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(57) Abstract: A concentrated photovoltaic panel comprises at least one rigid sheet, one or more first optical elements disposed ad
jacent a first side of the at least one rigid sheet, one or more second optical elements disposed adjacent a second side of the at least
one rigid sheet, and one or more photovoltaic elements. Each photovoltaic element is disposed between a respective first optical ele

o ment and a respective second optical element. Each first optical element comprises at least one lens configured to focus light
impinging thereon onto a corresponding reflecting surface of the respective second optical element. Each second optical element is
configured to reflect light focused by the first optical element to the photovoltaic element disposed therebetween.



CONCENTRATED PHOTOVOLTAIC PANEL

Cross-Reference to Related Application

This application claims the benefit of U.S. Application No. 61/798,205

filed on March 15, 2013, the content of which is incorporated herein by reference in

its entirety.

Field of the Invention

[0001] The present invention relates generally to photovoltaic cells, and in

particular to a concentrated photovoltaic panel.

Background of the Invention

[0002] In the field of solar energy, conventional photovoltaic panels have

traditionally been used to generate electricity from sunlight. Conventional

photovoltaic panels consist of arrays of photovoltaic cells, with each cell consisting of

a semiconductor (e.g. monocrystalline silicon or polycrystalline silicon) substrate.

The power output from such conventional photovoltaic panels is a direct function of

the total substrate area of the array. As a result, sizeable arrays of large, expensive

semiconductor substrates are typically needed to generate sufficient electrical output.

[0003] Concentrated photovoltaic panels have been more recently developed,

and generally reduce the need for large semiconductor substrates by concentrating

light beams (i.e. sun rays) using optical elements, such as parabolic reflectors or

focusing lenses. The optical elements create a more intense beam of solar energy that

is directed onto a much smaller photovoltaic cell.

[0004] Concentrated photovoltaic panels have been previously described. For

example, German Patent Application No. 102006028932 to Doerr describes a module

having a photovoltaic element designed to pass through a portion of light focused by a

convergent lens. The module has a reflector that is spaced from photovoltaic

elements disposed on a glass substrate. An active layer of the photovoltaic elements

has a thickness of about 5 to about 60 microns.

[0005] U.S. Patent Application Publication No. 2012/0145221 to Ozaki et al.

describes a concentrator photovoltaic collector and apparatus in which light collecting



efficiency is insignificantly reduced and sealing ability is insignificantly deteriorated

while using a resin lens and a metal case. After attaching a homogenizer and a

photovoltaic element, and a holding member, a Fresnel lens is attached to a case to

close an opening at an upper end portion of the case. The holding member is then

attached to the case to close an opening at a lower end portion thereof, so as to form a

concentrator photovoltaic collector in which the photovoltaic element is

accommodated.

[0006] U.S. Patent Application Publication No. 2012/02981 82 to Hwang

describes a flexible solar cell including a flexible substrate; a first electrode on the

flexible substrate; a second electrode on the flexible substrate, the second electrode

being spaced apart from the first electrode; a photoelectric conversion element, one

side of the photoelectric conversion element being connected to the first electrode and

another side of the photoelectric conversion element being connected to the second

electrode; and a reflective layer between the flexible substrate and the photoelectric

conversion element. The reflective layer includes at least one recessed portion, and is

configured to reflect incident light toward the photoelectric conversion element.

[0007] U.S. Patent Application Publication No. 2013/0276866 to Maeda

describes a linear concentrating solar collector that includes two trough-type reflectors

having respective curved reflective surfaces that define respective focal lines, and that

are connected along a common edge in a decentered arrangement such that the focal

lines are parallel and spaced-apart, and such that solar radiation reflected by the

curved reflective surfaces is concentrated and overlaps in a defocused state. A solar

cell is disposed in the overlap region to receive all of the reflected radiation from the

curved reflective surfaces in a defocused state. An optional solid optical structure is

used to support and position the trough-type reflectors and solar cell, and to facilitate

self-forming of the curved reflective surfaces.

[0008] Improvements are generally desired. It is therefore an object at least to

provide a novel concentrated photovoltaic panel.



Summary of the Invention

[0009] In one aspect, there is provided a concentrated photovoltaic panel

comprising: at least one rigid sheet; one or more first optical elements disposed

adjacent a first side of the at least one rigid sheet; one or more second optical

elements disposed adjacent a second side of the at least one rigid sheet; and one or

more photovoltaic elements, each photovoltaic element disposed between a respective

first optical element and a respective second optical element, each first optical

element comprising at least one lens configured to focus light impinging thereon onto

a corresponding reflecting surface of the respective second optical element, each

second optical element being configured to reflect light focused by the first optical

element to the photovoltaic element.

[00010] The at least one lens may be configured to focus direct light impinging

thereon onto the corresponding reflecting surface of the respective second optical

element.

