfect matching between bundles Mi and Mo implies the coupling of their edge-

rays. This theorem was proven by Miñano [6][7] in the mid-eighties, and Benítez [8] extended 

this demonstration in the late nineties. The edge-ray principle is the design key in most 

nonimaging devices, and shows the benefits that arise from the elimination of the imaging 

requirement. 
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1.2.3 Concentration and acceptance angle 

Geometrical concentration Cg is defined as the ratio between the area of the concentrator’s 

entry aperture and the area of the receiver. Note that the concentrator can also perform as a 

collimator by exchanging source and receiver. Let Mi be a bundle defined by the acceptance 

angle ±α and by an entry aperture of area Ae surrounded by a medium of refractive index ne. 

Let Mo be the bundle at the receiver, defined by its angular spread ±β, the area Ar and 

ambient refractive index nr. If the concentrator perfectly couples those two bundles, the 

conservation of étendue is also observed: 

 sin sin2 2 2 2
i oM e e r r ME A n A n Eπ α π β= = =   (1.7) 

The maximum concentration is achieved when the receiver is illuminated isotropically, i.e. 

β=90°. Since, in general, the receiver is illuminated with maximal angles below 90°, then: 

 sin2 2 2
e e r rA n A nπ α π≤   (1.8) 

Rewriting the last expression for the 3D case: 

 ,maxsin

2

2 2
e r

g g
r e

A nC C
A n α

= ≤ =   (1.9) 

For the usual case of ne = 1: 

 sin2 2
g rC nα ≤   (1.10) 

which expresses the trade-off between the achievable concentration (Cg) and the angular 

spread of the input source, or acceptance angle (α). 
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1.3 Köhler integration 

 

There are a few standard methods used to provide uniform illumination on a target, among 

which, Abbe illumination and Köhler integration [9]. The Abbe illumination images the light 

source onto the target area, and therefore works well only if the source itself has uniform 

irradiance. The Köhler integration concept does not need a uniform source to provide 

uniform illumination on the target if the intensity of the source does not vary dramatically. 

This issue renders Köhler integration highly advantageous for nonimaging applications. 

Köhler integration is a very well-known technique in optics [10] and was first introduced in 

1893 by August Köhler, from Carl Zeiss corporation, as a method of providing optimum 

specimen-illumination in microscopy. At present it has extensively used as light 

homogenizers for projection displays, usually employed after a previous parabolic stage, as 

lenslet arrays. During the last years, numerous nonimaging designs for photovoltaic and 

illuminance applications based on Köhler integration technique have been proposed as well 

and will be presented in Section 1.3.2. 

 

1.3.1 Statement of the problem 

Figure 1.2 shows an elemental Köhler integrator, comprising a solid piece of refractive index 

material (n>1) bounded by two symmetrical lenslet arrays separated by each other a distance 

T, equal to their focal length. Disregarding aberrations [11], all light hitting one lenslet array 

with any intensity distribution within the system’s acceptance cone (represented in the figure 

by ±α) would be transformed into a constant intensity light beam of ±α after the second 

lenslet array. If the lenslets are sufficiently small, the constant intensity beam at the output is 

achieved even if irradiance of the input light varies across the array. This optical system 
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performs ideally coupling those rays inside the acceptance cone impinging on the array from 

the left side. The semi-acceptance is defined by: 

 /arctan 2L
T

α  =  
 

 (1.11) 

Therefore, the input and output bundles are the same, but the integrator modifies the ray 

assignments from input to output by exchanging angular and spatial features. This is the 

reason why the integrator can produce angularly uniform output radiation from angularly 

nonuniform input illumination (but spatially uniform). 

 

Figure 1.2 Operating principle of a basic integrator array when: (a) light impinges on the Köhler array on-

axis; (b) light impinges off-axis, but inside the acceptance angle. 

For instance, in Figure 1.2 (a) the input surface is uniformly illuminated with on-axis rays, 

which are focused onto the center of the output array of lenslets, while the intensity at the 

exit is uniform within ±α. Figure 1.2 (b) shows the same integrator, but with an off-axis 

parallel ray fan impinging on the input lenslet array. The modification of the incident angle 

from 0 to α only affects the positions of the emission points at the output array, which are 

shifted, while does not affect the far-field of the exit rays. Therefore, the optical integrator can 

produce an intensity pattern that can be quite insensitive to lateral position errors of a point 

source. This integrator only performs the integration function. However, there is great 

interest in the design of integrators with additional functions, such as concentration, 

collimation, production of prescribed patterns or color mixing properties. 

T

±αL

α

±α

(a) (b)
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1.3.1.1 Köhler integration in two dimensions 

 

Figure 1.3 Design method for a curved lens Köhler integrator. Both situations show the same scenario and 

ray assignations, but: (top) representation showing design condition 1; (bottom) representation showing 

design condition 2. 

The general integrator problem in two dimensions can be defined as follows: finding an 

optical system that couples rays from a given source and impinging on each input lenslet, 

with those rays exiting the corresponding output array lens that are heading towards the 

target. There are two design conditions:  
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1. All the rays emitted by a given point in the source must illuminate the entire target, 

and not just a portion of it. 

2. Rays arriving at a given point on the target must comprise those of the entire source. 

These two conditions are graphically represented in Figure 1.3, which shows the integrator 

lens to be designed. This lens is not only insensitive to source-position variations, but also is a 

collimating lens that collects rays from source segment Pi-Pi’ and transmits them to target 

segment Po-Po’. For clarifying purposes regarding Figure 1.3: letter i stands for input (input 

surface of the lens, input ray, or source); letter o stands for output (output surface of the lens, 

output ray, or target); letter n stands for rays inside the lens, with certain refractive index n. 

Assuming that the blue region of lens above segment I-O has already been calculated (hence 

points I and O are known), the problem is to calculate the position of points I’ and O’ (4 

unknowns) limiting the next region. Four conditions can be imposed in order to define the 

two Cartesian ovals [5] that define both surfaces of the lenslet, taking into account the OPL 

(optical path length, see Section 1.1.1 for its definition) of the rays: 

I’ belongs to the Cartesian oval also containing I and focusing Pi in O’ (Figure 1.3 (top)): 

 i n i nb b+ = +a a  (1.12) 

I’ belongs to the Cartesian oval also containing I and focusing Pi’ in O (Figure 1.3 (top)): 

 ' ' ' 'i n i nb b+ = +a a   (1.13) 

O’ belongs to the Cartesian oval also containing O and focusing Po in I’ (Figure 1.3 (bottom)): 

 ' 'o n o nb b+ = +a a   (1.14) 

O’ belongs to the Cartesian oval also containing O and focusing Po’ in I (Figure 1.3 (bottom)): 

 ' 'o n o nb b+ = +a a   (1.15) 

Since positions of I and O are already known from the previously calculated lenslet placed 

above, then ai, bi’, bn’, ao’ and bo’ are known parameters. Therefore, the unknowns in this 

problem are OPL values of bi, ai’, an, an’, bn, ao and bo, which can be expressed as functions of 

the four coordinate positions of the (unknown) points I’ and O’ and the known coordinate 
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positions of I, O, Pi, Pi’, Po, Po’. Thus, the coordinate positions of I’ and O’ can be calculated by 

solving Equations (1.12), (1.13), (1.14) and (1.15). 

These conditions are necessary but not sufficient to guarantee that there is sharp focusing of 

Pi on O’, Pi‘ on O, Po on I’ and Po’ on I. In fact such focusing is not possible, and only an 

approximation can be obtained. For instance, considering Figure 1.3 (bottom), the Cartesian 

oval that focuses Po on I’ does not present the same profile than that focusing Po’ on I (i.e. the 

black dashed line joining points O and O’ is different depending on the pair of points that is 

focused). If a sharp cut-off is desired at Po, then the Cartesian oval focusing Po in I’ is chosen 

for the exit aperture and the oval focusing Pi’ in O for the entry aperture (so it does not send 

light to the previous calculated output section over O, which would refract the light over Po, 

affecting the desired cut-off). 

 

Figure 1.4 The sharp cut-off illuminance at T is produced by the slope discontinuity at I. 

Figure 1.4 shows the basics for understanding the proposed solution. The microlens MTI is a 

Cartesian oval that images points T and I (as analogously microlens MSO images points S and 

O and microlens MSO’ images points S and O’). Point T (which may be located at the infinity as 

well) is the point of the target where a sharp cut-off is desired. The source, located on the left 

side, presents a smooth irradiance transition around the analyzed point S. The microlens MTI 

approximately images the points neighboring I onto corresponding points neighboring T. An 

observer placed at a point P would see a sharp transition of illuminance at point I, due to the 

slope discontinuity of the lens profile at that point I: the ray coming from a point slightly 

above I is illuminated by a point on the source far above S, while the ray coming from a point 

slightly below point I is illuminated by a point on the source far below S. This sharp 
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illuminance discontinuity observed at I from point P is imaged at T, where the sharp cut-off is 

obtained. This behavior is repeated throughout all the rest of microlenses in the system. 

 

1.3.1.2 Köhler integration in three dimensions 

In 3D geometry, edge points as I, O and O’ in Figure 1.4 become edge curves, and the 

microlenses curves (MTI, MSO and MSO’) become microlens surfaces. Additionally, in three-

dimensions, two types of Köhler integration concepts can be defined: one-directional (1D) 

integration, only along one of the preferred directions of a ray bundle, and two-directional 

(2D) integration, along both the directions simultaneously. This means that, given certain 

rectangular source of corners A, B, C and D, while the 1D integration would provide 

insensitivity of the pattern to source shifts only parallel to sides AB and CD, 2D integration 

would provide insensitivity to any shift of the source. 

 

Figure 1.5 One-directional free-form integrator lens. 
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In the case of 1D integration, edge curves of the microlenses form a family of non-crossing 

spaced curves (see Figure 1.5), defining lenticular elements, denoted by Ri and Ro in the 

figure. In 2D integrators, on the other hand, the edge curves will be generated by crossing two 

families of spaced curves. Their mesh is analogous to the rectangular mesh formed by the 

edges of a classical integrator lens array. Figure 1.6 shows a 2D Köhler integrator based on a 

free-form lens. It comprises two surfaces, respectively formed by paired free-form lenticular 

elements designated as Si and So, the edge curves of which are the curve segments of the 

original design. 

 

Figure 1.6 Two-directional free-form integrator lens. 

Similarly to the integration in one dimension, in the two-dimensional case, adjacent lenticular 

elements form slope discontinuities where their edge curves meet, which means that the 

vectors normal to adjacent lenticular elements at their intersection curve will have a 

noticeable angular difference. Eventually, there may be, not only an angular difference, but 

also a step between the surfaces, usually small, which defines an inactive face seeing no light, 

as occurs in Fresnel lenses for instance. 
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1.3.2 State of the art 

This section is devoted to show some of the designs developed during the last years for 

nonimaging applications (both photovoltaics and illumination). In the case of photovoltaic 

applications, optical concentrators based on Köhler integration are designed in order to 

obtain irradiance uniformity on the solar cell surface, which is a highly desirable issue. On the 

other hand, Köhler integration is very advantageous for illumination systems since uniform 

illuminance or irradiance patterns can easily be obtained, as well as other interesting 

properties as good color mixing. 

 

1.3.2.1 Köhler integrators in CPV applications 

Good irradiance uniformity on the solar cell can potentially be obtained by two well-known 

methods of classical optics: a lightpipe homogenizer [12][13][14][15][16] and Köhler 

integrators.  

With a lightpipe homogenizer, a solar cell is glued to one end of the pipe so that light reaches 

the cell after one or more reflections on its walls. These reflections can be produced either on 

mirrored surfaces in hollow pipes or by total internal reflection (TIR) in solid pipes 

(examples of both will be shown in Section 1.5.1). This option entails several drawbacks. 

First, very efficient metallization is necessary at high illumination angles for mirrored pipes, 

while surfaces free from roughness and highly clean are compulsory for proper TIR 

deflections in solid pipes. Secondly, lightpipes are unsuitable for small cells because the 

silicone rubber spillage can cause huge losses (will be detailed in Section 2.1.3.5). Finally, the 

pipe length necessary for adequate irradiance uniformity will be high, thus increasing light 

absorption and degrading mechanical stability. Even extremely long lightpipes are unable to 

provide such even irradiances on the cell as those attainable with Köhler integration. 

Regarding Köhler integrators, the first design applied to photovoltaics was the SILO (SIngLe 

Optical surface), proposed by Sandia Labs in the late eighties [17], and was commercialized 

later by Alpha Solarco. In this design, a Köhler integrator system is used as a photovoltaic 

17 

 



Chapter 1 

concentrator (Figure 1.7). This concentrator comprises a Fresnel lens for the primary and a 

single-surface imaging lens for the secondary, which images the primary onto the solar cell. 

As the primary is uniformly illuminated by the sun, cell irradiance is also uniform, and it 

remains unchanged whenever the sun moves (inside the acceptance angle). 

 

Figure 1.7 The SILO concentrator proved that the cell could be nearly uniformly illuminated for any 

position of the sun within the acceptance angle. On-axis (left) and off-axis (right) incidence of rays. 

More recently, new concepts based on Köhler integration have also been proposed.  For 

instance, radial Köhler concentrators are a type of 1D Köhler integrators where rotational 

symmetry is fixed, so the design procedure is two-dimensional. Let us suppose that an 

impinging bundle of rays enters the system through a small pinhole in one of these radial 

Köhler concentrators. In a 2D analysis, the bundle spreads all over the cell side, achieving the 

desired irradiance uniformity in one direction. However, in reality (i.e in the 3D space) the 

irradiance spot has a rectangular shape due to the finite sun radius (Figure 1.8 (a)). When the 

2D profile is revolved, the rectangular pinhole images rotate around the rotation axis, and a 

hotspot is created in the center of the cell (see Figure 1.8 (b)). Nevertheless, this hotspot is at 

a level around 4-5 times the average irradiance, being much lower than that produced in an 

imaging approach (usually in the 15-20 times range). 

The radial Köhler concept has been applied in CPV systems by means of a TIR-R concentrator 

[18] and a two-mirror Cassegrian-type reflective concentrator, with an XXR configuration 

[19]. Figure 1.9 shows the schematic drawings of both concentrators. In both approaches the 
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irradiance on the cell is reduced considerably from their respective non-integrating based 

designs. Notice that designs based on the SMS method [5] as these two are usually named 

upon the deflections rays undergo:  refraction (R), reflection (X) and total internal reflection 

(I). Eventually, designs not based on the SMS method shown in this thesis also use this 

nomenclature. 

 

Figure 1.8 (a) Light distribution on the cell produced by a pinhole in the aperture of a radial integrator. (b) 

The rectangular pinhole image rotates around the rotation axis and a (moderate) hotspot is created in the 

center of the cell. 

 

Figure 1.9 Two examples of radial Köhler concentrators. Left: TIR-R radial Köhler. Right: reflective two-

mirror Cassegrian-type Köhler. 

In order to overcome problems related to hotspots in the irradiance profile in radial Köhler 

concentrators, solutions able to integrate in two directions have also been proposed. These 

approaches are in general more complex from the design procedure point of view, but 

improve the irradiance uniformity notably.  
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An example of a concentrator designed in 3D containing a 2-direction-Köhler integrator is 

composed by a mirror as first stage and a lens, split into 4 doublets: each mirror lenticulation 

(i.e. sector) focuses incoming rays from the sun on the corresponding sector of the secondary 

lens, and vice versa [20]. In this case the irradiance on the cell is the sum of the four images 

produced by the four doublets. Figure 1.10 represents this free-form XR Köhler design. A flat 

wavefront emulating the sun has been traced in order to show how this beam is split and 

focused on the four sectors of the lens, being spread afterwards to produce uniform 

irradiance on the solar cell. 

 

Figure 1.10 Operation of on-axis XR Köhler integrator in 3D for normal incidence rays. 

 

Figure 1.11 Off-axis XR Köhler concentrator. Left: one ray has been plotted for each one of the four sectors 

composing the concentrator. Right: secondary lens detail with light path through the concentrator 

towards the solar cell. 
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Since this is an on-axis configuration, the lens produces some shading on the mirror’s 

aperture (as can be seen in Figure 1.10), leading to light losses. In order to avoid this 

problem, a similar design but with an alternative off-axis XR approach has also been 

developed, with a consequent asymmetry on one of the two axes (see Figure 1.11) [21]. This 

design attains good irradiance distribution on the cell surface, despite its profile is slightly 

poorer than that obtained with the on-axis XR concentrator presented above. However, its 

optical efficiency is higher since the shading issue has been avoided. 

 

1.3.2.2 Köhler integrators in advanced illumination applications 

A design method for calculating fully free-form one-directional and two-directional Köhler 

integrators was recently developed [22], where the optically active surfaces have the dual 

function of homogenizing the light and coupling the edge-ray bundles. This method has been 

particularly applied to modify the well-known RXI device [23] in order to adapt it to the 

specific requirements of automotive illumination applications. 

 

Figure 1.12 Left: free-form RXI integrator and schematic view of the pattern creation. In both halves (up 

and down) of the back mirror, six 2D lenticulations and three 1D integrators are visible. Right: schematic 

view of the sharp cut-off creation with the 1D integrating elements. 
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The design of the free-form RXI integrator improved the cut-off definition of the beam 

obtained with the previous RXI design. Figure 1.12 shows such a low beam design, in which 

the edges between lenticular elements are visible. The two free-form surfaces performing the 

integration are the cavity refractive surface and the back mirror. The device contains 2x3 

one-directional lenticular elements and 2x6 two-directional ones. The one-directional 

integrator elements will provide the sharp vertical cut-off gradient and the two-directional 

integrator elements will provide a vertical and horizontal sharp corner for defining the step 

of the hot spot [24]. 

 Another recently published work details the use of Köhler integration to obtain color mixing 

properties [25]. This device, called shell mixer, is presented in Figure 1.13. The figure shows 

how both surfaces of the device present lenticulations, which work together in order to 

perform the integration. The output intensity pattern is a mixing of all the colors emitting as 

source, with specific interest in indoor illumination applications. 

 

Figure 1.13 Left: rendered view of the shell mixer. Right: Köhler channels in the shell mixer, with 

lenticulations in both, its inner and outer surfaces. 
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1.4 Introduction concentrating photovoltaics (CPV) 

 

1.4.1 High-efficiency solar cells 

Solar cells are electronic devices that produce energy from sunlight. They are made of 

semiconductor materials and the electrons of these materials are able to move from a low-

energy state to a high-energy state by absorbing light photons, thus creating a so called 

photocurrent that can be extracted through metallic contacts. The difference in energy 

between both states is defined as energy gap or bandgap (Eg) and is determined by the 

particular semiconductor material of the cell. The value of the bandgap is closely linked to the 

energy conversion efficiency achieved by the cell since a particular solar cell can only absorb 

photons with an energy equal or superior to that Eg. 

Conventional solar cells (usually made of Si) present a “single-junction” configuration, 

meaning that there is only one p-n junction (i.e. one subcell). However, the cells achieving the 

highest efficiency values are composed of several junctions placed one over another in a 

single mechanical stack (i.e. multijunction cells). The different junctions (or subcells) are 

arranged so their respective bandgaps fulfill Eg,1 > Eg,2 > Eg,3 > … > Eg,n, where 1 denotes the 

subcell placed on top, n the subcell at the bottom position and the rest are place in 

intermediate positions. Subcell 1 absorbs photons whose energy is higher than its bandgap, 

i.e. E > Eg,1 ; analogously, subcell 2 absorbs photons with energies Eg,1 > E > Eg,2 , and so on. 

Obviously, the photons absorbed by certain subcell are not available for the subcells 

underneath, and this is the reason why, for instance, the range of energies for subcell 2 is 

upper bounded to Eg,1. Notice that the whole stack (i.e. solar cell) will not absorb any photon 

with a smaller energy than the lower bandgap, i.e. E < Eg,n. Greater number of junctions in a 

cell leads to higher attainable efficiencies, provided the cell is properly designed and 

manufactured. 
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The maximum number of junctions attained in current commercial cells is three, resulting in 

triple-junction cells. However, important research progress is being done on cells presenting 

more than three junctions and will soon appear in the CPV market beating those efficiencies 

achieved by triple-junction cells [26]. The External Quantum Efficiency (EQE) of a cell (or 

junction) is defined as the portion of external photons that are absorbed and contribute to the 

global photocurrent, for a given wavelength. Therefore, the EQE gives an important piece of 

information of how good a solar cell is able to transform sunlight into electrical current. The 

EQEs of the three junctions of a commercial triple-junction cell are plotted in Figure 1.14, 

showing the wavelength range for which each junction is sensitive to. Superimposed to the 

EQEs, a standard solar spectrum, the ASTM G-173 AM1.5d, has been plotted in black, showing 

the photons of what ranges are absorbed by each junction. The top junction (blue) absorbs 

the most energetic photons (high Eg values), while the bottom junction (red) absorbs the 

least energetic ones (low Eg values). 

 

Figure 1.14 Spectral distribution of the irradiance of the AM1.5d solar spectrum (black). EQEs of the three 

junctions of a commercial triple-junction cell: top junction (blue); middle junction (green); and bottom 

junction (red). Short wavelengths correspond to large bandgaps and vice versa.  

Multijunction solar cells achieve higher efficiencies than single-junction ones for two main 

reasons:  

 At least one of the materials used for one of the junctions in a multijunction cell 

presents a lower Eg than that of the materials employed to manufacture single-

junction cells (typically Si), thus making use of a wider wavelength ranges. Notice that 
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the wavelength range of a Si-based cell (350-1100nm approximately since 

Eg(Si)=1.14eV) is smaller than that plotted in Figure 1.14 for a typical multijunction 

cell. 

 The energy of the photons absorbed by each subcell is closer to its bandgap, so the 

losses due to the thermalization of the electron-hole pairs is smaller. 

In spite of their advantages, multijunction cells introduce important challenges. They are 

typically structured as a three series-connected subcell stack (triple-junction cell, with its 

top/middle/bottom subcell architecture). This feature, which simplifies cell’s 

interconnections, implies that the photocurrent generated by the whole device will be limited 

by the lower photocurrent among the three subcells. For a given cell, the total photocurrent is 

ideally maximized when all the subcells are generating exactly the same current (current 

match or current balance). When current matched, a multijunction solar cell presents its 

maximal electrical efficiency since none of the subcells limits the others’ excess of current. If 

these currents get unbalanced, the cell electrical efficiency will decrease. In order to balance 

the current of the cell for a given standard solar spectrum (typically the ASTM G-173 AM1.5d 

[27]) manufacturers usually modify the thickness of the different subcells [28]. When the cell 

receives a different spectrum, there will be no current match, with a consequent 

photocurrent reduction. 

In modern cells using dilute-nitrides (InGaP/InGaAs/InGaAsNSb architecture by Solar 

Junction [29]) or inverted growth cells (as those InGaP/GaAs/InGaAs structures made by 

Sharp [30]), the materials are selected so the three subcells generate approximately the same 

photocurrent under standard spectrum. However, in a more common scenario, photocurrent 

is maximized when only two junctions are limiting the power production with the same 

current value, while the remaining junction presents a current excess. This is the case of the 

most extensively used multijunction cells, based on a GaInP/GaAs/Ge 3-layer structure, 

which are less efficient, where GaInP is the top subcell material, GaAs is the middle subcell, 

and Ge is the bottom subcell. Due to the characteristic bandgaps of these three materials, the 

solar spectrum portion used by the bottom subcell produces much more photocurrent (1.3 to 

1.5 times typically) than the other two subcells (top and middle). For this reason, only the top 

and middle subcells will be able to limit the cell current at any given situation. 
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1.4.1.1 Cell efficiency dependencies on concentration and temperature 

As part of a concentrating photovoltaics (CPV) module, a mutlijunction cell works under 

concentrated light. The level of concentration (C) modifies the cell performance noticeably 

because its I-V curve is modified, which has been explained in detail in [28]. A dependence of 

the cell efficiency with concentration level can be established. The most important factor in 

this dependence is the open-circuit voltage (Voc). Since the concentration’s dependence with 

the Voc of the cell is logarithmical and the efficiency depends linearly with Voc, it can be 

concluded that logarithmical increases of C are translated into linear increases in efficiency, 

i.e. Δη α Δlog(C). 

 

Figure 1.15 Efficiency versus log(C) function for different cell temperatures, taken from Spectrolab CDO-

100-C3MJ commercial triple-junction cell datasheet. The black dashed line shows the efficiency evolution 

for the cell at 25°C, without the series resistance effect.  

This trend is valid for certain range of the concentration factor, beyond which, the 

unavoidable series resistance (Rs) effects become noticeable. The power loss introduced by 

the Rs is defined by I2Rs and thus becomes a dominant factor for the cell efficiency with 

increasing current (i.e. increasing concentration factor since I is proportional to C). This 

series resistance will manifest itself as a loss in the fill factor for relatively high concentration 

factors. The limit value of C for which the effect begins to be noticeable is directly linked to 

the front metal grid density [31]. This effect reduces the slope of the Δη versus Δlog(C) 

function gradually when C is increased beyond the mentioned limit C value. When C increases 
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in an unlimited manner, the cell efficiency begins to decrease. This behavior can easily be 

understood by analyzing Figure 1.15, showing the evolution of the efficiency with the 

concentration factor for different cell operation temperatures for a commercial triple-

junction cell. This figures assumes the standard conditions in flash testers for solar cells: 

perfectly uniform irradiance on the cell and a given light spectrum (typically AM1.5d). The 

cell efficiency is modified (normally it decreases) if the spectrum is different from AM1.5D 

and if the irradiance distribution of the cell is not constant and variable for the different 

spectral bands [32]. The particular cell analyzed in the graph is Spectrolab’s CDO-100-C3MJ 

[33]. 

Figure 1.15 emphasizes another important issue when dealing with multijunction cells (and 

in general any solar cell): higher operation temperatures mean lower cell efficiency. This loss 

in efficiency is produced by a Voc decrease, which is directly linked to the temperature 

increase. The evolution of efficiency with Voc is almost linear for the whole range of 

concentration of the cell, as can be assessed with Figure 1.15. 

 

1.4.2 Optical concentrators 

The previous section has shown how multijunction cells are highly efficient devices for solar 

energy conversion. However, there is a vital drawback of this kind of cell technology which 

has been deliberately omitted: their production cost. Since they are highly expensive, they 

cannot simply replace the conventional single-junction Si-based cells of flat PV technology if 

cost-effectiveness is desired. The solution comes through significantly decreasing the total 

cost of the cell by reducing its area. Obviously, a reduction in the cell area implies a 

proportional reduction in the amount of collected sunlight. Therefore, the strategy used for 

multijunction cells, which defines the concentrating photovoltaics (CPV) approach, is the 

addition of an optical device on top of the cell in order to concentrate sunlight onto its 

surface. This optical device is consequently called concentrator. 

Optical concentrators have traditionally been divided into two large groups: two dimensional 

concentrators (usually presenting linear symmetry) and three dimensional or point focus 

concentrators (presenting rotational symmetry or free-form surfaces). The first group is 
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usually employed in Low or Medium Concentraiting Photovoltaic systems (LCPV or MCPV), 

while point focus systems are commonly used for High Concentrating Photovoltaics (HCPV). 

LCPV and MCPV perform in the range of geometrical concentration of 2x<Cg<300x, while all 

the systems working above that range are considered to be HCPV. Particularly, this thesis 

work is devoted to HCPV point focus systems, and therefore all the explanations related to 

concentrators exposed in the rest of this section will be referred to this subgroup of 

concentrators. When working in the HCPV range of concentration, the concentrators’ 

acceptance angles are very limited (Equation (1.10) imposes low α values for high Cg), so the 

use of a tracking system becomes compulsory in order to permanently aim the sun and 

remain inside the acceptance angle (avoiding light losses). 

In order to minimize the cost of energy in a HCPV system, an efficient and low cost optical 

design for the concentrator is compulsory. These two goals are best met with the fewest 

optical elements in the concentrator, the most relaxed manufacturing tolerances and the 

highest concentration (that allows for rapid amortization of the cost of high-efficiency solar 

cells). In order to determine how well different concentrators perform and establish 

comparisons among them, several key figures of merit are defined in this section. 

 

1.4.2.1 Geometrical concentration 

Achieving high values of concentration is a vital issue since it allows for small sizes of the 

(highly expensive) solar cells used in CPV, and therefore for a substantial system cost 

reduction. The geometrical concentration (Cg) is defined as the ratio of areas of the optical 

concentrator’s entry aperture and the solar cell (i.e. Ae/Ac). Nevertheless, this simple 

definition admits different considerations on how Ae and Ac are defined. 

Regarding the concentrator entry aperture area, sometimes the full occupied area Ae,full is 

used, while other times, if a portion of the aperture is clearly inactive by design (for instance, 

if there is a gap, or an element is producing certain shading factor), it is excluded from the 

aperture area, leading to Ae,act. However, when the inactive area is more distributed (as the 

shadow of the nearly-vertical facets of Fresnel lenses), it seems illogical to discount it. Also in 

the case of the cell area, sometimes the optically active cell area Ac,act (i.e., that area to be 

illuminated) is used for the definition of Cg, while other times the full cell area Ac,full is 
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computed. The cell area definition issue is important since numerous concentrators with 

optical elements in contact with the solar cell are designed to illuminate the whole cell 

surface with a square-shaped spot. In order to avoid important light losses due to 

manufacturing alignment errors, the system is designed for a spot light on the cell (Ac,act) 

slightly smaller than the actual cell area (Ac,full).  

Therefore, according to the two options for both areas Ae and Ac, four definitions of Cg are 

possible. Let us highlight the most useful among them: Cg,1 = Ae,full / Ac,full and Cg,2 = Ae,act / 

Ac,act. The first definition Cg,1 is the only useful for the material cost estimations, while the 

second definition Cg,2 is the suitable one for the optical and electrical calculations. Along this 

thesis work, numerous concentrator designs will be shown, and in all the cases the definition 

Cg=Cg,2 will be employed, for the reason explained above regarding the cell area definition. 

Besides the considerations about area values of the concentrator’s entry aperture and the 

cell, the election of their particular shapes is also an issue. The squared entry aperture is 

usually the preferred contour to tessellate the plane when making the modules, while the 

squared illuminated area on the cell is also usually preferred because fits the cell’s shape. 

Manufacturing square-shaped cells allows for decreasing their production cost since the 

wafer can be divided into the different cells, by barely wasting semiconductor material.  

 

1.4.2.2 Acceptance angle 

According to the definition given in Section 1.2.3 for the acceptance angle α, 100% of the rays 

within the acceptance angle cone are collected. This acceptance angle definition lacks of 

practical interest for two reasons. First, because the amount of luminous power should be 

considered, rather than the number of rays. Second, because it is obvious that if a few percent 

of rays is not collected at a certain incidence angle, the concentrator is still useful at that 

incidence angle. 

Consequently, CPV defines the acceptance angle α as half of the angular span within which the 

concentrator collects more than 90% of the luminous power collected for the on-axis 

situation [1]. Typically, the concentrator collects only a fraction of the luminous power 

collected for the nominal position (where light collection is maximized). This fraction is called 

transmission T and is generally function of two variables (those needed to characterize the 
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direction of the incoming rays). In rotational symmetric systems T can be written as a 

function of a single angular variable θ which is the angle formed by the incoming parallel rays 

with the axis of rotational symmetry, resulting in a function T=T(θ). Since θ=0° is usually the 

direction of maximum transmission, α is the angle fulfilling T(α)/T(0°)=90%. Figure 1.16 

shows an example of transmission curve for a given concentrator, where angles beyond the 

acceptance angle (α=±1°) must be avoided for an acceptable light collection. Additionally, 

rotational symmetric concentrators show symmetric results for the 2D transmission curve, 

i.e. T(θ)=T(-θ). Therefore, this thesis will only show “half” of the simulated transmission 

curves, i.e. T(θ) only for θ>0°, since the other “half” of the curve is redundant. 

 

Figure 1.16 Transmission function for a concentrator, where acceptance angle is approximately α=±1°. 

More practical definitions of the acceptance angle consider the photocurrent [27] or the 

electric power generated by the cell instead of the luminous power collected. This is usually 

referred to as the effective acceptance angle. These two definitions gather optical and 

electrical effects, and therefore they take into account the solar cell behavior (i.e. different 

cells may obtain different acceptance angles for the same optical concentrator). In order to 

isolate the concentrators’ performance from the particular cell used, this thesis work will use 

the first definition of acceptance angle, which has to deal with luminous power and thus with 

optical efficiency (see next section). 

The great interest of acceptance angle α is that it measures the total tolerance available to 

apportion among the different imperfections of the system:  

 Shape errors and roughness of the optical surfaces. 
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 Concentrator module assembly. 

 Array installation.  

 Tracker structure finite stiffness. 

 Sun-tracking accuracy. 

 Soiling. 

Each of these imperfections can be expressed as a fraction of the tolerance angle, so that, all 

together, they comprise a “tolerance budget”. 

 

1.4.2.3 CAP (Concentration-Acceptance Product) 

When comparing different concentrators’ performances, those with higher acceptance angle 

and geometrical concentration will be preferable. Nevertheless, acceptance angle and 

concentration cannot increase indefinitely. There is a fundamental limitation, derived from 

the conservation of étendue [1], which has been mentioned through Equation (1.10): 

 singCAP C nα= ≤   (1.16) 

In this case α is defined as in the previous section (Section 1.4.2.2) and n the refractive index 

of the medium surrounding the solar cell. CAP is the Concentration-Acceptance Product, and 

shows the existing trade-off between Cg and α. 

What makes the CAP a useful parameter is that, for a given concentrator architecture, the CAP 

is almost constant. Concentrators presenting the same architecture can differ in the values of 

the parameters defining the different elements of the concentrator (compactness, cell size, 

entry aperture,…). By changing these parameters, several concentrators of the same 

architecture but with different Cg and α, are obtained, but their CAP values are approximately 

the same (at least, for a large range of Cg and α).  Therefore, the CAP can be used as a merit 

function in order to characterize how good a particular architecture performs in terms of 

achievable Cg and α. 
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1.4.2.4 Optical efficiency 

The efficiency of a CPV module (ηmod) does not only depend on the cell efficiency (ηcell), but on 

the concentrator optical efficiency (ηopt) as well. As a first approximation, it can be stated that 

the former only depends on the other two fulfilling ηmod = ηcell × ηopt, where ηopt (optical 

efficiency) gives information about the amount of light power transmitted by the 

concentrator.  

A first definition of the optical efficiency, ηopt,1, is light power transmission efficiency through 

the concentrator [27] when its entry aperture is illuminated by a parallel beam of rays of 

constant radiance. The direction of the incoming parallel rays is the one providing maximum 

transmission (i.e. normal incidence). This optical efficiency definition is wavelength 

dependent and for CPV applications it is averaged with the AM1.5d spectral distribution as 

weighting function. This definition is typically used by optics manufacturers because it is cell 

independent and, consequently, is the definition this thesis will apply when showing optical 

efficiency results. In the following chapters, several optical efficiency results corresponding to 

several concentrators will be shown (a single value for each one). This value corresponds to 

the integrated optical efficiency over the whole wavelength range of the junction limiting the 

cell photocurrent (see Section 1.4.1). 

There is an alternative definition for optical efficiency. ηopt,2 is given by the ratio of the 

concentrator photocurrent (this is the photocurrent when the cell is performing inside the 

concentrator) to the product of the geometrical concentration and the cell photocurrent 

when illuminated at 1 sun with the solar spectrum (classically  AM1.5d). When compared to 

ηopt,1, this second definition considers the spectral response of, not only the concentrator, but 

also that of the cell. This cell dependency makes ηopt,1 an independent value from the cell 

employed with the concentrator. 

