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(54) Linear concentrating solar collector with decentered trough-type reflectors

(57) A linear concentrating solar collector includes
two trough-type reflectors (130-1,130-2) having respec-
tive curved reflective surfaces (132-1,132-2) that define
respective focal lines (FL1, FL2), and 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. In one embodiment a solar cell is disposed in the

overlap region to receive the all of the reflected radiation
from the curved reflective surfaces (132-1,132-2) 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. In other embodiments, two solar cells
are mounted on the rear surface of the optical element,
and the curved reflective surfaces reflect sunlight at an-
gles that produce total internal reflection of the sunlight
onto the solar cells.
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Description

[0001] This invention relates to solar power genera-
tors, more particularly to concentrating solar collectors.
[0002] Photovoltaic solar energy collection devices
used to generate electric power generally include flat-
panel collectors and concentrating solar collectors. Flat
collectors generally include photovoltaic cell arrays and
associated electronics formed on semiconductor (e.g.,
monocrystalline silicon or polycrystalline silicon) sub-
strates, and the electrical energy output from flat collec-
tors is a direct function of the area of the array, thereby
requiring large, expensive semiconductor substrates.
Concentrating solar collectors reduce the need for large
semiconductor substrates by concentrating light beams
(i.e., sun rays) using, e.g., a parabolic reflectors or lenses
that focus the beams, creating a more intense beam of
solar energy that is directed onto a small photovoltaic
cell. Thus, concentrating solar collectors have an advan-
tage over flat-panel collectors in that they utilize substan-
tially smaller amounts of semiconductor.
[0003] Fig. 18(A) shows a conventional linear (e.g.,
trough-type) concentrating solar collector 50 including a
curved (e.g., cylindrical parabolic) reflector 52 that focus-
es light onto on a focal line FL (i.e., extending into the
plane of the figure), and a linearly arranged photovoltaic
(PV) solar cell 55 that is disposed on focal line FL. Solar
radiation (sunlight) directed onto curved reflector 52 is
indicated in Fig. 18(A) by dashed lines, which show that
the incoming sunlight is reflected and concentrated by
curved reflector 52. A problem with conventional linear
concentrating solar collector 50 is that, because reflective
surface 52 is curved in one direction only, the light dis-
tribution of the concentrated sunlight produced by reflec-
tive surface 52 is focused on PV cell 55, creating a highly
peaked irradiance distribution on PV cell 55 having a local
concentration of 300 suns, which causes high I2R series
resistance and associated losses in solar cell 55 due to
high current density levels. As indicated by modified con-
ventional linear concentrating solar collector 50A in Fig.
18(B), one approach for reducing the highly peaked irra-
diance distribution is to defocus the system by moving
the position of solar cell 55 inside the system focal plane
(i.e., between focal line FL and reflective surface 52) .
This approach spreads the sunlight out over the surface
of solar cell 55, but the light distribution on solar cell 55
is still highly peaked.
[0004] Another problem with conventional linear con-
centrating solar collectors is that they are expensive to
produce, operate and maintain. The reflectors and/or
lenses used in conventional collectors to focus the light
beams are produced separately, and must be painstak-
ingly assembled to provide the proper alignment between
the focused beam and the photovoltaic cell. Further, over
time, the reflectors and/or lenses can become misaligned
due to thermal cycling or vibration, and become dirty due
to exposure to the environment. Maintenance in the form
of cleaning and adjusting the reflectors/lenses can be

significant, particularly when the reflectors/lenses are
produced with uneven shapes that are difficult to clean.
[0005] Yet another problem associated with conven-
tional concentrating solar collectors is that they typically
include at least structure (e.g., a PV cell or mirror) that
is disposed over the light receiving surface and creates
a shading effect, which in turn reduces the peak power
output that can be obtained by conventional concentrat-
ing solar collectors. For example, PV cell 55, shown in
Figs. 18(A) and 18(B), shades a central region C of re-
flector 52.
[0006] What is needed is a concentrating solar collec-
tor that avoids the highly peaked irradiation distribution,
shading issue, and expensive assembly and mainte-
nance costs associated with conventional concentrating
solar collectors.
[0007] The present invention is directed to a linear con-
centrating solar collector including two trough-type re-
flectors having curved reflective surfaces defining re-
spective first and second focal lines, wherein the trough
reflectors are fixedly connected along a common edge
in a decentered arrangement in which the first and sec-
ond focal lines are parallel and spaced-apart, and the
curved reflective surfaces are arranged such that solar
radiation is reflected and concentrated toward the first
and second focal lines in a way that causes the reflected
solar radiation to overlap (i.e., cross paths) while in a
defocused state, and wherein at least one solar energy
collection element (solar cell) is positioned to receive de-
focused solar radiation reflected from at least one of the
trough-type reflectors. The decentered reflective surfac-
es (e.g., off-axis cylindrical parabolic, conics, aspherics,
etc.) combine to form an optical system that concentrates
the solar radiation such that the light is spread out in a
more uniform irradiance distribution on the solar cell in
order to lower the peak local concentration, which reduc-
es the I2R series resistance associated losses due to
smaller current density levels. In this way, the optical sys-
tem utilized in the present invention reduces the peak
concentration on the solar cell by a factor of approximate-
ly 20 relative to a conventional focused system, and by
a factor of approximately 2.3 relative to a conventional
defocused system without requiring a secondary optical
element. The optical system employed by the present
invention also produces a substantially more uniform ir-
radiance distribution relative to designs that use a cen-
tered surface.
[0008] According to an embodiment of the present in-
vention the solar cell is positioned in an overlap region
between the decentered reflectors and the first and sec-
ond focal lines such that the solar cell receives solar ra-
diation reflected from both of the decentered reflective
surfaces. This arrangement minimizes the size of the so-
lar cell while taking advantage of maximum uniform irra-
diance provided by the combined overlapping light. In
one specific embodiment, the solar cell is supported, e.g.,
by rods over the trough-like reflectors such that the de-
centered reflective surfaces and solar cell are separated
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by an air gap. In another specific embodiment, a solid,
light-transparent optical structure having a substantially
flat front surface and an opposing rear surface is utilized
to support both the solar cell (on the front surface) and
the trough-like reflectors (on the rear surface) such that
the decentered reflective surfaces and solar cell both
face into and are separated by the light-transparent op-
tical structure. Because the optical structure is solid (i.e.,
because the front and rear surfaces remain fixed relative
to each other), the decentered reflective surfaces and
solar cell remain permanently aligned and properly
spaced, thus maintaining optimal optical operation while
minimizing maintenance costs. Moreover, the loss of light
at gas/solid interfaces is minimized because only solid
optical structure material (e.g., low-iron glass) is posi-
tioned between the decentered reflective surfaces and
the PV cells. In accordance with a specific embodiment,
the reflective surface regions of the rear surface are proc-
essed to include decentered surface shapes, and the de-
centered reflective surfaces are formed by a reflective
mirror material (e.g., silver, aluminum or other suitable
reflective metal, or high efficiency multilayer dielectric re-
flective coating) film that is directly formed (e.g., depos-
ited or plated) onto the decentered surface shapes. By
carefully processing the decentered surface shapes on
the optical structure, the decentered reflective surfaces
are essentially self-forming and self-aligned when
formed as a mirror material film, thus greatly simplifying
the manufacturing process and minimizing production
costs.
[0009] According to another specific embodiment, a
linear concentrating solar collector includes a solid, light-
transparent optical structure having a substantially flat
front surface and an opposing rear surface including two
receiver surface regions disposed on opposite sides of
two reflective surface regions. Similar to the previous em-
bodiment, the two reflective surface regions are provided
with decentered (e.g., off-axis conic) surface shapes, and
trough-like reflectors are disposed on the reflective sur-
face regions, e.g., by applying a reflective mirror material
as a mirror material film that forms decentered reflective
surfaces
However, the present embodiment differs from earlier
embodiments in that the receiver surfaces regions (on
which the solar cells are mounted) and the reflective sur-
face regions (on which the decentered reflective surfaces
are formed) collectively make up the entire rear surface
such that all of the solar radiation passing through the
front surface either directly strikes one of the solar cells,
or is reflected and concentrated by the decentered re-
flective surfaces onto the solar cells. In addition, the two
decentered reflective surfaces are shaped such that sun-
light is reflected toward the front surface of the optical
element at an angle that produces total internal reflection
(TIR) of the sunlight from the front surface, and directs
the re-reflected sunlight onto one of the solar cells in a
defocused state. With this arrangement, substantially all
solar radiation entering the optical element is either di-