[00011] The at least one lens may comprise a generally ring-shaped, plano¬

convex lens arranged concentrically about a central axis of the first optical element.

The lens may comprise a convex surface defined as a surface of full revolution around

the central axis. The convex surface may be spaced radially from the central axis.

The lens may comprise a planar surface that is co-planar with a planar back surface of

the first optical element. The planar back surface may be oriented towards and

generally parallel with the at least one rigid sheet. The at least one lens may comprise

a plurality of generally ring-shaped, plano-convex lenses arranged concentrically

about the central axis.

[00012] The at least one reflecting surface may comprise an annular reflecting

surface arranged concentrically about a central axis of the second optical element.

The annular reflecting surface may be defined as a surface of revolution around the

central axis. Each second optical element may further comprise an inner reflecting

surface configured to reflect light reflected by the annular reflecting surface to the

photovoltaic element. The inner annular reflecting surface may be defined as a

surface of revolution around the central axis. The at least one reflecting surface may

be configured to reflect light by total internal reflection. Each second optical element

may be positioned such that the central axis is generally collinear with a central axis



of the respective first optical element. Each photovoltaic element may be positioned

on the collinear central axes.

[00013] The panel may further comprise a compliant layer disposed between

the first optical element and the at least one rigid sheet. The compliant layer may

comprise an elastomeric material. The panel of may further comprise a compliant

layer disposed between the second optical element and the at least one rigid sheet.

The compliant layer may comprise an elastomeric material.

[00014] The at least one rigid sheet may comprise a first rigid sheet spaced

from and parallel with a second rigid sheet, the one or more photovoltaic elements

being disposed between the first and second rigid sheets. The panel may further

comprise an intermediate layer disposed between the first and second rigid sheets.

[00015] The panel may further comprise structure configured to conduct heat

away from the photovoltaic element. The structure may be a conductor grid providing

an electrical connection to the photovoltaic element. The structure may comprise a

plurality of strips extending outwardly from the photovoltaic element. The strips may

extend radially outwardly from the photovoltaic element. The structure may further

comprise a first arc and a second arc attached to the strips.



Brief Description of the Drawings

[00016] Embodiments will now be described more fully with reference to the

accompanying drawings in which:

[00017] Figure 1 is a perspective view of a concentrated photovoltaic panel;

[00018] Figure 2 is an exploded view of a portion of the concentrated

photovoltaic panel of Figure 1;

[00019] Figures 3A and 3B are top plan and bottom plan views, respectively, of

the concentrated photovoltaic panel of Figure 1;

[00020] Figure 4 is a perspective view of a first optical element forming part of

the concentrated photovoltaic panel of Figure 1;

[00021] Figure 5 is a perspective view of a second optical element forming part

of the concentrated photovoltaic panel of Figure 1;

[00022] Figure 6 is a top plan view of a conductor grid forming part of the

concentrated photovoltaic panel of Figure 1;

[00023] Figure 7 is an enlarged fragmentary view of a portion of the conductor

grid of Figure 6 identified by reference numeral 7;

[00024] Figure 8 is a perspective view of a receiver forming part of the

concentrated photovoltaic panel of Figure 1;

[00025] Figure 9 is a sectional side view of the concentrated photovoltaic panel

of Figure 3A, taken along the indicated section line;

[00026] Figure 0 is an enlarged fragmentary view of a portion of the

concentrated photovoltaic panel of Figure 9 identified by reference numeral 10,

showing light rays;

[00027] Figure 11 is a perspective view of another embodiment of a

concentrated photovoltaic panel;

[00028] Figure 12 is an enlarged fragmentary view of a portion of still another

embodiment of a concentrated photovoltaic panel, showing light rays;

[00029] Figure 13 is an enlarged fragmentary view of a portion of yet another

embodiment of a concentrated photovoltaic panel, showing light rays; and

[00030] Figure 4 is an enlarged fragmentary view of a portion of still yet

another embodiment of a concentrated photovoltaic panel, showing light rays.



Detailed Description of the Embodiments

[00031] Turning now to Figures 1 to 10, a concentrated photovoltaic panel is

shown and is generally indicated by reference numeral 20. The panel 20 comprises

one or more first optical elements 22, an elastomeric first compliant layer 24, a first

rigid sheet 26, a conductor grid 28, one or more photovoltaic elements 30, an

intermediate layer 32 (not shown in Figure 2), a second rigid sheet 34, an elastomeric

second compliant layer 36, and one or more second optical elements 38, all of which

are arranged in a generally stacked manner. The components of the panel 20 are

configured as one or more concentrated photovoltaic collectors 40, each of which is

configured to collect and concentrate direct light, and in particular direct sunlight, for

generating electricity by the photovoltaic effect. Each collector 40 comprises a

respective first optical element 22, a respective second optical element 38, and a

respective photovoltaic element 30 disposed generally therebetween. In the

embodiment shown, the panel 20 comprises sixteen (16) concentrated photovoltaic

collectors 40 arranged in a four-by-four (4x4) array.