If the definition of the module efficiency (ηmod) given above is refined, it can be rewritten as: 

 mod cell opt irrη η η η= × ×  (1.17) 

where the factor η irr (η irr≤1) added at the end expresses the influence of the irradiance 

distribution on the cell produced by the concentrator. In general, a perfectly uniform 
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irradiance leads to η irr=1, while non-uniformities degrade this value, entailing module 

efficiency losses. The specific irradiance pattern and its degree of spatial non-uniformity will 

quantify these losses. This non-uniformity usually presents different profiles depending on 

the subcell spectral range, i.e. there is spectral non-uniformity as well [34]. This extra effect 

also contributes to decrease the value of η irr. The quantification of the losses linked to the 

irradiance profile issue will be analyzed in detail through examples of irradiance 

distributions generated by different concentrators in Section 2.1.3.3. Moreover, uniform 

irradiance profiles also contribute to cell reliability and efficient performance over its 

lifetime. 

Further considerations on the specific properties of the light bundle illuminating the solar 

cell must be taken into account, as the intensity pattern. In this sense, the semiconductor 

materials composing the cell present significant reflectivity when rays impinge on them with 

large angles, implying noticeable light absorption losses [35]. These losses are traditionally 

considered to be non-negligible for angles over the 50°-60° range. 
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1.5 Fresnel-based optical concentrators for CPV 

 

1.5.1 Conventional Fresnel-based concentrators 

Photovoltaic concentrators usually consist in a Primary Optical Element (POE) which collects 

the light rays from the sun and, optionally, a Secondary Optical Element (SOE) which receives 

the light concentrated from the primary and sends it to the solar cell. The POE can typically 

be either refractive (i.e. a lens) or reflective (i.e. a mirror). Reflective POEs are typically 

designed as parabolic-shaped mirrors, while POE lenses are usually made with rotational 

symmetric facets, called Fresnel lenses [36]. Figure 1.17 shows both kinds of POE in the cases 

where no SOE are included in the concentrators’ architectures (configuration with only one 

stage).  

 

Figure 1.17 Classical concentrators without SOE. (a) Parabolic shaped mirror; (b) Flat Fresnel lens.  

(a) (b)
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Generally speaking, regarding POEs, mirrors provide higher CAP values than Fresnel lenses 

for two reasons. First, since there are no light rays exiting the Fresnel lens form the optically 

inactive facets (those facets joining adjacent refractive active facets), there is a decrease of 

the total available exit area of the deflected ray bundle, which causes an increase of the 

angular spread of the deflected ray bundle. Secondly, lens materials suffer from chromatic 

dispersion (so light rays are deflected in slightly different directions depending on their 

wavelength), which causes an additional increase of the angular spread. Therefore, both 

effects are producing an apparent increase of the transmitted étendue, which is responsible 

for their lower CAP. 

In spite of this advantage offered by mirrors, Fresnel lenses present several optical and 

practical features affecting the system cost that make them preferable as POEs, hence making 

Fresnel-based concentrators the aim of this thesis.  

 Fresnel lenses present higher long-term reliability than mirrors, therefore implying 

longer system lifetimes. 

 Mirrors introduce noticeable optical losses due to material absorption and scattering, 

unless a highly reflective and costly reflective material is chosen to coat the optical 

surface.  

 Mirrors are significantly more sensitive to manufacturing errors than refractive 

elements as Fresnel lenses. 

 Due to their usual spatial configuration, the receiver position produces some shading 

factor on the POE entry aperture, implying unavoidable optical efficiency losses. Off-

axis architectures avoid this problem, at the cost of more complex optical designs. 

 The receiver position and orientation, facing downwards, imply higher complexity in 

order to place an effective heatsink large enough in the back part of the receiver 

without significantly affecting the optical efficiency. 

 A transparent protective cover becomes compulsory in order to avoid dirt and soiling 

problems on the mirror surface. This cover worsens both: the optical efficiency and 

the module complexity.  

Fresnel lens optical designs are obtained by projecting the surfaces of conventional bulky 

lenses onto a plane or curved sheets (i.e. flat or curved Fresnel lenses) in such a way that the 

refractions performed by the rays are the same than in the conventional lens. Therefore, 

Fresnel lenses are thin faceted structures presenting the same refractive properties as bulky 
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lenses, but using much less material, entailing lower manufacturing cost, weight and 

absorption losses.   

The flat Fresnel lens is the most popular one in CPV, facing its facets towards the cell side to 

avoid important optical losses linked to dirt and soil on the faceted surface [37]. As any 

refractive optical element, it produces chromatic aberration (when used without any SOE), 

causing the aforementioned spectral non-uniformity on the cell surface. Besides, its CAP value 

is extremely low, leading to very tight manufacturing tolerances. Nevertheless, due to their 

simplicity, Fresnel lenses without any secondary (Figure 1.17 (b)) are still considered a 

competing solution at moderate concentrations. For instance, the company Soitec, using the 

technology developed by Concentrix [38], utilizes this approach. 

A slightly better result in terms of spectral homogeneity and a significant CAP increase can be 

obtained with a hollow inverted truncated pyramid reflector (XTP from now on) as SOE, 

shown on Figure 1.18 (a). This can be manufactured from a flat mirror sheet via three folds, 

and it is usually designed so the centroid of the POE focal region is essentially on the cell 

plane, while the reflector forming the SOE mainly operates for tilted incidence angles (hence 

increasing acceptance angle and CAP). This solution is the one adopted, for instance, by the 

company Amonix [39]. 

Improving the homogeneity and CAP of the XTP can be achieved with the solid dielectric 

version, the RTP, which works by Total Internal Reflection (TIR). In this case, the optimum 

pyramid angle is usually smaller than the one of the XTP, and the centroid of the POE focus is 

usually allocated closer to the entry of the pyramid (see Figure 1.18 (b)). Since the entry of 

this SOE is larger than the exit, it produces not only homogenization but concentration. The 

homogenization is done by multiple reflection on the sides of the pyramid, generating 

multiple apparent images of the focus (as a kaleidoscope does). This type of SOE is used by 

several companies around the world, as Daido Steel (Japan) [15], Solfocus (US) [40] or 

Suntrix (China) [41]. 

Despite the homogeneity improvement presented by the RTP, this concentrator still presents 

noticeable spectral dispersion. In this sense, Köhler-based solutions are a good choice to 

correct it. This is the case of the concentrator known as SILO (Figure 1.18 (c)), already 

presented in Section 1.3.2.1, providing a highly uniform irradiance distribution (both, spatial 

and spectral), but slightly lowering its CAP if compared with the RTP. 
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Figure 1.18 Conventional Fresnel-based concentrators, from left to right: (a) XTP; (b) RTP; (c) SILO. 

 

1.5.2 Manufacturing technologies for Fresnel-based concentrators 

Manufacturing technology is a key issue when dealing with optical concentrators for CPV. A 

proper choice on the technology and materials employed in their manufacturing process may 

lead to cost-effective systems. The manufacturing technologies for Fresnel-based 

concentrators can be clearly divided into two groups: those for the POE (i.e. Fresnel lens) and 

those for the SOE. 

 

1.5.2.1 POE manufacturing technologies (Fresnel lenses) 

Among the candidates for materials employed to manufacture the Fresnel lenses performing 

as POEs in Fresnel-based concentrators, plastics are preferable to glasses. The first reason is 

their high-volume production capability (molded glasses are not suitable for mass 

production), entailing low relative manufacturing costs. The second reason is their smaller 

weight due to lower material densities. 

(a) (b) (c)
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There are a huge variety of optic plastics, but the preferred one for Fresnel lenses is CPV 

applications is the PMMA (methyl methacrylate, also known as acrylic). PMMA has been 

extensively used for this application for two important reasons: (1) it presents high 

transparency (optical transmission) over the whole range of interest in CPV; (2) low 

production cost (lower if compared with other highly transparent plastics as polycarbonate, 

PC). Another extra issue that makes PMMA suitable for POEs is its hardness, preventing from 

scratches for usual outdoor operation conditions [42]. As its main drawback, a PMMA Fresnel 

lens presents certain warp under operation, especially due to moisture absorption, which is 

an inconvenience since the position of its focus might vary, entailing possible light loss and 

lower acceptance angle [43]. 

 

PMMA injection molding 

This has been the most popular manufacturing technology that has been used for Fresnel 

lenses for many years. This technology is possible through an injection molding machine, 

which essentially is a large clamping mechanism with a system for injecting plastic into a 

mold. The injection molding of plastic elements is a very simple process: molten plastic is 

injected into a mold (inserted inside the injection molding machine), the plastic is cooled 

down, then the mold is opened and the part removed, the mold is closed, and the cycle 

repeated. Injection molding machines have many components and are available in different 

configurations, but all of them are composed by an injection unit, mold assembly, and 

clamping unit (Figure 1.19 (a)). 

The injection unit is responsible for both, heating and injecting the material into the mold. A 

screw moves the material forward and, while it is advanced, the material is melted. The 

molten plastic is then injected very quickly into the mold (securely closed by the clamping 

unit) through the runner by high pressure and the forward action of the screw. This 

increasing pressure allows the material to be packed and forcibly held in the mold. Once the 

material has solidified inside the mold, the screw can retract and fill with more material for 

the next shot. 

During the mold assembly, the clamp itself consists of two platens, one of which moves, while 

the other one remains fixed (Figure 1.19 (b)). The injection mold, presenting the 
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complementary profile surfaces of the part to inject, is divided into two halves and attached 

to the platens. The front half of the mold, called the mold cavity, is mounted to the fixed 

platen, while the rear half of the mold, called the mold core, is mounted to the moving platen. 

After the required cooling time, the mold is opened (again by the clamping unit) and an 

ejection system (see the metallic bars acting as ejectors in the figure), which is attached to the 

rear half of the mold, pushes the solidified part out of the open cavity. 

 

Figure 1.19 (a) Injection molding machine, divided into its three parts, from right to left: injection unit, 

mold assembly and clamping unit; (b) particular view of the mold, detailing its different parts. Figure 

taken from http://www.custompartnet.com. 

 

Figure 1.20 Flat Fresnel lens manufactured by injection molding. 

The part (the lens in the case of Fresnel lens manufacture) is represented in red color in 

Figure 1.19 (b). Figure 1.20 shows a flat PMMA Fresnel lens that has been molded by plastic 

(a) (b)
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injection. Notice that the position of the runner and the ejectors are visible in the final 

product: the opaque region in the center of the lens corresponds to the runner, while the four 

shaded circles in the corners of the inactive area denote the position of the ejectors. This 

means that the design of the mold has to carefully take into account the optical design of the 

part.  

 

PMMA embossing (compression molding) 

Embossing refers to the process of creating a surface relief structure, and its name is derived 

from the word “boss”, which are the small projections formed on the surface with this 

process. Traditionally, embossing has allowed for generating microfeatures (bosses) up to 

only a few microns in depth [44]. Nevertheless, the manufacturing process has been adapted 

to Fresnel lens, substantially increasing the technological depth limit to hundreds of microns 

(the usual optimal range for this kind of lenses). When it comes to these high depths, the 

technology is called compression molding, but actually the name embossing is the most 

largely employed in this case as well.  

The main advantage of embossing is the ability to produce large volumes of lenses at a lower 

cost than that obtained through injection molding. In the embossing process for Fresnel lens 

manufacture, the first step is the creation of a master surface (mold) with the profile of the 

concentric ring-shaped facets for the bottom surface of the lens (the top one will remain flat). 

This master can be either flat (stamper-based method) or cylindrical (roller-based method).  

Regarding the stamping method (Figure 1.21), the mold is positioned into a hot press, a thin 

film of PMMA is placed into the press (a), and pressure is applied to force contact between 

the film and the mold. Heat is applied to bring the plastic above its transition temperature, 

and it takes the form of the mold (b). Next, the pressure is removed, the film allowed to cool 

below its transition temperature, and separated from the mold (c). Once the film is removed 

(d), another film is inserted, and the cycle is repeated. 

The process, graphically described in Figure 1.21 for a single lens, is also compatible with 

larger films, obtaining several instances of the Fresnel lens simultaneously from the mold 

(which contains the profiles of several lenses). Then, the embossed film is attached to a 

thicker sheet of PMMA, typically in the 3-5mm thick range, conforming a lens parquet. This 
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structure is sufficiently stiff to withstand the outdoor ambient conditions when assembled in 

a CPV system, and mitigates the lens warp as well. The production of these large area units is 

one of the reasons why this technology can be cheaper than injection molding. 

 

Figure 1.21 Stamper-based embossing process for a PMMA Fresnel lens, from (a) to (d) 

The roller-based embossing method, commonly called roll-to-roll, is very similar to the 

stamping method but, in this case, the lens profile is not printed on a flat mold, but on a 

cylindrical one. Roll-to-roll technology is usually preferred to stamper-based embossing for 

high-volume production. Figure 1.22 shows the process, where the hot film moves forward 

through the rolling mold’s surface, while its profile is transferred to the film. When the film 

exits, it is cooled down. Notice that the rolling mold needs to contain the profile of just one 

row of the resulting Fresnel lens film. For instance, in the 6x3 lens example of the figure, just 

a 6-lens row profile is needed in the rotating mold. 

 

Figure 1.22 Roll-to-roll embossing process. 

 

SoG (Silicone-on-Glass) casting 

Despite the PMMA has been traditionally the most used material for Fresnel lenses, hybrid 

lenses composed of two different materials have arisen as a competitive alternative. For CPV 
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applications, there is particular interest in Fresnel lenses formed by a superstrate of 

transparent glass and, attached to it, a thin layer of silicone with the printed facets 

performing the refractive function. This resulting Silicone-on-Glass (SoG) lenses were first 

proposed in [45], and the same idea has been used more recently for a commercial product 

[46][38]. 

 

Figure 1.23 SoG casting process for a Fresnel lens, from (a) to (d). 

SoG Fresnel lenses are commonly manufactured by means of casting the silicone layer. 

Casting is the process of filling a mold with a liquid (or semi-liquid) material, which is 

allowed to solidify, adopting the shape of the mold. Once the material is sufficiently hardened, 

the part is removed from the mold [44] (shown schematically in Figure 1.23). Notice that, 

despite Figure 1.21 and Figure 1.23 seem similar, they describe different processes since the 

first one, i.e. embossing, is obtained by heating up and applying mechanical pressure on the 

material, while the second one, i.e. casting, implies curing a liquid inside the mold.       

SoG Fresnel lenses present several excellent properties: 

 High optical transmission in the CPV range of interest, attaining even superior values 

to those of PMMA in the UV (350-400nm) and IR (>1,000nm) ranges. 

 Great stiffness, resistance to ambient conditions and excellent dimensional stability 

over temperature and humidity. 

 Silicone is able to reproduce the mold profile more faithfully than PMMA, achieving 

smaller radii of curvature in the peaks and valleys of the facets. This issue allows for 

fewer light losses and consequent higher optical efficiencies. 

Despite SoG Fresnel lenses do not suffer from warp as PMMA ones do, they present an 

important practical drawback. As the silicone has a much larger thermal expansion coefficient 

than the glass, the thin silicone layer develops certain degree of stresses since it cannot 
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expand freely in horizontal direction. This leads to the deformation of the Fresnel facets, 

producing an increase of the size of the focal spot and a consequent decrease in the module 

optical efficiency by spilling light off the active solar cell area (if no SOE is used) [43][47]. 

 

Draft angle issue in Fresnel lenses 

Once the different existing technologies for Fresnel lenses have been explained, an extra issue 

affecting all them must be commented: the draft angle. If Figure 1.21 (c) is observed for 

example, it is obvious that the unmolding process is impossible when the vertical inactive 

facets of the lens present negative angles. Actually, this angle must have a positive value in 

order to avoid frictions between part and mold. Current technologies allow for angles in the 

1°-3° range, depending on the facet depth (for the same technology, lower depths usually 

allow for smaller draft angles). The draft angle issue, joint to the aforementioned peak and 

valley curvature radii, results in optical losses that can be estimated in the 1.5-2.5% range for 

conventional Fresnel lenses for CPV.    

 

1.5.2.2 SOE manufacturing technologies 

This section is devoted to the manufacture of refractive SOEs, for which not every optical 

material is adequate. Plastic materials, compatible with POEs as explained above, must be 

discarded for two reasons. First, transparent plastics have a low thermal conductivity (one 

order of magnitude below those of glasses), leading to situations with local temperatures 

over their maximum. The second reason to discard plastics is that, even though some of them 

are stable at 1-sun operation, they are not that stable under concentrations over 500x. These 

reasons render glass as the most used material for CPV SOEs. The different manufacturing 

technologies for glass are described in the following paragraphs. 

  

Molded glass 

Glass molding technology, similar to the plastic molding one, requires a soft glass, which is 

conformed in a mold and cooled until solidified. In this process shrinkage occurs, which 

43 

 



Chapter 1 

causes the part to differ from the original one. This effect is almost negligible in Fresnel 

lenses due to their low volume. The surface finish (i.e. the roughness of the surface, which will 

produce light scattering) of the molded part might not be good enough for imaging or 

illumination applications for instance, requiring in this case an extra process of surface 

polishing (manufacturing cost increase). Nevertheless, in CPV applications, the required 

surface figure and finish is much less restrictive and normal molding with low cost glasses 

can be done since the surface finish obtained as extracted from the mold (without post-

polishing) is enough. 

Glass molding is used in automotive industry to make the lenses projector headlamps. Most 

projection lenses have one side flat surface and the other side curved with a rotational 

symmetric aspheric profile. This geometry, also applicable to SOEs as that shown in Figure 

1.24, allows for molding only one side (the curved one), while grinding and polishing the flat 

one (see below in this section), which is a cheap process because of being flat. There are 

many companies of glass molding for automotive, but only a few of them are active for CPV 

applications: Docter Optics (Germany), Isuzu (Japan) and AL-Systems (subsidiary of 

Swaroski, Austria) are the main examples. 

 

Figure 1.24 Glass molding process for a free-form SOE, upon a rod of material: (a) the rod, at high 

temperature, is introduced inside the mold; (b) the mold is closed and the material adopts the shape of the 

mold; (c) once cooled down, the part is released from the mold. 

Docter Optics and Swaroski have a molding process that uses the exact amount of glass 

needed, while Isuzu employs a technique based on a glass rod that has an intrinsic glass 

excess (graphically shown in Figure 1.24), being released along the mold join, creating an 

inactive area called “flash”, which is cut by grinding. The flash issue is illustrated by real 

lenses in Figure 1.25 (a) and with a 2D scheme (Figure 1.25 (b)). Both processes impose a 

fundamental design constraint on the SOE: none of the surfaces can form angles below a 

certain limit with the vertical axis (δ), since otherwise the part could not be extracted from its 
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mold without suffering frictions or even break (Figure 1.25 (c)). Current technologies allow 

for values of δ below 5°. This issue is analogous to that of the draft angle in Fresnel lenses. 

 

Figure 1.25 (a) Some glass molding technologies need an inactive rim (“flash”) for the material to exit the 

mold; (b) 2D view scheme; (c) optical design constraint imposed by manufacturing process to extract the 

part from the mold, fixing a minimum value for vertical surfaces (angle δ). 

Regarding the materials employed for SOEs, not all glasses are moldable. Among the 

moldable ones, the most used in the past has been B270 from Schott for its optimal optical 

properties, merely its high transmission in the spectral range of interest. Docter Optics and 

Swaroski produce their own glasses for molding, claiming similar optical properties to those 

of B270. Table 1.1 shows the different suppliers for molding glasses, and the names of the 

materials they supply. 

 

Figure 1.26 Glass molded RTP array (from Isuzu). 

(a) (b) (c)

δ
flash
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Table 1.1 Companies supplying molding glasses and their respective materials’ names. 

Company Schott Hoya Hikari Ohara LIBA CGDM 

Material B270 C12 KN1 NSL51 LB-2000 H-K51 

An example of molded B270 glass is shown in Figure 1.26, with an array of RTP SOEs, 

manufactured by Isuzu. 

 

Grinded and polished glass 

If the SOE part consists on only flat facets, it is possible to use grinding and polishing of glass, 

which is the technology used for numerous optical devices. This technology is very 

competitive and has access to glass types which are not adequate for molding. The most 

widely used material is BK7, or its more modern version N-BK7. Table 1.2 lists the different 

existing materials from different manufacturers. 

Table 1.2 Companies supplying grinded and polished glasses and their respective materials’ names. 

Company Schott Hoya Hikari Ohara Corning CGDM 

Material N-BK7 BSC7 E-BK7 S-BSL7 BSCB16-64 H-K9L 

 

Sol-gel silica glass (Savosil) 

Evonik (Germany) has recently developed a competitor to conventional molded glass, Savosil 

[48]. In order to obtain this material, a colloidal suspension of silica particles, known as sol, is 

poured in the mold where it gels and forms a silica network, which is then dried. Upon drying, 

the xerogel obtained is withdrawn from the mold and sent into a furnace. Finally, the piece 

goes on a final stage of chemical purification to obtain the resulting silica product. The 

material experiences noticeable shrinkage in the process, reducing its volume significantly, 

but the shape of the final part can properly be controlled. 
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Figure 1.27 Savosil cross-CPC type secondary manufactured by Evonik. 

Savosil presents excellent UV stability, transparency (i.e. high optical transmission) over the 

whole CPV wavelength range and lower CTE (coefficient of thermal expansion) than glasses, 

which might make it more resistant to temperature gradients. Moreover, it can be conformed 

with freeform surfaces, presents very small vertex radii (up to 20 microns) and no flash is 

needed. One side should be flat (it is grinded and polished if the part is large, but not if the 

part is small), which is compatible with individual unit manufacturing. Figure 1.27 shows an 

example of a SOE (in this case, a CPC type) manufactured in Savosil. 
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Equation Chapter 2 Section 1 

Chapter 2  

DESIGN AND DEVELOPMENT FOR CPV 

APPLICATIONS 

 

This chapter is devoted to the design and development of three novel optical concentrators 

for CPV: Fresnel-Köhler (FK), Dome-shaped Fresnel-Köhler (DFK) and Cavity Fresnel-Köhler 

(CFK), being all of them based on the Köhler integration, and comprising a Fresnel lens as 

their Primary Optical Element. Each one of these CPV concentrators presents their own 

characteristics, properties and design procedure, as will be shown in depth in their 

corresponding sections. Nevertheless, all of them share several common issues that will be 

pointed out along the next few paragraphs. 

The optical concentrators presented in this chapter consist in two optical elements: a Fresnel 

lens as the Primary Optical Element (POE), and a single refractive surface as the Secondary 

Optical Element (SOE). These concentrators are able to perform simultaneously two 

functions: high concentration and Köhler integration. On one hand, achieving high 

concentration factors is compulsory in order to reduce the overall system cost by reducing 

sustainably the cell surface; on the other hand, Köhler integration is an optimal technique in 

order to obtain even irradiance profiles on the solar cell, preventing from electrical efficiency 

drops due to non-homogeneities in the illuminance profile. Furthermore, they present very 

high optical efficiencies and high acceptance angle (i.e. large manufacturing tolerances), two 

vital issues when dealing with CPV. As explained in Section 1.3.2.1, the irradiance uniformity 

attained by Köhler integration is much better than that obtained through the light-pipe 
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alternative, and prevents from the drawbacks presented by this alternative. All these issues 

have been largely explained along Chapter 1. 

In these Köhler concentrators, the SOE is placed at the focal plane of the POE, and the SOE 

images the primary on the cell. This configuration makes that the POE images the sun on the 

SOE aperture, and thus the SOE contour defines the acceptance angle of the concentrator. As 

the POE is uniformly illuminated by the sun, the irradiance distribution is also uniform and 

the illuminated area on the cell will have the contour of the POE (see Section 1.3.1), and it will 

remain unchanged when sun moves within the acceptance angle (or equivalently, when the 

sun image moves within the SOE aperture). If the POE is tailored in squared shape (as it is for 

the concentrators presented in this section), the cell will be uniformly illuminated in a 

squared area, as it is desirable in CPV. 

As has been detailed in Section (1.3.1), the Köhler integration can be performed by a couple of 

lenslet arrays, each lenslet array being composed by a number n of lenslets. n can be 

arbitrarily chosen and will be fixed in order to optimize the optical design. Therefore, the 

Köhler concentrators presented in this section can be designed for any n value, but for 

symmetry purposes, the possible values of n are reduced to 2n i= , with i ∈ . FK and DFK 

concentrators have been designed for n=4, thus generating 4-fold configurations, which 

optimize their respective optical designs and performances.  Additionally, a 2-fold version of 

the FK concentrator has been designed and will be presented as well. A 2-fold architecture 

has been chosen for the CFK concentrator as well, since an asymmetric design is compulsory 

in this case, as will be detailed in Section 2.4. 

In the cases of FK and CFK concentrators, the POE is a flat Fresnel lens. Since the upper 

surface of their POE is prescribed to be flat, only the lower surface of the Fresnel lens (the 

faceted one) and the upper surface of the SOE will be designable. In the case of the DFK 

concentrator, it presents three design surfaces since its POE is a dome-shaped (curved) 

Fresnel lens, so its upper surface, and consequently its macro-profile, can be also designed. 

From a manufacturing point of view, the optical surfaces of the Köhler concentrators are 

almost identical to those presented in the optical elements used in the rest of conventional 

CPV concentrators. This means that they can be manufactured with the same mature 

technologies employed in conventional CPV systems (see Section 1.5.2). As a consequence, 

their production cost will essentially be the same. In order to relax the required 
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manufacturing tolerances of these three concentrators, the cell area to be illuminated, i.e. 

Ac,act as defined in Section 1.4.2.1, is designed to be slightly smaller than the total cell area 

(10% smaller in linear dimensions). 

Finally, this chapter also includes the description of an innovative design method for faceted 

elements (as for instance Fresnel lenses), based on a spiral development of the facets, which 

will be explained in Section 2.3. This design method can solve the high complexity of 

manufacture of numerous nonimaging designs based on faceted elements, as for instance the 

curved Fresnel lens working as POE in the DFK concentrator. Moreover this design method 

allows for maximizing optical efficiency of the whole system by means of preventing from 

losses dealing with the portion of light blocked by inactive facets (draft angle issue). 

Along this chapter, numerous simulation results will be shown for the different optical 

designs presented. All these simulations have been carried out thanks to the software 

package LightTools, developed by Synopsys. 

  

55 

 



Chapter 2 

 

2.1 Fresnel-Köhler concentrator 

 

The Fresnel-Köhler (FK) concentrator is an optical device composed by a flat Fresnel lens as 

Primary Optical Element (POE), and a single refractive surface as Secondary Optical Element 

(SOE). As explained above, the concentration and Köhler integration functions are achieved 

simultaneously by the lower surface of the Fresnel lens together with the upper surface of the 

SOE. The Köhler integration is performed with a 4-fold array: POE and SOE are divided in four 

symmetric parts, with each quarter of the POE corresponding to a quarter of the SOE. 

 

Figure 2.1 Left: 3D view of a 4-fold Fresnel Köhler (FK) concentrator: maroon rays show how on-axis rays 

uniformly illuminate the cell while green rays illustrate how a point of the primary is imaged on the cell. 

Right: 2D schematic drawing of the edge-ray mapping in an ideal FK concentrator. 

Figure 2.1 (left) shows a 3D view of the 4-fold FK concentrator. The Fresnel lens focuses on-

axis rays (in maroon) on the SOE surface. Then the SOE distributes all these rays over the cell 
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surface in a homogeneous way. In addition, rays exiting a certain point of the primary (in 

green) are approximately imaged on the cell. Figure 2.2 shows a rendered view of the FK 

concentrator performing a raytrace simulation. The POE (four-sector flat Fresnel lens) 

concentrates light on the SOE surface and afterwards, the SOE distributes it on the cell 

surface in an almost perfectly uniform way, as has been explained. 

 

Figure 2.2 Rendered view of a performing FK concentrator. At bottom left, a detailed view of the SOE, 

where the 4 sectors can be distinguished, each one receiving light from one of the POE sectors. 

This optical design results in a very versatile concentrator that can easily cope with a huge 

variety of design parameters: a large range of concentration factors, very different 

compactness values (i.e. f-number), different solar cell and entry aperture sizes, and a large 

variety of materials applied to the optical elements. In order to show this versatility, different 

FK designs (presenting different design parameters) have been raytrace simulated and their 

results will be shown along this Section 2.1, instead of showing a set of results belonging to a 

unique FK concentrator design. Notice that in Fresnel-based concentrators with squared 
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entry aperture, f-number is defined as the ratio of the distance between the cell and Fresnel 

lens to the Fresnel lens diagonal, therefore being a purely geometrical value. 

 

2.1.1 Design procedure 

The design procedure is based on the edge-ray theorem of nonimaging optics [1], according 

to which an ideal design must map the edge rays of the input ray bundle onto those of the 

output ray bundle. In order to illustrate such a mapping and show how the solar 

homogenization is produced, a simplified 2D version of a generic FK concentrator is shown in 

Figure 2.1 (right) and its corresponding phase-space representations (not to scale) in Figure 

2.3 (a) and (b). In the phase space at a reference line z=constant, a ray crossing that line at 

coordinate point x is represented as a phase-space point (x,p), where p is the direction cosine 

with respect to the x axis multiplied by the local refractive index [2][1]. The concentrator 

transforms the ray bundles from the phase space x-p at the entry aperture (Figure 2.3 (a)) to 

the phase space x’-p’ at the cell (Figure 2.3 (b)). The inactive facets of the flat Fresnel lens 

would introduce gaps in the phase space representation at the cell (phenomenon usually 

called “dilution”), but the figure omits them for the sake of clarity. 

For comparison purposes, the edge-ray mapping produced by a conventional imaging-type 

concentrator is shown in Figure 2.3 (c) and (d). At the entry aperture of both systems (Figure 

2.3 (a) and (c)), the sun is represented by a yellow bar (which extends for all the x values of 

the entry aperture with a vertical width Δp=2sinαs where αs is the solar radius αs=0.265°). 

That yellow bar is slightly decentered in the vertical direction, which means that the sun is 

slightly off the aim point. For both concentrators the spatial uniformity across the entry 

aperture is very good, while the angular uniformity over that aperture is poor within the 

acceptance angle. The mapping of the imaging concentrator produces a 90° phase-space 

rotation, so the angular non-uniformity at the entry aperture is reproduced as a spatial non-

uniformity of the cell irradiance (in Figure 2.3 (d) the yellow bar extends along the entire 

angular range but occupies a small range of x’ values on the cell). In contrast, Köhler 

integration produces an approximately 180° phase-space rotation, so that spatial uniformity 

at the entry aperture generates spatial uniformity of cell illumination (in Figure 2.3 (b) the 
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yellow bar extends along the entire x’ range values on the cell).  Note that the red rays of the 

left side of Figure 2.1 (right) correspond to the red phase-space sectors in Figure 2.3 (a) and 

(b), and the same for the blue rays and sectors of the same two figures.  

 

Figure 2.3 Phase space representation of the Köhler integration in 2D geometry (the actual design is in 

3D) of (a) and (b) the FK concentrator, (c) and (d) a classical imaging concentrator. The sun’s angular 

extension is represented by the yellow bar. 

Since there are only two surfaces available to design (the SOE surface and the lower surface 

of the Fresnel lens), there are insufficient degrees of freedom to achieve the ideal mapping of 

edge rays that is shown in Figure 2.3 (a) and (b), especially when considering that the actual 

problem is three-dimensional. As a consequence, the design relaxes the edge ray mapping 

requirement for maximum CAP. Additionally, for manufacturability purposes the POE must 

be composed of four symmetric sectors of a rotationally symmetric Fresnel lens with its 

symmetry axes parallel to the z axis (see Figure 2.1 (left)).  

In order to design an FK concentrator, only one single sector is designed and then it is 

replicated three times around z axis to obtain the final 4-fold architecture. First of all, and 

following Figure 2.1 (right), the SOE is designed as a Cartesian oval coupling spherical 

wavefronts with origins at B and F (solar cell left extreme). Then, point C and D are chosen: C 

is the intersection of SOE with z axis, while D is the point of SOE where its tangent line forms 

a 5° angle with vector z, for manufacturability reasons (mainly dealing with the SOE 
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demolding process, see Section 1.5.2.2). The POE is designed in order to focus normal 

incident rays on some point placed near the SOE surface and within the space defined by 

points C and D. As will be detailed later, the proper election of the POE focus is one of the key 

issues of the optimization of the FK design process. This design warranties that any ray inside 

the acceptance cone (±α) impinging on point B, after being refracted by POE and SOE, will hit 

the cell left extreme F. In an analogous way, any ray inside the acceptance cone (±α) 

impinging on point A, after being refracted by POE and SOE, will hit cell right extreme E. Rays 

within acceptance angle impinging on any intermediate point on the entry aperture within A 

and B will hit a point on the solar cell within points E and F. Furthermore, the correlation 

between positions of normal incidence rays impinging on A to B and rays impinging on E to F 

is linear, producing the desired uniform irradiance distribution on the cell surface. This 

property is also fulfilled when considering the 3D design. 

 

2.1.1.1 Design optimization 

For a given set of design parameters, the FK design procedure allows for a vast family of 

possible solutions. The aim, as stated above, is to maximize the concentrator’s CAP, while 

maintaining high irradiance uniformity on the cell surface. This CAP maximization requires a 

complex design optimization process, where some additional issues must be taken into 

account, as explained in the next paragraphs. 

Since both optical elements are refractive, certain degree of chromatic aberrations will 

appear, resulting in different values of the POE refractive index for different light 

wavelengths, and consequently different foci positions [3][4]. In solar concentrators, this 

wavelength-dependent ray behavior allows to define three different acceptance angles for the 

different junctions composing the solar cell. This means that the effective acceptance angle 

for the concentrator as a whole is the smallest of the three junctions (αt top, αm middle and αb 

bottom junctions). Additionally and due to the design specific symmetry, for each junction, 

two different acceptance angles should be defined: parallel acceptance angle (αp) and 

diagonal acceptance angle (αd). The first one is the acceptance angle defined by the incident 

rays in a plane containing the perfect-aim direction and parallel to two sides of the solar cell. 

Analogously, αd is defined by the incident rays in a plane parallel to the perfect-aim direction 

and containing one diagonal of the solar cell. 
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These considerations extend the acceptance angle concept as was defined in Section 1.4.2.2 

and give rise to a total amount of six different values for the acceptance angle: top parallel, 

top diagonal, middle parallel, middle diagonal, bottom parallel and bottom diagonal. The 

global acceptance angle of the concentrator will be thus determined by the minimum value of 

all the six acceptance angles α = min{ αtp, αtd, αmp, αmd, αbp, αbd } (where sub-indexes t, m, b, p 

and d stand respectively for top, middle, bottom, parallel and diagonal). As a consequence, the 

aim of the optimization process for the design of the FK concentrator is to maximize the 

limiting acceptance angle, in order to maximize the global CAP as well, as can be deduced by 

Equation (1.16). 