rected onto the solar cells, or reflected by the decentered
reflective surfaces and total internal reflected by the front
surface onto the solar cells, thereby providing a highly
efficient concentrating solar collector having no shaded
regions. A single decentered reflective surface and a side
reflector can be combined and mounted on the outer side
of the solar cells to collect the light from two decentered
reflective surfaces, which increases the efficiency of the
system, and also provides a substantially uniform irradi-
ance distribution on the solar cells.
[0010] According to another specific of the present in-
vention, the concentrating solar collector 100 includes
three solar cells and four trough-like reflectors arranged
to form two pairs of decentered reflective surfaces that
are disposed in an interleaved pattern on the rear surface
of the solid optical structure. Each pair of decentered
reflective surfaces are arranged to reflect light to the two
solar cells disposed on opposite outside edges of their
associated trough-like reflectors, with the central solar
cell receiving reflected radiation from both pairs of de-
centered reflective surfaces. A single decentered reflec-
tive surface and a side reflector can be combined and
mounted on the outer side of the outer most solar cells
to collect the same amount of light as the center cell. This
configuration increases the light collection efficiency of
the system, and also provides a substantially uniform ir-
radiance distribution on the solar cells.
[0011] These and other features, aspects and advan-
tages of the present invention will become better under-
stood with regard to the following description, appended
claims, and accompanying drawings, where:
[0012] Fig. 1 is a perspective view showing a linear
concentrating solar collector according to an embodi-
ment of the present invention;
[0013] Fig. 2 is a simplified diagram showing a decen-
tered curved reflector arrangement utilized by the linear
concentrating solar collector of Fig. 1 according to an
aspect of the present invention;
[0014] Fig. 3(A) is a graph depicting the highly peaked
irradiance distribution generated by the conventional
concentrating solar collector of Fig. 18B;
[0015] Fig. 3(B) is a graph depicting a more uniform
irradiance distribution generated by the concentrating so-
lar collector of Fig. 1;
[0016] Fig. 4 is a simplified side view showing the linear
concentrating solar collector of Fig. 1 during operation;
[0017] Fig. 5 is an exploded perspective view showing
a linear concentrating solar collector according to another
embodiment of the present invention;
[0018] Fig. 6 is an assembled perspective view show-
ing the linear concentrating solar collector of Fig. 5;
[0019] Fig. 7 is a simplified side view showing the linear
concentrating solar collector of Fig. 5 during operation;
[0020] Fig. 8 is an exploded perspective view showing
a linear concentrating solar collector according to another
embodiment of the present invention;
[0021] Fig. 9 is an assembled perspective view show-
ing the linear concentrating solar collector of Fig. 8;
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[0022] Fig. 10 is a simplified side view showing the
linear concentrating solar collector of Fig. 8 during oper-
ation;
[0023] Fig. 11 is a perspective view showing a linear
concentrating solar collector according to another em-
bodiment of the present invention;
[0024] Fig. 12 is a perspective view showing a linear
concentrating solar collector according to another em-
bodiment of the present invention;
[0025] Fig. 13 is a simplified side view showing the
linear concentrating solar collector of Fig. 12 during op-
eration;
[0026] Fig. 14 is a simplified perspective view showing
a linear concentrating solar collector with side reflectors
and additional outer decentered reflective surfaces ac-
cording to another embodiment of the present invention;
[0027] Fig. 15 is a simplified cross-sectional view
showing the linear concentrating solar collector of Fig.
14 during operation;
[0028] Figs. 16(A) and 16(B) are perspective views
showing optical structures for concentrating solar collec-
tors according to alternative embodiments of the present
invention;
[0029] Fig. 17 is a simplified cross-sectional view
showing the linear concentrating solar collector with side
reflectors according to another embodiment of the
present invention; and
[0030] Figs. 18(A) and 18(B) are simplified side views
showing conventional linear concentrating solar collector
arrangements
[0031] The present invention relates to an improve-
ment in concentrating solar collectors. The following de-
scription is presented to enable one of ordinary skill in
the art to make and use the invention as provided in the
context of a particular application and its requirements.
As used herein, directional terms such as "front", "rear",
"side", "over", "under", "right", "left", "rightward", "left-
ward", "upper", "lower", "above" and "below" are intended
to provide relative positions for purposes of description,
and are not intended to designate an absolute frame of
reference. In addition, the phrase "solid, single-piece" is
used herein to describe a singular molded or machined
structure, as distinguished from multiple structures that
are produced separately and then joined by way of, for
example, adhesive, fastener, clip, or movable joint. Var-
ious modifications to the preferred embodiment will be
apparent to those with skill in the art, and the general
principles defined herein may be applied to other embod-
iments. Therefore, the present invention is not intended
to be limited to the particular embodiments shown and
described, but is to be accorded the widest scope con-
sistent with the principles and novel features herein dis-
closed.
[0032] Fig. 1 shows a portion of a linear concentrating
solar collector 100 including a linear photovoltaic (PV)
cell (solar energy collection element) 120, first and sec-
ond trough-type reflectors 130-1 and 130-2 disposed un-
der PV cell 120, and a set of supporting rods 140 that