[00032] Each first optical element 22 is fabricated of a light-transmissive

material, and is shaped so as to comprise a plurality of generally ring-shaped lenses

that are arranged in a concentric manner about a central axis A . Each lens has an

optical axis (not shown) that is parallel with the central axis A , and each lens is

configured to focus direct light 44 impinging thereon onto a corresponding reflecting

surface of a respective second optical element 38. Here, it will be understood that

direct light refers to light impinging on the first optical element 22 that is generally

parallel with the optical axis of the lens, and therefore generally parallel with the

central axis A of the first optical element 22. Reciprocally, it will be understood that

indirect light refers to light that is non-parallel with the optical axis of the lens, and

therefore non-parallel with the central axis A of the first optical element 22. The first

optical element 22 has a planar back surface 51 that is perpendicular to the central

axis

[00033] In this embodiment, each first optical element 22 comprises three (3)

lenses, namely a first lens 48, a second lens 50 and a third lens 52. Each of the lenses

48, 50 and 52 is a generally ring-shaped, plano-convex lens and has a convex surface

defined as a surface of full revolution around the central axis A , and a planar surface



that is co-planar with the planar back surface 51. As may be seen, the convex surface

of each of the lenses 48, 50 and 52 is spaced from the central axis A along the radial

direction. Additionally, and as may be seen, the lenses 48 and 50 each have a convex

surface defined as a surface of full revolution around the central axis A , while the lens

52 has a convex surface defined as a surface of full revolution around the central axis

A , and which is truncated tangentially to the direction of revolution. In this

embodiment, each first optical element 22 is fabricated of polymethyl methacrylate

(PMMA).

[00034] Each first optical element 22 is disposed on the first compliant layer 24

disposed on the first rigid sheet 26, such that the planar back surface 1 is oriented

towards and is generally parallel with the first rigid sheet 26. The first compliant

layer 24 and the first rigid sheet 26 are each fabricated of a light-transmissive

material, and in this embodiment, the first compliant layer 24 is a silicone layer and

the first rigid sheet 26 is a glass plate.

[00035] The first rigid sheet 26 and the second rigid sheet 34 are spaced from

each other in a parallel relationship. The intermediate layer 32 is disposed between

the first rigid sheet 26 and the second rigid sheet 34, and generally encapsulates the

conductor grid 28 and the one or more photovoltaic elements 30. An elastomeric,

second compliant layer 36 is disposed on the second rigid sheet 34. The second rigid

sheet 34, the intermediate layer 32 and the second compliant layer 36 are each

fabricated of a light-transmissive material, and in this embodiment, the second rigid

sheet 34 is a glass plate, and each of the intermediate layer 32 and the second

compliant layer 36 is a layer of silicone.

[00036] In this embodiment, the first compliant layer 24 serves as an adhesive

to bond the first optical elements 22 to the first rigid sheet 26, and the second

compliant layer 36 serves as an adhesive to bond the second optical elements 38 to the

second rigid sheet 34. As a result of their elastomeric nature, each of the compliant

layers 24 and 36 effectively provides a buffer that allows differences in thermal

expansion between the optical element and the rigid sheet to be accommodated while

maintaining the mechanical integrity of the panel 20 and while generally maintaining

optical alignment of the components thereof. As will be understood, silicone can

accommodate an elastic elongation of about 500% without mechanical failure, which



in this embodiment effectively permits each of the compliant layers 24 and 36 to

expand by up to about 500%, as necessary, while maintaining the mechanical bonds at

the interfaces between the optical elements and the rigid sheets. Additionally, each of

the compliant layers 24 and 36 facilitates the emission of thermal energy from the first

and second rigid sheets 26 and 34, and therefore facilitates the dissipation of heat

from the panel 20.

[00037] Each second optical element 38 is disposed on the second compliant

layer 36 disposed on the second rigid sheet 34, such that its planar back surface 53 is

oriented towards and is generally parallel with the second rigid sheet 34. Each second

optical element 38 is fabricated of a light-transmissive material, and in this

embodiment the second optical element 38 is fabricated of PMMA. The second

optical element 38 is shaped so as to comprise a plurality of annular reflecting

surfaces that are arranged in a concentric manner about a central axis B . Each second

optical element 38 is positioned relative to a corresponding first optical element 22

within the collector 40, such that its central axis B is generally collinear with the

central axis A of the first optical element 22, and so as to define a central axis 42 of

the collector 40. The annular reflecting surfaces are configured to reflect direct light

focused by the first optical element 22 to the photovoltaic element 30. The planar

back surface 53 of the second optical element 38 is perpendicular to the central axis B .