For the design optimization, the two coordinates (xm,zm) of the virtual focus of the POE 

(where x and z indicate horizontal and vertical coordinates respectively) constitute the two 

parameters to vary for achieving CAP maximization.  Therefore, the objective is to solve the 

mathematical problem of finding the maximum of the two-variable function α(xm,zm). In the 

neighborhood of the optimum, the following inequalities are fulfilled for any FK design, using 

the nomenclature explained above for the different acceptance angles: 
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  (2.1) 

The first two equations in (2.1) indicate that the parallel acceptance angle for the top junction 

is smaller than the parallel acceptances of the other two junctions, while for the diagonal 

direction the bottom junction is the limiting one. The last two equation lines in (2.1) indicate 

that, for constant zm, when xm increases, the limiting parallel acceptance angle αtp increases 

while the limiting parallel acceptance angle αbp decreases. Therefore, for each zm, there is a 

compromise that is solved at the value of xm at which αtp = αbd and then the acceptance angle 

α will be maximum. Therefore, the maximum α (and consequently maximum CAP) is obtained 

when the top and bottom acceptance angles are balanced.  
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The whole previous calculation can be done now with varying zm, and thus we can find the 

value of zm at which the coincident acceptance angle αtp = αbd is a maximum, leading to the 

absolute maximum desired. Note that since αt = min{αtp, αtd} and  αb = min{αbp, αbd} we get 

that  α = αt = αb < αm. When the maximum global acceptance angle, α, is achieved, the 

concentrator CAP will also have been maximized. 

 

2.1.2 Raytrace simulation results 

This section shows raytrace simulation results for an FK concentrator design presenting the 

following features:  

 POE: Fresnel lens made of PMMA (n=1.493@550nm) and squared entry of 625cm2, 

facet draft angle=2°, vertex radius=10 μm, facet height<250 μm. 

 SOE: made of B270 glass (n=1.525@550nm) coupled to the cell with a transparent 

silicone rubber of n=1.41 (e.g., Sylgard 182 of Dow Corning). 

 f/1, except for the f-number comparison where indicated.  

 High efficiency (~38%) commercial triple-junction cell of size 1cm2 (i.e. geometrical 

concentrator ratio of Cg=770x over 9x9mm2 illuminated area as explained in the 

introduction to this chapter), with the values of the external quantum efficiencies 

provided by the manufacturer and considered to be independent of the incidence 

angle on the cell. 

 Absorption in dielectric materials and Fresnel reflections are considered, but surface 

scattering is neglected. 

 No anti-reflective (AR) coatings have been applied on any optical surface, except 

where indicated.  

POE and SOE materials will be those defined in the first two points above respectively, 

except in Section 2.1.2.3, where materials will be varied. 
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2.1.2.1 Optical efficiency 

The optical efficiency of the FK concentrator designed (Cg=770x and f/1) calculated over the 

whole solar spectrum range is 80.7%. In order to estimate the performance limit when there 

is an AR coating, the optical efficiency for a perfect AR coating (i.e., zero Fresnel reflection on 

the SOE surface) is 84.7%.  

The optical efficiency definition employed here corresponds to that defined as ηopt,2 in Section 

1.4.2.4: 

 
{ }

{ }
, , ,

, , ,

min , ,

min , ,1 1 1 1

conc conc concconc
sc top sc middle sc bottomsc

opt sun sun sun sun
g sc g sc top sc middle sc bottom

I I II
C I C I I I

η = =    (2.2) 

Equation (2.2) is computed by integrating over the whole wavelength range of interest, using 

the curves shown in Figure 2.4 (left): the optical efficiency versus wavelength of the FK 

design, and the lossless spectral photocurrent densities (calculated as the product of Cg, the 

AM1.5d ASMT G173 spectrum, and the EQEs of the different subcells). 

 

Figure 2.4 Left: lossless spectral photocurrent densities (blue, green and red for top, middle and bottom 

subcells respectively) and spectral optical efficiency (black) of an FK concentrator with Cg=770x and f/1. 

Right: optical efficiencies as a function of the f-number of the FK concentrator, considering no AR coating 

on the SOE (grey line) and perfect AR coating (i.e. no Fresnel reflection on the SOE, black line). 

 

Figure 2.4 (right) shows the optical efficiency versus the f-number for different FK 

concentrator designs, all for the same concentration factor Cg=770x. Efficiency is slightly 
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lower for low f-numbers: at f/0.8 the predicted effective optical efficiency is still 79.4% 

without an AR coating on the SOE, and 83.3% with a perfect one. The efficiency increase with 

the f-number is mainly due to the decrease of the optical losses due to the Fresnel reflections 

in the faceted surface, whose teeth are less tilted when going towards larger f-numbers. 

 

2.1.2.2 Angular transmission curve, acceptance angle and CAP 

As explained in Chapter 1, the angular transmission curve defines the acceptance angle of a 

CPV concentrator, and consequently the Concentration-Acceptance Product (CAP), which is a 

key merit function in CPV systems. Besides, among the different possible acceptance angles 

(top, middle and bottom subcells and parallel and diagonal directions, i.e. αtp, αtd, αmp, αmd, αbp  

and αbd), a proper balance between αtp and αbd must be assured for an optimal FK design. 

Nevertheless, in the particular cases of all the FK concentrators shown in this Chapter 2, 

multijunction cells with bottom junctions made on Ge have been used, presenting spectral 

photocurrent densities similar to those shown in Figure 2.4. The use of this kind of cells leads 

to systems that will never be current-limited by the bottom junction, due to its permanent 

photocurrent excess, as was explained in Section 1.4.1. Therefore, a slight modification in the 

standard design optimization process must be taken into account: only top and middle 

subcells are considered for the acceptance angle balance. Consequently, FK concentrators 

working with Ge-based multijunction cells (those shown along this chapter) will be optimized 

by balancing top subcell parallel (αtp) and middle subcell diagonal (αmd) acceptance angles. 

This enables to increase the limiting acceptance value and the CAP of the concentrator. 

For this reason, Figure 2.5 shows the angular transmission curve of the f/1 and Cg=770x FK 

concentrator analyzed here through the particular case of the top subcell and parallel 

direction. An acceptance angle of ±1.2° can be observed, resulting in a CAP=0.58 value for this 

FK design. Note that the angular transmission curve of the FK concentrator presents a clear 

pillbox shape, with transmissions over 99% for misalignments of up to 0.8°. This is an issue of 

vital importance in CPV when moving towards the real world array level since it ensures high 

efficiencies even for significant manufacturing misalignments and/or for tracking errors.   

64 

 



Design and development for CPV applications 

 

Figure 2.5 Angular transmission curve of the f/1 and Cg=770x FK concentrator (black continuous line), 

defining an acceptance angle of ±1.2° (shown by the grey dashed line). The curve corresponds to the top 

subcell and the parallel direction. 

 

Figure 2.6 Concentration-Acceptance Product (CAP) for the FK concentrator with no AR coating (grey line) 

and with a perfect AR coating on the SOE (black line), versus f-number. 

Figure 2.6 shows the CAP of different FK concentrator designs, as a function of their f-

numbers, calculated for the simulation specifications indicated above. The CAP is 

approximately constant in most of the f-number range studied (CAP=0.58 with no AR coating 

on the SOE; CAP=0.62 with perfect AR coating), dropping slightly for f/0.8. It is remarkable 
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that the use of AR coating on the SOE increases not only the optical efficiency (Figure 2.4 

(right)) but also the CAP. This is due to the fact that the Fresnel losses on the surface of the 

SOE of the FK concentrator are higher when the sun is off-axis than when it is on-axis.  

Although Figure 2.6 has been calculated for Cg=770x, it is remarkable that, for any f/# value 

inside a practical range (i.e. f/0.8-f/1.5), the CAP of the FK concentrator design remains 

approximately constant when the concentration is changed. For instance, for f/1 the FK 

concentrator with no AR coating on the SOE has Cg=770x and α=±1.2° (which corresponds to 

the value CAP=0.58 aforementioned). If the FK concentrator were designed for Cg=1,000x for 

instance, the resulting acceptance angle could be well estimated to be 

α = ± °⋅ = ± °
7701.2 1.05

1,000
. Table 2.1 summarizes other acceptance angle values for other FK 

concentration factors. This approximation is not accurate for α≲±0.7° because the sun radius 

and POE chromatic aberration do not scale. However, those values are out of the range shown 

in Table 2.1.  

Table 2.1 Acceptance angle α of the FK concentrators at different geometrical concentration factors (Cg  

measured over cell illuminated area). 

Cg 770x 1,000x 1,500x 2,000x 

No AR coating ±1.2° ±1.05° ±0.86° ±0.74° 

AR coating ±1.28° ±1.12° ±0.92° ±0.79° 

 

 

2.1.2.3 CAP comparison for different POE and SOE materials 

As has already been commented in the introduction of Section 2.1, the FK concentrator can be 

designed for a vast variety of materials for the POE and the SOE. As explained in Chapter 1, 

plastics are chosen for POEs, while SOEs are usually made of glass. So far, the results shown 

through this section have been based on an FK design presenting a PMMA POE and a SOE 

made of B270 glass, since they are materials with high optical transmissions on the CPV 

spectral range of interest, and they are largely available. 
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Figure 2.7 Refractive index versus wavelength for the four different materials used for POE/SOE: PMMA, 

B270, SoG  and Savosil. 

However, other alternative materials can be chosen for POE and SOE, as has been stated in 

Section 1.5.2. In particular, this section proposes here one alternative for each optical 

element: Silicone-on-Glass (SoG) for the POE and Savosil for the SOE. Actually, the election on 

the materials used for the optical elements are the only design parameter that may modify 

sustainably the CAP value obtained (unlike f-number, Cg, cell size or entry aperture, as stated 

above). In order to compare the different materials’ performances, four different FK design 

with identical optical parameters (except of course materials) have been simulated, applying 

a different combination of the four proposed POE/SOE materials to the optical elements: 

PMMA and B270 for the POE, and SoG and Savosil for the SOE. 

Table 2.2 CAP values for four different materials applied to an FK concentrator. The different columns 

contain different POE materials (PMMA and SoG), while the different rows contain different SOE materials 

(B270 and Savosil). 

 PMMA SoG 

B270 0.58 0.55 

Savosil 0.55 0.51 
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Figure 2.7 shows their respective curves representing the function refractive index versus 

wavelength. In the SoG case, a technology composed by two different materials, silicone and 

glass, its refractive index corresponds to the material composing the faceted surface and thus 

performing the refractive function, in this case the silicone. CAP values for each design are 

summarized in Table 2.2. The CAP comparison shown in Table 2.2 suggests that materials 

with higher refractive index values are able to achieve higher CAP values. The PMMA/B270 

combination presents the highest CAP among all the material combinations, corresponding to 

the highest refractive index options for both, POE and SOE (see Figure 2.7). For analogous 

reasons, the combination SoG/Savosil presents the lowest CAP of all. 

There are reasons that explain this behavior. On one hand, an increase in the refractive index 

of the SOE leads to an increase in the upper bound of the CAP so, for the same FK design 

parameters, it seems logical that a higher SOE index value will imply a higher CAP value as 

well. This supposition is confirmed by analyzing Table 2.2: for both POE materials, the B270 

concentration versions present higher CAP values than their corresponding Savosil versions. 

On the other hand, a lower refractive index in the POE material implies that the Fresnel teeth 

tilt must be greater than for a higher index for the same focus position. Therefore, low 

refractive index Fresnel lenses will present higher Fresnel losses when going to off-axis 

situation, affecting the concentrator’s CAP value. This is also shown in Table 2.2, where 

PMMA-based concentrators are superior to those using SoG for the POE. Obviously, the CAP 

decrease is more significant when employing simultaneously both “low-CAP” materials: SoG 

and Savosil. 

 

2.1.2.4 Irradiance and intensity on the cell 

As mentioned in Chapter 1, the spatial and spectral non-uniformity of cell irradiance reduces 

the I-V curve fill factor (and consequently the cell efficiency), due to higher series resistance 

losses. Quantification of the efficiency losses due to these non-uniformities is complicated and 

in general depends on the specific cell design and manufacturer (this quantification has been 

calculated in the concentrator comparison proposed in Section 2.1.3.3). 

The FK concentrator produces excellent irradiance uniformity on the cell, with negligible 

chromatic aberration of that irradiance (i.e. almost zero chromatic dispersion). Figure 2.8 
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shows three irradiance distributions of an FK concentrator of Cg=770x, f/1, no AR coating on 

SOE, when the sun is on-axis with Direct Normal Irradiance (DNI) of 900W/m2. The 

distribution on the left is the irradiance when the solar spectrum is restricted to the top 

subcell spectrum (350-675 nm), the distribution on the center corresponds to the middle 

subcell spectral range (675-935 nm), while the distribution on the right is for the bottom 

subcell range (935-1800 nm). These wavelength ranges can be deduced from Figure 2.4 (left). 

 

Figure 2.8 Irradiance distribution on the cell for the FK concentrator with parameters Cg=770x, f/1, no AR 

coating on SOE, when the sun is on axis and the solar spectrum is restricted to: (a) the top-subcell range 

(360-675 nm), (b) the middle-subcell range (675-935 nm) and (c) the bottom-subcell range (935-1800 

nm). On the right side of the figure, the color code employed for the irradiances (1 sun = 900W/m2). 

This result may seem surprising, since it is known that a conventional Fresnel lens has 

considerable chromatic aberration (which certainly does affect the CAP, as already 

discussed). In the FK concentrator, however, the chromatic aberration of the Fresnel lens 

barely affects the irradiance, thanks to its Köhler integration basis:  rays of two colors being 

split when going through the Fresnel lens facet will re-converge to their point of the cell after 

refraction by the SOE. We can say that Köhler integration corrects the chromatic aberrations 

produced by the POE by its own. 

These extremely even irradiance patterns produced by the FK concentrator is a key issue in 

CPV, allowing for an increase in the cell performance. This increase will be quantified in the 

next section, by comparing the cell performance inside an FK with its performance inside 

other conventional CPV optical concentrators. 

Another interesting feature in CPV is the angular intensity distribution of the light reaching 

the cell. Figure 2.9 shows the cumulative distribution of light power on the cell with off-
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normal angle. When the sun is perfectly aimed, the cell is entirely illuminated within a cone of 

±30° or less from normal, and within a cone of ±40° for a tracking error of 1°. Since cell 

surface reflectivity is usually higher at large incidence angles (>50°-60°, as stated in Section 

1.4.2.4) than at normal incidence, the intensity profile of the FK concentrators guarantees low 

cell surface reflectivity and thus optimum light coupling into the cell. 

 

Figure 2.9 Cumulative distribution of light power received on the cell with off–normal angle for the FK 

concentrator with parameters Cg=770x, f/1, when the sun is perfectly tracked (black line) and when the 

tracking error is 1° (grey line). 

 

2.1.2.5 Irradiance uniformity vs. CAP-maximized designs in FK concentrator 

All the FK concentrators shown in this chapter provide almost perfect uniformity on the cell, 

as can be observed in Figure 2.8. Nevertheless, an alternative design of the device, which 

introduces some slight modifications in the design procedure, allows for a higher CAP value at 

the expense of obtaining a slightly less uniform and more dispersive (spectrally) irradiance 

profile. This alternative FK design is able to obtain a CAP=0.63 for a PMMA/B270 

combination of materials, higher than the CAP=0.58 achieved by the optimal irradiance 

equivalent design. The irradiance profiles for the different subcells are shown in Figure 2.10 

for this CAP-maximized FK design. A bit higher spectral dispersion can be observed in these 

irradiance profiles if compared with those in Figure 2.8.  
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Figure 2.10 Irradiance distribution on the cell for the CAP-maximized FK design with parameters Cg=770x, 

f/1 for: (a) top subcell, (b) middle subcell and (c) bottom subcell. On the right side of the figure, the color 

code employed for the irradiances (1 sun = 900W/m2). 

Even if the difference in the irradiance profiles is apparently not very significant (except 

maybe for the bottom subcell), the module efficiency obtained could be negatively affected by 

this issue depending on the particular cell used (some cells are more sensitive than others to 

chromatic dispersion). Since CAP=0.58 already offers huge manufacturing tolerances for high 

concentration factors, an optimized irradiance distribution is preferred for the FK 

concentrator in order to obtain optimal efficiency results at both, module and array levels. 

For this reason, the FK alternative offering better irradiance uniformity has been chosen for 

all the designs and results shown along this thesis. The importance of a proper irradiance 

profile on the cell will be further analysed and justified in the comparison of concentrators’ 

efficiencies shown in Section 2.1.3.3.   

 

2.1.3 Comparison with other Fresnel-based designs 

In this section, the FK concentrator is compared with other three conventional CPV 

concentrator designs using a flat Fresnel lens as primary. This comparison, realized in close 

collaboration with the III-V research group at IES (Solar Energy Institute) in Madrid, 

combines two enhanced modeling tools, raytrace and a multijunction cell 3D distributed 

model (an example of distributed models applied to single-junction solar cells can be found in 

[5]), to compare the performance of these four types of Fresnel-based concentrator systems. 

The irradiance of each subcell provided by the analyzed concentrators is obtained by raytrace 
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simulations and it is the input parameter for the calculation of the actual power delivered by 

the cell. 

 

Figure 2.11 Fresnel-based concentrators considered in the comparison. SOEs and cells are not to scale, but 

the concentrator depth to POE diagonal ratio is. From left to right: SILO, XTP, RTP and FK. 

 

Figure 2.12 Rendered view of concentrator’s SOEs, from left to right: SILO, XTP, RTP and FK. Green color 

denotes refractive material while blue color denotes reflective material. 

The four concentrators under comparison are shown schematically in Figure 2.11, whose 

SOEs have been already presented in Section 1.5.1. From left to right, first is a SILO [6]; 

second is a hollow reflective truncated pyramid (XTP); the next one is the dielectric-filled 

truncated pyramid (RTP); and finally, the rightmost concentrator is the FK. The SOEs and 

cells shown in Figure 2.11 are not to scale, but the concentrator ratio of system height to POE 

diagonal (i.e., f-number) are. Rendered views of the SOEs used in the comparison can be seen 

in Figure 2.12. 

 

72 

 



Design and development for CPV applications 

2.1.3.1 Optical model 

Table 2.3 Geometrical parameters of the selected Fresnel-based concentrators under comparison. 

Concentrator SILO XTP RTP FK 

Cg 850 x 

Cell area 5.5 × 5.5 mm2 

Module depth 270mm 320mm 250mm 250mm 

f-number 1.2 1.4 1.1 1.1 

The optical performance of all the concentrators is modeled through raytrace simulations. 

The models consider all the spectral features of the different materials and elements 

involved, and the transmission through the optical elements is analyzed throughout the 

entire sun spectrum, which fixes the amount of power available within every wavelength 

range. With the approach followed, not only the local irradiance at each elementary unit of 

the 3D distributed model is known, but its spectral nature as well. Therefore, the irradiance 

at each junction throughout the solar cell surface can be obtained using the external quantum 

efficiency (EQE) of each subcell. 

The four concentrators under comparison have been designed trying to optimize their 

performance using as merit function achieving a good balance between the optical efficiency, 

acceptance angle and beam output uniformity. For a fair comparison, they have been 

designed having similar features (concentration ratio, optical materials), listing in Table 2.3 

the concentrators’ main parameters. Among these parameters, the concentrators will have 

the same POE entry aperture area (256cm2), same standard cell side (5.5×5.5mm2), and thus 

same concentration ratio over cell area (Cg=850x). Obviously, since these four concentrators 

present different CAP values, their acceptance angles will also be different, as can be shown in 

Table 2.4. 

Table 2.4 Acceptance angle and CAP values of four Fresnel-based concentrators under comparison 

(Cg=850x). 

Concentrator SILO XTP RTP FK 

α ±0.85° ±0.61° ±0.96° ±1.14° 

CAP 0.43 0.31 0.49 0.58 
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In order to perform optical raytrace simulations, all the concentrators have been given the 

following parameters, very similar to those employed in Section 2.1.2: 

 POE: Fresnel lens made of PMMA (n=1.493@550nm) and squared entry of 256cm2, 

facet draft angle=2°, vertex radius=10 μm, facet height<250 μm. 

 Refractive SOE: made of B270 glass (n=1.525@550nm) with edge radii of 300μm, and 

no AR coating on its surface. 

 Reflective SOE: made of first-surface Alanod Miro-Silver [7] on an aluminum sheet. 

 Conformal coating on the solar cell of transparent silicone rubber of n=1.41 

(@550nm), which protects the cell and adheres it to the dielectric SOE (for 

encapsulation purposes). 

 Absorption in dielectric materials and Fresnel reflections are considered, but not 

surface scattering. The latter issue is especially important when analyzing the RTP 

concentrator since total internal reflection (TIR), suffered from rays inside the RTP 

SOE, is sensitive to surface scattering, dirt and surface corrosion of the glass. 

 

2.1.3.2 Solar cell model 

The I-V curves of the multijunction solar cell inside different concentrators are obtained by 

using an advanced 3D distributed model for triple-junction solar cells, with a whole 

description of the tunnel junction emulating a commercial-kind triple junction cell, already 

described extensively in previous publications [8]. This model has been developed by the III-

IV research group at the IES. This approach consists of dividing the solar cell into elementary 

units and assigning a suitable circuit model to each unit, depending on its geometry and 

position in the solar cell area (external contact, metalized, illuminated, or perimeter). The 

complete solar cell can subsequently be modeled by an electrical circuit that is obtained by 

interconnecting every unit-circuit with its neighbors. The resulting equivalent circuit formed 

by thousands of elements is resolved by using a SPICE (Simulation Program with Integrated 

Circuit Emphasis) circuit simulator software package. The elementary units which describe 

the various solar cell regions are depicted in Figure 2.13. The validation of this model for 

different illumination conditions including different spatial and spectral non-homogeneities 

was presented in [9]. 
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Figure 2.13 Elementary units used for modeling the different regions of a triple-junction solar cell. 

The solar cell simulated has an active area of 5.5×5.5mm2 (as stated above) and a front metal 

grid featuring a comb-like configuration that is comprised of 31 evenly spaced 5 µm wide 

fingers and a 250 µm wide busbar. The top and middle subcells are current matched at a 

short circuit current density of 13 mA/cm2 at 1 sun. The bottom cell has a short circuit 

current density of 20 mA/cm2 at 1 sun. The bare solar cell used has an efficiency of 40 % for a 

uniform light profile of 722 suns (1 sun = 900 W/m2). 
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2.1.3.3 Electrical efficiency simulations 

The performance of the whole systems (optics and solar cell receivers working together) has 

been analyzed for two interesting situations: when they are perfectly aimed at the sun 

(normal incidence) and when they are somewhat misaligned (0.6° off-axis incidence). For 

that 0.6° misalignment none of the concentrators is out of their acceptance angle, and 

therefore none of the concentrators has been forced to perform under disadvantageous 

situations (see Table 2.4). 

 

Figure 2.14 Irradiance maps at normal incidence for the top subcell (TC), middle subcell (MC) and bottom 

subcell (BC). 1 sun = 900W/m2. 

Figure 2.14 shows the irradiance patterns available on the surface of the solar cell at normal 

incidence for the different optic systems, and split into three ranges of wavelengths fitting 

with the EQEs of the three junctions. On one hand, each column is devoted to a different 

concentrator: SILO, XTP, RTP and FK. On the other hand, each one of the rows shows the 

irradiance of a different junction: top subcell (TC), middle subcell (MC) and bottom subcell 

(BC). The wavelength ranges for which each one of the junctions is sensitive to sun light is 

similar to those stated in Section 2.1.2.4 (i.e. TC 350-675nm; MC 675-935nm; BC 935-

1800nm). The FK exhibits the best irradiance uniformity and such uniformity is kept 

throughout the entire range of sensitive wavelengths, leading to a very low chromatic 

dispersion. The SILO and RTP achieve decent irradiance uniformity but slightly unbalanced 

between the TC, MC and BC wavelengths. Finally, the XTP design is less efficient in producing 

uniformity, showing irradiance peaks 4 times above the average concentration. XTP shows 
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not only chromatic dispersion, but significant spatial non-homogeneities, even though the 

design shown here tries to keep certain balance between the spots produced by different 

ranges of wavelengths. 

 

Figure 2.15 I-V curves obtained for the different concentrators simulated, at normal incidence. 

The performance of the solar cell under these beams has been calculated and the simulation 

results are summarized in the I-V curves shown in Figure 2.15 and in Table 2.5. Notice that 

the FK is the one presenting the best behavior among the four concentrators. The peak 

irradiance shown by the SILO (around 2,000x on the cell’s corners) for the bottom cell seems 

not to affect the I-V curve in the simulation, which is similar to that of the FK. The most 

surprising is the result for the RTP, whose spatial and spectral non-uniformity seem very 

acceptable at visual inspection, but the cell simulation reveals an important reduction in the 

fill factor (FF) of its I-V curve, due to a strong drop of the current at the MPP (Maximum 

Power Point), characteristic effect of the spectral unbalance. Finally, another quite surprising 

conclusion is extracted from the XTP behavior since, despite its remarkable spatial and 

spectral non-uniformity (above 3,000x), the FF reduction is caused only by a voltage drop at 

the MPP, which indicates that only the higher Joule losses, due to spatial non-uniformities 

(not the spectral ones), are affecting the performance. 

77 

 



Chapter 2 

Table 2.5 Performances (electrical efficiency and fill factor) of the different concentrators at normal 

incidence. 

 SILO XTP RTP FK 

Efficiency (%) 33.7 32.6 32.1 34.2 

FF (%) 86.7 82.5 83.4 87.8 

As explained above, another set of simulations have been carried out on the four 

concentrators, but in this case concentrators are tilted 0.6° from the nominal position or 

normal incidence situation. Figure 2.16 shows the irradiance patterns available on top of the 

solar cells for the different CPV systems for this 0.6° off axis situation, and again 

corresponding to each junction in the solar cell. Notice that the FK still keeps outstanding 

irradiance uniformity independently of the spectral range of the light. The other systems 

show important irradiance non-uniformities, entailing irradiances even worse than in the 

normal incidence situation. The performance of the solar cell under these off-axis beams has 

also been calculated, as in the normal incidence situation. The results are shown in the I-V 

curves presented in Figure 2.17 and in Table 2.6. 

 

Figure 2.16 Irradiance maps at 0.6° off-axis incidence for the top subcell (TC), middle subcell (MC) and 

bottom subcell (BC). 1 sun = 900W/m2. 

In Table 2.7 the optical efficiency ratios between on-axis and off-axis situations are shown as 

well as the ratios of the short circuit current densities under both working conditions. 

Therefore, if the ratio of the short circuit current densities is lower than the ratio of the 
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optical efficiencies like in the cases of the SILO and the RTP, it reveals  that in the off-axis case 

one of the subcells is  draining photo-generated current through the recombination diodes at 

V = 0V. 

 

Figure 2.17 I-V curves obtained for the different concentrators simulated, at 0.6° incidence. 

By observing the results, the XTP works fairly well under off-axis conditions. The system 

loses an 11% of the light which is the highest loss among the designs studied because the 

acceptance angle of this CPV system is the lowest one. The short circuit current decreases 

also an 11% due to the light loss. However, the FF does not change significantly revealing that 

the distribution of the light in off-axis conditions does not have severe repercussions. 

Table 2.6 Performances (electrical efficiency and fill factor) of the different concentrators at 0.6° 

incidence. 

 SILO XTP RTP FK 

Efficiency (%) 27.6 28.8 26.4 33.6 

FF (%) 75.4 82.4 79.4 87.6 
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The RTP under off-axis conditions noticeably worsens. Even though only a 3% of the light is 

lost, the short circuit current is 13% lower than under normal incidence and the current 

decreases throughout the whole I-V curve. Therefore, at short circuit current, one of the 

subcells is already draining photo-generated current, explained by the spectral non-

homogeneity of the irradiance [10]. The SILO and the FK behaviors on-axis were very similar. 

However, under off-axis conditions the SILO is considerably worse than the FK. It not only 

loses more light but also the recombination diodes start draining current at short circuit 

current. 

Table 2.7 Short-circuit current density losses at 0.6° off-axis irradiance, if compared to normal incidence 

situation. 

 SILO XTP RTP FK 

ηopt0.6°/ηopt0° 0.95 0.89 0.97 0.99 

Jsc0.6°/Jsc0° 0.94 0.89 0.87 0.99 

The FK is the only one whose I-V curve fill factor remains very high at 0.6° off-axis, as it was 

at normal incidence, thanks to its capability to keep the excellent irradiance spatial and 

spectral uniformity even for off-axis situations. This issue is graphically shown in Figure 2.18, 

where the angular transmission curve barely worsens in the FK case (blue curves) when 

moving from optical efficiency (not affected by chromatic effects) towards Jsc and module 

efficiency curves (both curves affected by chromatic effects). The respective acceptance 

values of these three curves are ±1.14°, ±1.12° and ±1.04°, as can be seen in the figure. These 

values give rise to alternative definitions of CAP of 0.58, 0.57 and 0.53 respectively. On the 

other hand, the acceptance angle presented by the RTP concentrator for instance (pink 

curves in the figure) is significantly reduced when moving from the optical efficiency curve 

(±0.96°) towards the Jsc curve (±0.56°) and the module efficiency curve (±0.52°). This results 

in alternative CAP values of 0.49, 0.28 and 0.26.  

Due to effects linked to irradiance distribution (spatial and spectral) on the cell, we can see 

that the difference in terms of CAP increases dramatically when comparing these two 

concentrators (something similar would happen if the FK were compared with the other two 

concentrators, SILO and XTP). Relatively close values of CAP (0.58 vs. 0.49) when comparing 

optical efficiencies lead to great differences (0.53 vs. 0.26) when comparing module electrical 

efficiencies. The first comparison just takes into account the amount of light absorbed by the 
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cell, while de second one, much more relevant in CPV, considers negative effects associated to 

irradiance non-uniformities (both spatial and spectral). 

 

Figure 2.18 Comparison of angular relative curves for FK concentrator (blue line) and RTP concentrator 

(pink line) for: optical efficiency, Jsc  and module electrical efficiency (from left to right). In the Jsc  and 

module efficiency cases, the dots indicate the simulated points of the curve, while the rest of the curve has 

been obtained by horizontal shift of the simulated optical efficiency curve (left graph). On-axis situations 

(i.e. 0°) have also been simulated for all the curves, but have not been plotted as single dots since all them 

present value 1 in the vertical axis.  

This section devoted to comparison among different concentrators reveals that simulations of 

the optic systems under the different working conditions expected are essential in order to 

optimize the whole system design. Another extracted conclusion is that non uniform 

irradiance and color separation produce substantial performance drops, especially when 

both effects are combined together. The quantification of these effects show that maintaining 

low dispersive irradiance profiles is a first-order issue for the success of any CPV system, 

despite it had usually been considered as a second-order issue by great part of the CPV 

community until now. Additionally, by analyzing the specific cases of RTP and XTP 

concentrators, it can be concluded that spectral non-uniformities (situation of the RTP) 

generally imply higher efficiency losses if compared to those losses linked to spatial non-

uniformities (situation of the XTP). Moreover, it has been shown the negative effects of low 

acceptance angle values, which are even more significant when moving from mono-module 

towards array level. Finally, and after having analyzed the results, it can be concluded that the 

FK concentrator outperforms other Fresnel-based optic systems in both on-axis and off-axis 

conditions. 
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2.1.3.4 System cost 

The goal of any technology in the energetic market is to produce electricity at low cost. Hence, 

the best CPV system will be that producing cheaper electricity. This section establishes a cost 

comparison between the four previously analyzed systems based on Fresnel lenses (SILO, 

XTP, RTP and FK). This comparison is based on the best merit function in order to calculate 

the cost of electricity [11], the LCOE (Levelized Cost Of Energy), defined as: 

 Total Lifetime Cost 
Total Energy Produced

LCOE =    (2.3) 

A simple approach can be used for the calculation of the total lifetime cost: 

 Total Lifetime Cost=CAPEX crf OPEX× +   (2.4) 

where CAPEX is the investment and capital expenditures and the annuity factor crf is linked 

to WACC, the weighted average cost of capital along the system lifetime. OPEX is the operation 

and maintenance expenditures. Total Energy Produced can be easily estimated applying the 

next expression: 

 Total Energy Produced=Yearly Solar Energy Received Efficiency Lifetime× ×   (2.5) 

In order to estimate the LCOE differences among the four different concentrators under 

study, their respective Total Lifetime Cost and Total Energy Produced have been calculated. 

First, regarding Total Lifetime Cost (Equation (2.4)), let us consider the crf identical in all the 

systems. For the CAPEX calculation, the same Fresnel lens price has been assumed for all the 

designs (since same lens area and same production technology are considered) as well as the 

cell encapsulation cost and the rest of the module (heat spreader, by-pass diode, electrical 

connection, heat sink, housing,...), which has been considered common to all the 

concentrators. Note that, even if the module depths differ, a constant housing cost has been 

considered for this analysis, assuming this cost variation as negligible. Since, additionally, the 

concentrators present same cell and Cg, the global module cost will just differ in the 

production cost of the SOE, for which real quotations from suppliers have not been employed, 

but rather estimations of high-volume market prices in volume. Consequently, the CAPEX 

value (and hence for the Total Lifetime Cost of concentrators) will only depend on the 
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concentrator’s SOE production cost. OPEX is always considered to be proportional to the 

CAPEX value when dealing with CPV systems. 

For the Total Energy Produced calculation both, Lifetime of the system and Yearly Solar 

Energy Received, are considered to be identical to all the concentrators (same geographical 

location). Therefore, the only difference among concentrators in terms of Total Energy 

Produced is determined by their system efficiencies. For this purpose, the efficiencies 

simulated in Section 2.1.3.3 have been considered for every concentrator, therefore 

considering the same features than those employed for that efficiency calculation: same cell 

model, Tcell=25°C and taking into account losses produced by chromatic effects. 

Table 2.8 lists the CPV installation parameters that are common to the four systems analyzed 

in this section, as detailed in a previous publication [12]. WACC=6.4% and crf=9% are 

considered as realistic values for large CPV plants, while an electricity fee (electricity price 

paid to the producer) of 0.20 $/kWh is also commonly used. Madrid (Spain, geographical 

coordinates 40°25’N 3°42’W) has been chosen as the common location to all the systems, 

implying 6.12 hours of peak power (i.e. 1kW/m2) per day as yearly average. 

Table 2.8 Common parameters for the four CPV systems analyzed. 

Plant lifetime (years) 20 

Plant size (m2) 10,000 

Hours of peak power (1kW/m2) per day 6.12 

WACC 6.4% 

crf 9% 

Electricity fee ($/kWh) 0.20 

In order to obtain an idea of the costs that every single concentrator implies in a wide range 

of situations, three alternative scenarios are proposed here: high, moderate and low precision 

manufacturing processes. A high precision manufacture entails very good mono-module and 

array alignments, leading to very low efficiency losses. On the other hand, this high precision 

implies a costly manufacturing process which will affect the CAPEX value in our cost model. 

For a low precision manufacturing process, efficiency losses will be significant while a 

relatively low CAPEX value will be obtained. 
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Figure 2.19 Normalized probability density functions applied to the three different analyzed cases: high 

(σ=0.3°), moderate (σ=0.5°) and low (σ=0.7°) manufacturing precisions. 

The degree of precision in the manufacturing process has been modeled through a 

probability density function, which has been applied to the Efficiency versus Misalignment 

curve of every concentrator. The curve Efficiency versus Misalignment of each single 

concentrator has been obtained by interpolating its efficiency values at 0° and at 0.6°, which 

have been obtained in Section 2.1.3.3. Note that, instead of using the concentrators’ I-V 

curves, in order to simplify the cost model, only their electrical efficiencies have been taking 

into account.   