serve to fixedly support PV cell 120 over trough-type re-
flectors 130-1 and 130-2. During operation, concentrat-
ing solar collector 100 is oriented using known tech-
niques such that solar radiation (sunlight) is directed sub-
stantially perpendicularly through front surface 112 into
optical structure 110, as indicated by the dashed line ar-
rows B11, B12, B21 and B22.
[0033] As indicated in Fig. 1, PV cell 120 is secured to
trough-type reflectors 130-1 and 130-2 using supporting
rods 140 with its active surface facing trough-type reflec-
tors 130-1 and 130-2 and positioned such that, as indi-
cated by dashed-lined arrows B11, B12, B21 and B22,
solar radiation directed toward trough-type reflectors
130-1 and 130-2 is reflected onto the active surface of
PV cell 120. PV cell 120 has a substantially rectangular
and elongated shape, and is preferably designed with
contact metallization grids that minimize optical losses,
resistive losses, and can handle the currents arising form
concentrated sunlight, but may also be designed for use
in unconcentrated sunlight. PV cell 120 may comprise
an integral chip (die) that is sized and shaped to provide
the desired active region, or may comprise multiple small-
er chips arranged to form the desired active region area
and connected according to known techniques. PV cell
120-1 is electrically connected by way of wires or other
connectors (not shown) to an external circuit in order to
supply power to a load according to known techniques.
[0034] Trough-type reflectors 130-1 and 130-2 are fix-
edly connected along a common edge 135 in a decen-
tered arrangement in which focal lines FL1 and FL2 are
parallel and spaced-apart in an overlapping manner such
that (first) solar radiation directed onto curved reflective
surface 132-1 (indicated by dashed-line arrows B11 and
B12) is reflected and concentrated (converged) toward
focal line FL1, and (second) solar radiation B21, B22 di-
rected onto curved reflective surface 132-2 is reflected
and concentrated toward focal line FL2, and, as shown
in the bubble located at the top of Fig. 1, the reflected
solar radiation overlaps in a defocused state before strik-
ing the active region of PV cell 120. That is, solar radiation
beams B11 and B12 are reflected by curved reflective
surface 132-1 toward focal line FL1, and would converge
at focal line FL1 in the absence of PV cell 120. Similarly,
solar radiation beams B21 and B22 are reflected by
curved reflective surface 132-2 toward focal line FL2. As
indicated in the bubble at the top of Fig. 1, which depicts
a side view of PV cell 120 during operation, reflected
solar radiation beams B11 and B12 travel in a rightward
angled direction, and strike the active (lower) surface of
PV cell 120 in a converging (defocused) state such that
the reflected radiation is spread over the active surface.
Similarly, reflected solar radiation beams B21 and B22
travel in a leftward angled direction, and strike the active
surface of PV cell 120 in a converging state, and are
directed such that beams B21 and B22 overlap (i.e., cross
paths with) beams B11 and B12 while in the defocused
state. In this way, decentered reflective surfaces 132-1
and 132-2 combine to form an optical system that con-
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centrates solar radiation in which the reflected light is
spread out in a more uniform irradiance distribution on
solar cell 120, in comparison to the convention arrange-
ments described above with reference to Figs. 18(A) and
18(B), in order to lower the peak local concentration,
which reduces the I2R series resistance associated loss-
es due to smaller current density levels. The optical sys-
tem formed by curved reflective surfaces 132-1 and
132-2 reduces the peak concentration on solar cell 120
by a factor of approximately 20, relative to the conven-
tional focused system described above with reference to
Fig. 18(A), and by a factor of approximately 2.3 relative
to the conventional defocused system described above
with reference to Fig. 18(B), without requiring a second-
ary optical element. As described further below, this op-
tical system also produces a substantially more uniform
irradiance distribution relative to designs that use a cen-
tered surface.
[0035] Fig. 2 is a simplified explanatory diagram indi-
cating the formation of the optical system utilized by the
present invention in accordance with an embodiment of
the present invention. Fig. 2 shows two hypothetical
trough-type (e.g., linear parabolic) reflectors 130-11 and
130-12, each having a concave curved reflective surface
that reflects light to an associated focal line FL1 or FL2.
In particular, the curved reflective surface of hypothetical
reflector 130-11 optically defines focal line FL1 such that
light directed vertically downward onto reflector 130-11
is reflected and focused into the pie-shaped region bor-
dered by reflector 130-11 and the two dash-dot lines ex-
tending from the outside edges of reflector 130-11 to focal
line FL1. Similarly, the curved reflective surface of reflec-
tor 130-21 defines focal line FL2 such that light directed
vertically downward onto reflector 130-21 is focused into
the pie-shaped region bordered by reflector 130-21 and
the two dash-dot-dot lines extending from the outside
edges of reflector 130-21 to focal line FL2. To produce
the desired decentered arrangement, hypothetical reflec-
tors 130-11 and 130-21 are overlapped and arranged as
shown in Fig. 2 such that focal lines FL1 and FL2 are
parallel and spaced apart, and outside portions 130-12
and 130-22 of hypothetical reflectors 130-11 and 130-21
are removed, leaving overlapped sections 130-1 and
130-2, which are described above with reference to Fig.
1, and are optionally secured along edge 135. As indi-
cated by the shaded regions in the center of Fig. 2, de-
centered sections 130-1 and 130-2 form an optical sys-
tem that focuses received light at focal lines FL1 and FL2
in a way that creates an overlap region OL through which
substantially all of the reflected light passes in a defo-
cused state, wherein the reflected light is spread out in
a more uniform irradiance distribution that that associat-
ed with conventional optical systems. According to an
aspect of the first embodiment, PV cell 120 is positioned
in overlap region OL, whereby PV cell 120 receives sub-
stantially all of the light reflected by curved reflective sur-
faces 132-1 and 132-2 in the uniform irradiance distribu-
tion pattern. Figs. 3 (A) and 3(B) are graphs showing how