[00038] In this embodiment, each second optical element 38 comprises four (4)

annular reflecting surfaces each defined as a surface of revolution around the central

axis 55. The four (4) annular reflecting surfaces comprise a first reflecting surface 58

configured to reflect direct light 54 focused by the first lens 48 to an inner reflecting

surface 60, a second reflecting surface 62 configured to reflect direct light 54 focused

by the second lens 50 to the inner reflecting surface 60, and a third reflecting surface

64 configured to reflect direct light 54 focused by the third lens 52 to the inner

reflecting surface 60. The inner reflecting surface 60 is configured to reflect direct

light 66 reflected by the first, second and third reflecting surfaces 58, 62 and 64 to the

photovoltaic element 30. As will be understood, the first, second and third reflecting

surfaces 58, 62 and 64, and the inner reflecting surface 60, are configured to reflect

direct light focused by the first optical element 22 by total internal reflection (TIR).

As may be seen, each of the four (4) reflecting surfaces 58, 60, 62 and 64 is defined as



a surface of full revolution around the central axis B, and is radially spaced from the

central axis B.

[00039] The conductor grid 28 is fabricated of an electrically and thermally

conductive material, and is electrically connected to the photovoltaic elements 30.

The conductor grid 28 is positioned within the panel 20 such that each photovoltaic

element 30 is generally centered at the normal axis 42 of a respective collector 40.

The conductor grid 28 is disposed against the first rigid sheet 26 and is otherwise

generally encapsulated by the intermediate layer 32, and in this embodiment the

conductor grid 28 comprises a pattern of stamped copper foil that is bonded to the

first rigid sheet 26 by an adhesive layer (not shown). The conductor grid 28

comprises a positive bus bar 62, a negative bus bar 64, and further comprises a

plurality of interconnection traces 66 connecting the photovoltaic elements 30, either

directly or indirectly, to the bus bars 62 and 64.

[00040] Surrounding each photovoltaic element 30 within the conductor grid

28 is a positive arc 70 and a negative arc 72. Connected to the positive arc 70 is a

first plurality of radial strips 74, which in turn is connected to a positive terminal 76

that is connected, either directly or indirectly, to the photovoltaic element 30.

Similarly, connected to the negative arc 72 is a second plurality of radial strips 78,

which in turn is connected to a negative terminal 80 that is connected, either directly

or indirectly, to the photovoltaic element 30. As will be understood, the positive and

negative arcs 70 and 72, the strips 74 and 78, and the positive and negative terminals

76 and 80 electrically connect each photovoltaic element 30 to the bus bars 62 and 64,

and also conduct heat away from the photovoltaic element 30 so as to maintain the

photovoltaic element 30 at a suitable temperature for efficient operation. As will be

understood, gaps 79 between the radial strips 74 and 78, the positive and negative arcs

70 and 72, and the positive and negative terminals 76 and 80 facilitate heat dissipation

from the conductor grid 28 to surrounding portions of the panel 20, and also provide

windows through which light may pass, including direct light 54 focused by the first

optical element 22 onto the second optical element 36, and indirect light. In this

manner, the radial strips 74 and 78, the positive and negative arcs 70 and 72, and the

positive and negative terminals 76 and 80 surrounding each photovoltaic element 30

effectively serve as a "heat spreader" for the photovoltaic element 30.



[00041] In this embodiment, the panel 20 comprises one or more receivers 86,

with each receiver 86 supporting and electrically connecting a photovoltaic element

30 to the conductor grid 28. Each receiver 86 comprises a frame 88 configured to

hold the photovoltaic element 30 and to dissipate heat therefrom. On a front side 90

of the frame 88 is a positive terminal 92 and a negative terminal 94, each of which is

electrically connected to a respective positive terminal (not shown) and negative

terminal (not shown) of the photovoltaic element 30. In this embodiment, the

outwardly- facing surface of the photovoltaic element 30 is negative, and is electrically

connected to the negative terminal 94. On a back side 96 of the frame 88 is a positive

contact (not shown) and a negative contact (not shown), each contact being

respectively connected to the positive terminal 90 and the negative terminal 92, and

each contact being configured to be electrically connected to a respective one of the

positive and negative terminals 76 and 80 of the conductor grid 28. In this

embodiment, the receiver 86 is constructed by placing the photovoltaic element 30 on

the frame 88, and then wire bonding the photovoltaic element 30 to metal leads. The

receiver 86 may be bonded to the positive and negative terminals 76 and 80 of the

conductor grid 28 from the back side 96 of the frame 88 by soldering or by means of

an electrically conductive adhesive, and/or the receiver 86 may include crimping

features (not shown) configured to engage slots within the positive and negative

terminals 76 and 80.