The probability functions employed in the model are Gaussian distributions. The different 

precisions in the manufacturing process will then be represented as different values of the 

standard deviation (σ) of these Gaussian distributions. As shown in Figure 2.19 the high 

manufacturing precision system has been modeled with a Gaussian distribution with 

standard deviation σ=0.3°, the moderate precision system with σ=0.5°, and the low precision 

one with σ=0.7°. This procedure leads to an effective value of electrical efficiency at array 

level for each system, which will be applied to Equation (2.5) in the LCOE comparison 

calculation. 
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The summary of this cost analysis (with common parameters defined in Table 2.8), is shown 

in Table 2.9, Table 2.10 and Table 2.11, corresponding to high, moderate and low 

manufacturing processes respectively. Note that, as stated above, CAPEX increases along with 

the manufacturing precision and OPEX (calculated as 3% of base CAPEX) consequently as 

well. In this model CAPEX has been considered to differ by a 10% in the three precision 

scenarios (810, 900 and 990$/m2, respectively). The total lifetime energy production is 

different for each concentrator, and their differences only depend on the AC efficiency, 

calculated assuming a 95% DC-AC conversion efficiency for inverter. Payback time has been 

calculated taking into account the electricity fee considered in Table 2.8. 

Table 2.9 Cost analysis for a high precision manufacturing process scenario (σ=0.3°). 

 SILO XTP RTP FK FK+ 

Base CAPEX ($/m2) 990 

OPEX ($/m2) 29.7 

SOE overcost ($/m2)  13 4 13 13 20 

AC efficiency at array level  30.6% 30.1% 29.2% 32.4% 32.4% 

Lifetime energy production (GWh) 136.9 134.5 130.5 144.6 144.6 

LCOE (c$/kWh) 8.20 8.27 8.61 7.77 7.82 

Payback time (years) 13.9 14.1 15.1 12.7 12.8 

Table 2.10 Cost analysis for a moderate precision manufacturing process scenario (σ=0.5°). 

 SILO XTP RTP FK FK+ 

Base CAPEX ($/m2) 900 

OPEX ($/m2) 27.0 

SOE overcost ($/m2)  13 4 13 13 20 

AC efficiency at array level  28.2% 28.6% 26.9% 32.1% 32.1% 

Lifetime energy production (GWh) 125.9 127.7 120.3 143.5 143.5 

LCOE (c$/kWh) 8.14 7.95 8.52 7.14 7.20 

Payback time (years) 13.7 13.2 14.8 11.1 11.2 
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Table 2.11 Cost analysis for a low precision manufacturing process scenario (σ=0.7°). 

 SILO XTP RTP FK FK+ 

Base CAPEX ($/m2) 810 

OPEX ($/m2) 24.3 

SOE overcost ($/m2)  13 4 13 13 20 

AC efficiency at array level  25.0% 26.3% 23.9% 31.8% 31.8% 

Lifetime energy production (GWh) 111.5 117.7 106.7 141.9 141.9 

LCOE (c$/kWh) 8.31 7.79 8.69 6.53 6.59 

Payback time (years) 14.1 12.7 15.3 9.6 9.8 

The extra cost due to the SOE manufacture varies from concentrator to concentrator. The 

expected cost in high volume for the SOE of the FK is similar to that for the SOE of the RTP 

(around 13$/m2). This value, analogously to the SOE overcost of SILO and XTP, has been 

taken from a previous calculation detailed in [13]. However, even if a higher cost of 20$/m2 

were considered for the FK, as in that publication, the effect would be negligible. In this sense, 

Table 2.9, Table 2.10 and Table 2.11 show two columns for the FK concentrator: the first one 

(called FK) corresponding to the more realistic estimation of 13$/m2, and the second one 

(called FK+) corresponding to an hypothetical higher SOE cost of 20$/m2. This second 

column has been added in order to demonstrate that the small extra cost of the FK’s SOE 

(when compared with the other concentrators) has a negligible effect on the LCOE (only a 5-6 

c$ difference when comparing both values of SOE overcost). 

Figure 2.20 summarizes the LCOE comparison for the systems under study (SILO, XTP, RTP 

and FK), analysing them for the three proposed scenarios (for the FK we have considered the 

SOE with extra cost of 13$/m2). The first conclusion is that FK is the most cost-effective 

alternative among all, for the three scenarios. Additionally, FK is the only concentrator that 

decreases or maintains its LCOE when moving toward less precise system alignments (from 

7.77 to 6.53 c$/kWh). This effect is mainly due to the larger tolerance of FK when compared 

with the other conventional systems, linked to the excellent irradiance and chromatic 

uniformity on the cell even for off-axis situations (see results in Section 2.1.3.3). This fact 

highlights that FK is more insensitive to the alignment precision than the rest of 
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concentrators under comparison. This insensitivity, linked to a low CAPEX, makes FK slightly 

more cost-effective in low precision manufacture scenarios than in high precision ones. 

On the other hand, the other concentrators compulsory need high precision alignments in 

order to be cost-effective, since low precision scenarios increase dramatically their LCOE, 

especially for SILO and RTP, both presenting the poorest results among all the systems. As 

shown in Table 2.9, Table 2.10 and Table 2.11, the difference in LCOE between the FK and the 

rest of concentrators ranges from 43c$/kWh in the worst case (high precision process) to 

values over 2$/kWh in the best case (low precision process). Additionally, the payback time 

presented by the FK is always the lowest, being its difference with the other systems 1.2 

years in the worst case and 5.7 years in the best case. 

 

Figure 2.20 LCOE comparison for the four concentrators analyzed (SILO, XTP, RTP and FK), for three 

different scenarios (high, moderate and low precision alignments). 

 

2.1.3.5 SOE solarization and practical considerations for mass production 

To complete this comparison among different concentrators in the current market, some non-

quantifiable extra features that makes FK concentrator advantageous with respect to the 
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others are explained in this section. These advantages are also common to the Dome-shaped 

Fresnel-Köhler (Section 2.2) and the Cavity Fresnel-Köhler (Section 2.4) concentrators. 

First, for the cases of the RTP and the SILO, the Fresnel lens produces a region of high solar 

radiation density near the top of the SOE (see schematic raytrace of Figure 2.11). In the 90s, 

Alpha Solarco, the company commercializing  the SILO, reported problems of degradation of 

its glass due to UV absorption by undesired particle traces, effect known as solarization [14]. 

By now, glass technology has improved, and this risk may be already solved, but even so, the 

4-fold FK concentrator divides that risk by four (since the high radiation is split in the four 

units of the SOE).   

Furthermore, all the surfaces of the SOE of the RTP are optically active (see Figure 2.21). This 

makes it complex to hold it without introducing optical losses and affecting the mechanical 

stability: some CPV manufacturers hold the SOE from the joint to the cell, which compromises 

the requirements for the SOE-to-cell coupling material (usually silicone rubber). In contrast, a 

large portion of the SOE surface of the FK concentrator has no optical function, and 

consequently can be used to make that mechanical fixing and to introduce alignment features. 

 

Figure 2.21 Practical aspects of the comparison between RTP (left) and FK (right) SOEs. 

Another problematic issue is that the optical coupling of the cell and the SOE is very critical 

for the RTP, because lateral spillage of the silicone rubber causes significant optical losses 

from leakage through it (Figure 2.21). If, in order to avoid spillage, the joint is under-filled 

with silicone, the resulting air gap produces optical losses too. These losses cannot be 

quantified until full production is achieved. This particularly discourages the use of RTP for 

small cells (<5mm cell side). In the FK concentrator, however, the overflow does not affect 
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the optical performance, which greatly simplifies the joint coupling. Particularly, the optical 

coupling and mechanical fixture functions can be totally separated in the FK concentrator. 

 

2.1.4 2-fold Fresnel-Köhler concentrator 

 

Figure 2.22 3D view of a 2-fold Fresnel Köhler concentrator: maroon rays show how on-axis rays 

uniformly illuminate the cell while green rays illustrate how a point of the primary is imaged on the cell.   

The optical concentrator presented in this section is a 2-fold version of the 4-fold FK 

concentrator described along the previous sections. Hence, the optical elements (POE and 

SOE) will be divided into two symmetric sectors, instead of four sectors. Analogously to the 4-

fold version, each sector or the POE works together with its corresponding SOE sector in 

order to perform the Köhler integration and provide very uniform irradiance on the solar cell 

surface. Besides even irradiance, the 2-fold Fresnel-Köhler concentrator presents high 

concentration ratio, high optical efficiency and large acceptance angle. 
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Figure 2.22 shows a 3D view of the 2-fold Fresnel-Köhler concentrator. The Fresnel lens 

focuses on-axis rays close to the SOE surface. Then the SOE distributes all these rays over the 

cell surface in a homogeneous way, in a similar way to the 4-fold FK concentrator case. POE is 

imaged on the cell surface, so rays exiting a certain point of the primary (in green color in 

Figure 2.22) are imaged on a point of the cell. The design procedure is analogous to that of 

the 4-fold FK concentrator. Note that, while the solar cell is square-shaped with dimensions 

1:1, the entry aperture has dimensions 2:1. 

The raytrace simulation results shown here correspond to an f/1.26 and Cg=312x 2-fold 

Fresnel-Köhler concentrator, with the POE made of PMMA, the SOE made of B270, and similar 

simulation features to those used for the 4-fold case. An optical efficiency of 81.2% has been 

obtained, slightly higher than the efficiency obtained for the 4-fold concentrator (80.7%), 

mainly due to the higher f/# (the Fresnel losses over the whole POE surface are lower). 

 

Figure 2.23 Angular transmission curves of the f/1.26 and Cg=312x 2-fold Fresnel-Köhler concentrator. 

Black line defines the acceptance angle along x axis (as defined in Figure 2.22), while grey curve defines 

the acceptance angle along y axis. 

Due to its 2-fold architecture, this concentrator presents different cross-section profiles in the 

x-z plane and in the y-z plane (see Figure 2.22 to define the planes). Consequently, the angular 

transmission curves on each plane will differ, as can be observed in Figure 2.23. The 

acceptance angle achieved on the x-z plane is ±2.07°, while that achieved on the y-z plane is 

±1.37°, the latter limiting the CAP value of the whole device to 0.42. Having different x and y 

axes acceptance angle may be useful to optimize the tracker structure dimensions and cost. 
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For instance, to minimize the wind loads, arrays are preferable rectangular, with the long side 

parallel to the ground. Therefore, if the concentrator has a wider acceptance angle in the 

plane containing that long side, a higher flexure can be allowed in that direction 

Besides, the irradiance profiles achieved on the cell for the three different junctions are again 

highly uniform (see Figure 2.24), thanks again to the Köhler integration. 

 

Figure 2.24 Irradiance distribution on the cell for the 2-fold Fresnel-Köhler concentrator design with 

parameters Cg=312x and f/1.26 for: (a) top subcell, (b) middle subcell and (c) bottom subcell, with 

wavelength ranges identical to those defined in Figure 2.8. On the right side of the figure, the color code 

employed for the irradiances (1 sun = 900W/m2). Note that the scale of the color code is different from 

that used for the 4-fold versions of the FK concentrator, in order to adapt the results to the concentration 

level of the 2-fold version. 

The introduction to Chapter 2 stated that n-fold architectures were possible for concentrators 

based on Köhler integration. n is usually chosen for symmetry reasons and to optimize the 

design performance, as has been done in the case of the FK concentrator, with a 4-fold 

architecture. The inferior performance achieved by the 2-fold version of the concentrator 

(CAP=0.42 vs. CAP=0.58 of the 4-fold version) demonstrates that the optimal architecture for 

the FK concentrator is the 4-fold. Anyway, if the elliptical acceptance solid angle is considered 

instead of just taking the limiting parallel acceptance value, the CAP of the 2-fold FK increases 

up to 0.52.  
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2.2 Dome-shaped Fresnel-Köhler concentrator 

 

2.2.1 Manufacturing process of a dome-shaped Fresnel lens 

The dome-shaped Fresnel-Köhler concentrator (DFK) is another advanced optical design for 

CPV. It presents a dome-shaped Fresnel lens as POE and has been conceived as a natural 

evolution of two successful concentrators: the previously presented FK, and the concentrator 

developed by Japanese CPV company Daido Steel [15]. Similarly to the case of the two 

aforementioned concentrators, the DFK is able to achieve large concentration factors, high 

tolerance (i.e. acceptance angle), high optical efficiency and good irradiance distribution on 

the cell surface, being all of them key issues in CPV since they guarantee a minimization of the 

cost of energy. 

Figure 2.25 shows a 2D cross-section of Daido Steel’s concentrator, with a dome-shaped 

Fresnel lens as POE (very similar to that employed in the DFK concentrator) and a refractive 

truncated pyramid (RTP) as SOE. Several advantages linked to the use of a dome-shaped 

Fresnel lens as POE are remarkable. First, as can be observed in Figure 2.25, non-active facets 

of the POE (vertical facets of the teeth) present negative draft angles in order to avoid light 

blocking and consequently preventing from optical efficiency decreases, a vital issue in CPV. 

Secondly, a proper design of this kind of lenses leads to concentrators with higher CAP values 

if compared with their analogous optical designs based on flat Fresnel lenses, as will be 

shown along the next sections. Finally, a dome-shaped POE allows for more compact 

architectures, entailing lower module size and weight.     

Nevertheless, dome-shaped lenses are challenging from a manufacturing point of view. These 

lenses are manufactured by injection molding techniques (see Section 1.5.2.1), always 

entailing two main processes: molding and unmolding. Since they cannot be designed with 
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positive draft angles for the inactive facets because it would increase geometrical losses 

dramatically [16], the use of negative draft angles becomes compulsory, as the lens in Figure 

2.25 shows. Therefore a simple movement along z axis in the unmolding process will not 

allow for the extraction of the part from the molding die (the negative value of draft angle will 

not allow for it).  In order to solve this inconvenience, several alternatives may be proposed 

here. The most intuitive solution is molding the piece in several separated parts and then 

joining them together after the unmolding process of each single piece. However, this option 

results in a difficult, complex and expensive manufacturing process. Another possibility, 

based on spiral symmetry optical designs, has been recently proposed and will be extensively 

developed as part of this thesis in Section 2.3. 

 

Figure 2.25 Schematic 2D view of the concentrator developed by Daido Steel, divided into two stages: the 

dome-shaped Fresnel lens (POE) concentrates light onto the entry aperture of the refractive truncated 

pyramid (RTP) performing as SOE. The SOE homogenizes light after several TIR deflections and provides 

some uniformity on the cell surface. 
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The alternative solution chosen by Daido Steel to manufacture the (dome-shaped) POE of 

their concentrator is based on an unmolding technique proposed by this company, and based 

on a previous idea detailed in [17]. This technique consists in dividing the whole molding die 

into several independent parts. The piece (in this case the POE) is molded with the whole 

molding die and, after having cooled down, the piece is separated from the different parts of 

the die in a prescribed sequence. This is possible since every single part of the die can be 

moved (and hence unmolded) independently from the others. In this way each part can be 

separated from the piece following a direction non coincident with z axis direction and, 

consequently, the curved Fresnel lens can be manufactured with negative draft angles. The 

molds prepared by Daido Steel are divided into 9 parts as illustrated in Figure 2.26.   

 

Figure 2.26 Left: view from above of a dome-shaped Fresnel lens on PMMA, corresponding to the Daido 

Steel concentrator’s POE; Right: view from above of the 9 different parts in which the molding die is 

divided for the Daido Steel demolding technique. 

Figure 2.27 schematically summarizes this unmolding process. The first part of the molding 

die to be extracted is the red central one. Due to its vertical demolding movement, the lens in 

that region must present a positive draft angle for the inactive vertical facets (no undercut 

part), but current manufacturing technologies allow for draft angles below 2°. Nevertheless, 

this area can be done quite small in comparison with the whole lens area, rendering the 

geometrical losses associated to this area with positive draft angles almost negligible. 

Afterwards, green lateral parts are separated from the lens, and finally, blue parts placed in 

the corners of the molding die. Green and blue parts (undercut parts) do not require lens 

teeth to have positive draft angles since movements to extract pieces go along with the teeth 
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geometry. This whole advanced technique has been already successfully proven in 

concentrators manufactured by Daido Steel in mass production [18], and will be applied to 

the DFK concentrator as well in order to manufacture some prototypes, which will be 

characterize along Section 3.2. 

 

Figure 2.27 Daido Steel advanced demolding technique for dome-shaped Fresnel lenses. 

 

2.2.2 Design procedure 

The DFK design procedure is analogous to that of the FK concentrator. The DFK concentrator 

is also composed by two optical elements: POE and SOE. The POE is a dome-shaped (curved) 

Fresnel lens [16][19], while the SOE is a refractive lens, optically coupled to the solar cell, 

being both optical elements are designed with free-form surfaces. The whole concentrator 

follows a 4-fold scheme in which both, POE and SOE, are divided into 4 identical and 

symmetric sectors. In this way each quarter of POE works together with its corresponding 

quarter of SOE in order to perform concentration and Köhler integration functions at the 

same time, in an analogous way to the FK concentrator. Figure 2.28 shows how, after three 

refractions (two of them in both surfaces of POE and one in the SOE top surface), light is 

distributed on the cell in a uniform way since each quarter of POE is imaged on the cell 

surface. 
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Figure 2.28 Analogous schematic drawing to that shown in Figure 2.1 (right) for the flat FK, but in this case 

containing the edge-ray mapping in an ideal DFK concentrator. 

The DFK design procedure is again based on the edge-ray theorem [1], mapping the edge rays 

of the input ray bundle onto the edge rays of the output bundle, and obtaining phase space 

diagrams similar to those on Figure 2.3 (a) and (b). Again as in the FK case, the same design 

difficulty appears here: there is not enough number of design surfaces in order to fulfill the 

desired mapping of edge rays. Thus, the DFK design must also relax the edge ray mapping 

requirement for maximum CAP. Nevertheless, since a dome-shaped Fresnel lens has 

substituted the FK’s flat Fresnel lens as POE, the DFK presents an extra design surface (upper 

POE surface) and consequently an extra degree of freedom. Therefore, instead of designing 

for a single input wavefront at the concentrator entrance (POE top surface), two input 

wavefronts will be used. These input wavefronts (defined by the extreme rays of the input 

cone contained inside ±α) are chosen in order to perfectly define the acceptance angle of the 

concentrator. These two wavefronts allow designing for the whole acceptance of the 

concentrator, entailing larger values of CAP if compared with the FK concentrator. 
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In order to design a DFK concentrator, only one fold is designed and then it is replicated three 

times around z axis to obtain the final 4-fold architecture, in an analogous way to that 

explained for the FK concentrator in the previous section. Following the DFK 2D cross-section 

presented in Figure 2.28, first of all point A placed on the optical axis is chosen. The SOE is 

designed as a Cartesian oval coupling spherical wavefronts with origins at A and E (solar cell 

right extreme). Point C and D are chosen: C is the intersection of SOE with z axis, while D is 

the point of SOE where its tangent line forms a 5° angle with vector z, for manufacturability 

reasons (analogously to the case of the SOE of the FK). The POE is designed starting from A 

and finishing in B, focusing +α rays (starting from ray d’ and ending with ray a’) in C and –α 

rays (starting in ray c’ and ending with ray b’) in D, where ±α defines the module acceptance 

angle. This last step is a polychromatic design, where rays focused in C are chosen to have the 

shortest wavelength in the solar spectrum (belonging to the top junction waveband) and rays 

focused in D are chosen to have the longest wavelength (belonging to the bottom junction 

waveband). Rays impinging within ±α on point A, after being refracted in the POE and the 

SOE, will be focused on E (cell right extreme), while rays impinging within ±α on point B, after 

being refracted in the POE and the SOE, will go to F (cell left extreme). Then a complex 

process of optimization, similar to that employed for the FK concentrator, modifies the 

position of points B, C and D, in order to maximize both, acceptance angle and irradiance 

uniformity on the solar cell surface. 

The DFK architecture, based on a dome-shaped Fresnel lens, presents some advantages over 

the FK architecture, based on a flat Fresnel lens, thanks to its extra degree of freedom 

available in the design procedure. The advantages are enumerated here: 

 Smaller SOE, implying lower absorption inside the material and lower cost in the 

injection molding process. A qualitative comparison of both SOEs’ sizes can be easily 

obtained just by looking at real designs of the FK in Figure 2.2 and of the DFK in 

Figure 2.29, where solar cell size is identical (5.5x5.5mm2).  

 Higher compactness, achieving optimal results in the f/0.7-0.9 range. Compactness 

leads to lighter, cheaper and stiffer structures, easier to align for tracking systems. 

 Draft angle losses are avoided thanks to Daido Steel advanced unmolding technique 

(as detailed in the previous Section 2.2.1), preventing from shadowed inactive facet 

areas, and hence implying an optical efficiency increase.  
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 Higher acceptance angle and thus higher CAP values, entailing an increase of the 

tolerance budget. 

 

 

Figure 2.29 Render view of a performing DFK concentrator. At bottom left, a detailed view of the SOE, 

where the 4 sectors can be distinguished, each one receiving light from one of the POE sectors. 

 

2.2.3 Raytrace simulation results 

The DFK raytrace simulation results shown in this section present similar features to those 

used in Section 2.1.2 for the flat FK concentrator:  

 POE: Fresnel lens made of PMMA (n=1.493@550nm) and squared entry aperture of 

approximately 300cm2 (actual size 174x174cm2), vertex radius=30 μm. 

 

98 

 



Design and development for CPV applications 

 SOE: made of B270 glass (n=1.525@550nm) coupled to the cell with a transparent 

silicone rubber of n=1.41 (e.g., Sylgard 182 of Dow Corning). 

 High efficiency (~38%) commercial triple-junction cell of size 30.25mm2 (i.e. 

geometrical concentration ratio over illuminated area of Cg=1,230x), with the values 

of the external quantum efficiency provided by the manufacturer and considered to 

be independent of the incidence angle on the cell.  

 Absorption in dielectric materials and Fresnel reflections are considered, but surface 

scattering is neglected. 

 

2.2.3.1 Optical efficiency and CAP trade-off 

 

Figure 2.30 Trade-off between CAP and optical efficiency in the DFK concentrator. Each different curve 

shows results corresponding to different f-numbers. 

Due to the slightly different ray assignation, the DFK concentrator presents a very close 

dependence between the optical efficiency and CAP. This dependence is actually a trade-off 

between them: optical efficiency decreases with increasing values of CAP, and vice versa. Note 
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that this trade-off did not affect the flat FK’s performance. The trade-off can be observed in 

Figure 2.30, where CAP and optical efficiency results have been respectively displayed in 

horizontal and vertical axes of the graph. Each dot corresponds to a different design of the 

DFK, corresponding each color to a different compactness: f/0.73, f/0.81 and f/0.9.  

Beyond the trade-off between CAP and optical efficiency, another conclusion extracted from 

Figure 2.30 is that the DFK performs better if larger f-number values are chosen (as usually 

happens in solar concentrators). This can be deduced from the efficiency versus CAP curves: 

when f-number is larger, the corresponding curve is placed towards the top right side in the 

graphic, which means both, high CAP and high optical efficiency. Hence, for a given CAP value, 

optical efficiency increases with f-number and, for a given efficiency value, CAP increases with 

f-number. For instance, if the constant 81.9%-efficiency dashed line plotted in Figure 2.30 is 

chosen: CAP=0.65 for the f/0.73 design; CAP=0.72 for f/0.81; and CAP=0.74 for f/0.9. 

Furthermore, as deduced with this example, CAP increases are greater when dealing with low 

values of f-number than when dealing with high values. Consequently, for an optimal 

performing concentrator, a rather compact design can be chosen.  

The raytrace simulation results shown from now on will concern a single design, chosen to 

optimize its performance. The position of the design in Figure 2.30 is placed on the f/0.81 

curve and corresponding to the point surrounded by a circle-shaped thick black line (optical 

efficiency=81.9% and CAP=0.72). As can be observed, the optical efficiency value obtained for 

the DFK concentrator is, as expected, superior to that of the FK (80.7%, presented in Section 

2.1.2.1). 

 

2.2.3.2 Acceptance angle, irradiance distribution and AR coating on the SOE 

Figure 2.31 shows the DFK concentrator transmission curve achieving, as can be observed a 

very large acceptance angle (±1.18°) which, together with a high concentration factor 

(Cg=1,230x), leads to the aforementioned CAP=0.72. Moreover, the curve is pillbox-shaped, 

ensuring very low electrical efficiency losses at array level, in a similar way to the FK 

concentrator case. On the other hand, Figure 2.32 shows the irradiance on the different 

subcells, showing a quite uniform distribution and low chromatic dispersion, thanks to the 

Köhler integration. The irradiance profiles shown in Figure 2.32 indicate that the irradiance 
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homogenization on the cell surface is somewhat poorer than that achieved by the flat FK. 

However, this irradiance profile can be improved sacrificing certain amount of CAP, by 

slightly redesigning the optics. This is what has been done for the DFK prototype 

manufactured in Chapter 3. 

 

Figure 2.31 DFK transmission curve showing an acceptance angle of ±1.18°. 

 

Figure 2.32 Irradiance distribution on the cell for the DFK concentrator with parameters Cg=1,230x and 

f/0.81 when the sun is on-axis and the solar spectrum is restricted to: (a) the top-subcell range (360-690 

nm), (b) the middle-subcell range (690-900 nm) and (c) the bottom-subcell range (900-1800 nm). On the 

right side of the figure, the color code employed for the irradiances (1 sun = 900W/m2). 
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All the results shown above for the DFK concentrator have been obtained for both optical 

elements (POE and SOE) without any anti-reflective (AR) coating on their surfaces. However, 

simulations with an AR coating on the SOE surfaces have been carried out as well, obtaining a 

significant optical efficiency increase: from 81.9% to 83.7% (a 1.8% absolute increase). The 

AR coating characteristic transmission function is described in Figure 2.33, where several 

curves are displayed, each one of them corresponding to a different angle of incidence (α) on 

the SOE surface. 

 

Figure 2.33 Transmission curves for the designed AR coating on the SOE surface. Each curve corresponds 

to a different incidence angle of the ray on the SOE surface.  
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2.3 Spiral optical designs for nonimaging 

applications 

 

2.3.1 Justification of the design method 

When dealing with nonimaging optics, the simpler idea from the designer’s point of view is to 

develop continuous optical elements (lenses or mirrors). Nevertheless this type of solutions 

always implies two important inconveniences, linked to the lens thickness. The first one is an 

increase on the system global cost: the thicker the lens is the more material quantity will be 

needed and the more expensive (and heavier) the system will be. The second inconvenience 

has to deal with the manufacturing process itself. When manufacturing a thick lens by the 

well-known plastic injection process (see Section 1.5.2.1), it is difficult to achieve a proper 

result, due to the non-uniform shrinkage of the material when it is cooling down. The thinnest 

parts of the piece and the exterior of thicker parts (i.e. the volume close to the surface of the 

piece) cool down and solidify faster than the interior of the thickest parts of the piece, which 

still have to shrink. This situation produces sinks and deformations on the resulting piece 

surface. Shrink rates for most optical plastics lie in the 0.2-1% range, which is noticeable [20]. 

Alternatively, if instead of designing a continuous and thick lens, a thin lens with constant 

thickness (i.e. a faceted lens) is designed, the shrinkage will be rather uniform and the 

inconveniences aforementioned will be avoided. This is the case of the Fresnel lenses 

designed as Primary Optical Elements (POE) in the solar concentrators presented in Section 

2.1 (FK concentrator, containing a flat Fresnel lens) and Section 2.2 (DFK concentrator, 

containing a curved Fresnel lens).  

Nevertheless, faceted elements present manufacturing constrains that limit their geometry, 

mainly due to the draft angle issue. Draft angles must have a positive value, higher than a 
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technology limit (typically >2°), in order to allow for an unmolding process without frictions 

since these frictions can generate important deformations in the lens. However, positive draft 

angles lead to significant optical efficiency losses, becoming unacceptable in the particular 

case of curved faceted elements (as the POE of the DFK concentrator for instance) where 

negative draft angles are compulsory. As explained in Section 2.2.1, two alternatives in order 

to get rid of the inconveniences of positive draft angles can be adopted: (1) building the lens 

from several parts manufactured independently and joining them together; (2) 

manufacturing the lens with a multi-part molding die (as in the Daido Steel technique). 

However, both options imply complex manufacturing processes in general. 

The family of optical designs proposed in this section looks for getting rid of these complex 

manufacturing processes when dealing with faceted optical elements. In this design 

approach, optical elements follow a spiral development instead of the classical revolution 

symmetry around the optical axis. In faceted optical element based on revolution symmetry, 

the two-dimensional profile of each facet describes a perfect ring around the optical axis, 

turning back to the initial position after a whole turn. This results in a faceted element based 

on a structure composed by concentric rings. In a spiral development, each facet profile is 

transformed into the adjacent one after each turn around the optical axis, generating a single 

free-form faceted surface based on a spiral structure. 

The main advantage of this new concept lies in the manufacturing process: a molded piece 

can be easily separated from its molding die just by applying a combination of rotational 

movement and linear movement, both relative to the optical axis, even when dealing with 

negative draft angles in the teeth. Obviously this design method is suitable for any 

nonimaging application, including concentrating photovoltaics (CPV) and illumination. The 

next section explains the general design method through a canonical example (spiral flat 

Fresnel lens). 

 

2.3.2 Spiral flat Fresnel lens 

Let us begin explaining this novel design method with the most basic example of faceted 

refractive optical element: the flat Fresnel lens. From now on, and in order to make 
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explanations easier, the nomenclature and conventions used in this section will correspond 

to those adopted in CPV instead of illumination, even though this design method can be used 

for both applications. 

 

2.3.2.1 Design problem analysis 

A revolution symmetry flat Fresnel lens is a refractive lens with a single design surface, able 

to couple a flat input wavefront with a spherical output wavefront with origin in the focal 

plane center. Therefore, the design problem is reduced to the calculation of a Cartesian oval 

[2] that couples two wavefronts (one of them flat, the other one, spherical). Nevertheless, this 

Cartesian oval is split in multiple active facets in order to generate a thin lens. The statement 

of the problem for a flat Fresnel lens based on spiral geometry is similar. The input wavefront 

remains the same, i.e. a flat wavefront parallel to the optical axis (considered as the z axis in 

our particular example). However, the output wavefront changes slightly: the output rays 

impinge now on a circular ring centered in the focal plane instead of on a single point. This 

output wavefront is helicoid-shaped, presenting an optical vortex placed at its central axis 

(i.e. z axis), where there is no light. Consequently, the design of this spiral lens will consist on 

the calculation of a Cartesian oval with the aforementioned input and output wavefronts. 

Employing the conservation of étendue theorem in two dimensions [21], a wavefront must 

verify, in cylindrical coordinates: 

 
2 0DdE d dg d dh dzdrρ θ= + + =   (2.6) 

where g, h and r are the coordinates of the phase space corresponding to directions ρ, θ and z, 

respectively. In the simple case in which the receiver is a line describing a ring with its center 

at the coordinates origin and lying on the z=0 plane (being ρ and z constant), from Equation 

(2.6), it is immediate to deduce: 

 
2 0DdE d dhθ= =   (2.7) 

Therefore, the biparametric ray bundle, when projected to the h-θ plane, does not occupy any 

volume, which means that the rays describe a line as h=h(ρ), so for each ρ the rays must have 

a single h value, fulfilling: 
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 ( )ρ β= cosh n   (2.8) 

h is defined as the skew invariant (defined in Section 1.1.4 and more extensively in [2]), n is 

the refractive index (n=1 in our case) and β is the angle that rays reaching the ring-shaped 

receiver will form with respect to the tangent line to that ring at every point belonging to it. 

For a specific point of the receiver, β will remain constant [22], hence making h constant as 

well. Therefore, every single ray impinging on the same point of the receiver will be placed 

over the surface of a cone with the tangent line to the receiver as its axis of symmetry. It is 

important to remark that the value of β varies with the point chosen on the receiver. 

 

Figure 2.34 General scheme for the receiver ring, placed on z=0 plane. 

Figure 2.34 explains the geometry of the output wavefront for the spiral flat Fresnel lens 

design, being z=0 the focal plane, where the ring-shaped receiver is placed (circle of radius ρ0 

in the figure). Since the designed Cartesian oval must transform the input wavefront into the 

output wavefront, consequently input rays, after being refracted at a generic point P on the 

Cartesian oval, must be transformed into output rays, as shown in Figure 2.34. In order to 

render the explanation easier, the classical Cartesian coordinate system, where point P in the 

three-dimensional space can be expressed as P(x,y,z), will not be employed. Instead of that, P 
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will be expressed here by means of three alternative parameters: P(θ,γ,d). This nomenclature, 

that will be employed along this section, can be explained through the example shown in 

Figure 2.34, representing the situation where the output ray impinge on a generic point A 

belonging to the ring-shaped receiver. θ determines the angular position of A; γ is the 

elevation of P on the cone surface; d indicates the physical distance between A and P. Note 

that angle β is half of the cone vertex angle (i.e. the angle formed by the cone symmetry axis 

and its surface). 

Figure 2.34 shows one of the two families of possible solutions for the design problem 

considered here. The first family of solutions presents the cone aperture directed clockwise 

for every point A belonging to the receiver and corresponds to positive skew invariant (h>0), 

while the second one presents the cone aperture directed counter-clockwise (h<0). As a 

consequence, depending on the sign of the skew invariant, the resulting spiral direction will 

be clockwise or counter-clockwise. 

 

2.3.2.2 Spiral geometry 

The general design problem has already been stated: the flat input wavefront, the output 

wavefront generating a ring-shaped receiver and a constant angle β for a given point on the 

receiver. Since there is a vast universe of different spiral geometries, the type of spiral 

matching the conditions stated above must be identified. Figure 2.35 shows a similar 

situation to Figure 2.34, but point P has been placed in a more realistic position according to 

the design problem. As explained above, the output ray arriving to point A (with direction r̂−

) is on the surface of a cone forming an angle β with the tangent line to the circle, while input 

ray follows ẑ−  direction. The function β=β(ρ) has been chosen in order to set that all the 

bottom tips of the Fresnel facets are placed on a z=constant plane, and to render the piece the 

easiest to unmold (i.e. maximize α in Figure 2.36). 

Since unitary vector t̂  is tangent to the spiral line at P, and from geometrical deduction in 

Figure 2.35 = ×ˆ ˆˆt z r , then both, t̂  and the whole spiral line, will be contained in a 

z=z0=constant plane. In this situation, starting by this two-dimensional spiral, the whole 

Cartesian oval can be generated. 
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Figure 2.35 Scheme with generating spiral at z=z0  plane and receiver at z=0 plane for a generic point P on 

the spiral. 

The shape of a particular two-dimensional spiral is perfectly determined by defining the 

dependence of its distance to the spiral geometrical center (ρ) with its angular parameter (θ). 

Figure 2.36 shows the projection of Figure 2.35 on the z=0 plane for an easier understanding 

of the analysis of the problem. Note that dθ has been intentionally magnified in order to 

clearly show all the angles, distances and vectors. Then, for infinitesimal values dθ and dρ in 

Figure 2.36, Equation (2.9) can be deduced: 
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Solving the integral: 
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Equation (2.10) describes a kind of spiral plane curve known as the involute of a circle, being 

its graphical representation shown in Figure 2.37. In this spiral, the expression ρ(θ0+2π)-

ρ(θ0)=2πρ0 is fulfilled, so it means that, after a whole turn around z axis (i.e. angular variation 
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of θ=2π), ρ increases (or decreases, depending on the spiral direction) its value in 2πρ0. This 

involute describes the solution to the problem if the generating spiral is projected on the z=0 

plane (plane where ring-shaped receiver lies on). 

 

Figure 2.36 Projection of Figure 2.35 on z=0 plane. 