the irradiance distribution from each reflected surface of
a centered parabolic reflector can be spread and shifted
relative to each other so that they overlap in a way that
reduces the peak concentration and homogenizes or flat-
tens the light distribution on a solar cell. Fig. 3 (A) shows
the highly peaked irradiance distribution generated by
the conventional concentrating solar collector of Fig. 18
(B). The decentered parabolic surfaces of the present
invention cause the irradiance patterns from each section
to spread and overlap, as shown in Fig. 3(B).
[0036] Fig. 4 is a simplified side view showing linear
concentrating solar collector 100 when operably exposed
to sunlight (indicated by dashed lined arrows). As indi-
cated, PV cell 120 is positioned in the overlap region
(described above with reference to Fig. 2) such that PV
cell 120 receives substantially all of the light reflected by
curved reflective surfaces 132-1 and 132-2. Further, the
received light is in a highly uniform irradiance distribution
pattern, as described above, thereby lowering the peak
local concentration and reducing the I2R series resist-
ance associated losses in PV cell 120 due to smaller
current density levels. This arrangement also minimizes
the size of solar cell 120 while taking advantage of max-
imum uniform irradiance provided by the combined over-
lapping light reflected from curved reflective surfaces
132-1 and 132-2.
[0037] According to the first embodiment, as indicated
in Fig. 4, PV cell 120 is supported over trough-type re-
flectors 130-1 and 130-2 by rods 140 such that an air gap
AG extends between the first and second curved reflec-
tive surfaces 132-1 and 132-2 and PV cell 120. Although
this embodiment utilizes conventional structures to sup-
port PV cell 120, the optical system of the present inven-
tion can also be implemented using a solid dielectric op-
tical element, which provides advantages that are set
forth with reference to the following embodiments.
[0038] Figs. 5, 6 and 7 show a linear concentrating
solar collector 100A according to another embodiment
of the present invention that includes a solid, light-trans-
parent optical structure 110A having a front surface 112A
and an opposing rear surface 115A that includes a first
reflective surface region 117A-1 and a second reflective
surface region 117A-2. Solar collector 100A also includes
trough-type reflectors 130-1 and 130A-2 that are respec-
tively disposed on the reflective surface regions 117A-1
and 117A-2 and arranged such that curved reflective sur-
faces 132A-1 and 132A-2 of reflectors 130A-1 and 130A-
2 face (upward) into optical structure 110A, and a PV cell
120A that is mounted on a central region of front surface
112A such that an active region of PV cell 120A faces
(downward) into the optical structure 110A.
[0039] According to an aspect of the second embodi-
ment, optical structure 110A is a solid, single-piece, light-
transparent (e.g., low-iron glass, clear plastic or other
clear dielectric solid) structure constructed such that front
surface 112A is a substantially flat (planar), and light re-
ceiving surface regions 117A-1 and 117A-2 are curved
so substantially match the desired shape of reflectors
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130A-1 and 130A-2. As used herein the phrase "substan-
tially flat" is intended to mean that parallel light beams
pass through any portion of front surface 112A without
significant refraction. As indicated by specific embodi-
ments described below, the size of optical structure 110A
is expandable in either of the lengthwise (y-axis) direction
and the widthwise (x-axis) direction in order to increase
solar power generation. In a specific embodiment the op-
tical system design parameters are: geometric concen-
tration of 10, 35 mm aperture, 3.5 mm cell size, and 12.0
mm center thickness. The radius of curvature of the de-
centered parabolic surfaces is 26 mm, and each para-
bolic surface is decentered by 1.5 mm. The resulting light
distribution on the PV cell underfills the cell, which allows
enough latitude for manufacturing tolerances.
[0040] As indicated in Figs. 5-7, PV cell 120A is se-
cured to upper surface 112A, e.g., by way of a light trans-
parent adhesive. PV cell 120A is otherwise substantially
consistent with the description provided above with ref-
erence to Fig. 1.
[0041] In accordance with a specific embodiment, re-
flective surface regions 117A-1 and 117A-2 are proc-
essed using known techniques to include surface shapes
that precisely match the decentered arrangement de-
scribed above, and trough-like reflectors 130A-1 and
130A-2 are fabricated by sputtering or otherwise depos-
iting a reflective mirror material (e.g., silver (Ag) or alu-
minum (Al) or high efficiency multilayer dielectric reflec-
tive coating) directly onto surface regions 117A-1 and
117A-2. This manufacturing technique minimizes man-
ufacturing costs and providing superior optical charac-
teristics. That is, by sputtering or otherwise forming a
mirror film on reflective surface regions 117A-1 and
117A-2 using a known mirror fabrication technique,
trough-like reflectors 130A-1 and 130A-2 take the shape
of surface regions 117A-1 and 117A-2, and reflect light
toward focal lines FL1 and FL2 in the manner described
above and shown in Fig. 7. As such, optical structure
110A is molded or otherwise fabricated such that reflec-
tive surface regions 117A-1 and 117A-2 are arranged
and shaped to produce the desired mirror shapes. Note
that, by forming reflective surface regions 117A-1 and
117A-2 with the desired shape and position, trough-like
reflectors 130A-1 and 130A-2 are effectively self-forming
and self-aligning, thus eliminating expensive assembly
and alignment costs associated with conventional con-
centrating solar collectors. Further, because trough-like
reflectors 130A-1 and 130A-2 and PV cell 120A remain
affixed to optical structure 110A, their relative position is
permanently set, thereby eliminating the need for adjust-
ment or realignment that may be needed in conventional
multiple-part arrangements. Further, as indicated in Fig.
6, by utilizing the reflective surface regions of optical
structure 110A to fabricate the mirrors, once light enters
into optical structure 110A through front surface 112A,
the light substantially remains inside optical structure
110A before reaching PV cell 120A. As such, the light is
subjected to only one air/glass interface (i.e., at front sur-