[00042] Each photovoltaic element 30 is a high-efficiency photovoltaic cell that

is configured to convert light absorbed therein into an electrical current by the

photovoltaic effect. In this embodiment, each photovoltaic element 30 is a

GalnP/GalnAs/Ge triple-junction photovoltaic cell.

[00043] In use, and within each collector 40 of the panel 20, direct light 44

impinging on the first lens 48 is focused through the first compliant layer 24, the first

rigid sheet 26, the intermediate layer 32, the second rigid sheet 34, and the second

compliant layer 36, onto the first reflecting surface 58, and is in turn reflected to the

photovoltaic element 30 via reflection by the inner reflecting surface 60. Similarly,

direct light 44 impinging on the second lens 50 and the third lens 52 is focused onto

the second reflecting surface 62 and the third reflecting surface 64, respectively, and

is in turn reflected to the photovoltaic element 30 via reflection by the inner reflecting



surface 60. The photovoltaic element 30 absorbs light impinging thereon and

generates an electrical current. The electrical current generated by the photovoltaic

elements 30 is drawn from the panel 20 through the conductor grid 28 via the positive

and negative bus bars 62 and 64.

[00044] Indirect light 84 impinging on the first optical element 22 is generally

transmitted through the collector 40, and therefore through the panel 20, without

being focused onto any of the annular reflecting surfaces 58, 62 or 64 and reflected to

the photovoltaic element 30.

[00045] As will be appreciated, the collector 40 is generally transparent to

indirect light, and has a generally sturdy construction. These features advantageously

allow the panel 20 to be used as an exterior element of a building, such as for example

as a window, a skylight, and the like, for allowing indirect light from the exterior of

the building to illuminate the interior of the building. The building may, for example,

be a residential building, a commercial building, a greenhouse, and the like.

[00046] As will be appreciated, the configuration of the radial strips 74 and 78

within the collector 40 allows thermal energy to be conducted from the photovoltaic

element 30 more effectively, as compared to conventional concentrated photovoltaic

cells that rely on an air gap between optical elements and the photovoltaic element for

heat dissipation. Additionally, the first and second compliant layers 40 and 46 further

allow thermal energy to be conducted from the collector 40 more effectively, as they

allow heat to be transferred from one material to another more effectively as

compared to prior art concentrated photovoltaic panels that comprise air gaps between

their optical layers.

[00047] As will be appreciated, the arrangement of radial strips 74 within the

conductor grid 28 provide paths for conduction of thermal energy from, and for

conduction of electrical current to and from, the photovoltaic element 30, while

advantageously reducing the amount of non-transparent material used within the

collector 40 for improving the transparency of the panel 20 to both direct and indirect

light.

[00048] As will be appreciated, components of the panel 20, with the exception

of the photovoltaic element 30, are fabricated of materials that are generally

inexpensive. Additionally, the efficiency of the collector 40 permits the size of the



photovoltaic element 30 to be reduced. As a result, the panel 20 may advantageously

be manufactured at a relatively low cost, as compared to conventional concentrated

photovoltaic panels.

[00049] Other configurations are possible. For example, although in the

embodiment described above, the panel comprises sixteen (16) concentrated

photovoltaic collectors arranged in a four-by-four (4x4) array, in other embodiments

the panel may alternatively comprise fewer or more concentrated photovoltaic

collectors. For example, Figure 11 shows another embodiment of a concentrated

photovoltaic panel, which is generally indicated by reference numeral 120. The panel

120 is generally similar to panel 20 described above, and comprises a plurality of first

optical elements 22, a first compliant layer 24, a first rigid sheet 26, a conductor grid

28, one or more photovoltaic elements 30, an intermediate layer 32, a second rigid

sheet 34, a second compliant layer 36, and a plurality of second optical elements 38,

all of which are arranged in a generally stacked manner. The panel 120 comprises

four-hundred and eighty (480) concentrated photovoltaic collectors arranged in a

twelve-by- forty (12x40) array.

[00050] In still other embodiments, the panel may alternatively comprise only

one (1) concentrated photovoltaic collector.

[00051] Any of the panels described herein can be made to the same or

generally similar dimensions of a conventional, non-concentrated photovoltaic panel,

such that the panel and the convention panel can be mounted together on a

conventional photovoltaic tracking system or mount.