From Figure 2.35 and applying Equation (2.10), Equation (2.11) can be obtained, which 

defines β for every point on the receiver (defined by the angular parameter θ). 
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Note that, for a single point on the receiver, several values of β are obtained, corresponding to 

the values of θ=θ0+2πi for different loops around the receiver (i.e. different values of integer 

i). Equation (2.11) allows building the Cartesian oval that will define the lens geometry, as 

will be detailed in the next section. 
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Figure 2.37 Involute of a circle with its generating circle in the center. 

 

2.3.2.3 Lens construction 

The whole lens is developed starting by the generating spiral (involute of a circle, as 

explained above). In order to make the calculation easier, all the equations will be expressed 

in terms of three parameters (θ, γ and d, see Figure 2.34), as suggested in Section 2.3.2.1. 

Following this notation, every point in the 3D space (not only those points belonging to the 

lens surface) can be expressed as: 

 ( ) ( ) ( ), , ,P d A d rθ γ θ θ γ= + ⋅   (2.12) 

where A  is the position of the point on the receiver, and the rest of variables have been 

explained in Figure 2.34 and Figure 2.35. Let us express all the variables in Equation (2.12) in 

terms of their Cartesian coordinates: 
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leading to the next expression: 
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Note that, even if Equation (2.16) shows that position of point P depends on β, it will not be 

considered as an independent parameter since Equation (2.11) establishes a dependence of β 

with θ for our specific design problem, so β can always be expressed in terms of θ. 

Since the lens lower surface is described by a Cartesian oval, an extra condition must be 

imposed in the problem. This condition is that of constant optical path length of the rays 

(Section 1.1.2). Let us consider the normal incidence rays impinging on the flat upper surface 

of the lens as the input wavefront, while the output wavefront has already been described in 

the previous paragraphs. Then using the eikonal function [1], we can obtain the optical path 

length between points A and Q (which is the point on the upper surface where ray passing 

through P impinges, as presented in Figure 2.34): OPL=L(A)-L(Q). Using this extra condition 

and Equation (2.11), the following expression can be deduced and applied to all the points 

belonging to the lens lower surface: 

 ( ) ( )sin
, ,

sin sin
β ρ θ

θ γ β
β γ

− +
=
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2 2 2
0 01

1
n z

d
n

  (2.17) 

being n the refraction index of the lens material. Note that ρ θ +2 2 2
0 0z  corresponds to the 

value of d when γ=π/2. Thanks to the constant OPL condition, Equation (2.11) and Equation 
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(2.17) can now be introduced inside the generic expression presented in Equation (2.16), and 

consequently an expression P(θ,γ) can be obtained, describing the geometry of the Cartesian 

by mapping just two parameters: θ and γ. 

 

Figure 2.38 Several turns of the lens active surface, with the generating spiral in red. 

 

Figure 2.39 Spiral symmetry flat Fresnel lens. 

All the points P(θ,π/2) correspond to those points lying on the generating spiral line and will 

be consequently placed on the z=z0 plane (see Figure 2.35). If the oval mapping is begun at, 

for instance, P(0,π/2) (i.e. β=π/2) θ can progressively be varied toward higher values in order 

to describe the whole generating spiral line (reaching values over 2π to describe the several 

spiral turns, as explained above). If we additionally vary γ as well (taking values in the 0<γ<π 

range), the whole lens lower surface will also be built. In this process, the “several turns” of 

the Cartesian oval will be designed and then will be cut by a wall generated by a vertical 
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extrusion of the generating spiral curve (creating the characteristic inactive facets of a 

Fresnel lens). Figure 2.38 shows only the active facets of the Cartesian oval, while Figure 2.39 

shows the solid lens already cut, with the vertical facets closing the solid element.  

 

2.3.2.4 Spiral development versus rotational symmetry 

Some raytrace simulations have been carried out in order to compare a spiral flat Fresnel lens 

and a classical flat Fresnel lens presenting rotational symmetry, when performing as solar 

concentrators. Both lenses present identical design parameters: both are circular, designed 

for PMMA (n=1.493@550nm) and f/1.5. The main difference between them lays on the draft 

angle issue, since classical Fresnel lenses developed with revolution symmetry compulsory 

need positive draft angles. For these simulations, 2° draft angles have been taken into account 

for the revolution symmetry case (which is a realistic value for the current manufacturing 

technologies), while vertical draft angles have been applied to the spiral lens case. 

 

Figure 2.40 Normalized irradiance profile pattern on the receiving plane (z=0), when both Fresnel lenses 

perform as solar concentrators. (a) Rotational symmetry lens; (b) spiral lens.  

Efficiency results show a significant relative gain of 1.66% when simulating the spiral design: 

91.9% optical efficiency for the spiral symmetry design versus 90.4% for the revolution 

symmetry one, under standard AM1.5d solar spectra. These efficiency results show the great 

advantage of using a spiral design instead of a rotational one, getting rid of the inconvenient 

draft angle issue and its inherent efficiency drops. Figure 2.40 shows both irradiance 

patterns: one spot-shaped for the rotational symmetry case and the other one ring-shaped for 

0

1
Normalized C
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the spiral case. These irradiance patterns correspond to monochromatic (design wavelength, 

λ=550nm) simulations for incident rays perpendicular to the Fresnel lenses flat entrance 

surface, not taking into account the angular extension of the sun in order to clearly show how 

the design rays perfectly form a spot or a ring on the receiving plane, depending on the 

design. 

  

114 

 



Design and development for CPV applications 

 

2.4 Cavity Fresnel-Köhler concentrator 

 

In any CPV module, the solar cell surface always reflects a non-negligible portion of the 

incoming light, leading to a loss in efficiency. The Cavity Fresnel-Köhler (CFK) is a novel 

optical CPV concentrator designed to recover this portion of reflected light. The design is 

based on an external confinement cavity, an optical element able to redirect the light 

reflected by the cell surface towards its surface again. Its integration into a CPV module is 

possible thanks to the recent invention of the advanced Köhler concentrators, as for instance 

the FK and the DFK, already presented. This strategy, based on light recovery, leads to a 

significant increase in electrical efficiency. This section shows the excellent performance of 

these cavities by means of integrating one of them into an FK concentrator and 

manufacturing a proof-of-concept prototype. 

 

2.4.1 Light recovery strategies 

Current commercial multijunction cells usually show overall reflectances of up to 8-10%, 

brought about on the one hand by the reflection on the metal gridlines (which shade about 5-

6% of the semiconductor surface or even more if the illumination is under wide angles [23]) 

and by the reflection on the AR-coated semiconductor surface (which is in the 3-5% range 

[24]). If we could recover a part of this non-negligible amount of reflected light, it would 

produce a greater absorption of light in the cell, implying a higher cell short-circuit current 

(Isc) as well as an increase in the module electrical efficiency. 

Two different strategies have been used in the past to minimize the undesired reflection of 

light produced by the front metal grid. The first consists of preventing the light from hitting 

the grid lines, for instance by using refractive prismatic covers aligned over the grid lines 
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[25]. This approach presents however several disadvantages. First, it does not recover the 

light reflected on the semiconductor surface. Secondly, it needs a precise alignment, which 

may be costly to obtain in production, due to the reduced dimensions of the front grid. 

Finally, this strategy is not effective under wide-angle illumination (as occurs in CPV), 

especially when a Secondary Optical Element (SOE) is optically coupled to the cell as a 

secondary concentrator or homogenizer. An alternative to this consists of using reflective 

covers, but its implementation also has several practical challenges [26]. 

This section proposes the use of the second strategy to the light recovery problem, based on 

an external confinement cavity, which overcomes the drawbacks of the first. Hence, this 

optical design will recover the reflected light from the surface of the semiconductor (as well 

as that from metal front grid), is suitable with high concentration, and does not need high 

precision alignment in a critical manner.  

A confinement cavity basically consists of an optical device containing a reflective surface 

that collects the light reflected by the cell and sends it back towards the cell surface, as 

Miñano extensively explains in [27]. Confinement cavities have already been proposed for 

photovoltaic applications [28][29][30]. Nevertheless, in these previous approaches, the 

inclusion of the cavity had always required the addition of extra elements to the system, 

entailing both, higher complexity and production cost. The recent invention of the high-

performance Köhler concentrators (FK, DFK (both explained in previous sections), Fresnel-

RXI [31] and Fresnel-RXI-RR [32]), whose SOEs are fully compatible with the use of these 

external cavities have allowed the practical integration of these cavities inside a CPV module, 

without the need for extra elements. These concentrators are able to provide high 

concentration, a high acceptance angle and excellent spectral and spatial irradiance 

uniformity on the cell. In particular, this section will show the design and modeling of an FK 

concentrator including an external cavity in its SOE (which hereinafter will be referred to as 

CFK). The CFK manufacture and measurement will be shown in the Chapter 3. 
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2.4.2 Cell reflectivity pattern and cavity design 

 

Figure 2.41 Multijunction cell reflection illumination pattern. Left: the cone formed by the reflected light 

on the cylindrical gridlines is shown. Right: a real picture where a vertical plane has been placed behind 

the cell in order to show the pattern shape produced by a green laser. Grid lines generate the semi-

circular shaped reflection, while semiconductor reflects the central illuminance hot-spot. 

High concentration levels produce higher current densities as compared to a one-sun 

situation (no concentration). For this reason, the front grid density in a multijunction cell 

must be optimized for the trade-off between series resistance losses and the shading losses 

produced. On the one hand, light reflected on multijunction cells surface of the semiconductor 

is specular since the cell surface roughness is very small, as in good optical mirrors. On the 

other hand, light reflected onto the grid lines has a significant diffuse component caused by 

the grid line geometry and roughness. However, it is remarkable that the roughness and 

imperfections of the grid line surface still keep the same cylindrical symmetry, as a good 

approximation. Therefore, the direction of the scattered light conserves the vector 

component along the grid line direction, and a light ray is scattered inside the surface of a 

cone (see Figure 2.41). Confinement cavities proposed in the past have mainly assumed 

random Lambertian scattering for their designs. However, for the external cavity design 

shown here, this actual illumination pattern has been taken into account. Hence, the design 

assumes that incoming light will arrive at the cell from only one of the two hemispheres, 

while the cavity occupies the other one (as it is an asymmetric cavity). 
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Figure 2.42 External cavity scheme in 3D: cavity surface (grey), cell (blue), impinging ray (continuous line) 

and reflected ray (dashed lines) are represented. 

Figure 2.42 illustrates how one of these asymmetric cavities works. Rays, coming from the 

hemisphere that is not occupied by the cavity, impinge on the cell surface. Reflected rays will 

then reach the reflective cavity and be redirected towards the receiver again. Thus, these 

reflected rays will now have a second chance to be absorbed by the receiver. If at this second 

chance the rays are reflected again, they will be lost. The optimum design shape for the cavity 

is that of an oblate ellipsoid with its foci line placed on a circle with the same area as the 

square cell as shown in Figure 2.42. This cavity is an ideal 3D nonimaging device when the 

cell is circular [27], sending 100% of the rays back to the cell, and performs very close to the 

ideal for a square cell. For realistic multijunction cells fs values, more than 99% of the 

incoming light (assuming for this estimation a 100% cavity mirror reflectivity) can be finally 

absorbed by the cell for a proper design of the external cavity. 

As explained above, the asymmetric external cavity concept may be integrated it into an FK 

concentrator. In the design presented in this section (CFK), the external cavity replaces two of 

the original SOE sectors, while the other two still perform as they did in the original FK 

concentrator. Figure 2.43 shows the aforementioned asymmetric cavity concept, when 

integrated into the SOE of an FK concentrator. Incident rays coming from the concentrator 

Primary Optical Element (POE) impinge on the SOE refractive part (without a cavity) towards 

the cell, where part of the incident light is reflected. 
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Figure 2.43 SOE cross-section of a CFK concentrator. A ray impinging on the cell (continuous line) gets 

reflected onto its surface (blue), placed on the bottom of the SOE. The reflected ray (dashed line) hits the 

cavity surface, is reflected again and redirected towards the cell. The green color denotes a refractive 

surface, while the grey color denotes a reflective surface (cavity). 

 

Figure 2.44 CFK in operation. The POE is placed in the upper part (only two of four parts of the original FK 

architecture are used). Some simulated rays impinging on the cell get reflected onto its surface and are 

recovered by the cavity. 

Since an asymmetric cavity has been used in the CFK, just two folds of a 4-fold FK is needed, 

therefore implying only two POE sectors and their corresponding two SOE sectors. Figure 

2.44 shows a 3D view of the CFK architecture and how it performs during raytrace 

simulations. The rays are focused by the POE (a 2-fold Fresnel lens) onto the refractive part 

of the SOE. After having entered the SOE, the rays will behave as previously explained for a 
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generic external confinement cavity. Since CFK uses half of the original entry aperture area, 

its geometrical concentration is a half that of the 4-fold FK. 

 

2.4.3 Efficiency gain model 

The integration of an external confinement cavity inside a CPV module increases the solar cell 

light absorption, entailing a greater generated photocurrent and a higher module electrical 

efficiency. In order to quantify this gain in efficiency, we propose a mathematical analysis 

model in this section, based on raytrace simulations on both, CFK and an FK (with no cavity), 

both 2-fold. The FK presents the same CFK architecture but its cavity surface is absorbent, 

instead of reflective. Thus the light reflected by the cell is not recovered in the FK case. The 

gain in efficiency provided by the inclusion of the external cavity will be calculated as the 

efficiency difference between both modules. 

For comparison purposes, optical losses in POE and SOE for both concentrators have not 

been taken into account in this analysis. Therefore, just the solar cell efficiency (based on 

Spectrolab 38.5% C3MJ manufacturer data [33]) is evaluated with and without the cavity 

boost and its dependence on two parameters: fs (shading factor) and C (concentration factor).  

In the CFK concentrator, the total amount of light absorbed by the cell determines the short-

circuit current, which is given by the following expression: 

 ( ) ( )( )( ),
,

, ρ ρ ρ
−

= + − +
−
1 1 1

1
s

sc s sc ref s sc s g c
ref s ref

fCI C f I f f
C f   (2.18) 

where Isc,ref and fs,ref are the short-circuit current and shading factor of the reference cell (the 

first extracted from [33] and the second estimated as fs,ref=6% measured under a 

microscope), and ρsc, ρg and ρc are the reflectivities of cell semiconductor surface, grid lines 

and cavity, respectively. Equation (2.18) assumes that these reflectivity values are spectral 

averages for the cell limiting junction. As numerical values, the semiconductor reflectivity has 

been set to ρsc=3% [24], while the grid lines and cavity mirror are assumed to have 
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ρg=ρc=90%. In the FK case, the cavity reflectivity is just set to 0% (equivalent to a situation 

where all rays reflected by the cell are lost). 

The series resistance has been modeled as follows: 

 
,s refsl

s shk
s

fRR R
C f

 = + 
 

  (2.19) 

where Rsl and Rsh are two parameters that denote series resistance at low concentrations and 

high concentrations respectively, and k is the Rs intensity coefficient. Once the Isc and Rs have 

been calculated for a particular set of values of C and fs, the whole cell performance (i.e. Voc, 

Imp, Vmp, fill-factor and efficiency) can be easily computed numerically by applying the cell 

model presented in [33]. 

The results of the analysis are shown in Figure 2.45, presenting specifically the cell efficiency 

as a function of C, and plotting a different curve for each different fs value (note that 1 sun = 

900 W/m2 in the cell model presented). The dashed lines denote envelope curves, i.e. whose 

points correspond to all the different fs values maximizing efficiency for each C. As expected, 

for identical situations (the same C and fs), the CFK efficiency is always higher than that of the 

FK. It can also be observed that efficiency gain obtained thanks to the cavity is greater at 

higher fs values. This effect is mainly due to the significant loss of absorbed light by the cell in 

the FK case when the cell area covered by the front grid (i.e. fs) is large. For this reason, the 

FK presents significantly lower efficiencies when dealing with fs values of over 10% for the 

entire C range. On the other hand, the CFK can deal with high fs values perfectly, recovering a 

significant part of light reflected by the front grid. 

As can be seen in these two graphs, each fs has its optimum C value, and the higher the fs, the 

higher the optimum C value (even if this C value is different for both modules). The 

explanation of this effect has to do with series resistance (Rs). For a given C, Rs is low at high 

fs values since we are dealing with dense front grids. This situation leads to a classic trade-off 

for the selection of fs: low fs values increase light absorption in the cell (a large uncovered 

semiconductor area), but also increase Rs; on the other hand, high fs values decrease light 

absorption, but also decrease Rs [34]. The CFK can handle this trade-off better than the FK 

due to its extra amount of recovered light.  
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Figure 2.45 CFK (top) and FK (bottom) cell efficiency curves depending on the concentration (C) and 

shading factor (fs). 

Figure 2.46 (top) shows the comparison of envelope efficiency curves between FK and CFK, 

i.e. for every C value it shows their maximum attainable efficiency (for their respective 

optimum fs values). The CFK efficiency relative gain over FK has also been plotted with a 

dashed line. Analogously to the previous figure, the efficiencies shown in Figure 2.46 

correspond to a situation without any optical losses, but taking into account the efficiency 

boost produced by the cavity in the case of the CFK. This is the reason why efficiency values 

are so close to the cell nominal value (~38.5%) or even higher for the CFK.  

The graph clearly shows significant cell efficiency gains introduced by the external 

confinement cavity for any C value. For the C range analyzed, the relative gain is found in the 
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5-10% range, achieving greater gains for higher C values. Hence, external confinement 

cavities are especially appropriate when dealing with high concentration situations. 

Figure 2.46 (bottom) shows the optimum fs values for both designs as a function of C. High C 

values lead to high optimum fs values. These large fs situations are more suitable for CFK, 

since FK will lose a great amount of light due to the high density of grid lines. This 

unabsorbed light will be mostly recovered in the CFK case thanks to the cavity, so there will 

be a really significant efficiency difference between both modules when working at high C.  

 

Figure 2.46 Top: comparison of CFK (black) and FK (grey) envelope curves and CFK relative gain (dashed 

line). Bottom: optimum fs value curves depending on the concentration level. 
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2.5 Conclusions 

 

Chapter 2 has been devoted to three different advanced optical concentrators for CPV 

composed by two optical elements, being the first one (POE) a Fresnel lens and performing 

Köhler integration all of them: Fresnel-Köhler (FK), Dome-shaped Fresnel-Köhler (DFK) and 

Cavity Fresnel-Köhler (CFK). The introduction of the chapter has justified that the use of 

Fresnel lenses instead of mirrors as the primary stage of the device generally allows for more 

practical and cheaper solutions in CPV applications. And what is even more important, all 

these concentrators fulfill desirable properties in CPV concentrators: high concentration 

factors, large acceptance angle, high optical efficiency and uniform irradiance distributions on 

the cell (thanks to the Köhler integration). Hence, this chapter has demonstrated that it is 

possible to design high performance CPV concentrators using Köhler integration to 

homogenize the irradiance, and employing simple architectures based on few inexpensive 

optical elements.  

Section 2.1.3.3 has shown a highly useful comparative of the electrical efficiencies that are 

achievable by different concentrator architectures (each one of them providing different 

optical efficiencies and irradiance distributions on the cell surface). The simulations carried 

out have revealed that only the concentrators providing high optical efficiencies and, not only 

spatially, but also spectrally even irradiance distributions are able to allow for high module 

efficiencies. Non-homogeneities produce significant losses in the fill-factor and even in the 

short-circuit current of the cell, mainly linked to the series resistance and lateral resistance 

between junctions, showing that spectral non-homogeneities are even more determinant 

than spatial ones. The results shown in this comparative emphasize the great importance of 

proper irradiance uniformities on the cell, despite it had usually been considered as a second-

order issue until the very last years. Furthermore, it is vital to maintain these even 

distributions over the acceptance range in order to translate high optical efficiencies into high 

module efficiencies inside the whole acceptance of the concentrator. 
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Important extra features as the practical considerations explained in Section 2.1.3.5, along 

with high tolerances, allow for maintaining the concentrators’ high performance when going 

towards mass production of arrays. Moreover, their optical surfaces, from the manufacturing 

point of view, are very similar to conventional (flat and curved) Fresnel lenses (in the case of 

the POE) and conventional domes (in the case of the SOE). This means that they can be 

manufactured with the same techniques (embossing or compression molding for the flat 

POEs, and glass molding for the SOEs) and that their manufacturing cost is essentially the 

same, ensuring low production costs. Since their optical performances (i.e. CAP) are higher, it 

leads to the lowest LCOE value among their competitors in the market (as demonstrated in 

Section 2.1.3.4 for the particular case of the FK). It is also remarkable that the three 

concentrators maintain their high CAP for rather small f-numbers, which is very interesting if 

compactness of the CPV module is desired. 

 

Figure 2.47 CAP comparison among conventional Fresnel-based concentrators (blue bars) and Köhler 

concentrators presented along Chapter 2 (red bars). The CAP values of CFK and FK correspond to their 

“maximum uniformity” versions. 

The FK and the DFK concentrators’ CAP are the highest reported among concentrators based 

on Fresnel lenses [35]. Figure 2.47 shows the CAP comparison among several Fresnel-based 

concentrators. Note that =CFK FK / 2CAP CAP  because, as explained in Section 2.4.2, 

=CFK FK /2g gC C , while acceptance angle is maintained. Moreover, the CAP value of FK and CFK 

shown in the figure correspond to their design versions maximizing the irradiance 
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uniformity. Their corresponding designs maximizing the CAP are able to obtain values of 0.63 

and 0.45, respectively. Note that the relatively low CAP value of the CFK (if compared with FK 

and DFK for instance) is expectable since this concentrator has been conceived to increase 

the optical efficiency by means of reflected light recovery, disregarding a maximization of the 

CAP. 

The FK and DFK concentrators are two excellent candidates to make low-cost high-

concentration CPV modules that combine very high electrical efficiency at the array level (and 

not only at the single cell level) with cost-effective assembly and installation. Several 

prototypes of the FK and the DFK have been manufactured and measured, and have 

confirmed their optimal performances through their measurement results, which will be 

shown in the next chapter of this thesis.  

While the POE of the FK concentrator can be easily manufactured at quite low cost, the POE of 

the DFK requires a more complex manufacturing process. This can be solved in several ways, 

one of them being proposed by CPV company Daido Steel. This alternative, based on a multi-

part molding die, has been employed to manufacture the first DFK prototypes (their 

measurements will be shown in the next chapter). An alternative to this molding technique 

has additionally been presented in this Chapter 2, and is an innovative design method for 

faceted elements based on a spiral development of the facets. It is especially adapted to 

overcome the manufacturing constraints present in dome-shaped faceted elements, as the 

case of the POE of the DFK concentrator. 

Section 2.4 has detailed the integration of an external confinement cavity inside a CPV 

module in order to sustainably increase its efficiency. The integration of one of these cavities 

has been made possible thanks to the Fresnel-Köhler concentrators presented along this 

chapter. Particularly, an FK concentrator has been chosen for the cavity integration, resulting 

in the CFK concentrator. An efficiency gain model, based on simulations, has been developed, 

predicting impressive results: around 5-10% for the whole concentration range analyzed and 

for optimized grid line densities on the cell. This proves the potential of this kind of cavity 

when included in CPV architectures, which will be confirmed in the next chapter, where the 

CFK experimental results will be shown.  
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Equation Chapter 3 Section 1 

Chapter 3  

CHARACTERIZATION AND 

MEASUREMENT IN CPV APPLICATIONS 

 

Chapter 3 describes the characterization and the experimental measurement procedures for 

the three advanced Köhler concentrators presented in Chapter 2, i.e. FK, DFK and CFK, shown 

in Sections 3.2, 3.3 and 3.4 respectively. These procedures are in general applicable to any 

Fresnel-based concentrator as well and include three main types of experimental 

measurements: electrical efficiency, acceptance angle and irradiance uniformity at the solar 

cell plane. The results shown along this chapter validate through outdoor measurements 

under real sun operation the advanced characteristics presented by the Köhler concentrators, 

and already demonstrated in Chapter 2 through raytrace simulation: high optical efficiency, 

large acceptance angle, insensitivity to manufacturing tolerances and very good irradiance 

uniformity on the cell surface. All the outdoor measurements shown along Chapter 3 have 

been carried out at Cedint facilities of the Technical University of Madrid, UPM (outside of 

Madrid city, at latitude: 40,4045, longitude: -3,8349), except were otherwise indicated. 

Each concentrator (FK, DFK or CFK) is designed and optimized looking at realistic 

performance characteristics. Their performances are modeled exhaustively using ray tracing 

combined with cell modeling, taking into account the major relevant factors. Among them are 

the spectrum and angular subtense of the sun (±0.265°), the variation of the refractive index 

and absorption coefficient with wavelength of POE and SOE materials, and the shift in the 

focus position of the POEs with the temperature increase produced in operation conditions. 

In the concentrators presenting a flat Fresnel lens as POE (FK and CFK), it is important to take 
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into account the draft angles on the Fresnel vertical facets (2° for all our prototypes, which is 

needed to withdraw the lenses from the molds, as explained in Section 1.5.2.1). Other second-

order details, such as Fresnel facets tip radii, typically 5-10µm, and therefore with negligible 

effect on performance, or surface roughness, whose real shape and effects are difficult to 

predict and model, have been neglected in the simulations. Some of these simulations will be 

shown along with the corresponding measurements in order to establish comparisons among 

them. The reliability of these simulations must be confirmed with the on-sun measurements 

shown along this chapter. A matching among both kind of result is a consequence of not only 

the simulations precision, but the tolerances of these CPV systems as well, able to absorb 

module imperfections (namely shape errors, roughness of optical surfaces, concentrator 

module assembly imprecision and sun-tracking accuracy), not taken into account in the 

models. 

This tolerance is a critical issue when coming to the manufacturing process in order to obtain 

cost-effective mass-production systems. Concentrators with tight tolerances result in 

significant efficiency drops at array level caused by current mismatch among different 

modules (mainly due to manufacturing alignment errors). In this sense, Section 3.5 presents 

two alternative mathematical methods that estimate these mismatch losses for a given array 

just by analyzing its full-array I-V curve, hence being unnecessary any single mono-module 

measurement. The application of any of these methods allows the quantification of the real 

tolerances of any CPV system. 

Before all these sections, Section 3.1 describes the indoor characterization of the optical 

elements composing the concentrators, i.e. the Fresnel lenses acting as POEs and the free-

form SOEs. The aim of this characterization is to assess the proper surface profiles and optical 

transmissions of the different elements analyzed, so they will allow for the expected module 

performance at every level: efficiency, acceptance angle and irradiance profile. 
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3.1 Characterization of optical elements 

 

As will be described through the prototypes manufactured along sections 3.2, 3.4 and 3.3, 

CPV modules are composed of several components, the most important of which, solar cell, 

optical concentrator, housing and heatsink. All of them must individually perform as expected 

if a proper performance of the whole module is desired. Therefore, it is highly convenient to 

evaluate each single component separately in order to assess their proper performance and 

consequently to eliminate uncertainties about the possible causes of eventual bad 

performance of the module.  

This section focuses on characterizing the different optical elements composing the 

prototypes (i.e. POE and SOE) presented along the successive sections. In this sense, 

important issues as the shape and the transmission of the optical surfaces or a proper value 

of the draft angle and the curvature radii of the teeth must be verified. These features can be 

characterized through different methods, which are described along this section. 

 

3.1.1 Surface shape characterization 

The characterization of the shapes of the elements’ surfaces can be divided upon the kind of 

surface analyzed: smooth surfaces (top surface of POE and SOE) and faceted surface (bottom 

surface of POE). The analysis of smooth surfaces is in general much simpler than that of 

faceted surfaces, and can be easily carried out with a 3D laser scanner. On the other hand, the 

analysis of faceted surfaces is usually very complex due to the large changes in slope and 

large number of facets through their whole surface. For analyzing these surfaces, a white light 

interferometer can be employed. The general methodology of this technique will be explained 

some paragraphs below. 
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For the characterization with a 3D laser scanner, only the top surface of the SOEs and the top 

surface of the POE of the DFK (since it is not flat, as in the case of the FK and CFK 

concentrators) have been analyzed. The bottom surface of none of the Fresnel lenses has 

been scanned since their complex profiles, formed by a huge number of individual surfaces 

(i.e. teeth) makes this task impossible. Figure 3.1 shows the manufactured optical elements 

(PMMA POE and B270 glass SOE) for a DFK concentrator prototype. Figure 3.2 shows 

different moments during the characterization of a POE of the DFK concentrator. Notice that a 

thin layer of paint has been sprayed on its surface in order to render it opaque and allow for 

an efficient scanning.  

 

Figure 3.1 Manufactured POE (left) and SOE (right) of the DFK concentrator prototype. 

 

Figure 3.2 A POE of the DFK under characterization with the 3D laser scanner, where the red strip of light 

in the picture at right indicates the portion of surface analyzed at that moment. 
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The results obtained with the 3D laser scanning process have been compared with the 

original 3D CAD files of POE and SOE in order to quantify the deviation of the manufactured 

pieces from its design shapes. This comparison is presented, for the optical elements of the 

DFK, in Figure 3.3. The figure shows, through the color code, errors within ±0.3mm for the 

POE case and within ±0.015 mm for the SOE, which imply high precision manufacturing 

processes under CPV standards for both pieces. 

 

Figure 3.3 Comparison of manufactured pieces and design models for the DFK concentrator, showing the 

POE (top) and SOE (bottom) cases. Color code (in mm) shown at right. 

The 3D laser scanning method does not allow in general for analyzing complex surfaces as 

those presented by the lower surfaces of Fresnel lenses (composed by multiple surfaces). In 

order to characterize them, an alternative method can be employed, based on a measurement 

carried out with the help of a white light interferometer. This device is able to measure 

surfaces with larger angles of inclination since its numerical aperture is higher than that of 

the sensor used in the laser scanner. This method can be employed to measure the profile of 

the faceted surface over one of the diagonal lines of one fold of a flat 4-fold Fresnel lens as 

indicated in Figure 3.5 (the lens in the figure corresponds to the FK prototype A, as will be 

described in Section 3.2.1). This method allows knowing the real inclination of the active 

facets of the lens, and comparing them with their design inclination. 
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Figure 3.4 Picture of the white light interferometer used for the profile characterization of the FK POE.   

 

Figure 3.5 Left: POE of an FK prototype, with a black line indicating the position of the diagonal of a single 

fold. Right: detail of the lens center, showing its four different sectors and the end of the arrow, finishing at 

the position of the symmetry axis of the fold, which is close but not coincident with the symmetry of the 

whole POE (in the middle of the four folds). 

An alternative measurement to this one may also been employed in order to obtain the 

profile of a manufactured Fresnel lens. The method consists on pouring liquid silicone on the 

faceted surface of the lens and, once it solidifies, it faithfully adopts the shape of that faceted 

surface. Once we have the piece formed by the two materials (PMMA of the lens and the 

added silicone), a transversal cut has been applied along the line crossing the diagonal of the 

lens. This cut is shown in Figure 3.6 for the prototype A case.  
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Figure 3.6 Cut along the diagonal line of the Fresnel lens film (transparent layer at top) attached to a 

thicker layer of solidified white silicone, allowing distinguishing the teeth geometry in a clear way. 

The profile of the faceted surface along this diagonal line can easily be measured by analyzing 

it with a microscope, as shown in Figure 3.7 for three different regions along the diagonal 

line. From the analysis of these pictures, the inclination of the active and inactive facets (i.e. 

draft angle) of the manufactured lens can be estimated. In particular, the pictures taken and 

shown in Figure 3.7 have been used to assess the value of the draft angle (inclination of the 

inactive facets), which has been estimated to be within the 1.8-2.5° range, as desired. 

 

Figure 3.7 Different profiles of the cut Fresnel lens + silicone layer, along the diagonal line (Fresnel lens 

film in grey color, silicone layer in white color). From left to right, regions around: x=5mm, x=30mm and 

x=65mm. 

3.1.2 POE transmission characterization 

The setup employed for measuring the transmission of the PMMA Fresnel lens used as the 

POE of the FK concentrator case is shown in Figure 3.8 (once again corresponding to 

prototype A) and consists in a laser as light source and a photodiode as a sensor. The laser 

beam impinges on the flat surface of the lens and then is refracted by the faceted surface, 
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redirecting the light rays toward its focal position. The photodiode is placed at the focal 

distance of the Fresnel lens at the emission wavelength of the laser. Since the laser emits at 

λ=532nm, which is almost identical to the design wavelength, i.e. λ=550nm, both focal 

distances are almost identical. One of these flat Fresnel lenses characterized with this setup 

has already been shown in Figure 3.5, clearly presenting its characteristic 4-fold structure. 

 

Figure 3.8 Setup used to measure the optical transmission of the POEs of the FK concentrator. From left to 

right: laser as light source, flat Fresnel lens (i.e. POE) carefully placed perpendicular to the incident beam 

and photodiode as sensor. 

The laser is shifted in the horizontal direction (shift represented by a white arrow in the 

figure) in order to obtain the transmission of the lens at different positions on the lens. These 

positions are defined by their distance to the symmetry axis of the fold analyzed. Then, the 

transmission for a specific position of the laser, i.e. x0, is simply calculated as 

T(x0)=Iout(x0)/Iin(x0) where Iout is the current generated by the photodiode when the laser 

beam has been refracted by the lens, while Iin is the generated current by the laser impinging 

directly on the photodiode. Besides optical transmission, this setup has allowed to verify that, 

for every point on the lens surface, a normal incidence beam is focused at the focal distance of 

the lens, as expected. 

This setup has been employed to measure the transmission of the POE at three different 

regions along the diagonal line of one of the folds (line indicated by the black arrow in Figure 

3.5). These results are displayed in the top of Figure 3.9, with one graphic for each region 
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analyzed. Notice that the optical transmission presents significant fluctuations. This is the 

effect of the vertical facets of the Fresnel lens, presenting a positive value of the draft angle 

that deflects rays out of the position of the lens focus, hence producing light loss. 

 

Figure 3.9 Top: optical transmission obtained with the laser as light source for center (left), middle 

(middle) and extreme (right) region on the diagonal of the POE. Bottom: comparison of measured (black 

dots) and simulated (grey dots) transmission for the collimated 10mm-diameter beam as source.  

If the width of the laser beam was infinitesimally small, the optical transmission of the lens 

would fluctuate between two values: maximal transmission when the beam impinges on an 

active facet and zero when the beam impinges on an inactive facet. Since the actual width of 

the beam used in this setup is 660μm (i.e. spot diameter defined as width of its Gaussian 

profile at 50% of its peak value), the transmission values obtained correspond to the 

integrated values over the whole area of lens illuminated by the beam. This is the reason why 
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the actual fluctuations shown in Figure 3.9 (top) are not so large, but just around 3-4% 

absolute in transmission. Since, as explained above, the width of the active facets is 1mm in 

the region close to x=0mm, the graph corresponding to that region (i.e. center) shows a 

period of 1mm in the positions of the valleys in the transmission function. These valleys 

indicate the position of the inactive facets, every 1mm. In this region, when the beam is 

placed in the central part of each active facet, no inactive facet is illuminated (the beam width 

is smaller than that of the active facet), so the transmission value obtained exclusively 

corresponds to that of the active facet. 

On the other hand, in the cases of an intermediate region in the diagonal line (middle) and in 

its extreme, the period of the valleys in the transmission function has decreased. In these 

situations, where the width of the active facets is below 1mm, it cannot be assured that the 

peaks of the function correspond exclusively to the transmission of the active facets. In this 

case, there is an integration of active and inactive facets simultaneously in each value of the 

optical transmission.  