face 112A), thereby minimizing losses that are otherwise
experienced by conventional multi-part concentrating so-
lar collectors.
[0042] According to another aspect of the present em-
bodiment, any sunlight rays directed onto the front sur-
face of the optical element that are in a plane parallel to
the focal lines defined by the de-centered reflective sur-
faces is directed onto the collector’s solar cell. For ex-
ample, referring to Fig. 6, a plane P is parallel to focal
lines FL1 and FL2 and intersects front surface 112A along
a line L3. "Normal" sunlight beams B31 and B32 are in
plane P, and are parallel and spaced apart by a distance
D1, and are also perpendicular to front surface 112A. As
such, normal beams B31 and B32, which are directed at
a 90° (normal) angle to front surface 112A, pass through
front surface 112A at surface points SP1 and SP2 that
are spaced apart by distance D1, and are reflected by
reflector 130A-2 toward focal line FL2, thus striking points
PV1 and PV2 on the underside surface of PV cell 120A,
where points PB1 and PV2 are also spaced apart by dis-
tance D1. In contrast, "non-normal" beam B33, which is
also in plane P, an acute angle α relative to front surface
112A, and strikes front surface 112A at surface point
SP1. Because beams B33 arrive at angle α, beam B33
is directed onto a different point on reflector 130A-2, but
otherwise is reflected by reflector 130A-2 toward focal
line FL2 at the same angle as that applied to beams B31
and B32, thus causing beam B33 to strike a point PV3
on the underside surface of PV cell 120A that is spaced
from point PV1 by a distance D2, where the distance D2
is determined by angle α. In this way, both normal and
non-normal beams are reflected by reflective surfaces
130A-1 and 130A-2 toward focal lines FL1 and FL2, and
thus onto PV cell 120A. That is, any incoming beam that
lies in a plane parallel to the plane formed by the line
focus (or centerline axis of the reflective surface) and
front surface normal but is incident on the top surface at
less than a 90 degree angle, is still directed onto the line
focus at a position further down the line focus. This prop-
erty makes linear concentrating solar collectors formed
in accordance with the present invention especially suit-
ed to use with an azimuth rotation tracking based system
such as that disclosed in EP-A-2221553 incorporated
herein by reference in its entirety. This property results
from the fact that all of the surfaces focusing the light in
this line focus optical system are reflective and not re-
fractive. A line focus system with refractive power like a
cylindrical lens surface or a cylindrical Fresnel lens sur-
face would not have this property.
[0043] Figs 8-10 show a linear concentrating solar col-
lector 100B according to another specific embodiment of
the invention. Similar to the previous embodiment, linear
concentrating solar collector 100B includes an optical
structure 110B, PV cells 120B-1 and 120B-2, and trough-
like reflectors 130B-1 and 130B-2.
[0044] Optical structure 110B is solid dielectric (e.g.,
plastic or glass) structure having a substantially flat front
surface 112B and a rear surface 115B that includes pla-
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nar (flat) receiver surface regions 116D-1 and 116B-2 for
receiving PV cells 120B-1 and 120B-2, and curved re-
flective surface regions 117B-1 and 117B-2 that are dis-
posed between receiver surface regions 11613-1 and
116B-2. Similar to the previous embodiment, curved re-
flective surface regions 117B-1 and 117B-2 are proc-
essed using known techniques to include surface shapes
that precisely match the decentered arrangement de-
scribed below.
[0045] PV cells 120B-1 and 120B-2 are substantially
the same as the PV cells associated with the previously
described embodiments, and are respectively mounted
on receiver surface regions 116B-1 and 116B-2 using
the methods described above. However, PV cells 120B-
1 and 120B-2 differ from the previous embodiment in that
the active regions of PV cells 120B-1 and 120B-2 face
upward (i.e., toward front surface 112B).
[0046] Trough-like reflectors 130B-1 and 130B-2 are
also similar to the previous embodiment in that they are
deposited (e.g., sputtered) or otherwise coated onto
curved reflective surface regions 117B-1 and 117B-2
such the they provide reflective surfaces 132B-1 and
132B-2 that face into optical structure 110B. In an alter-
native embodiment reflectors 130B-1 and 130B-2 are
fabricated on light transparent dielectric films using
known techniques, and then laminated (e.g., using an
adhesive) or otherwise secured to reflective surface re-
gions 117B-1 and 117B-2. This alternative production
method may increase manufacturing costs over the direct
mirror formation technique, and may reduce the superior
optical characteristics provided by forming mirror films
directly onto optical structure 110B, but is some instances
may provide a cost advantage.
[0047] Referring to Figs. 9 and 10, linear concentrating
solar collector 100B differs from earlier embodiments in
that receiver surfaces regions 116B-1 and 116B-2 (on
which solar cells 1208-1 and 120B-2 are mounted) and
reflective surface regions 117B-1 and 117B-2 (on which
reflectors 1308-1 and 1309-2 are formed) collectively
substantially cover the entirety of rear surface 115B of
optical structure 110B such that substantially all of the
sunlight passing through the front surface 112B either
directly strikes one of solar cells 120B-1 and 120B-2, or
is reflected and concentrated by decentered reflective
surfaces 132B-1 and 132B-2 onto solar cells 120B-1 and
120B-2. The terms "substantially entirely covers" and
"substantially all of the sunlight" are intended to mean
that the area amount of rear surface 115B that serves
neither the reflection nor solar energy receiving functions,
such as regions where sunlight is lost due to edge effects
and manufacturing imperfections, is minimized (e.g., less
than 5%) in order to maximize the amount of sunlight
converted into usable power. As set forth in additional
detail below, by substantially entirely covering rear sur-
face 115B with PV cells 1208-1 and 120B-2 and reflectors
130B-1 and 130B-2, the present invention provides an
advantage over conventional concentrating solar collec-
tors by eliminating shaded regions, thereby facilitating