[00052] The first optical element and the second optical element are not limited

to the configurations described above, and in other embodiments, the first optical

element and/or the second optical element may alternatively have a different

configuration. For example, Figure 12 shows a concentrated photovoltaic collector

forming part of another embodiment of a concentrated photovoltaic panel, and which

is generally indicated by reference numeral 240. The collector 240 is generally

similar to the collector 40 of panel 20 described above, and comprises the first optical

element 22, the first compliant layer 24, the first rigid sheet 26, the conductor grid 28,

the photovoltaic element 30, the intermediate layer 32, the second rigid sheet 34, the

second compliant layer 36, and further comprises a second optical element 238, all of



which are arranged in a generally stacked manner. The second optical element 238 is

configured to cooperate with the first optical element 22 for reflecting direct light to

the photovoltaic element 30. The second optical element 238 is fabricated of a light-

transmissive material, and in this embodiment the second optical element 238 is

fabricated of PMMA. The second optical element 238 is shaped so as to comprise a

plurality of annular reflecting surfaces that are arranged in a concentric manner about

a central axis. The second optical element 238 is positioned relative to the first

optical element 22 within the collector 240 such that its central axis coincides with the

normal axis 42. The annular reflecting surfaces are configured to reflect direct light

54 focused by the first optical element 22 to the photovoltaic element 30. In the

embodiment shown, the second optical element 238 comprises three (3) annular

reflecting surfaces, namely a first reflecting surface 258 configured to reflect direct

light 54 focused by the first lens 48 to the photovoltaic element 30, a second reflecting

surface 262 configured to reflect direct light 54 focused by the second lens 50 to the

photovoltaic element 30, and a third reflecting surface 264 configured to reflect direct

light 54 focused by the third lens 52 to the photovoltaic element 30. As will be

understood, in this manner, the second optical element 238 reflects direct light

focused by the first optical element 22 by total internal reflection (TIR).

[00053] In another embodiment, the reflecting surfaces 264 may alternatively

include a mirror coating.

[00054] Figure 13 shows another embodiment of a concentrated photovoltaic

collector forming part of another embodiment of a concentrated photovoltaic panel,

and which is generally indicated by reference numeral 340. The collector 340 is

generally similar to the collector 40 of panel 20 described above, and comprises the

first optical element 22, the first compliant layer 24, the first rigid sheet 26, the

conductor grid 28, the photovoltaic element 30, the intermediate layer 32, the second

rigid sheet 34, the second compliant layer 36, and further comprises a second optical

element 338, all of which are arranged in a generally stacked manner. The second

optical element 238 is configured to cooperate with the first optical element 22 for

reflecting direct light to the photovoltaic element 30. The second optical element 338

is fabricated of a light-transmissive material, and in this embodiment the second

optical element 338 is fabricated of PMMA. The second optical element 338 is



shaped so as to comprise a plurality of annular reflecting surfaces that are arranged in

a concentric manner about a central axis. The second optical element 338 is

positioned relative to the first optical element 22 within the collector 340 such that its

central axis coincides with the normal axis 42. The annular reflecting surfaces are

configured to reflect direct light 54 focused by the first optical element 22 to the

photovoltaic element 30. In the embodiment shown, the second optical element 338

comprises four (4) annular reflecting surfaces, namely a first reflecting surface 358

configured to reflect direct light 54 focused by the first lens 48 to an inner reflecting

surface 360 via reflection by the second compliant layer 36, a second reflecting

surface 362 configured to reflect direct light 54 focused by the second lens 50 to the

inner reflecting surface 360 via reflection by the second compliant layer 36, and a

third reflecting surface 364 configured to reflect direct light 54 focused by the third

lens 52 to the inner reflecting surface 360 via reflection by the second compliant layer

36. The inner reflecting surface 360, in turn, is configured to reflect direct light 66

reflected by the first, second and third reflecting surfaces 358, 362 and 364 via

reflection by the second compliant layer 36 to the photovoltaic element 30. As will be

understood, in order for light to be reflected by the second compliant layer 36, the

second optical element 338 must have an index of refraction that is higher than that of

the second compliant layer 36. In this manner, the second optical element 338 reflects

direct light focused by the first optical element 22 by total internal reflection (TIR).

[00055] Figure 14 shows another embodiment of a concentrated photovoltaic

collector forming part of another embodiment of a concentrated photovoltaic panel,

and which is generally indicated by reference numeral 440. The collector 440 is

generally similar to the collector 40 of panel 20 described above, and comprises the

first optical element 22, the first compliant layer 24, the first rigid sheet 26, the

conductor grid 28, the photovoltaic element 30, the intermediate layer 32, the second

rigid sheet 34, the second compliant layer 36, and further comprises a second optical

element 438, all of which are arranged in a generally stacked manner. The second

optical element 438 is configured to cooperate with the first optical element 22 for

reflecting direct light to the photovoltaic element 30. The second optical element 438

is fabricated of a light-transmissive material, and in this embodiment the second

optical element 438 is fabricated of PMMA. The second optical element 338 is



shaped so as to comprise a plurality of annular reflecting surfaces that are arranged in