If this integration is performed over a larger illuminated area, Figure 3.9 (bottom) is 

obtained. This graph shows the results of a similar setup, but substituting the laser beam for a 

collimated monochromatic source generating a 10mm diameter circular light spot at the 

same λ=532nm wavelength. Therefore, these measurements will integrate a larger area, 

obtaining an averaged value of the transmission of several active and inactive facets, which 

gives a better idea of how different regions of the lens globally perform. C, M and E labels in 

the figure indicate the regions where the transmissions in Figure 3.9 (top) have been 

measured, in order to compare results. The results obtained are, for each region analyzed, 

very similar to the averaged value obtained with the laser measurement, as expected.  

Additionally, the raytrace simulated transmission values have been included in the graph, 

showing minimal difference with the measured values, hence confirming that the draft angle 

values are almost identical to those designed (around 2°). The small difference between 

measured (black dots) and simulated (grey dots) values can be caused by differences in the 

optical transmission properties of the simulated PMMA material and the real one employed 

for the prototype manufacture. 

  

140 

 



Characterization and measurement in CPV applications 

 

3.2 Fresnel-Köhler concentrator 

 

3.2.1 Description of the prototypes 

The results contained in this Section 3.2 correspond to three different prototypes of the FK 

design. Their concentration factors and f-numbers are different, which gives us the 

opportunity of getting a full picture of this optical design’s features in a wide range of 

situations. These prototypes (which will be named A, B, C in this text) have been 

manufactured in close collaboration with the company LPI. Let us describe the specific 

parameters and characteristics of each one of them. 

Prototypes A and B utilize solar grade (UV protected) PMMA Fresnel lenses manufactured by 

Evonik [1] and 10X [2] using roll-to-roll embossing technology (explained in Section 1.5.2.1). 

Both SOEs have been molded in different B270-equivalent glasses (explained in Section 

1.5.2.2). These two modules include commercial triple-junction solar cells (efficiency of 

~38.5%). Prototype A includes a 5.5x5.5mm2 Emcore CTJ cell [3], while the cell used for 

prototype B is Spectrolab’s 5.5x5.5mm2 C3MJ+ cell [4]. No AR coating has been applied to any 

of the optical surfaces (POE or SOE) for none of these two prototypes. Prototype B 

corresponds to the Ventana module, a complete off-the-shelf FK optical concentrator 

commercialized by LPI and Evonik. 

Regarding prototype C, its POE is a Fresnel lens made on Silicone-on-Glass (SoG, see Section 

1.5.2.1), while for the SOE Savosil (n=1.46@550nm, as seen in Section 2.1.2.3) has been used. 

In this case, the cell used in the prototype is a triple-junction A-SLAM, developed by Solar 

Junction, achieving a maximum efficiency of 44.0% (at 947x) [5]. The bottom subcell in these 

cells is not Ge-based as in the cells used in prototypes A and B, but is made of GaInNAsSb, 

entailing an increase in the bandgap (Eg) of this junction, from the usual 0.67eV 

(approximately equivalent to a 1800nm wavelength) to 1eV (1300nm).  This bandgap shift 
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produces an increase in the cell’s Voc (and consequently in the efficiency) but, at the same 

time, a decrease in the photocurrent generated by the bottom cell, compromising the current 

match of the whole device, since the bottom subcell will not have a significant excess of 

current permanently (see discussion at the end of Section 1.4.1). This issue makes SoG the 

preferred material for the Fresnel lens technology in this prototype, since its higher infrared 

transmission can better cope with situations where the limiting current is fixed by the bottom 

subcell. Additionally, the commercial availability to AR coat the top surface via a low-cost sol-

gel process confirms the SoG as the optimal technology for prototype C, which presents AR 

coating on top surfaces of POE and SOE. 

Table 3.1 summarizes parameters, dimensions, simulated acceptance angle and CAP for the 

three manufactured prototypes. As explained in Chapter 2, the FK concentrator presents a 

very constant performance when varying its design parameters, which can be assessed in the 

CAP comparison shown in the last row of the table. The CAP value is identical for prototypes A 

and B, and coincident with the value presented in Section 2.1.2.3 for the PMMA/B270 

material combination. The CAP of prototype C (CAP=0.53) is expected to be similar to that 

presented by the combination SoG/Savosil (CAP=0.51). Its slightly higher value is mainly due 

to the effect of the AR coating applied on the SOE surface, being its explanation similar to that 

exposed in Section 2.1.2.2 for the CAP increase when applying a perfect AR coating on the 

SOE. Notice that prototype A presents a larger margin around the cell illuminated area (for 

tolerance purposes as explained in the introduction of Chapter 2), having a 20% of the cell 

side in linear dimensions instead of the usual 10% of the rest of our designs. 

Table 3.1 Dimensions, parameters, simulated acceptance angle and CAP for the three prototypes. 

 Prototype A Prototype B Prototype C 

f-number 1.2 1.05 1.2 

POE size (mm2) 120 × 120 160 × 160 160 × 160 

Cell illuminated area (mm2) 4.5 × 4.5 5 × 5 5 × 5 

Geometrical concentration 710× 1024× 1024× 

Acceptance angle 1.25° 1.04° 0.95° 

CAP 0.58 0.58 0.53 
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Figure 3.10 shows pictures prototype B and prototype C, presenting metallic housings to 

ensure stiffness. In both pictures, the Fresnel lens based POE is shown in the upper part and, 

in the lower part, the SOE is optically coupled to the cell (contained in the receiver) with a 

transparent silicone. Underneath the receiver, a heatsink lowers the operation temperature 

of the cell. As explained in Section 2.1.3.5, the FK concentrator shows benefits when it comes 

to gluing the SOE onto the solar cell since glue leakage around the lens does not provoke light 

spillage (and therefore losses) like in those designs that end up with a prism on top of the cell. 

 

Figure 3.10 Left: FK prototype B. Right: FK prototype C in operation. 

 

3.2.2 Module peak efficiency 

Electrical efficiency can be easily measured with an I-V curve tracer and a tracking system in 

order to keep the module aimed to the sun position. The I-V tracer provides the 

instantaneous power produced by the solar cell. This output power is directly transformed in 

terms of electrical efficiency if we divide its value by the input power (obtained with a 
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pyroheliometer, also aimed to the sun). Figure 3.11 shows an FK prototype performing under 

on-sun conditions, with POE concentrating sunlight onto SOE. 

 

Figure 3.11 FK prototype performing outdoors. Sunlight is concentrated by POE on the SOE surface and it 

distributes it on the cell plane. Notice that this prototype does not contain any solar cell in the picture in 

order to show how light is concentrated on the cell plane. 

In order to compare efficiency results among them and to get the full picture of their 

relevance in the CPV market, the I-V curves obtained may be translated into standard 

conditions, since solar cells’ performances suffer significant variations with temperature, 

light spectrum and illumination intensity (i.e. concentration level) [6][7]. When showing 

corrected results, it is usual to translate them to the recently adopted CPV IEC CSTC 

(Concentrator Standard Test Conditions) test conditions of Direct Normal Irradiance 

DNI=1000 W/m2, 25°C cell temperature and AM1.5d solar spectrum. There are several 

mathematical methods of translating measurement conditions to standard ones, including 

some complex ones that analyze the behavior of every single subcell (as for instance in [8]). 

This thesis uses a method that translates a given measurement to standard values of 

concentration and temperature on the cell, but not to standard solar spectrum. Therefore, 

when we will refer to “corrected” values from now on, we will be translating our results to 

DNI=1000 W/m2 and 25°C cell temperature. In this correction method, the average 
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concentration on the cell (C) and its operation temperature (Tcell) are estimated from the 

following system of equations: 
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where Voc(Tcell,C) and Isc(Tcell,C) are the open-circuit voltage and short-circuit current under 

operation conditions respectively, and Voc(Tcell,0,C0) and Isc(Tcell,0,C0), usually provided by cell 

manufacturer, are open-circuit voltage and short-circuit current at reference conditions, 

where the reference is fixed by the manufacturer. The dependences of Voc and Isc with cell 
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are also provided by the manufacturer. Notice that the dependence of Isc with Tcell is usually 

given by the manufacturer as a relative variation ( )/sc scI I∂ . The values of these coefficients 

are generally dependent on which subcell is limiting the photocurrent at a given moment. 

Since solar cells are characterized under an AM1.5d spectrum, the coefficients provided by 

manufacturers correspond are valid for that spectrum. Therefore, this correction method 

might not be very precise if the I-V curves analyzed have been obtained under spectra far 

from AM1.5d. 

Once C and Tcell in operation have been calculated, the efficiency of the cell at those conditions 

can be estimated since manufacturers provide the dependence of cell efficiency with 

concentration and temperature, i.e. ηcell(Tcell,C) under AM1.5d spectrum. Since the 

illumination distribution of the FK concentrators is excellent spatially and spectrally, we will 

consider ηcell(Tcell,C) representative of the cell efficiency in operation in the FK when the 

spectrum on the cell is close to AM1.5d. As explained in Section 1.4.2.4, the module efficiency 

can be expressed through the cell efficiency and the optical efficiency of the concentrator: 

ηmod(Tcell,C) = ηcell(Tcell,C) × ηopt. We can consider the optical efficiency as independent from 

the temperature and concentration conditions, which is a realistic approximation for the FK 

concentrator. Consequently, upon the module efficiency at the operation conditions, 

ηmod(Tcell,C), we can easily calculate the module efficiency at the corrected conditions 

ηmod(Tcorr,DNIcorr) just by applying Equation (3.2):  
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Figure 3.12 Corrected efficiencies (blue) at Tcell=25°C and DNI=1000 W/m2 and fill-factor (red) for the 

whole measurement on prototype C. 

 

Figure 3.13 I-V curve showing peak measured efficiency. DNI=814 W/m2; Voc= 3.25 V; Isc= 2.57 A; Pm = 

6.95W, FF=83.3%; Efficiency=33.4 %. 

The efficiency measurements shown in Figure 3.12 for prototype C were realized on August 

20th 2013 during 2 hours, ranging between 35.4-35.9% and with a peak efficiency of 36.0% 
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(corresponding to real measured efficiencies in the 32.8-33.4% range). Figure 3.13 shows the 

I-V curve of the highest instantaneous efficiency measured. Notice that efficiencies and fill-

factors (FF) follow opposite trends in Figure 3.12, resulting in minimum FF values for 

current-matching situations (i.e. peak efficiency). This kind of behavior is usually experienced 

in CPV modules, as demonstrated in [9]. The trend of the efficiency is then ruled by the trend 

of Isc, as shown in Figure 3.14. 

 

Figure 3.14 Corrected Isc  at Tcell=25°C and DNI=1000 W/m2 conditions for the whole efficiency 

measurement on prototype C. 

On the other hand, prototypes A and B show significantly smaller values than those achieved 

by prototype C (36.0% peak efficiency), being their peak corrected values 32.7% and 32.4% 

respectively. This great difference in terms of efficiency when comparing prototype C with A 

and B can be explained by several factors.  

First, different cell manufacturers have been chosen for the prototypes, entailing different cell 

efficiencies as well. The cells chosen for prototypes A and B present efficiencies around 

38.5% under AM1.5d spectrum, for the respective operation concentrations inside the 

prototypes. On the other hand, the cell in prototype C belongs to the last generation of cells 

produced by Solar Junction, and presents an approximate 42.0% efficiency. Furthermore, the 

use of SoG technology for the POE allows for taking full advantage of the high efficiency of the 

cell used in prototype C (the POE of prototypes A and B is made of PMMA), contributing to its 

outstanding results. Finally, it is important to point out that the efficiency results are clearly 
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boosted by means of the AR coatings deposited on the POE and SOE top surfaces of prototype 

C, while prototypes A and B have no AR coatings. 

It is also remarkable that prototypes A and B show very similar peak efficiency values (32.7% 

and 32.4% respectively), even though the concentration factor of prototype B is 44% higher 

than that of prototype A and a smaller margin around the cell illuminated area (see Table 

3.1). This means that the FK concentrator presents an optimal performance for a wide range 

of concentration factors and that it does not need a large margin around the illuminated area 

of the cell to be enough tolerant to assembly misalignments.  

 

3.2.3 Module efficiency through the day 

As it was detailed in Section 1.4.1, the current unbalance among the different subcells 

composing a multijunction cell leads to significant losses in terms of efficiency. Manufacturers 

usually optimize their cells in order to be current-matched for the standard spectrum 

AM1.5d. Nevertheless, the strong variations in the air-mass (AM) value produce significant 

variations in the solar spectrum, not only through the year, but also through a day. Therefore, 

the resulting balance of currents among the different subcells varies in accordance with these 

changes in the solar spectrum, determining the efficiency of the module. Moreover, 

wavelength-dependent optical transmission presented by concentrators makes that the 

spectrum “seen” by the cell is somewhat different from the spectrum at the concentrator’s 

entry aperture. In this situation, the cell might demand a spectrum different from the AM1.5d    

at the concentrator’s entry in order to be current-matched. 

This section shows the evolution of efficiency experienced by an FK module through a whole 

day. This analysis is particularized for the prototype A, although results would be analogous 

for the rest of prototypes. Since this module contains a triple-junction Ge-based cell, only top 

or middle subcells will limit the cell current at any given moment, which simplifies the 

analysis of the results (see Section 1.4.1). The measurement has been carried out on May 17th 

2010. 
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Figure 3.15 Evolution of corrected module efficiency on May 17th 2010 in Madrid, Spain. Areas shaded red 

denote red-rich solar spectrum (i.e. limiting by top subcell); blue-rich spectrums are represented by blue 

color (i.e. limiting by middle subcell). 

Figure 3.15 shows prototype A variation in electrical efficiency during a single day (one I-V 

curve was measured every 30 minutes). Solar time has been taken into account in this 

graphic and successive ones. There are two local maximum efficiency values, one around 7:15 

and the other one around 16:15. As stated above, those moments correspond to situations 

with current-matching between top and middle subcells. 

We can define three distinct regions during the course of the day: 

1. From dawn to 7:15: solar spectrum is rather reddish, so top subcell will limit the 

whole generated current. The closer to 7:15 we are, the bluer the spectrum will be 

and top cell generated current will be closer to middle cell current. Consequently, 

efficiency will progressively increase. 

2. From 7:15 to 16:15: solar spectrum is bluish, so middle subcell will limit the 

photogenerated current. The first part of this region is efficiency decreasing, until the 

point where the spectrum is the bluest possible along the day (at 12:00, i.e. solar 

noon). Later on, efficiency will increase until the second local maximum, where top 

and middle currents will be again balanced (at 16:15). This can be assessed since FF 

variations are negligible around 7:15 and 16:15 (see Figure 3.16) and these 

measurements have been temperature corrected, so efficiency is mainly ruled by Isc 

(as happened in Section 3.2.2 with prototype C), as Figure 3.17 shows. 
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3. From 16:15 to dusk: spectrum is reddish again, implying a top cell limiting situation. 

Efficiency values will decrease progressively until dusk. 

 

Figure 3.16 Evolution of fill-factor of prototype A on May 17th at Madrid, Spain. 

Figure 3.16 shows the fill-factors (FF) corresponding to the measurements of Figure 3.15. As 

can be seen in the figure, the FF keeps excellent values always around 85%. The FK is able to 

keep high FF values thanks to outstanding irradiance uniformity achieved independently of 

the color of light, as will be shown in the next section. 

 

Figure 3.17 Comparison of corrected Isc  evolution: on-sun measurements (dots), simulations taking into 

account the measured radiometric spectrum (grey line) and simulations carried out with solar spectra 

provided by SMARTS program (dark line). 
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Figure 3.17 shows a comparison between Isc measurements and simulations results for 

prototype A (EQEs of the multijunction cell employed for these simulations have been taken 

into account). This comparison is held within the 13:00-18:00 time range, around the second 

efficiency local maximum. The figure shows three different curves: points represent on-sun 

measurements taken every 30 minutes, while the other two curves correspond to 

simulations. One of these curves has been calculated by simulating the prototype A with the 

measured radiometric spectra available at the time of each measurement. The other curve 

corresponds to simulations carried out with spectra generated by SMARTS software [10]. 

Notice that, while on-sun measurements place the current-matching situation at 16:15, both 

simulation methods predict it around 16:30-16:45. Besides this small difference, measured 

and simulated results fit very well.  

 

3.2.4 Irradiance distribution 

Irradiance distribution on the cell surface is an important issue in CPV modules. Uniform 

irradiance patterns help to achieve higher cell efficiencies than non-uniform ones, especially 

when the uniformity is achieved throughout the entire sun spectrum, preventing the module 

from chromatic dispersion (see Section 2.1.3.3). In this sense, Köhler integration is a good 

option in order to provide almost perfect irradiance uniformity on the cell. This section 

shows how irradiance homogenization is achieved on the cell surface after light is refracted 

at both, POE and SOE. 

A detail of the SOE under operation is shown in Figure 3.18. On the SOE top surface (left) each 

fold is receiving one of the four foci produced by the POE, clearly showing the characteristic 

chromatic aberration generated by refractive elements (as in this case a Fresnel lens). The 

focus corresponding to short wavelengths (i.e. blue color) is placed at inner positions on the 

SOE surface, while long wavelengths (i.e. red color) produce a focus on outer positions. 

Intermediate wavelengths produce foci of intermediate colors in intermediate positions. 

Figure 3.18 (right) is a picture taken from the bottom part of the SOE under real sun 

operation, where we have replaced the solar cell with a white diffuser acting as a screen to 

analyze the irradiance pattern the concentrator would provide onto the cell surface. The SOE 
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corrects the chromatic aberration introduced by the POE and therefore the irradiance profile 

on the cell plane (i.e. bottom of SOE) is free from chromatic aberration. 

 

Figure 3.18 Left:  FK SOE in operation, showing two multi-color foci from POE. Right: View of SOE from 

below, showing the square-shaped irradiance profile of light generated. 

 

Figure 3.19 Irradiance profile on the cell surface from the processed data upon the picture. Left: 

perspective view, where the vertical axis indicates the irradiance in suns. Right: view from above, with its 

color code at its right. 1 sun=900W/m2. 

In order to show the irradiance distribution achieved by FK concentrator, we have again used 

prototype A. Figure 3.19 (left) shows a perspective view of the irradiance profile of the FK 

concentrator under real operation. The image information has been processed and converted 

into an irradiance distribution demonstrating the even irradiance achieved within the visible 

range (i.e. top subcell). Figure 3.19 (right) shows a view from above of the same irradiance 

profile. This test validates simulation results, shown in Figure 2.8 (a). The outstanding 
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uniformity of the irradiance distribution on the cell plane has been characterized by means of 

an indoor setup as well, as shown in Figure 3.20. 

 

Figure 3.20 Indoor setup for assessing the good uniformity achieved by the prototype A of the FK 

concentrator. A collimated white source impinges on the concentrator’s entry aperture and the Köhler 

integration performed by the concentrator produces a squared spot of light on the cell plane (at the right 

side of the figure).  

 

3.2.5 Angular transmission curve 

3.2.5.1 Outdoor measurement 

The acceptance angle can be easily deduced from the concentrator angular transmission 

curve, as was explained in Section 1.4.2.2. For the on-sun measurement or the angular 

transmission curve, the module is placed in a fixed position (without tracking the sun), letting 

the sun traverse the module from negative misalignment angles towards positive angles, 

passing through the on-axis position (0°). Tracing the entire transmission curve (negative 
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and positive angles) is compulsory, since the FK transmission curve is flat at the top, and the 

maximum transmission is difficult to locate and center. Figure 3.21 explains how this 

measurement is realized: the module is fixed while the sun, following its trajectory, goes 

through the whole transmission curve of the module, where the red dot denotes on-axis 

position and blue dots denote -α and +α positions, where α is the module’s acceptance angle. 

 

Figure 3.21 Measurement of the angular transmssion curve. Sun goes through the whole transmission 

curve (sun trajectory denoted by the black arrow on the sky) while the module remains fixed. Red dot 

represents on-axis position, while blue dots represent ±α positions referred to on-axis situation, where α 

is the acceptance angle. 

In this case, prototype A has again been used for the measurement, which took place on May 

18th 2010 around 11:00 solar time, just the day after efficiency measurements were obtained, 

so the spectral distribution was almost identical to that on May 17th at 11:00. At that 

particular moment the middle subcell was limiting the generated current (see Figure 3.15), so 

this measured transmission curve corresponds to the middle subcell. Consequently, the 

transmission curve simulated for the middle subcell will be taken in order to establish a 

comparison with the measured results. 

Figure 3.22 analyses measured and simulated transmission curves for prototype A. Both 

curves represent the Isc values evolution, under corrected conditions, with tracking 

misalignment, expressed in degrees. The first conclusion is that both measured and simulated 

curves are pillbox-shaped, which ensures high efficiency for the module even for large 

misalignments. The second conclusion is that the curves are almost identical, with close 
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values of acceptance angle (measured ±1.27° versus simulated ±1.35°). The simulated 

transmission curve has been raytraced under the same conditions to those of the measured 

one, for which the limiting subcell is the middle subcell, thus Figure 3.22 presenting both 

angular transmission curves corresponding to the middle subcell. 

 

Figure 3.22 Comparison between measured and simulated Isc transmission curves for prototype A (at 

Tcell=25°C and DNI=1000 W/m2 conditions). 

The dependence of the fill-factor (FF) with chromatic dispersion in the irradiance profile on 

the cell has already been pointed out in Section 2.1.3.3. In this way FF depends on the 

magnitude of the dispersion: very dispersive concentrators entail large FF drops, while small 

FF drops will only be attainable with low-dispersive concentrators, as is the case of the FK for 

instance. Moreover, all concentrators show lower dispersion when on-axis than when off-

axis. 

For this reason, one of the alternative definitions of angular transmission curve and 

acceptance angle presented in Section 1.4.2.2 is used here. This definition is based on module 

electrical efficiency instead of Isc or optical transmission, hence obtaining the curve in Figure 

3.23. This efficiency versus misalignment curve presents an identical shape as that of Isc 

versus misalignment (also pillbox shaped), but with a slightly lower acceptance value (±1.21°, 

instead of ±1.27°). This is caused by the FF drop effect when dealing with misalignments over 

±1°, where the negative effects of chromatic dispersion commence. Nevertheless, Figure 3.23 

shows a constant FF value around 85% within the ±1° range, meaning that, inside that cone of 

acceptance, the chromatic dispersion effects are negligible for FK. Consequently the 

0.9

1.0

1.1

1.2

1.3

1.4

1.5

1.6

-1.6 -1.2 -0.8 -0.4 0 0.4 0.8 1.2 1.6

Is
c (

A)

misalignment (°)

Simulated

Measured

155 

 



Chapter 3 

acceptance angle drop introduced by the new transmission curve definition is very small, 

unlike other conventional concentrators (as for instance those presented in the comparison 

in Section 2.1.3.3: SILO, XTP and RTP) for which FF drops are much greater. 

 

Figure 3.23 Curves showing measured efficiency (black) and FF (grey) versus angle, for prototype A. 

It can be verified that results shown in Figure 3.23 are consistent with those shown in Figure 

3.15 and Figure 3.16 (obtained with the same prototype). Transmission curve measurements 

(see Figure 3.23), carried out the day after efficiency measurements were obtained (i.e. on 

May 18th at 13:00), show identical results for the on-axis situation to those for efficiency 

measurements at 13:00 (see Figure 3.15 and Figure 3.16): very close to 30% efficiency 

(30.2% versus 30%) and almost an 85% FF (84.9% versus 84.8%). The efficiency measured 

here is not the peak one (which is 32.7%), but the efficiency measured in a moment of the day 

where the spectrum variations were negligible (around solar noon in a May day). This is 

highly desirable when dealing with a 15 minutes long measurement like this one. 

 

3.2.5.2 Indoor measurement 

In addition to the outdoor measurements, an indoor characterization has also been carried 

out for measuring the transmission curve of prototype A, employing for this purpose the 

setup shown in Figure 3.24. The solar cell, inside the prototype, is direct-biased with an 

external source and consequently emits light isotropically from its front surface. In this 

situation, the optical concentrator performs as a collimator, producing at its output (i.e. its 
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entry aperture when performing as concentrator) a collimated light beam with angular 

extension of ±α, where this angle is ideally the module’s acceptance angle. This collimated 

beam presents certain intensity pattern, which is transformed by a lens (placed close to the 

concentrator output) into an irradiance pattern on the screen surface, which is situated at the 

focal distance of the lens, f. The irradiance profile obtained on the screen is processed and 

“translated” into the output intensity pattern by software. 

 

Figure 3.24 Setup for the indoor measurement of the transmission curve of prototype A. From left to right: 

the cell, optical concentrator (an FK in this case), image-forming lens and screen (placed at lens’ focal 

distance). 

Figure 3.25 (a) shows the concentrator with the cell forward-biased in order to emit light. 

Figure 3.25 (b) shows the illuminance distribution produced on the screen plane. It might 

seem slightly distorted, but it is just the effect of the impossibility of aligning a camera with 

the system axis because of obvious interferences with the rest of the setup. Nevertheless, this 

effect is taken into account by the software when processing the image in order to transform 

the illuminance profile into intensity profile. 
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Figure 3.25 (a) View from the concentrator’s entry aperture (i.e. 4-fold Fresnel lens), with the forward-

biased cell emitting light, optically coupled to the SOE (its 4-fold configuration can be observed); (b) 

Illuminance pattern obtained on the screen. 

The final processed result of this indoor measurement is shown in Figure 3.26, where the 

intensity pattern of the FK concentrator, performing as a collimator, is represented. This 

representation is based on black isolines indicating constant values of relative intensity, 

showing in a neat way the 3D transmission surfaces of the module (view from above). The 

main interest of this result is the red area in the graphic, showing the angle range in two 

dimensions for which the optical transmission is above 90%, thus defining the module’s 

acceptance angle.  

The first conclusion extracted from this figure is the extremely balanced 2D acceptance, 

presenting an almost perfectly circular shape, which warranties the same (large) acceptance 

value for any direction in the 3D space. This issue is highly important when dealing with real 

tracked systems as those analyzed along this thesis. The maximum value of intensity (=1) is 

approximately found in the coordinate (x,y)=(-0.2°,0), which simply denotes a slight 

misalignments among the module elements or, most probably, in the setup configuration. 

Dashed lines represent the limits of acceptance in directions x and y, showing that both of 

them are around ±1.3° (despite acceptance along x axis is slightly shifted from the global 

coordinate system, as explained before). 

(a) (b)
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Figure 3.26 Processed intensity pattern (normalized values) of the light bundle emitted by the 

concentrator when the cell is forward biased, with color code in the right. Axes x and y show misalignment 

in degrees. The module 2D acceptance angle corresponds to the circular region in red color (>90%), the 

dashed lines limit the acceptance region for both directions (x and y), and the thick black line represents 

the acceptance cross-section analyzed in Figure 3.27.  

 

Figure 3.27 Comparison among angular transmission curves: simulated (grey) and measured indoors 

(black). 
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The thick black line, with coordinates x=constant=0.2°, corresponds to the particular 2D 

cross-section chosen to represent the classical transmission curve in 2D, in order to compare 

it with the raytrace simulated transmission curve. This comparison is represented in Figure 

3.27, where the simulated curve has been obtained with raytrace under the same conditions 

as those of the indoor measurements in order to perform a fair comparison: light spectrum 

(only single wavelengths for the emitting subcells, i.e. top and middle ones) and an 

infinitesimal size of the sun. The acceptance value presented by the indoor measured curve 

(black) is ±1.29°, and is obviously inferior to the simulated value (±1.34°) since the latter 

does not consider the eventual misalignments or errors in the manufacturing process of the 

optical elements (or misalignments in the setup). 

 

3.2.6 FK insensitivity to POE-cell distance 

When a CPV module presents manufacturing or operational misalignments, i.e. some module 

components are not at their nominal positions as happens in real operation, there is certain 

amount of efficiency losses. The FK concentrator is able to maintain its already demonstrated 

uniform irradiance and low chromatic dispersion profiles even when the module is not 

perfectly aligned, ensuring high electrical efficiency in large-scale CPV arrays, thanks to its 

insensitivity to misalignments. These large manufacturing tolerances have already been 

presented in previous works by means of raytrace simulations, showing impressive results 

[11] for multiple scenarios of misalignment among module’s elements. This section 

demonstrates the FK insensitivity in terms of electrical efficiency by means of outdoor 

measurements on prototype B, where the POE-cell distance (see Figure 3.28) has been 

modified around its nominal value. 

Prototype B has been measured for five different positions of the receiver (i.e. SOE+cell), 

maintaining POE at a fixed position. This means that for each situation analyzed, the receiver 

has been placed at a different point of the red line shown in Figure 3.28. z=0 is the nominal 

position, where POE-cell distance is 250 mm and best module performance is obtained. For 

positions with z>0 the receiver is moved towards the POE. Analogously, for positions with 

z<0 the receiver is moved away from the POE. Figure 3.29 shows the simulated irradiance 
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profiles for the five receiver positions (z=8, 4, 0, -4, -8, in mm), and for three ranges of 

wavelengths fitting with the EQEs of the three junctions (Top Cell or TC; Middle Cell or MC; 

and Bottom Cell or BC). These simulations allow us to know the different irradiance 

distributions on the cell surface corresponding to the different outdoor measurements, hence 

being able to explain the measured results by their corresponding irradiance distributions. 

 

Figure 3.28 FK concentrator prototype B with the varying POE-cell distance represented in red. 

 

Figure 3.29 Irradiance maps at different POE-cell distances. z=8, 4, 0, -4, -8, all in mm, represent receiver 

relative shifts along z axis from nominal position for the top cell (TC), middle cell (MC) and bottom cell 

(BC). 1 sun = 900 W/m2. 
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As expected, for the whole range of receiver positions the FK preserves very uniform profiles 

for the three junctions, being the nominal position (z=0) the most favorable situation. 

Besides, the profile uniformity of the top subcell is better preserved for all the positions than 

those of middle and bottom subcells. 

 

Figure 3.30 (a) For z>0 positions, rays of bottom subcell impinge on the SOE surface at a low position, 

producing non-uniformities in the cell irradiance; (b) for z<0 positions, top cell rays experience cross-talk 

on the SOE surface and some rays are lost. 

Additionally, for z>0 positions, rays impinge on the SOE surface at a low position (POE foci 

remain in the same position, while receiver is shifted, see Figure 3.30 (a)), producing non-

uniformities (especially remarkable for z=8 in the middle and bottom subcell). On the other 

hand, a different situation appears for z<0 positions: rays coming from the POE experience 

cross-talk, meaning that some rays coming from a particular fold of the POE may not impinge 

on its corresponding sector of SOE, but on a different one.  These rays are not able to impinge 

on the cell surface, being consequently lost, as shown in Figure 3.30 (b). This effect especially 

affects rays with wavelengths belonging to the top subcell when the receiver is in the z=-8 

position. This is observable in Figure 3.29, where a thicker dark frame around the light spot 

due to these lost rays appears. 

Figure 3.31 shows the evolution of Isc, FF and efficiency values when POE-cell distance is 

modified within the range specified above (-8mm<z<8mm). The best results are obviously 

obtained for the situation with the lowest dispersion (i.e. nominal position). Notice that the 

efficiency value in this position is around 31.0%, lower than the peak efficiency obtained by 

cross-talk

lost rays
missing cell

rays impinging on low
position of SOE surface

(a) (b)
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prototype B (i.e. 32.0%, as stated in Section 3.2.2), since it has been obtained under steady 

spectral conditions, away from the spectrum needed for the peak efficiency (i.e. spectral 

Jratio~1). Efficiency is maintained rather constant along wide ranges of POE-cell distance (a 

±8mm absolute shift means a ±3.2% relative shift), proving the high robustness to chromatic 

aberrations of the FK concentrator, which suffers a maximum efficiency drop of absolute -

1.2% in terms of efficiency, for the worst situation (z=8mm). 

 

Figure 3.31 Isc  (blue), FF (purple) and module efficiency (red) dependences with z position, with Isc  and 

efficiency values corrected to standard conditions (i.e. 1000W/m2 and Tcell=25°C). 

Analysing Figure 3.31, as expected, FF is more sensitive to chromatic dispersion (dominating 

effect in the z>0 region, as explained above) than to light loss (appearing in the z<0 region for 

the top subcell). Surprisingly, this behavior is also presented by Isc: the photocurrent is 

slightly more affected by chromatic aberration (z>0) than for light loss (z<0). This situation 

leads to higher sensitivity of electrical efficiency to dispersive irradiance distributions (see 

for instance efficiency at z=8mm), than to light losses (see efficiency at z=-8mm). This higher 

sensitivity to dispersion in irradiance profiles can also be observed in some concentrators in 

the raytrace simulations performed for some of the concentrators presented in Section 

2.1.3.3. 
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3.3 Dome-shaped Fresnel-Köhler concentrator 

 

Analogously to the FK concentrator case, several prototypes of the DFK concentrator have 

been assembled and characterized. These prototypes have been developed in the framework 

of the international project NGCPV [12], a collaborative research between European and 

Japanese leading research centers in the CPV field, pursuing the improvement of present 

concentrator cell, module and system efficiency. As a member of this project, Japanese 

company Daido Steel, in close collaboration with our research department at UPM, has been 

in charge of manufacturing the optical elements composing the concentrator (POE and SOE). 

They have assembled several mono-modules and whole 36-cell modules and characterized 

them as well. 

 

3.3.1 Efficiency and angular transmission measurements 

A mono-module of the DFK concentrator has been assembled and characterized at UPM. The 

dimensions and parameters chosen for the prototype are those already presented in Section 

2.2.3 for the highlighted design with f/0.81: 

 POE: Fresnel lens made of PMMA (n=1.493@550nm) and squared entry aperture of 

approximately 300cm2 (actual size 174x174cm2), vertex radius=30 μm. 

 SOE: made of B270 glass (n=1.525@550nm) and AR-coated, coupled to the cell with a 

transparent silicone rubber of n=1.41 (e.g., Sylgard 182 of Dow Corning). 

 High efficiency (~39%) commercial triple-junction cell of size 30.25mm2 (i.e. 

geometrical concentration ratio over illuminated area of Cg=1,230x). 

 POE-cell distance = 200mm. 
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Figure 3.32 shows different pictures of the manufactured prototype. Notice that the POE does 

not present a convex macroprofile along its whole surface, as would be expected from the 

description of the design made in Section 2.2.2. Instead of that, its central part has been 

redesigned to have a slight dimple, along with other minor changes in the design, both for 

manufacturability reasons. 

 

Figure 3.32 Left: DFK prototype mounted on the tracker. Right top: DFK prototype, with the POE at top and 

the SOE, coupled to the receiver, at bottom. Right bottom: detail of the receiver + SOE, where a metallic 

sheet has been included to protect the receiver from shifted foci produced by eventual tracker 

misalignments. 

As explained in the introduction to this Chapter 3, the measurements on the DFK prototype 

have been also carried out at Cedint facilities, in Madrid, on July 25th 2013 in this case. In 

particular, the DFK prototype has been characterized by measuring the evolution of its 

efficiency through a whole day, in an analogous measurement to that realized for the FK 

concentrator in Section 3.2.3. As in that case, there are two local maximum efficiency values, 

corresponding to moments where current-matching between top and middle subcells is 

satisfied. These two maxima divides the day into three regions as well, where the 
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photogenerated current is limited successively by middle-top-middle subcells following this 

sequence. 

 

Figure 3.33 Evolution of corrected Isc , corrected efficiency and FF on July 25th 2013 in Madrid, Spain. Solar 

time represented. 