the conversion of substantially all sunlight entering opti-
cal structure 110B.
[0048] According to another aspect of current embod-
iment, each reflector 130B-1 and 130B-2 is disposed in
a decentered arrangement such that solar radiation is
reflected toward front surface 112B at an angle that caus-
es said reflected solar radiation to be re-reflected by total
internal reflection (TIR) from front surface 112B onto one
of PV cells 120B-1 and 120B-2 (i.e., through an associ-
ated one of receiver surface regions 116B-1 and
1168-2) . For example, a sunlight beam B12 entering op-
tical structure 110B through front surface 112B and di-
rected onto reflector 130B-2 is reflected by a reflector
130B-2 at an angle θ2 toward front surface 112B, with
angle θ2 being selected such that beam B12 is both sub-
jected to total internal reflection (TIR) when it encounters
front surface 112B (e.g., as indicated in the small dashed-
line bubble located at the upper left portion of Fig. 9), and
is re-reflected from front surface 112B onto PV cell 120B-
1 through receiver surface region 116B-1. Similarly, a
sunlight beam B11 entering through front surface 112B
and directed onto reflector 130B-1 is reflected at an angle
θ11 toward front surface 112B such that beam B11 is
subjected to TIR and is re-directed onto PV cell 120B-2
through receiver surface region 116B-2 (as indicated in
the lower right bubble of Fig. 9). Note that the reflection
angle varies along reflectors 130B-1 and 130B-2 to
achieve the goals of TIR and re-direction onto a selected
PV cell. For example, a sunlight beam B12 entering
through front surface 112B and directed onto a second
location on reflector 130B-1 is reflected at an angle θ12
toward front surface 112B such that beam B12 is sub-
jected to TIR at a different location on front surface 112D
than beam B11, and is re-directed through receiver sur-
face region 116B-2 onto a different region of PV cell
120B-2 (as indicated in the lower right bubble of Fig. 9).
The different TIR angles and different reflection points
from upper surface 112B are indicated in Fig. 10, wherein
sunlight reflected by reflector 130B-1 is subject to TIR in
region TIR1 of upper surface 112B, and sunlight reflected
by reflector 130B-2 is subject to TIR in region TIR2. The
optical efficiency of the resulting system is very high be-
cause there is one Fresnel reflection off of front surface
112B, one reflection off of reflector 130B-1 or 130B-2,
and one total internal reflection (TIR) off of front surface
112B.
[0049] According to another aspect of concentrating
solar collectors 100B, sunlight beams passing through
front surface 112B that are directed onto one of PV cell
120B-1 and 1208-2, such as beam B3 that is shown in
Fig. 1 as being directed onto PV cell 120B-2 (i.e., without
reflection), is directly converted to usable power. Be-
cause substantially all solar radiation directed into optical
structure 110B either directly enters a PV cell or is re-
flected onto a PV cell, concentrating solar collector 100B
facilitates the conversion of substantially all sunlight en-
tering optical structure 110B, thereby providing a highly
efficient concentrating solar collector having no shaded
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or otherwise non-productive regions.
[0050] Fig. 11 is a perspective view showing an elon-
gated linear concentrating solar collector 100B1 having
an elongated optical structure 110B1 that is formed in
accordance with optical structure 110B (described above
with reference to Figs. 8-10), but is extended in a longi-
tudinal direction to form elongated linear concentrator.
This extension may be achieved by operably connecting
multiple shorter sections, by tiling, or by extruding or oth-
erwise molding elongated optical structure 110B1 in a
single piece. Note that curved reflector surfaces 117B-
11 and 117B-21 extend along the entire length of optical
structure 110B1, and reflectors 130B-11 and 130B-21
extend along the entire length of curved reflector surfaces
117B-11 and 1179-21. Similarly, flat receiver surfaces
116B-11 and 116B-21 extend along the entire length of
optical structure 110B1 on the outside edge of curved
reflector surfaces 117B-11 and 117B-21, and solar cell
strings 120B-11 and 120B-21 are mounted along the en-
tire length of receiver surfaces 116B-11 and 116B-21.
Elongated linear concentrating solar collector 100B1 op-
erates substantially the same as solar collector 100B,
described above. The elongation described with refer-
ence to Fig. 11 may be utilized in any of the embodiments
described herein.
[0051] Figs. 12 and 13 show a linear concentrating so-
lar collector 100C according to another specific of the
present invention, where solar collector 100C includes a
solid optical structure 110C, three solar cells 120C-1,
120C-2 and 120C-3, and four trough-like reflectors 130C-
1 to 130C-4. That is, optical structure 110C includes re-
flective surface regions 117C-1 and 117C-2 and receiver
surface regions 116C-1 and 116C-2 that are shaped and
arranged in a manner similar to that described above with
reference to solar collector 100B, and further includes a
third reflective surface region 117C-3 and a fourth reflec-
tive surface region 117C-4 , and a third receiver surface
region 116C-3 arranged such that reflective surface re-
gions 117C-3 and 117C-4 are disposed between receiver
surface region 116C-2 and the receiver surface region
116C-3. Solar cells 120C-1, 120C-2 and 120C-3 are re-
spectively disposed on receiver surface regions 116C-1,
116C-2 and 116C-3, and trough-like reflectors 130C-1
to 130C-4 respectively disposed on reflective surface re-
gions 117C-1 to 117C-4, where reflectors 130C-1 to
130C-4 include reflective surfaces that face upward (i.e.,
into optical structure 110C). As indicated in Fig. 13, op-
tical structure 110C is arranged such that solar radiation
passing through the front surface 112C onto reflective
surface region 117C-3 is reflected by reflector 130C-3
toward said front surface at angles that TIR from front
surface 112C onto PV cell 120C-3 through said receiver
surface region 116C-3, and solar radiation reflected by
reflective surface region 117C-4 is directed toward front
surface 112C at angles that cause TIR onto PV cell 120C-
2 through receiver surface region 116C-2. The three solar
cell arrangement allows collection of light over a larger
area without making the system thicker. To cover the