a concentric manner about a central axis. The second optical element 438 is

positioned relative to the first optical element 22 within the collector 440 such that its

central axis coincides with the normal axis 42. The annular reflecting surfaces are

configured to reflect direct light 54 focused by the first optical element 22 to the

photovoltaic element 30. In the embodiment shown, the second optical element 438

comprises four (4) annular reflecting surfaces, namely a first reflecting surface 458

configured to reflect direct light 54 focused by the first lens 48 to an inner reflecting

surface 460, a second reflecting surface 462 configured to reflect direct light 54

focused by the second lens 50 to the inner reflecting surface 460 via reflection by the

second compliant layer 36, and a third reflecting surface 464 configured to reflect

direct light 54 focused by the third lens 52 to the inner reflecting surface 460 via

reflection by the second compliant layer 36. The inner reflecting surface 460, in turn,

is configured to reflect direct light 66 reflected by the first, second and third reflecting

surfaces 458, 462 and 464, and if applicable via reflection by the second compliant

layer 36, to the photovoltaic element 30. As will be understood, in this manner, the

second optical element 438 reflects direct light focused by the first optical element 22

by total internal reflection (TIR).

[00056] Although in the embodiment described above, the first optical element

comprises three (3) lenses, in other embodiments, the first optical element may

alternatively comprise fewer or more lenses.

[00057] Although in the embodiment described above, the first optical element

is shaped so as to comprise a plurality of generally ring-shaped lenses that are

arranged in a concentric manner, in other embodiments, the lenses of the first optical

element may alternatively have a different shape and/or configuration.

[00058] Although in the embodiment described above, the second optical

element comprises three (3) annular reflecting surfaces, in other embodiments, the

second optical element may alternatively comprise fewer or more annular reflecting

surfaces.

[00059] Although in the embodiment described above, the second optical

element is shaped so as to comprise a plurality of annular reflecting surfaces that are

arranged in a concentric manner, in other embodiments, the reflecting surfaces of the



second optical element may alternatively have a different shape and/or configuration.

For example, in one such embodiment, the reflecting surfaces may alternatively be

planar surfaces arranged in one or more ring-shaped patterns.

[00060] Although in the embodiment described above, the first and second

rigid sheets are fabricated of glass, in other embodiments, the first and second rigid

sheets may alternatively be fabricated of other suitable light-transmissive materials.

For example, in other embodiments, the first and second sheets may alternatively be

fabricated of rigid, injection molded PMMA, polymethyl methacrylimide (PMMI),

polycarbonates, cyclo olefin polymers (COP), cyclo olefin copolymers (COC),

polytetrafluoroethylene (PTFE), or a combination thereof.

[00061] Although in the embodiment described above, the first optical element

and the second optical element are fabricated of injection molded PMMA, in other

embodiments, one or both of the first optical element and the second optical element

may alternatively be fabricated of another suitable light-transmissive material. For

example, in other embodiments, one or both of the first optical element and the

second optical element may alternatively be fabricated of light-transmissive

polymeric materials such as glass, or rigid, injection molded polymethyl

methacrylimide (PMMI), polycarbonates, cyclo olefin polymers (COP), cyclo olefin

copolymers (COC), polytetrafluoroethylene (PTFE), or a combination thereof, or a

silicone rubber such as silicone having hardness, when cured, of at least 20 Shore A.

[00062] Although in the embodiment described above, the first and second

compliant layers are fabricated of silicone, in other embodiments, one or both of the

first and second compliant layers may alternatively be fabricated of one or more other

suitable elastomeric material. For example, in other embodiments, the first and

second compliant layers may alternatively be fabricated of ethylene-vinyl acetate or

an ionomer.

[00063] Although in the embodiment described above, the conductor grid is

fabricated of copper, in other embodiments, the conductor grid may alternatively be

fabricated of any material that is suitably electrically conductive and suitably

thermally conductive. For example, and without being limited thereto, in other

embodiments the conductor grid may alternatively be fabricated of another conductive



metal such as gold, silver or aluminum, a conductive metal alloy, a polymer loaded

with a conductive metal or conductive metal alloy, and the like.

[00064] Although in the embodiment described above, the conductor grid is

stamped copper foil that is bonded to the first rigid sheet by adhesive, in other

embodiments, other configurations may be used. For example, in other embodiments,

the conductor grid may alternatively be applied to a surface of the rigid sheet by any

suitable metallization process, which could, for example, include sputtering,

galvanizing or screen printing a thick film. In other embodiments, conductors such as

wires, ribbons and/or foils, may alternatively be attached to the rigid sheet by

soldering the conductors to metallizations on the rigid sheet (e.g., metallized dots).