Figure 3.33 presents the results of the measurement, referred to standard conditions 

(1,000W/m2 and Tcell=25°C), where an I-V curve has been measured each 15 minutes. It can 

be observed that the evolution of the efficiency is commanded by that of the Isc, since both 

evolutions are similar. Notice that their respective local maxima are given simultaneously. On 

the other hand, the FF experiences an inverse trend, showing local minima where efficiency 

and Isc show local maxima, in concordance with already proven effects [9]. Nevertheless, the 

FF shows quite constant and high values around 84% along the whole measurement, 

meaning that the cell is barely affected by non-uniformities of the irradiance on the cell since 

the profile produced by the DFK is highly even. The peak value for the corrected efficiency is 

31.6%, measured at solar 7:30. Its corresponding I-V curve is shown in Figure 3.34. 

Daido Steel has performed measurements on different prototypes of the DFK concentrator as 

well. Figure 3.35 shows one of the I-V curves for one of their prototypes, obtaining a 33.3% of 

module efficiency. This measurement has been carried out indoors under CSTC standard 

conditions (this time having an AM1.5d spectrum at the module entry aperture). Notice that 

the power delivered in both I-V curves (Figure 3.34 and Figure 3.35) differ considerably 
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(6.47W versus 10.09W). However, this is expectable since the measurement conditions are 

quite different, mainly regarding the great difference in their DNI values (742W/m2 versus 

1,000W/m2). The difference in the value of the efficiency could be produced by several 

factors: different prototypes have been measured in each case, thus presenting different 

alignment precisions; in the UPM case, an outdoor measurement has been carried out, while 

Daido Steel has realized an indoors one; different efficiencies for the solar cells employed in 

each case; certain degree of pollution in the atmosphere during the outdoor measurement 

day. 

 

Figure 3.34 I-V curve showing peak measured efficiency, corresponding to corrected efficiency of 31.6%. 

DNI=742 W/m2; Voc= 2.92 V; Isc= 2.6 A; Pm = 6.47W, FF=84.6%; Measured Efficiency=28.8 %. 

 

Figure 3.35 I-V curve measured indoors by Daido Steel under CSTC conditions. Voc= 3.22 V; Isc= 3.77 A; Pm  

= 10.09 W, FF=83.3%; Efficiency=33.3 %. 
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A measurement of the angular transmission curve of the DFK prototype assembled at UPM 

has been carried out as well. Isc and Pm angular transmission curves show identical values of 

acceptance (±0.88°, see Figure 3.36), which implies good spatial and spectral uniformity of 

the irradiance on the cell surface, for this wide range of misalignments. Moreover, both 

curves present good pillbox shape, highly important in CPV. The acceptance reduction when 

compared with the simulated value (±1.03°) may be probably due to certain degree of 

misalignment among the elements in the prototype assembly. Notice that the simulated value 

of ±1.03° does not coincide with the simulations presented in Section 2.2.3.2, where a value of 

±1.18° was shown. As explained in that section, for this prototype we have decide to optimize 

the irradiance uniformity on the solar cell by sacrificing some acceptance angle. 

 

Figure 3.36 Angular transmission curve of the DFK prototype for Isc (blue) and Pm (red). 

Regarding a whole DFK array, the smallest unit able to work independently from the rest of 

the array (due to interconnection reasons) is a 36-cell module, obviously containing 36 

mono-modules as those presented above. Figure 3.37 shows an image of the 36-cell module, 

assembled by Daido Steel, where the POEs can be seen from above and all the 36 cells are 

series-connected. The characterization of this module, by Daido Steel, is still in process. 
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Figure 3.37 Picture of the 36-cell DFK module. 
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3.4 Cavity Fresnel-Köhler concentrator 

 

As explained in its corresponding section of Chapter 2, the aim of the Cavity Fresnel-Köhler 

(CFK) concentrator is to recover light reflected by the solar cell surface for the particular case 

of an FK concentrator. Therefore, this section, devoted to the characterization and 

measurement of the CFK, focuses on quantifying that light recovery in terms of Isc and module 

efficiency increases. In this way, we have compared the efficiency measurements carried out 

on CFK and FK prototypes and calculated the gain in efficiency attained by the CFK by means 

of the light recovery obtained by its external cavity. Both, indoor and outdoor measurements 

have been realized in order to quantify this gain. 

 

Figure 3.38 CFK SOE. The two original parts from FK concentrator remain uncovered while the cavity part 

is metalized and protected with a coating of black paint. 

To establish a fair comparison between both modules, the same housing, POE, and solar cell 

have been used (so the physical dimensions and concentration factors are also the same). The 

POE is the same one used in prototype A presented in the previous section, being a 4-fold FK 
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with geometrical concentration of 710x (over cell illuminated area) in which two sectors 

have been masked. Therefore, both FK and CFK modules present a geometrical concentration 

of 355x. Spectrolab’s C3MJ+ [4] (nominal efficiency ~38.5%) is the cell used for both 

modules. Moreover, both SOEs are made from identical glass pieces, both including an 

external cavity. The only difference between both modules lays in the metallization of the 

cavities: while for the CFK case the cavity has been metalized with silver (and protected by a 

coating of black paint, see Figure 3.38), for the FK case the cavity has just been covered with 

the coating of black paint. In the CFK a coating of paint has been applied to the metalized 

cavity surface in order to protect the metallization from oxidation, while in the FK case the 

paint prevents Fresnel reflection due to the refractive surface of the non-metalized cavity.   

 

3.4.1 Indoor measurements 

 

Figure 3.39 Setup for the indoor measurement. From right to left: omnidirectional white source, 

collimating lens, CFK module (entry aperture of the unmasked 4-fold Fresnel lens can be seen). This setup 

provides a collimated white light at the module entry aperture. 

The indoor measurements have been carried out by illuminating both concentrators’ entry 

apertures with a collimated white light in order to generate an illumination pattern similar 

(spectrally and angularly) to the light from the sun. The collimated light source has been 

achieved by means of placing an omnidirectional white source at the focal length of a convex-
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plane refractive glass lens. Therefore the light, after being refracted by the lens, will be 

transformed into a collimated beam. This white collimated beam impinges on the 

concentrators’ entry apertures, carefully placed in order to stand perpendicular to the beam 

(on-axis incidence). 

Figure 3.39 shows the setup used for the indoor measurements. For the source, a 64211NBP 

Osram halogen lamp [13] has been chosen. Due to the setup configuration and the power 

emitted by this lamp, the luminous power arriving at the apertures of the concentrator is 

much lower than under a standard solar source (around 70 times less). Therefore the solar 

cell will perform under 5 suns.  In this situation the efficiency obtained is far from its 

optimum and the efficiency gain calculation will not be realistic. This is why in the case of 

indoor measurements we have just measured the Isc gain. The lamp spectral distribution is 

infrared rich so the top cell was limiting the Isc during the measurement. The results 

obtained are a 4.5% Isc relative gain of CFK over FK. 

 

3.4.2 Outdoor measurements 

Unlike what happens in indoor measurements, outdoor conditions are highly variable and 

unpredictable and comparison measurements between different modules must be carried out 

simultaneously. Therefore, for the outdoor comparison measurements between CFK and FK, 

two different samples of a C3MJ+ [4] solar cell have been used, each one for each module. 

Since different cell samples mean, in general, different cell performances, the comparison 

would not be fair just by comparing one module with the other, containing different cells each 

one of them. Hence, measurements were taken on two successive days. During the first day, 

one cell was used for CFK and the other, for FK. On the second day, cells were swapped. Then 

averaged results for CFK from both days have been compared with averaged results for FK 

from both days. Both cells had been previously calibrated and showed very similar Isc values, 

differing by less than 2%.    

In order to make a reliable comparison, for each day, the measurements of both modules 

were carried out simultaneously (minimizing the spectral difference between them). 

Moreover, the time day was the same for both days, the solar midday for a more stable 

172 

 



Characterization and measurement in CPV applications 

spectrum. This outdoor comparison has offered even better results than the indoor 

measurements. As can be observed in Figure 3.40, the CFK shows Isc=0.839A and a module 

electrical efficiency η=32.5%, while FK presents Isc=0.791A and η=30.8%. This means a 5.5% 

gain in relative electrical efficiency and a 6.0% gain in relative Isc. The slightly higher Isc gain 

(compared with the gain in efficiency) is produced by a small fill-factor decrease in the CFK I-

V curves. Notice that these I-V curves have been corrected for the standard conditions: 

DNI=1,000 W/m2 and Tcell=25°C. 

 

Figure 3.40 Comparison of averaged I-V curves for CFK (black curve) and FK (grey curve). 

Nevertheless, these efficiencies are not the highest achievable by both concentrators because 

spectral conditions of the measurements were not producing current matching between the 

top and middle junctions (and hence peak efficiency), since Isc was limited by the middle 

junction. As stated before, the solar spectrum has been chosen to be the most stable in order 

to proceed with a fair comparison between modules, which is the purpose of this work. 

Additionally, the CFK has been also measured for a more balanced spectrum, having shown a 

corrected peak efficiency of η=33.2%. 

0

0.2

0.4

0.6

0.8

1

0 0.5 1 1.5 2 2.5 3 3.5

Cu
rr

en
t (

A)

Voltage (V)

173 

 



Chapter 3 

 

3.4.3 Discussion 

The 5.5% gain in efficiency measured outdoors (middle cell limited) is very close to the 5.8% 

gain detailed in Figure 2.46 (top) at the prototype’s effective concentration level, which is 

C≈205 (i.e. 18.45 W/cm2). However, this coincidence is not relevant since the gridlines of the 

cells used in the prototypes were not designed for the concentration level in the 

measurement, neither with nor without the cavity, while this graph deals with the gains 

attainable with optimized gridlines for each case. From Figure 2.45 it can be deduced that at 

C=205, with the measured value of fs=6%, the model predicts a higher gain, 7.4%, showing a 

higher discrepancy between the model and the measurement. It may be caused by an 

overestimation of the cell reflection (given by the parameters ρsc=3% and ρg=90%) and the 

cavity mirror reflectivity (ρc=90%), or by an underestimation of the black paint reflectivity 

(considered 0% in the model).   
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3.5 Determination of concentrator tolerances from 

full-array I-V curves 

 

The most important merit function in CPV is the Levelized Cost Of Energy (LCOE, as defined 

with Equation (2.3) in Section 2.1.3.4), and therefore minimizing it should be the aim of any 

CPV system. A given optical concentrator design defines certain value of geometrical 

concentration, Cg, and acceptance angle, α (both related through the CAP). The acceptance 

angle represents its “tolerance budget”, used to face the different imperfections in the 

manufacturing process, i.e. shape errors and roughness of the optical surfaces, module 

assembly, array installation and tracker structure finite stiffness among others. This 

tolerance budget depends on the degree of precision of the manufacturing process, and the 

improper expense of this budget can lead to two hypothetical extreme situations: 

 The acceptance angle is not high enough to overcome all the manufacturing errors, so 

the final CPV system will present significant power losses through an efficiency 

decrease. The solution to this situation is to move toward more precise 

manufacturing processes in order to avoid these losses, at the expense of higher 

production costs, but trying to compensate them through the efficiency increase. 

 The acceptance angle is high enough so there is still a tolerance excess after all the 

different manufacturing and system tolerances have been allocated. In this situation, 

cheaper manufacturing procedures are more advisable, which presumably consumes 

more of the tolerance budget, in order to exchange the tolerance excess for cost 

savings until the tolerance budget is exhausted.  

The influence of all the aforementioned manufacturing imperfections on the system 

performance is in general very complex to estimate. However, several direct approaches are 

possible. First, one could allow for full individual measurements of the mono-modules, which 

means the I-V curves for different orientations of the array, and the computer modeling of the 
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electrical connection will describe well the array performance. Such method may be 

realizable at R&D level for a single array, but it is not applicable for large scale analyses. A 

second direct approach to make this estimation consists in modeling the array by knowing 

the distribution of errors, and generating a computer model of the full array. Such an 

approach requires measurements of the distributions of the different errors, which is usually 

a very difficult task. In a third direct approach, a mono-module model can be assumed with 

certain error distributions for some free parameters, and these can be fitted to match the 

modeled results with the experimental ones. This method is easier to apply in practice, and 

its accuracy will depend on the adequateness of the assumptions. Opposite to direct 

approaches, an inverse approach would try to deduce the error distributions from the array 

measurements, without knowing or estimating the error distributions a priori or measuring 

the individual units. This has obvious interests, but its general solution may not be attainable. 

This section introduces two mathematical tools that allow for estimating the errors. The first 

one, described in Section 3.5.3 is an inverse method, in which an integral equation is solved to 

find the distribution of photocurrent of the modules from the I-V curve of the array. By 

applying it for different aiming positions of the whole array, it is discussed the possibility of 

deducing the photocurrent functions IL(θ) of the individual mono-modules without the need 

of measuring them. The second tool, described in Section 3.5.4, is a direct method of the third 

type described above, in which a simple method to fit the model parameters is suggested. 

Both tools will be presented after a general introduction to the effect of manufacturing errors, 

which will be particularly focused on the photocurrent dispersion of series-connected mono-

modules, which is of major importance in practice. 

 

3.5.1 Mismatch losses at CPV array level 

There are several ways of interconnecting the cells within a large CPV system, always 

combining series/parallel layouts. However, this Section 3.5 will only consider series-

connected systems for the proposed models. In general, these systems need to rise the 

voltage up to a certain level (some hundreds of volts) to make the DC-AC converters work 

efficiently. For multijunction cells, with operating voltages around 3V, this implies a number 
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of series-connected cells in the N=100-250 range typically. In an N-cells series-connected 

row, the power delivered by the array can be far from expectations, owing to the so-called 

photocurrent mismatch. Indeed, in a naked series-connected row, the current at the 

maximum power point reachable is limited by the photocurrent of the worst cell, a similar 

effect to that experienced by a multijunction cell composed of several subcells (see Section 

1.4.1). In order to prevent large power losses when the worst cell is severely limiting the 

whole current at maximum power, the concentration cells have a diode in parallel so that 

each cell can be by-passed if the gain in current balances the drop in voltage. 

 

Figure 3.41 Left: series-connection of two solar cells in a CPV array. Right: Individual I-V curves for those 

cells (red and blue) and resulting I-V curve for their series-connection. 

Figure 3.41 shows the case of two CPV mono-modules connected in series with by-pass 

diodes for each cell, their individual I-V curves and the global I-V curve. In this simple case, 

the resulting I-V curve fulfills the next expressions: 
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where Isc is the short-circuit current, IL, the cell photocurrent, Voc, the open-voltage circuit, 
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expected as well, and consequently an important part of energy will be lost. This negative 

effect is known as photocurrent mismatch among the different cells in the series connection. 

Taking into account this behavior when series-connecting several cells, let us analyze a more 

general case with an array containing a large number of cells connected in series. First of all, 

the errors in the manufacture of optical elements, air bubbles in the encapsulation, the 

different misalignments in the mounting process and mispointing to the sun when placed on 

the tracker may produce a noticeable loss in terms of IL of a single mono-module. This effect 

is explained through Figure 3.42 (left), where the dashed curve represents the I-V curve of 

the perfect mono-module (no errors in its manufacture) and the continuous one, that of the 

real manufactured mono-module. This IL loss produces a shift in the MPP position (from the 

grey dot to the black dot), entailing a consequent reduction in the delivered power. In this 

analysis we are neglecting the possible variations produced in the mono-module I-V curve 

shape due to spectral and spatial inhomogeneity of the irradiance produced, for instance, 

when the sun is mispointed, as explained in Section 2.1.3.3. Therefore, the analysis is only 

accurate for concentrators for which this effect is negligible, as the FK. 

 

Figure 3.42 Illustrative forms of the I-V curves of mono-module (left) and array (right) under 

photocurrent dispersion, caused by errors in the manufacture of optical elements and misalignments 

among the different components. The array is composed of 100 series-connected cells with by-pass 

diodes. 

Figure 3.42 (right) illustrates how, besides this IL decrease at mono-module level, there is an 

extra loss of power due to the mismatch losses when connecting several mono-modules with 

by-pass diodes in series at array level. Again, the dashed line represents the array theoretical 

I-V curve, and the continuous line, the real I-V curve. The extra decrease in the delivered 

power (from grey dot to black dot) is mainly produced by decreases of FF in the array I-V 
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curve. These effects are caused by the dispersion in IL of the different mono-modules and the 

misalignments among them. 

A pioneer work authored by Antón and Sala [15] performed an estimation of the power 

losses due to the dispersion among mono-modules when interconnecting them in a whole 

array, supporting their calculation with experimental results from a CPV plant. This previous 

work is closely linked to the work we present along the rest of Section 3.5. 

 

3.5.2 Model of the CPV array 

A commercial multijunction solar cell with a by-pass diode can be modeled as [16]: 

 , ,
, ,

exp 1 exp 1L o mj o bp
t mj t bp

V VI I I I
V V

   
= − − + −      

   
  (3.4) 

Where IL represents the photocurrent at short-circuit (V=0), Io and Vt mean saturation 

current and thermal voltage of the equivalent diode respectively and sub-indices mj and bp 

stand for multijunction and by-pass, indicating the two different equivalent diodes in the cell 

model. 

With good approximation, we can obtain V as a function of I from Equation (3.4) as: 
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  (3.5) 

Consider a CPV array pointing towards a certain direction with a large set of cells connected 

in series. If the probability density function of photocurrents is f(IL), the array I-V 

characteristic is given by: 
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 ( ) ( ) ( )1 1  
I

L L
L t mj L L t bp L

o mj o bpI
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∞
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= + − +      
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, ,

ln lnf f   (3.6) 

From Equation (3.6) it is straightforward to solve the direct problem of calculating the 

function V(I) when f(IL) is known. However, we are interest in the inverse problem of finding 

f(IL) assuming V(I) is given, which constitutes an integral equation. In order to solve it, let us 

consider the following discrete numerical approach of Equation (3.6): 
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The system of Equations (3.8) is a linear system of N equations with N unknowns, which can 

be solved with the help of any numerical calculation package as, for instance, Mathematica or 

MatLab. Once the probability density function f(IL) is known, we can compute the distribution 

function, F(I), which gives us the fraction of bypassed cells, as: 

 ( ) ( )
I

L LF I I dI
−∞

= ∫ f   (3.9) 

Or numerically as: 
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=

= ∆ =∑ f   (3.10) 

Figure 3.43 shows an example of such an inverse problem resolution, obtained from a CPV 

array with 72 cells in series. 
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Figure 3.43 On the right, measured I-V curve of a CPV array with 72 cells in series. On the left, the resulting 

probability density function f(IL) obtained from solving the integral Equation (3.6). 

 

3.5.3 Inverse method  

Consider that the unknown function to find now is the photocurrent written as a function of 

the pointing direction IL=h(θ,ϕ,n) of the mono-module n in a CPV array. In this section we will 

study the problem of finding that function from the measured I-V curve of the array as a 

function of the pointing direction, i.e. I(V,θ,ϕ). The process will involve the calculation of the 

probability density function f(IL,θ,ϕ) and its associated distribution function F(IL,θ,ϕ) as 

intermediate steps. 

According to Equation (3.6), f(IL,θ,ϕ) is found by solving the integral equation given by: 
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Assuming the function V(I,θ,ϕ) is known through a measurement, for discrete values of 

{ }1 1( , ) ( , ),...( , )M Mθ φ θ φ θ φ∈  in the range of interest, we could obtain a discrete 
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approximation of the function f(IL,θ,ϕ). The distribution function, which coincides with the 

fraction of bypassed cells, is given by: 

 ( ) ( ), , , ,θ φ θ φ
−∞

= ∫
I

L LF I f I dI   (3.12) 

Let us consider, as a simplification, that the pointing is one-dimensional of angle θ (instead of 

two-dimensional of angles θ and ϕ). Then we can represent the function V(I,θ) in a θ-V-I 

space. The distribution function F(I,θ) indicating the number of bypassed diodes will be 

defined over that surface. As a simple example, Figure 3.44 (a) and (b) show such a 

representation for a 6 mono-module array, for which the values of function F are discrete in 

the set {0,1,..6}. 

 

Figure 3.44 (a) I-V curves for different values of θ. (b) Representation of the function I(V,θ) as a surface in 

the θ-V-I space, on which the values of the function F are shown. 

The last step in the resolution of the inverse problem consists in finding the function 

IL=h(θ,ϕ,n) of the individual mono-modules from the calculated distribution function 

F(IL,θ,ϕ). This problem is formally stated considering that the function h performs a change of 

random variable from n to IL for each (θ,ϕ). However, it does have an exact solution only 

when h is monotonic (and it is not the case in our problem) or when the number of mono-

modules is small. In this last case, it is necessary that h is a differentiable function (θ,ϕ) and 

that for any two modules, n1 and n2, the normal to the surfaces IL=h(θ,ϕ,n1) and IL=h(θ,ϕ,n2) 

in the θ-ϕ-IL space along their intersection line given by IL=h(θ,ϕ,n1)=h(θ,ϕ,n2) are not 

(a) (b)
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parallel. In that case the function F(IL,θ,ϕ) is stepped (taking values from 0 to 6 in the 

example in Figure 3.44), and at each step, the inversion is well defined.  

To illustrate this, consider again the simplified one-dimensional problem with single angular 

variable θ and the previous example of a 6-cell array. Figure 3.45 (a) shows the isolines 

F(IL,θ)=constant in the θ-IL plane. Since at the intersection points of any two contour lines 

their slope is not equal (the non-parallelism condition), we can identify which mono-module 

is bypassed at each side of the intersection point. Therefore, we can deduce, as shown on 

Figure 3.45 (b), the individual photocurrent curves IL=h(θ,n), n=1 to 6, of the mono-modules 

(however, note that we will not know where each mono-module is physically located). As a 

consequence of this analysis, it is deduced that one of the mono-modules (whose 

photocurrent curve is shown in blue) has a small acceptance angle, limiting the acceptance 

angel of the whole set, but the maximum extractable power is still high. 

When the number of cells is large, the solution to the inverse problem is not unique, and a 

future line of research includes developing the adequate assumption to find good 

approximate solutions for this more complex case. As an alternative, the next section 

considers an alternative approach, using a direct method and assuming that the shape of the 

function is partially known IL=h(θ,n). 

 

Figure 3.45 (a) F=constant lines projected on the I-θ plane. (b) IL(θ,n) for the six mono-modules (n=1 to 6), 

which is the solution of the inverse problem. 

θ

I

θ

I
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3.5.4 Direct method with parametric fit 

Instead of considering the function IL=h(θ,n) is unknown, this section approximates the 

calculation by considering that this function can be parameterized and its parameters 

optimized to get the best fit with the experimental results. The model assumed is: 

 ( ) ( ) ( )( )max,L LI h n I n T nθ θ ε= = −   (3.13) 

where T(θ) is a known function, which can be estimated from ray-tracing, and ILmax and ε are 

random variables, as indicated in Figure 3.46. From them, only a few parameters (as their 

average or standard deviations) will be assumed to be unknown. The cause for the ILmax 

random variation among the different mono-modules is related with drops in transmission of 

the optical elements due to variable optics quality, encapsulation problems (as bubbles) or 

cell efficiency dispersion. On the other hand, the random variation of ε is mainly due to the 

misalignments among the different mono-modules produce dispersion in the angular 

orientation among the mono-modules.  

 

Figure 3.46 Each concentrator is modeled using its photocurrent characteristic IL(θ), defined by its 

maximum amplitude (ILmax) and its lateral shift (ε), as defined in Equation (3.13). 

 

IL(θ)

θε

ILmax
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The input data of this procedure are: 

 Full I-V array curves measured at different tracking errors, θ (in a one-dimensional 

case). An example of θ-V-I representation for a 6 series-connected module array is 

shown in Figure 3.47 (a).  

 I-V curve of a reference concentrator unit (including when bypassed, i.e. V<0) from 

which the function T defined above is obtained.  

 Number of concentrator units series-connected. 

 

Figure 3.47 (a) θ-V-I 3D representation for an array composed of 6 series-connected modules; (b) 

Projections of curves Isc(θ) and Im(θ) on the V=0 plane. 

The method is based on the calculation of two parameters extracted directly from the array 

θ-V-I curves. The first one is called AIsc and represents the area enclosed by the Isc(θ) curve of 

the whole array (area enclosed by the continuous purple curve in Figure 3.47 (b)). The 

second one, denoted by AIm, represents the area enclosed by the curve of current at MPP of 

the array, i.e. Im(θ) (area enclosed by the continuous green curve in Figure 3.47 (b)). 

In order to obtain realistic values for parameters AIsc and AIm, the error model developed 

must consider realistic assumptions regarding the imperfections appeared in the array 

manufacture. For this purpose, several populations of array θ-V-I curves (as those used as 

example in Figure 3.47 (a)) have been generated randomly, taken into account the 

interconnection diagram of the array. For simplicity reasons, we have considered the same 

Voc and FF for the I-V curves of the different mono-modules. Hence, every mono-module will 

be characterized by its photocurrent maximum value curve, ILmax, and the angular 

θ
V

I Isc(θ)

Im(θ)

Array Im
Array Isc
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misalignment, ε. For our error model, we have chosen a Gaussian distribution for the angular 

misalignment ε, with null mean value and unknown standard deviation σε. The photocurrent 

ILmax, on the other hand, follows a Weibull distribution, with maximum value equal to the 

reference mono-module and unknown standard deviation σILmax. The combination of these 

two statistics leads to the overall performance of the whole array. 

With these assumptions, each family of θ-V-I curves is generated by choosing a pair of values 

(σε,σILmax), which defines certain degree of optical losses and misalignments in the array, as 

explained above. Once the resulting θ-V-I curves are obtained, the calculation of their 

corresponding AIsc and AIm values is straightforward and the next generic expressions can be 

established: 
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,
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Im IL
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σ σ

σ σ

=

=
  (3.14) 

Nevertheless, it would be desirable to have the inverse relationships, i.e. having parameters 

σε and σILmax as functions of AIsc and AIm: 
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σ

=

=
  (3.15) 

For a particular array, the aim of this method is knowing their corresponding Equations 

(3.15). Upon them, and using the particular values of AIsc and AIm extracted from the θ-V-I 

curve of a particular array, vital information about efficiency drops at mono-module level and 

misalignments in that array can be extracted. 

 

3.5.4.1 Example of application of the method 

This section presents an example of how this method works, focusing on a particular case of 

CPV array. For this case, the reference concentrator I-V curve chosen is that of an FK 

concentrator with simulated acceptance angle of α=±1.3°, shown as a thin blue continuous 

line in Figure 3.48 (left top) together with other “misaligned” versions of the same curve. 

Additionally, a number of N=200 concentrator units connected in series, each of one working 

with identical commercial triple-junction cells (each one of them provided with a Schottky 
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by-pass diode) has been chosen as interconnection configuration. The cell model employed 

for this example can be found in [16] and considers the following satandard values for the 

parameters included in Equation (3.4): 
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Figure 3.48 Left top: several IL(θ) curves generated by applying different σε and σ ILmax values to the 

reference FK concentrator curve (in bright blue continuous line). In dark blue continuous line, the curve 

used in the example. Left bottom: representation of the chosen Gaussian distribution of σε=0.3°. Right top: 

representation of the chosen Weibull distribution of σILmax=0.05A. 

Figure 3.48 illustrates how the different photocurrent curves IL(θ) are generated for the 200 

individual concentrator units, for certain fixed values of the standard deviation of the 

probabilistic functions, i.e. σε and σILmax. The different curves are shown on the graph at left 
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top, where the dashed curves represent several modules presenting certain misalignment 

and the continuous bright blue line represents the reference simulated curve (showing no 

manufacture errors). The different misalignments presented by the dashed curves have been 

generated by our error model, applying the aforementioned probabilistic distributions. In 

particular, for the family of curves shown in Figure 3.48, the lateral misalignment has been 

modeled with a Gaussian distribution of null mean value and standard deviation σε=0.3° (left 

bottom red graph), while the dispersion in ILmax has been modeled with a Weibull distribution 

of maximum value 1.52A and standard deviation of σILmax=0.05A (right top red graph). Notice 

that 1.52A corresponds to the reference module ILmax value. The dark blue curve shown in 

Figure 3.48 (left top) is generated by the combination of certain value of misalignment 

(ε=0.2°) and certain value of ILmax (ILmax=1.42A), graphically shown in the figure through the 

black dashed lines. 

For the particular example of array presented in this section, Figure 3.49 shows the different 

curves describing Equations (3.15). As stated above, just by knowing the values of (AIsc,AIm) of 

the θ-V-I curves of the array, both distribution deviations, i.e. σε and σILmax, can easily be 

calculated. A certain number of solutions is represented in the figure, but a larger range of 

values of (AIsc,AIm) could be represented. As can be seen, some of the curves in the left graph 

are truncated since, for those values of AIm, values above a specific value of AIsc have no 

physical sense. 

 

Figure 3.49 Inverse functions σε=f(AIsc ,AIm) (left), and σ ILmax=g(AIsc ,AIm) (right) for the example analyzed 

along this section. For both graphs, horizontal axis represents AIsc , while different AIm values are 

represented by different curves. 
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Through the graphs shown in Figure 3.49, we can extract important information about I-V-θ 

surfaces corresponding to any array presenting the same interconnecting configuration, 

number of modules and mono-module architecture, as those explained in the beginning of 

this section. Let us suppose the cases of four different arrays showing different realistic 

results: 

1. AIsc = 6.5 and AIm = 3.8. The graphs in Figure 3.49 predict a standard deviation for the 

angular misalignment of σε = 0.44° and of σILmax = 0.011A for the dispersion in ILmax. 

The value of σε is quite large (supposing 1/3 of the whole mono-module acceptance 

angle), while that of σILmax is almost negligible (less than 1% of the nominal ILmax 

value). This situation clearly implies that there are large misalignments at array level 

(among the different mono-modules), while the transmission of single mono-modules 

is almost perfect (for both reasons, good optical transmission of the elements and 

proper alignments among them). The eventual power losses are then caused by 

misalignments at array level. 

2. AIsc = 5 and AIm = 3.4. The graphs in Figure 3.49 predict a standard deviation for the 

angular misalignment of σε = 0.08° and of σILmax = 0.087A for the dispersion in ILmax. 

The value of σε is now very low (6% of the whole mono-module acceptance angle), 

while that of σILmax is very poor (over 5.7% of the nominal ILmax value). This situation 

clearly implies that there are small misalignments at array level (among the different 

mono-modules), while the transmission of single mono-modules is rather poor (for 

both reasons, low optical transmission of the elements and severe misalignments 

among them). Notice that a 6% of loss in acceptance angle is almost negligible, while 

the same percentage referred to ILmax is rather inadmissible since it implies high 

power losses. These power losses are, in this case, caused at mono-module level. 

3. AIsc = 5.75 and AIm = 3.4. Figure 3.49 predicts standard deviations of σε = 0.3° and 

σILmax= 0.07A. Both are large values, supposing 1/4 of the whole mono-module 

acceptance angle reduction and almost 5% of the nominal ILmax value decrease. This 

situation implies that there are large misalignments at both, array and mono-module 

level. 

4. AIsc = 5.25 and AIm = 4.4. Figure 3.49 predicts standard deviations σε = 0.1° and of 

σILmax= 0.008A. Both are small values, supposing 7.7% of the whole mono-module 

acceptance angle reduction (almost negligible) and less than 0.5% of the nominal ILmax 
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value decrease. This situation implies almost perfectly aligned arrays at both levels 

and proper optical transmission. 

As explained in the introduction to Section 3.5, if the power losses obtained at array level are 

too high, we should reconsider going toward more precise (and expensive) manufacturing 

processes. Depending if the given situation is one of the four exposed above, the precision 

increase in the manufacturing process should be focused at array level (situation 1), mono-

module level (situation 2) or both simultaneously (situation 3). The cost increase would 

probably be largely compensated by a greater power generated (higher global efficiency). On 

the other hand, if situation 4 was given, the manufacturing precision would be enough, being 

advisable to go toward less precise and consequently cheaper manufacturing process. These 

different four ways of proceeding look for decreasing the LCOE of the system for each 

particular situation. 
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3.6 Conclusions 

 

Achieving high efficiency CPV modules and systems relies not only on the use of high 

efficiency cells, but also on top performing optics. CPV modules below 30% efficiency (at 

Tcell=25°C) are the norm, and therefore showing results well over that efficiency is of great 

relevance, especially when it is obtained with practical devices, as the Köhler concentrators 

are. In this way, Chapter 3 has been devoted to show the experimental measurements carried 

out on the advanced Köhler concentrators presented along Chapter 2: FK, CFK and DFK. 

These experimental results have shown the performance of these concentrators, confirming 

those results predicted by means of raytrace simulations, and shown in Chapter 2. 

In particular, Section 3.1 has focused on the characterization of the different optical elements 

composing the measured modules, i.e. the POE (Primary Optical Element) and SOE 

(Secondary Optical Element). Several characterization methods have been detailed for the 

analysis of their surfaces and other issues, as the determination of the draft angle, in the case 

of the flat Fresnel lenses of FK and CFK concentrators. After having proceeded with all these 

tests, we can conclude that the manufacture of the optical elements presents enough 

precision for the requirements of our CPV modules. Since bad performances in CPV modules 

can be caused by numerous issues (low transmission of the optical surfaces, malfunction of 

the solar cell, misalignment among the different components,…), warranting that the optical 

elements work properly is vital in order to eliminate uncertainties when the whole module 

shows eventual bad performances.  

The next three sections (3.2, 3.3 and 3.4) analyze the particular experimental measurements 

realized on each one of the Köhler concentrators. Measurements on the FK concentrators are 

presented in Section 3.2, for which three different mono-module prototypes have been 

assembled. The electrical efficiencies measured in all of them are high and fit well with the 

models. An instantaneous corrected efficiency of 36.0% has been measured on one of the 

prototypes (prototype C), designed with a last generation multijunction cell, a SoG Fresnel 
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lens as POE, and with anti-reflective coatings on upper surface of both, POE and SOE. The 

NREL (National Renewable Energy Laboratory) has recently published the efficiency record 

on a CPV module, being 35.9% and obtained by Amonix [17]. This value has been obtained 

under the recently adopted CPV IEC CSTC test conditions (1,000W/m2 direct irradiance, 

Tcell=25°C). Therefore this value is similar to that measured with our FK concentrator. 

Moreover, a curve showing the evolution of the measured efficiency versus the day time has 

been presented, agreeing with the expected results where two local maxima appear. The 

measured angular transmission curves show large acceptance angles (for both 

measurements, indoors and outdoors), again perfectly matching the expected values. The 

irradiance pattern on the cell (obtained with a digital camera) shows an almost perfectly 

uniform distribution, as predicted by raytrace simulations. Additionally, FK has demonstrated 

its insensitivity to chromatic aberration when the module is not perfectly aligned, by 

maintaining its excellent uniformity on the cell. This has been assessed through a set of 

efficiency measurements where the POE-cell distance has been varied along a relatively wide 

range of values. All these excellent on-sun results confirm the FK concentrator as a potentially 

cost-effective solution for the CPV market. 

Analogously to the FK case, Section 3.3 has shown the experimental measurements on a DFK 

prototype. An efficiency versus day time curve has been measured outdoors as well, showing 

efficiency, short-circuit current and fill-factor values evolution. These evolutions satisfy the 

expected behavior of the module. A peak corrected efficiency of 31.6% has been achieved, 

being surpassed by an indoor measurement presenting a significant corrected efficiency of 

33.3%, and carried out by Daido Steel in the framework the NGCPV project. 

Section 3.4 has shown the experimental measurements carried out on the CFK concentrator. 