same area, the two solar cell arrangement would have
to be scaled up which includes increasing its thickness.
In general, the system can be scaled and/or repeated to
increase the collection area of the system. Exemplary
optical system design parameters associated with linear
concentrating solar collector 100C include: Geometric
concentration Cg = 10.5, Cell-to-Cell pitch = 35 mm, max-
imum element thickness = 14.3 mm, and edge thickness
= 5.5 mm.
[0052] Fig. 14 is an exploded perspective view show-
ing a concentrating solar collector 100D according to an-
other specific embodiment that differs from earlier em-
bodiments in that it includes an extended optical structure
110D having a flat front surface 112D and an opposing
rear surface 115D that includes two receiver surface re-
gions 116D-2 and 116D-2 for respectively receiving PV
cells 120D-1 and 120D-2 in the manner described above,
and four reflective surface regions 117D-1, 117D-2,
117D-3 and 117D-4 that are processed using the meth-
ods described above to include four trough-like reflectors
130D-1, 130D-2, 130D-3 and 130D-4.
[0053] As indicated by the vertical dashed-line arrows
in Fig. 14, reflectors 130D-1 and 130D-2 function similar
to the embodiments described above in that received
sunlight is reflected by the reflectors against front surface
112D such that the reflected sunlight is re-reflected by
TIR onto one of PV cells 120D-1 and 120D-2. For exam-
ple, reflector 130D-1 is arranged such that sunlight beam
B21 is reflected by a region of mirror array 130D-1 and
re-reflected by front surface 112D such that it is directed
onto PV cell 120D-2, and a second sunlight beam B22
directed onto reflector 130D-2 is reflected and then re-
reflected by front surface 112D onto PV cell 120D-1.
[0054] Optical structure 110D also differs from the em-
bodiments described above in that it includes a (first) flat,
vertical side surface 113D extending between front sur-
face 112D and rear surface rear surface 115D adjacent
to reflective surface region 117D-3, and a (second) flat,
vertical side surface 114D extending between front sur-
face 112D and rear surface rear surface 115D adjacent
to reflective surface region 117D-4. According to the
present embodiment, concentrating solar collector 100D
further includes a (first) flat side mirror 150D-1 disposed
on side surface 113D, and a (second) flat side mirror
150D-2 disposed on side surface 114D, and reflectors
130-3 and 130-4 are arranged to reflect received sunlight
such that it is reflected from an associated side mirror
150D-1 or 150D-2 before being re-reflected by TIR from
front surface 112D onto one of the PV cells. For example,
side mirror 150-1 and reflector 130D-2 are arranged such
that sunlight beam B23 passing through the front surface
112D onto reflector 130D-3 is reflected toward side mirror
150D-1 at an angle such that it is re-reflected by side
mirror 150D-1 toward front surface 112D, and again re-
reflected by TIR from front surface 112D onto PV cell
120-1. Referring to the right side of Fig. 14, side mirror
150-2 and reflector 130-4 are similarly arranged such
that sunlight beam B24 is reflected by a reflector 130D-
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4 toward side mirror 150D-2, from which it is re-reflected
toward front surface 112D, and again re-reflected by TIR
from front surface 112D onto PV cell 120-2. As in previous
embodiments, sunlight passing directly through optical
structure 100D to a PV cell is not reflected (e.g., beam
B3, which is shown as being directed onto PV cell 120D-
2).
[0055] Fig. 15 is a simplified side view diagram show-
ing concentrating solar collector 100D during operation,
with the vertical lines disposed above front surface 112D
representing incoming sunlight, and the angled lines in-
side optical structure 110D indicating the reflection pat-
tern of light as it is directed onto one of PV cells 120D-1
and 120D-2 by reflectors 130D-1, 130D-2, 130D-3 and
130D-4 and side mirrors 150D-1 and 150D-2. As indicat-
ed in this diagram, the mirror arrangement provided by
concentrating solar collector 100D minimizes the loss of
light received along the outside edges of optical structure
110D, thus further enhancing efficiency.
[0056] Fig. 16(A) shows optical structure 110D of linear
concentrating solar collector 100D by itself to provide a
better view of angled light reflecting surface regions
117D-1 to 117D-4, and the position of light receiving sur-
face regions 116D-1 and 116D-2. Note that reflecting
surface regions 117D-1 and 117D-2 and light receiving
surface regions 116D-1 and 116D-2 form a design unit
that can be repeated any number of times in the formation
of a linear concentrating solar collector of the present
invention. For example, Fig. 16(B) shows optical struc-
ture 110E including light reflecting surface regions 117D-
1 to 117D-4 and light receiving surface regions 116D-1
and 116D-2, as provided in optical structure 110D, but
also includes a second design unit formed by reflecting
surface regions 117D-5 and 117D-6 and light receiving
surface regions 116D-3 (the second design unit shares
light receiving surface regions 116D-2). Fig. 17 is a sim-
plified side view diagram showing a linear concentrating
solar collector 100E formed on optical structure 110E
during operation, with the vertical lines disposed above
front surface 112E representing incoming sunlight, and
the angled lines inside optical structure 110E indicating
the reflection pattern of light as it is directed onto one of
PV cells 120E-1, 120E-2 and 120E-3 by reflectors 130E-
1 to 130E-6 and side mirrors 150E-1 and 150E-2.

Claims

1. A linear concentrating solar collector comprising:

at least one solar energy collection element;
a first trough-type reflector having a first curved
reflective surface defining a first focal line; and
a second trough-type reflector having a second
reflective surface defining a second focal line,
wherein the first trough reflector and the second
trough-type reflector are fixedly connected
along a common edge in a decentered arrange-

ment in which the first focal line is parallel to and
spaced-apart from the second focal line, and
said first and second curved reflective surfaces
are arranged such that first solar radiation di-
rected onto said first curved reflective surface is
reflected and concentrated by said first curved
reflective surfaces toward the first focal line, and
second solar radiation directed onto said second
curved reflective surface is reflected and con-
centrated by said second curved reflective sur-
faces toward the second focal line, said reflected
first and second solar radiation is respectively
directed by the first and second curved reflective
surfaces such that said first and second solar
radiation overlap in a defocused state , and
wherein the at least one solar energy collection
element is fixedly connected to the first and sec-
ond trough-type reflectors and positioned to op-
erably receive at least one of the reflected first
and second solar radiation.