[00065] Although in the embodiments described above, the panel comprises a

first rigid sheet and a second rigid sheet, in other embodiments, the panel may

alternatively comprise only a single rigid sheet. For example, in one such

embodiment, the panel may alternatively comprise one or more first optical elements,

an elastomeric compliant layer, a single rigid sheet, a conductor grid, one or more

photovoltaic elements, an intermediate layer, and one or more second optical

elements, all of which are arranged in a generally stacked manner, and with the one or

more second optical elements being generally disposed on, and attached to, the

intermediate layer. Other configurations comprising a single rigid sheet are possible,

with the one or more first optical elements being disposed adjacent a first side of the

single rigid sheet, and with the one or more second optical elements being disposed

adjacent a second side of the at least one rigid sheet.

[00066] In other embodiments, each receiver may alternatively include a

bypass diode to improve the performance of the panel in the event of shading of one

or more photovoltaic elements, or when differences in optical efficiency exist between

photovoltaic elements.

[00067] Although embodiments have been described above with reference to

the accompanying drawings, those of skill in the art will appreciate that variations and

modifications may be made without departing from the scope thereof as defined by

the appended claims.



What is claimed is:

1. A concentrated photovoltaic panel comprising:

at least one rigid sheet;

one or more first optical elements disposed adjacent a first side of the

at least one rigid sheet;

one or more second optical elements disposed adjacent a second side

of the at least one rigid sheet; and

one or more photovoltaic elements, each photovoltaic element

disposed between a respective first optical element and a respective second optical

element, each first optical element comprising at least one lens configured to focus

light impinging thereon onto a corresponding reflecting surface of the respective

second optical element, each second optical element being configured to reflect light

focused by the first optical element to the photovoltaic element.

2 . The panel of claim 1, wherein the at least one lens is configured to

focus direct light impinging thereon onto the corresponding reflecting surface of the

respective second optical element.

3. The panel of claim 1 or 2, wherein the at least one lens comprises a

generally ring-shaped, plano-convex lens arranged concentrically about a central axis

of the first optical element.

4 . The panel of claim 3, wherein the lens comprises a convex surface

defined as a surface of full revolution around the central axis.

5. The panel of claim 4, wherein the convex surface is spaced radially

from the central axis.

6. The panel of any one of claims 3 to 5, wherein the lens comprises a

planar surface that is co-planar with a planar back surface of the first optical element.



7. The panel of claim 6, wherein the planar back surface is oriented

towards and generally parallel with the at least one rigid sheet.

8. The panel of any one of claims 3 to 7, wherein the at least one lens

comprises a plurality of generally ring-shaped, plano-convex lenses arranged

concentrically about the central axis.

9. The panel of any one of claims 1 to 8, wherein the at least one

reflecting surface comprises an annular reflecting surface arranged concentrically

about a central axis of the second optical element.

10. The panel of claim 9, wherein the annular reflecting surface is defined

as a surface of revolution around the central axis.

11. The panel of claim 9 or 10, wherein each second optical element

further comprises an inner reflecting surface configured to reflect light reflected by

the annular reflecting surface to the photovoltaic element.

12. The panel of claim 11, wherein the inner annular reflecting surface is

defined as a surface of revolution around the central axis.

13. The panel of any one of claims 9 to 12, wherein the at least one

reflecting surface is configured to reflect light by total internal reflection.

14. The panel of any one of claims 9 to 13, wherein each second optical

element is positioned such that the central axis is generally collinear with a central

axis of the respective first optical element.

15. The panel of claim 14, wherein each photovoltaic element is positioned

on the generally collinear central axes.



16. The panel of any one of claims 1 to 15, further comprising a compliant

layer disposed between the first optical element and the at least one rigid sheet.

17. The panel of claim 16, wherein the compliant layer comprises an

elastomeric material.

18. The panel of any one of claims 1 to 17, further comprising a compliant

layer disposed between the second optical element and the at least one rigid sheet.

. The panel of claim 18, wherein the compliant layer comprises an

elastomeric material.

20. The panel of any one of claims 1 to 19, wherein the at least one rigid

sheet comprises a first rigid sheet spaced from and parallel with a second rigid sheet,

the one or more photovoltaic elements being disposed between the first and second

rigid sheets.

21. The panel of claim 20, further comprising an intermediate layer

disposed between the first and second rigid sheets.

22. The panel of any one of claims 1 to 21, further comprising structure

configured to conduct heat away from the photovoltaic element.

23. The panel of claim 22, wherein the structure is a conductor grid

providing an electrical connection to the photovoltaic element.

24. The panel of claim 22 or 23, wherein the structure comprises a

plurality of strips extending outwardly from the photovoltaic element.

25. The panel of claim 24, wherein the strips extend radially outwardly

from the photovoltaic element.



26. The panel of claim 24 or 25, wherein the structure further comprises a

first arc and a second arc attached to the strips.
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