Excellent indoor and outdoor results have been obtained with this proof of concept external 

cavity-based prototype, having shown measured gains in both short-circuit current and 

efficiency in the 4 to 6% range. Since the gridlines of the cell used were not designed for the 

concentration level in the measurement, neither with nor without the cavity, the gains 

obtained are not representative of what is attainable with optimized gridlines for each case, 

which was the subject of the model explained in Section 2.4. For an optimized gridline density 

for the operation conditions of the CFK, these gains will significantly boost. Nevertheless, it is 

remarkable that with 38.5% nominal efficiency cells we measured absolute efficiencies of 

over 33% @Tcell=25°C in the CFK device without any AR coating on the optics.  These 
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outstanding results already prove the potential for performance improvements with this kind 

of cavity when included in CPV architectures. These promising results encourage us to 

promote higher concentration CPV designs as well as integrating external confinement 

cavities, whose gain potential is higher. 

In addition to all these experimental results, Section 3.5 has introduced two mathematical 

tools that are able to provide vital information about the errors in a CPV array manufacturing 

process. These errors produce a significant decrease in the array power generation by means 

of the well-known mismatch losses among interconnected mono-modules. The first method, 

described in Section 3.5.3 imposes the resolution of an integral equation bringing the 

possibility of deducing the photocurrent functions IL(θ) of the individual mono-modules 

without the need of measuring them. The second method, described in Section 3.5.4, is a 

direct method and consists in fitting the parameters of the proposed model. The great 

breakthrough about both methods lies in no single mono-module measurement are 

necessary, but only several measured I-V curves of the array at different angular orientations 

(θ). Future work on this issue in order to fully validate this method should focus on its 

application to real measured θ-V-I data.  
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Chapter 4  

APPLICATION TO SOLID STATE 

LIGHTING 

 

4.1 Introduction to illumination and color mixing 

 

Illumination optical design is concerned with the transfer of light from a source to a receiver, 

usually called target. As explained in Section 1.2, illumination systems can ignore the usual 

design constraints present in imaging systems in order to transfer effectively the light. This 

transfer of light typically has two important parameters: transfer efficiency (or simply 

efficiency) and distribution at the target [1]. Efficiency is of particular importance due to 

increasing needs of energy efficiency, mainly linked to electricity costs and concerns over 

environmental effects. Nevertheless, obtaining a high transfer efficiency should not counter 

to obtaining the desired distribution on the target. Depending on the specific applications, 

other common criteria for the design include illumination color properties, volume 

requirements or production cost. 

In a similar way to the case of CPV applications, the efficiency of an optical system for 

illumination is defined as the ratio of the flux (i.e. luminous power) at the target to that 

emitted by the source. On the other hand, the illumination distribution, or commonly 

“pattern”, is measured in terms of intensity or illuminance. Intensity describes the 
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distribution of light as a function of angle or, more specifically, solid angle. Illuminance 

defines that distribution on the surface of a target, being equivalent to the concept of 

irradiance in CPV (illuminance is used for photometric units, while irradiance is used for 

radiometric units). Notice that, when the target is placed at the infinity, intensity and 

illuminance distributions are identical. The illumination uniformity achieved on the target is 

determined by comparing the distribution obtained with the goal distribution. 

Regarding the sources in modern illumination systems, the most widely used is the Light 

Emitting Diode (LED), generically referred to as Solid State Lighting (SSL). SSL is then 

opposed to systems using other conventional sources as incandescent filaments, arc lamps or 

halogen bulbs. Technical progress in the field of LEDs has been breathtaking during the last 

few decades, rendering state of the art LEDs compact, rugged, reliable, bright, efficient and 

cheap [2]. LED technology is playing an important role as light source until the point that has 

currently become the dominant light source. Furthermore, LED technology is still in full 

progress, and recent development of new approaches has been presented, as for instance the 

promising Organic Light Emitting Diode  (OLED) [3]. 

In SSL illumination, there is a clear trend toward high flux sources with higher efficiency and 

higher CRI (i.e. Color Rendering Index or ability of faithfully reproducing colors) [2] 

addressed with the use of multiple color chips inside the same LED package. These spatially 

inhomogeneous sources, when combined with collimating optics, typically produce patterns 

with undesired artifacts, which usually are a combination of illuminance and color non-

uniformities. In order to avoid these effects, there is a need to mix the light when arriving on 

the target plane, hence obtaining proper color mixing by means of an adequate optics, which 

is specially challenging when dealing with collimated luminaries. Of particular interest is the 

combination of red (R), green (G) and blue (B) chips in the same package (i.e. RGB LEDs) to 

produce white color at the output.  

Among the most conventional methods to obtain color mixing from inhomogeneous light 

sources, we can find diffusers and kaleidoscopic lightpipe mixing. In the case of a light 

diffuser, it is directly added on top of the LED package, creating a uniform and homogeneous 

type of light source able to prevent undesired intensity and color artifacts. Its main 

drawbacks are the rather low efficiency attained and an increase on the étendue of the source 

(which becomes virtually “larger” and far from the ideal point source), compromising control 

of the emitted light. On the other hand, lightpipe mixing is achieved by means of an optical 
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element referred to as mixing rod. The main drawback of this method is that the minimum 

length of the pipe in order to obtain the desired color mixing level is usually quite large. This 

makes lightpipes for large LED packages not very practical for compact lamps and inefficient 

due to high light absorption inside the material (usually polycarbonate to stand high 

temperature being close to the chips). Nevertheless, several configurations of lightpipes 

include ripples on their surface profile, reducing their lengths and performing acceptable 

color mixing [4]. 

There are other advanced methods in order to achieve color mixing. In this sense, Chapter 4 

describes the application to illumination of the Fresnel Köhler concentrators described along 

this thesis, which show good color mixing properties. In particular, Section 4.2 shows results 

of the DFK concentrator, presented in Section 2.2, performing as a collimator able to mix 

colors. Additionally, Section 4.3 presents a novel thin faceted optical design in which the color 

mixing here is obtained by means of a technique referred to as anomalous deflection.   
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4.2 Color mixing by Köhler integration 

 

As explained in Section 1.3, the Köhler integration concept is highly advantageous for 

illumination applications since it does not need a uniform source to provide uniform 

distribution on the target. That section showed Figure 1.2 in order to explain how Köhler 

integration works through the basic example of a single optical element composed of lenslet 

arrays at both, its input and output surfaces. The output bundle obtained produces a uniform 

intensity pattern with the desired angular aperture (±α). 

 

Figure 4.1 Working principle of a basic Köhler integrator lens array for color mixing. Left: different color 

chips illuminating the input surface of the integrator: Right: detail of how rays enter the integrator and 

exit forming a ±α output bundle.   

Figure 4.1 shows an example of how a Köhler integrator may be used to produce white light 

from a red, green, blue (RGB) source, being this explanation analogous to that used for the 

monochromatic case seen in Section 1.3. On the left, the figure shows the three RGB chips 

illuminating the input surface of the integrator. The light coming from the blue middle chip is 

focused to the center of the output lens and spreads out towards the target as it leaves this 

optical surface. Supposing square-shaped lenses, since the second lens images the first lens 

+α

±α

±α

±α

-α
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onto the target, the result will be a blue square on the target. Similarly, the light coming from 

the red top chip is focused to the bottom of the output lens and spreads out towards the 

target as it leaves this optical surface. Again, the second lens images the first lens onto the 

target, resulting in a red square on the target. The same applies for the green chip at the 

bottom. The superposition of all these images (red, green and blue) is a white square, as 

shown in Figure 4.2. 

 

Figure 4.2 The superposition of the ±α intensity patterns produced by every single color chip results in a 

±α white color pattern. 

 

Figure 4.3 Left: DFK concentrator performing as light collimator, with a RGBW multichip configuration as 

light source, placed at the cell plane. Right: source configuration (10 R, 10 G, 10 B and 10 W chips), all of 

2α 2α 2α 2α+ + =
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them placed on the cell plane, inside the dashed squared space representing the cell size employed when 

performing as concentrator. 

 

Figure 4.4 Intensity pattern produced in the far-field for the DFK concentrator (left) and for a 

conventional dome-shaped Fresnel lens (right). The angular size of both spots are in the ±6-7° range. 

In particular, this section shows the color mixing properties achieved by a DFK concentrator, 

thanks to the Köhler integration performed. A design producing a ±7° white intensity pattern 

has been chosen in our example. Figure 4.3 shows a rendered view of the concentrator 

performing as collimator. Notice that a low-concentration (and thus high-acceptance) design 

like this one entails a very compact configuration, if compared with those shown by the high-

concentration designs shown in the previous chapters. Additionally, Figure 4.4 (left) presents 

the light source configuration and the resulting illumination distribution, showing good color 

mixing properties. On the right of the same figure, we show the intensity pattern when a 

conventional dome-shaped Fresnel lens substitutes the DFK concentrator. Notice that, since 

Köhler integration is not performed any longer, the lens images the source in the far-field and 

the color mixing properties disappear. 
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4.3 Color mixing by anomalous deflection 

 

4.3.1 Anomalous microstructures 

When dealing with illumination applications, thin structured optical surfaces, as Fresnel 

lenses, TIR lenses or Fresnel mirrors, are often used. When the structured element is small 

enough (thus being called microstructured surface), it can be approximated as infinitesimal. A 

particular microstructured surface can be characterized by its “law of deflection”, which gives 

the direction of the ray after its deflection as a function of the direction of the incident ray and 

the unit normal to the surface. A microstructured surface can be either reflective or 

transmisive type depending on incident and exiting rays lying at the same or opposite side of 

the microstructured surface respectively. Looking at Figure 4.5, an alternative classification 

can be done: regular microstructures, for which / 0d id dθ θ ≥ , and anomalous 

microstructures, for which / 0d id dθ θ ≤  [5]. Being regular or anomalous depends on the 

actual design of the microstructure and its corresponding deflection law. 

Anomalous microstructures present the interesting property of producing a rotational 

symmetric intensity pattern from a non-rotational symmetric source. This means that this 

type of microstructures is able to project an off-axis point source as a centered ring in the 

intensity pattern provided that the collimator is aplanatic. The aim of this thesis does not 

include the formal demonstration of this property, which can be found in [6]. This is the case 

of an LED chip placed at a certain distance from the optical axis. Therefore, if several chips 

are placed at the same distance to the optical axis, their intensities will coincide and they will 

simply add. When an LED composed by chips of different colors is employed as light source, 

an optical design based on an anomalous microstructure will provide color mixing on the 

target. In the case of a classical RGB source configuration, a uniformly distributed white 

pattern will be produced.  
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Figure 4.5 Regular (top row) and anomalous (bottom row) deflecting microstructures in two dimensions, 

for reflective (left column) and transmisive (right column) surfaces. The thick black curved line 

represents the microstructured surface, while the black arrow, denoted by N, represents the unit normal 

to the surface. 

One of the most largely employed anomalous microstructures in nonimaging optics is the TIR 

lens. This section presents the design of an aplanatic thin TIR lens for SSL illumination 

applications, able to provide a collimated uniform intensity pattern and good color mix. Up to 

our knowledge, this is the first thin aplanatic design based on a microstructured lens, 

particularly one with anomalous deflection properties. 
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4.3.2 Aplanatic design 

As mentioned before, the best color mixing with anomalous deflection is obtained if the input 

to output ray mapping provided by the collimator is that of a full aplanatic system. These 

aplanatic designs present great interest in imaging optics since they are free from spherical 

aberration and linear coma at the axial direction. An aplanatic system fulfills two conditions: 

stigmatic image in the axial direction and the Abbe sine condition [7]. The opposite statement 

is also true: a design forming stigmatic on-axis image and fulfilling the Abbe sine condition is 

aplanatic. Abbe sine condition can be demonstrated in many different ways. One of them is to 

derive it from thermodynamic arguments, as Clausius did in 1864 [8], which is equivalent to 

demonstrate it through the conservation of étendue theorem. Since the Abbe sine condition 

can be derived by imposing the zero coma condition [9] only on tangential rays, the aplanatic 

design conditions are imposed in the two-dimensional space. As a consequence, the design 

presented in this section is a 2D design with rotational symmetry. 

When designing one of the microstructured surfaces presented in the previous section, its 

macroprofile can be tailored in order to fulfill one out of several conditions. In this way, 

minimum dispersion, no dilution or no geometrical losses are presented as commonly used 

conditions in nonimaging designs [10][11]. Depending on the condition chosen, lenses with 

different shapes and properties may be designed. Obtaining an optical design with no dilution 

and no geometrical losses at the same time, along with aplanatism, seems desirable for our 

design. Some standard dome-shaped Fresnel lens designs have been presented in the past 

[12]. In the same way, several thin TIR lens designs have been proposed as well [13][14][15]. 

Nevertheless none of them fulfills at the same time aplanatism, no light blocking and no light 

dilution. 

As stated above, the Abbe sine condition must be fulfilled in an aplanatic design, entailing 

differential étendue matching between a Lambertian source and a constant-solid angle 

collimated bundle. As demonstrated in a previous publication [5], when dealing with 

microstructured designs, the conservation of étendue condition implies that the lens 

macroprofile must follow a line describing an ellipse with both foci placed on the edges of the 

light source. 

Figure 4.6 (left) shows the elliptical macroprofile with foci at the source edges of a thin lens 

fulfilling conservation of the étendue when an extent light source is employed. Since the 
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étendue is conserved, every ray coming from the source edges will exit the system forming ±β 

with the optical axis (z axis) along the whole lens macroprofile. This is valid independently 

from the particular microstructure of the lens. If the extent source is replaced by a point 

source (Figure 4.6, right), ellipse foci converge to the same position and, as a consequence, 

the ellipse becomes a circle with its center at the position of the point source. In this example, 

the lens is designed to perform light collimation, with output rays being parallel to the optical 

axis for a point source.  

 

Figure 4.6 Left: elliptical thin lens macroprofile providing conservation of the étendue. Extent light source 

is represented by the blue line. Right: Thin lens macro-profile for a point source (blue dot) where ellipse 

becomes a circle. Paraxial approximation is shown as well. 

To find the Abbe sine condition of aplanatic design, the first order approximation should be 

considered [16], meaning that, for small horizontal shifts of the source in the x axis direction 

(perpendicular to the optical axis and represented by dx’ in the figure), it can be established 

the following expression (see Figure 4.6, right): 

 'sin  dx x dθ α=   (4.1) 

where all the parameters are represented in Figure 4.6 (right). Notice that, for any position 

on the lens, the angular tilt at the output is proportional to the source horizontal shift (only 

valid for small shifts). Figure 4.6 (right) is a representation of an anomalous microstructure, 

thus showing accordance in the ray representation with the deflection law shown in Figure 

4.5 (bottom right) for a generic transmisive anomalous microstructure. For this particular 

design, the Abbe sine condition is expressed with the equation of a circle of radius f in polar 

coordinates, as can be deduced from Figure 4.6 (right): 

β±
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 sinx f θ=   (4.2) 

Despite a TIR lens is aplanatic from a macroscopical point of view, the ray mapping from its 

input surface to its output surface is inverted (and hence an anomalous deflection is 

obtained). This can be easily observed in Figure 4.7, where a similar curved TIR lens to that 

presented in the following section is represented on the left. The mapping is represented in 

Figure 4.7 (right) through the function x(θ) for the global shape of the lens (dashed line) and 

for the real faceted profile (continuous line). The macroprofile follows a line defined by 

Equation (4.2), while the faceted profile presents a slope with opposite sign (dx=-f* d(sin(θ)).  

 

Figure 4.7 The TIR lens is an example of anomalous structured surface. When consider with finite facet 

size (i.e., out of the infinitesimal limit) such anomalism translates in the function x(θ) being discontinuous, 

with its envelope having positive derivative but x'(θ)<0 in each facet. 

 

4.3.3 Design procedure 

This section explains the design method in order to obtain a thin TIR aplanatic lens without 

dilutions and light blocking, as proposed in the previous section. When the source is 

infinitesimally small (point source), the ellipse of equi-differential étendue converges to a 

circle as explained above, thus fulfilling Equation (4.2). The explanation of the design method 

will be based on the representation made in Figure 4.8, showing a zoom in of the lens 
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presented in Figure 4.6 (right) for the region around θ=π/4, in order to make an analysis for 

infinitesimal teeth. 

In Figure 4.8, rays coming from the light source (represented by red, dark brown and light 

brown colors depending on what tooth they impinge on) undergo a refraction on the first 

surface of the tooth, then a TIR reflection at the second surface and finally another refraction 

at the external circle-shaped surface of the lens. From a macroscopical point of view, the 

design conditions (i.e. collimation function) impose that rays arriving at the lens direction 

( ) ( ), sin , cosx z θ θ=  exit the lens with direction ( ),0 1 . Denoting by s the arc length of the 

circle, for an arbitrary ray as that represented by a brown thick line in Figure 4.8 we can 

write: 

 cos cosdx f d dsθ θ θ= =   (4.3) 

Being x the coordinate of the analyzed infinitesimal tooth. For the infinitesimal facet, two 

equations can be established: 

 
( )

'
cos cos
dx dt

θ θ δ
=

−
  (4.4) 

 ( )sin sinnθ θ δ= −   (4.5) 

Since dx=dx’, from Equations  (4.3) and (4.4) we can obtain: 

 ( )cosdt dsθ δ= −  (4.6) 

so both cosine factors are canceled. This equation just states that the distances smax and tpmax 

(projection of the distance tmax on the external lens surface) are identical. Note that the 

dashed line joining the peaks of every tooth is parallel to the outer surface of the lens, 

represented by a thick black line. 
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Figure 4.8 Analysis of ray trajectories for a sector of lens containing three infinitesimal teeth. 

 

On the other hand, from (4.5) we can write: 

 ( ) ( ) sincos sin
2

2
21 1

n
θθ δ θ δ− = − − = −  (4.7) 

 

z

x
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Using Equations (4.6) and (4.7) we can obtain an expression relating dt and ds without any 

explicit reference to angle δ: 

 

 sin2

21dt ds
n

θ
= −  (4.8) 

Since θ and δ are constant for an infinitesimal facet, Equation (4.8) defines a linear mapping 

between variables s and t, as in the case of an afocal telescope happens [9]. This can be 

achieved with two surfaces, being in this case both surfaces of the tooth. Since the lens 

macroprofile has already been prescribed by the Abbe sin condition, then this linear mapping 

ensures the conservation of étendue, entailing both: no dilution and no light blocking (and 

thus maximizing optical efficiency).  

We can easily verify both properties by analyzing the extreme rays arriving to the middle 

tooth, and plotted in dark brown color in Figure 4.8. On one hand, the ray passing through 

point A but not being refracted at it, after been refracted on the R (i.e. refractive) surface of 

tooth 2, impinges on point B. On the other hand, the ray impinging on point C also impinges 

on point D. This ray assignment ensures that no ray received by the entry aperture of the lens 

will be lost (no light blocking) and that the whole outer surface of the lens will emit light (no 

dilution). Dashed lines on the surface of the third facet of every tooth are not design surfaces. 

They just connect a TIR surface edge of a tooth with the R surface edge of the next one, so the 

lens can be manufactured. 

 

4.3.4 Raytrace simulations 

The aplanatic TIR lens has been designed on PMMA (n=1.493@550nm) and Figure 4.9 shows 

its 2D profile. If we place the point source at coordinate (0,0), the lens external surface is 

placed on a circle of radius f, as explained in Section 4.3.2. If θ is defined as in Figure 4.6 

(right), the lens can only be designed in the angular range θ1<θ<π/2-θ2, as can be seen in 

Figure 4.9. On one hand, the lens cannot be grown up to θ=π/2 since for angles near that 

value, rays exit the lens almost tangentially to the lens external surface. On the other hand, as 
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any other TIR lens, this lens cannot deal with rays near z axis (i.e. θ<θ1). For this particular 

design, θ1=25°, θ2=10° and f=10mm. In order to cover the whole ±π/2 hemisphere we can 

develop an RR lens design for the angular range within ±θ1. Nevertheless the purpose of this 

section is to show how an aplanatic TIR lens, designed for conservation of étendue, can 

provide good color mixing properties in a given target. Hence, the RR lens design remains out 

of our aim. 

 

Figure 4.9 2D profile of the TIR lens designed. The lens macroprofile follows a circle with its center at 

coordinate (0,0): the point source position. θ1  and θ2  indicate the angular range for which the lens can be 

designed. 

 

Figure 4.10 Left top: rendered view of the lens from the bottom part, where TIR-R teeth can be 

distinguished. Left bottom: lateral view of the lens where circular geometry of the macroprofile has been 

overimposed. Right: View from above with RGGB LED as light source, placed at (0,0). 
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Figure 4.11 Left: Far-field intensity pattern. Right: True color intensity for the RGGB LED light source 

shown in Figure 4.10. 

Figure 4.10 (left top) shows a rendered view of the lens from the bottom, where TIR-R teeth 

can be distinguished. Figure 4 (left bottom) shows the lens lateral rendered view plotted over 

the semicircle described in Figure 4.9. Figure 4.10 (right) shows a rendered view of the lens 

from above with 4 LED chips (RGGB configuration) centered in the coordinate origin (0,0). 

LED chip size has been set to 1x1mm2, while lens diameter is 20mm (f=10mm). This light 

source configuration has been employed in order to verify the color mixing properties of the 

lens. 

Results are displayed in Figure 4.11. In the left part of the figure, the far-field intensity 

pattern shows, for the RGGB LED source, a very uniform profile, where the output bundle is 

around ±7°. Figure 4.11 (right) shows the true color simulation, where a good color mixing 

can be observed, even if it is not perfect. Optical efficiency is around 86% just taking into 

account for this calculation rays leaving the source for angles within θ1<θ<π/2-θ2. When 

raytraced with a monochromatic (at the design wavelength) point source placed at (0,0) 

position, the output bundle width is below ±0.1°, as expected. 

As was explained in Section 2.2.1, dome-shaped lenses as the one presented in this section 

present a challenging manufacture process. In this way, the unmolding phase cannot be 

realized with a simple movement along the lens’ optical axis: its inactive facets with negative 

values for the draft angle will not allow for the extraction of the part from the molding die. 

For this reason, Section 2.3 proposed a generalized design method for faceted nonimaging 

optical elements based on a spiral development of the surfaces. The lens presented in this 
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section is an example of a device for a real application that can be manufactured thanks to 

this spiral development. It implies that the different facets are developed in such a way that 

each facet is transformed into the adjacent one after a whole turn around the optical axis, 

instead of the classical revolution symmetry development where each facet describes a 

perfect ring after a whole turn around the optical axis. 
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4.4 Conclusions 

 

Köhler integration and anomalous deflections have been presented in this chapter as two 

approaches in order to achieve uniform distributions for illumination application, with 

especial focus on color mixing. Both of them present clear advantages over the classical 

techniques employed in lighting: diffusers and kaleidoscopic lightpipe mixing.   

On one hand, this chapter has demonstrated that the advanced Köhler concentrators 

presented along the rest of this thesis, beyond presenting optimal performances for CPV 

applications, can be also used for illumination purposes when dealing with Solid State 

Lighting. These designs are particularly interesting when color mixing properties are 

required for non-homogeneous sources, as LEDs composed of multicolor chips are. Section 

4.2 has demonstrated this issue by means of a DFK concentrator, achieving a noticeable 

degree of color mixing in its intensity pattern. 

On the other hand, Section 4.3 has presented an innovative nonimaging design that uses an 

alternative approach to produce uniformity and color mixing in the target: anomalous 

deflections. The design consists in a thin aplanatic TIR lens and, beyond its demonstrated 

good color mixing properties, it has obtained an optical efficiency of 86%. Such a high value 

has been possible since it has been designed following the conservation of the étendue 

principle, ensuring no light blocking and no light dilution at the same time. 
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Equation Chapter 4 Section 1 

CONCLUSIONS AND FUTURE LINES OF 

RESEARCH 

 

Conclusions 

The objective of this thesis work was to present the advanced Fresnel Köhler concentrators 

as high-performance optical designs for CPV applications that can be made cost-effective for 

mass-production systems. In particular, three concentrators have been proposed: the 

Fresnel-Köhler (FK), the Dome-shaped Fresnel-Köhler (DFK) and the Cavity Fresnel-Köhler 

(CFK). These optical concentrators consist in two optical elements: a Fresnel lens as POE 

(which can be manufactured through inexpensive processes) and a single refractive surface 

as SOE. They are able to perform simultaneously two functions: high concentration and 

Köhler integration. As stated in Chapter 1, the best framework in order to design optical 

concentrators for CPV applications is nonimaging optics. 

Chapter 2 has specifically been devoted to the design and development of the concentrators. 

In particular, we have shown how these concentrators fulfill all the desirable properties in 

CPV concentrators: high concentration factors, large acceptance angle, high optical efficiency 

and uniform irradiance distributions on the cell.  

In the section describing the FK concentrator, we have shown a highly useful comparative of 

the electrical efficiencies achieved by different concentrator architectures, each one of them 

providing different optical efficiencies and irradiance distributions on the cell surface. The 

simulations carried out have revealed that only the concentrators providing high optical 

efficiencies and, not only spatially, but also spectrally even irradiance distributions are able 

to allow for high module efficiencies. Non-homogeneities produce significant losses in the fill-
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factor and even in the short-circuit current of the cell, mainly linked to the series resistance 

and lateral resistance between junctions, showing that spectral non-homogeneities are even 

more determinant than spatial ones in this sense. The results shown in this comparative 

emphasize the great importance of proper irradiance uniformities on the cell, despite it had 

usually been considered as a second-order issue until the very last years. Furthermore, it is 

vital to maintain these even distributions over the acceptance range in order to translate high 

optical efficiencies into high module efficiencies inside the whole acceptance of the 

concentrator. 

The FK and the DFK concentrators’ CAP are the highest reported among concentrators based 

on Fresnel lenses (0.58 and 0.72 respectively), and a comparison graph has been shown in 

Chapter 2. Consequently, the FK and DFK concentrators are two excellent candidates to make 

low-cost high-concentration CPV modules that combine very high electrical efficiency at the 

array level (and not only at the single cell level) with cost-effective assembly and installation. 

Regarding the DFK concentrator, an innovative design method for faceted elements based on 

a spiral development of the facets has been presented, with especial interest for the 

manufacturing process of dome-shaped faceted elements, as the case of the POE of the DFK. 

Section 2.4 has detailed the integration of an external confinement cavity inside a CPV 

module in order to sustainably increase its efficiency, being particularized for an FK 

concentration, resulting in the CFK concentrator. An efficiency gain model, based on 

simulations, has been developed, predicting impressive results: around 5-10% for the whole 

concentration range analyzed and for optimized grid line densities on the cell. This proves the 

potential of this kind of cavity when included in CPV architectures. 

Moreover, the optical surfaces of these three concentrators, from the manufacturing point of 

view, are very similar to conventional (flat and curved) Fresnel lenses (in the case of the POE) 

and conventional domes (in the case of the SOE). This means that they can be manufactured 

with the same techniques (embossing or compression molding for the flat POEs, and glass 

molding for the SOEs) and that their manufacturing cost is essentially the same, ensuring low 

production costs. Since their optical performances (i.e. CAP) are higher, it leads to the lowest 

LCOE value among their competitors in the market, as has been demonstrated through a cost 

comparison. 
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Chapter 3 has been devoted to characterization and experimental measurements of these 

Köhler concentrators. Several prototypes of the FK and the DFK have been manufactured and 

measured, and have confirmed their optimal performances through their measurement 

results. A prototype of the CFK concentrator has also been assembled and characterized, 

showing a significant increase in efficiency thanks to its confinement cavity. 

Measurements on the FK concentrators have been presented in Section 3.2, for which three 

different mono-module prototypes have been assembled. The electrical efficiencies measured 

in all of them are high and fit well with the models. An outstanding instantaneous corrected 

efficiency of 36.0% has been measured on one of the prototypes, designed with a last 

generation multijunction cell, a SoG Fresnel lens as POE, and with anti-reflective coatings on 

upper surface of both, POE and SOE. The measured angular transmission curves show large 

acceptance angles (for both measurements, indoors and outdoors), again perfectly matching 

the expected values. The irradiance pattern on the cell (obtained with a digital camera) shows 

an almost perfectly uniform distribution, as predicted by raytrace simulations. Additionally, 

FK has demonstrated its insensitivity to chromatic aberration when the module is not 

perfectly aligned, by maintaining its excellent uniformity on the cell. This has been assessed 

through a set of efficiency measurements where the POE-cell distance has been varied along a 

relatively wide range of values. All these excellent on-sun results have confirmed the FK 

concentrator as a potentially cost-effective solution for the CPV market. 

Section 3.3 has shown the experimental measurements on a DFK prototype, with a peak 

corrected efficiency of 31.6%, being surpassed by an indoor measurement presenting a 

significant corrected efficiency of 33.3%, and carried out by Daido Steel in the framework the 

NGCPV project. On the other hand, the experimental measurements carried out on the CFK 

concentrator in Section 3.4, have presented excellent indoor and outdoor results: gains in 

both short-circuit current and efficiency in the 4 to 6% range. For an optimized gridline 

density for the operation conditions of the CFK, these gains would significantly boost. These 

outstanding results already prove the potential for performance improvements with this kind 

of cavity when included in CPV architectures. These promising results encourage us to 

promote higher concentration CPV designs as well as integrating external confinement 

cavities, whose gain potential is higher. 

Additionally, Section 3.1 has focused on the characterization of the different optical elements 

composing the measured modules, i.e. POE and SOE, which is vital for CPV systems. Several 
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characterization methods have been detailed for the analysis of their surfaces. From the 

results, it can be concluded that the manufacture of the optical elements presents enough 

precision for the requirements of our CPV modules. 

In addition to all these experimental results, Section 3.5 has introduced two mathematical 

tools that are able to provide vital information about the errors in a CPV array manufacturing 

process. These errors produce a significant decrease in the array power generation by means 

of the well-known mismatch losses among interconnected mono-modules. The first method, 

described in Section 3.5.3 imposes the resolution of an integral equation bringing the 

possibility of deducing the photocurrent functions of the individual mono-modules without 

the need of measuring them. The second method, described in Section 3.5.4, is a direct 

method and consists in fitting the parameters of the proposed model. The great breakthrough 

about both methods lies in no single mono-module measurement are necessary, but only 

several measured I-V curves of the array at different angular orientations (θ). 

Chapter 4 is devoted to Solid State Lighting applications. It shows how Köhler integration and 

anomalous deflections are two approaches in order to achieve uniform distributions for 

illumination application, with especial focus on color mixing. Both of them present clear 

advantages over the classical techniques employed in lighting: diffusers and kaleidoscopic 

lightpipe mixing. The chapter has presented the good color mixing results attained by a 50x 

DFK concentrator, achieving a highly white uniform intensity pattern. On the other hand, it 

has also shown an innovative nonimaging design that uses an alternative approach to 

produce uniformity and color mixing in the target: anomalous deflections. The design 

consists in a thin aplanatic TIR lens and, beyond its demonstrated good color mixing 

properties, it has obtained an optical efficiency of 86%. Such a high value has been possible 

since it has been designed following the conservation of the étendue principle, ensuring no 

light blocking and no light dilution at the same time. 
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Futures lines of research 

This thesis has presented an extensive work on the advanced Fresnel Köhler concentrators, 

including explanations on their design method, simulation results and experimental 

characterization of single-cell module prototypes of each one of them. Nevertheless, there is 

further work that could still be done regarding these concentrators, which is detailed along 

the next few paragraphs. 

It has been stated several times along this thesis that Fresnel Köhler concentrators are able to 

achieve high values of efficiency at both level: mono-module (i.e. single cell) and array. 

Section 3.2 and Section 3.3 have been devoted to the experimental characterization of the FK 

and DFK concentrators respectively, having shown outstanding performance results, being 

particularly significant those related to module efficiency and angular transmission curves. In 

real CPV systems, when moving from mono-module level towards array level, there are some 

unavoidable losses in terms of efficiency, mainly due to inaccuracies in the manufacturing 

and assemble process of the system. The only effective way to minimize these losses is to 

design high tolerant concentrators, being the FK and the DFK two good examples of this. To 

demonstrate it, measurements of both concentrators at array level should be carried out in 

the future. On one hand, as mentioned in Section 3.3, Japanese company Daido Steel is in 

charge of the DFK measurements of a 36-cell module, which will soon be available in the 

framework of the NGCPV international project. On the other hand, Cedint-UPM is currently 

involved in the deployment of a 20kW CPV pilot plant, comprising two trackers containing 

about 3,000 interconnected mono-modules in total. The first measured results for this pilot 

plant will be obtained in the next few months. 

Section 2.1 through simulations and Section 3.2 through experimental measurements have 

demonstrated that the FK concentrator can deal with a vast variety of design parameters.  A 

large range of concentration factors is especially relevant, typically arriving up to 1,500x for 

present multijunction cells. However, four and five junction solar cells, which are expected to 

reach the marketplace in the next years with efficiencies closer to 50%, are expected to 

present a much higher sensitivity to unbalances of the spectral and spatial irradiance 

distribution among the junctions. This may be particularly critical at higher concentrations 
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(in the 1,500-2,000x range) for which these cells may be cost competitive due to their higher 

cost. At these concentrations, the FK may not be enough to achieve the required uniformity 

levels, particularly when the sun is not perfectly tracked and when the temperature of the 

POE made of SoG in operation varies and consequently the position of its foci are shifted from 

their nominal position. This may lead to some significant losses in the module efficiency with 

the 4-fold FK. In order to avoid these undesirable effects when working with 4-5 junction 

cells and very high concentration factors, a 9-fold FK design may be chosen, where POE and 

SOE are disposed in a 3x3-sector architecture instead of a 2x2 one as it is the case of the 4-

fold design explained in this thesis. This alternative 9-fold design (known as FK9) is currently 

being developed in the Optical Engineering Group at Cedint-UPM and is able to provide more 

even irradiances on the cell under ultra-high concentrations, as explained in [1]. 

Unlike conventional RTP prisms, the FK SOE presents the possibility of using liquid silicones 

as optical coupler [2]. These encapsulants, since they are catalyst-free, have less risk of long 

term degradation that cured silicones. The research on testing them and implement practical 

encapsulation procedures to seal it are of great interest for the near future. 

This thesis has also presented a design method for faceted optical elements in order to 

simplify its manufacturing process, by means of a spiral development of the facets. However, 

the feasibility of the manufacturing of this kind of designs has to be demonstrated through 

the manufacture of a real plastic-injected prototype. Two nice candidates for this first 

prototype would be the POE of the DFK concentrator and the thin aplanatic TIR lens 

presented in Section 4.3. 

Section 3.5 has presented two mathematical methods to estimate the errors in the 

manufacturing process of a CPV array, without any single mono-module measurements (just 

measurements at array level are needed). In order to simplify the task, Section 3.5.4 

presented a direct method with parametric fit, where Equation (3.13) was presented, 

imposing certain constraints for the shape of the curves IL=h(θ,n). These constraints make 

that the amplitude (i.e. ILmax) and the horizontal shift (i.e. ε) of the mono-module 

photocurrent curves are the only two parameters of the curve and must fulfill, for our 

particular case, a specific probabilistic distribution (Gaussian and Weibull distributions with 

unknown standard deviations in our example). This model could be enhanced by means of 

making these two parameters (ILmax and ε) free from these constraints, so the unknown 

would be their distribution and hence can model much more faithfully the CPV system 
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analyzed. This results in a more complex model that has to be carefully developed in the 

future. 

Finally, regarding the illumination application, in this thesis we have introduced devices for 

color blending near the étendue limit using two techniques: Köhler integration and 

anomalous deflection. In the future, the same techniques should be extended to other 

architectures, as Köhler grooved RXI devices, and anomalous deflection R-TIR lenses. 
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