2. The linear concentrating solar collector according to
claim 1, wherein the at least one solar energy col-
lection element is positioned in an overlap region
between the first and second trough-type reflectors
and the first and second focal lines such that the at
least one solar energy collection element receives
both said first and second reflected solar radiation
in a defocused state.

3. The linear concentrating solar collector according to
claim 2, wherein the at least one solar energy col-
lection element is supported over the first and sec-
ond trough-type reflectors such that an air gap ex-
tends between the first and second curved reflective
surfaces and the at least one solar energy collection
element.

4. The linear concentrating solar collector according to
any of the preceding claims, further comprising a sol-
id, light-transparent optical structure having a sub-
stantially flat front surface and an opposing rear sur-
face, the rear surface including a first reflective sur-
face region and a second reflective surface region,
wherein the first and second trough-type reflectors
are respectively disposed on the first and second
reflective surface regions such that the first and sec-
ond curved reflective surfaces face into the optical
structure, wherein the first and second trough-type
reflectors preferably comprise one of metal films and
high efficiency multilayer dielectric reflective coat-
ings deposited directly onto the first and second re-
flective surface regions, respectively.

5. The linear concentrating solar collector according to
claim 4,
wherein the at least one solar energy collection ele-
ment is mounted on a central region of the front sur-
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face such that an active region of the at least one
solar energy collection element faces into the optical
structure, and
wherein the optical structure is arranged such that
first solar radiation passing through the front surface
onto said first reflective surface region is reflected
by said first curved reflective surface onto the at least
one solar energy collection element in a defocused
state, and such that second solar radiation passing
through the front surface onto said second reflective
surface region is reflected by said second curved
reflective surface onto the at least one solar energy
collection element in a defocused state.

6. The linear concentrating solar collector of claim 4,
wherein the rear surface of the optical structure fur-
ther includes a third reflective surface region and a
first receiver surface region arranged such that the
first receiver surface region is disposed between the
first reflective surface region and the third reflective
surface region,
wherein the at least one solar energy collection ele-
ment is mounted on the first receiver surface region
such that an active region of the at least one solar
energy collection element faces the front surface,
wherein the optical structure further includes a first
side surface extending between the front surface and
the rear surface rear surface adjacent to the third
reflective surface region, and
wherein the concentrating solar collector further
comprises:

a first side mirror disposed on the first side sur-
face; and
a third trough-type reflector disposed on the sec-
ond reflective surface region,
wherein the first side mirror and the third trough-
type reflector are arranged such that solar radi-
ation passing through the front surface onto the
third reflective surface region is reflected by the
third trough-type reflector toward said first side
mirror, and is re-reflected by said first side mirror
toward said front surface such that said solar
radiation is redirected from said front surface by
total internal reflection (TIR) onto said at least
one solar energy collection element through
said first receiver surface region.

7. A linear concentrating solar collector comprising:

a solid, light-transparent optical structure having
a substantially flat front surface and an opposing
rear surface, the rear surface including a first
reflective surface region and a second reflective
surface region;
at least one solar energy collection element
mounted on the light-transparent optical struc-
ture;

a first trough-type reflector mounted on the first
reflective surface region and having a first
curved reflective surface defining a first focal
line; and
a second trough-type reflector mounted on the
second reflective surface region and having a
second reflective surface defining a second fo-
cal line,
wherein the at least one solar energy collection
element, the first trough reflector and the second
trough-type reflector are arranged on the light-
transparent optical structure in a decentered ar-
rangement such that first solar radiation passing
through the front surface onto said first curved
reflective surface is reflected and concentrated
by said first curved reflective surfaces in an over-
lap region, and second solar radiation passing
through the front surface onto said second
curved reflective surface is reflected and con-
centrated by said second curved reflective sur-
faces in the overlap region, and
wherein the at least one solar energy collection
element is positioned to operably receive at least
one of the reflected first and second solar radi-
ation.

8. The linear concentrating solar collector according to
claim 7,
wherein the overlap region coincides with a central
portion of the front surface, and wherein the at least
one solar energy collection element is mounted on
the central portion of the front surface, whereby the
at least one solar energy collection element receives
both the reflected first solar radiation and the reflect-
ed second solar radiation.

9. The linear concentrating solar collector according to
any of the preceding claims, wherein the first and
second curved reflective surfaces comprise one of
a cylindrical parabolic, conic and aspherical surface.

10. The linear concentrating solar collector according to
any of the preceding claims,
wherein the light-transparent optical structure further
includes a first receiver surface region and a second
receiver surface region disposed on the rear surface
on opposite sides of said first and second trough-
type reflectors,
wherein the at least one solar energy collection ele-
ment includes a first solar cell mounted on the first
receiver surface region and a second solar cell
mounted on the second receiver surface region such
that active regions of the first and second solar cells
face the front surface, and
wherein the optical structure is arranged such that
first solar radiation passing through the front surface
onto said first reflective surface region is reflected
by said first curved reflective surface toward said
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front surface at first angles that cause said reflected
first solar radiation to be re-reflected by said front
surface onto said second solar energy collection el-
ement through said second receiver surface region,
and such that second solar radiation passing through
the front surface onto said second reflective surface
region is reflected by said second curved reflective
surface toward said front surface at second angles
that cause said reflected second solar radiation to
be re-reflected by said front surface onto said first
solar energy collection element through said first re-
ceiver surface region.

11. The linear concentrating solar collector of claim 10,
wherein the light-transparent optical structure is ar-
ranged such that solar radiation passing through the
front surface onto one of said first and second re-
ceiver regions passes through said one of said first
and second receiver surface regions onto one of said
first or second solar energy collection elements.

12. The linear concentrating solar collector of claim 10
or claim 11,
wherein the rear surface of the light-transparent op-
tical structure further includes a third reflective sur-
face region, a fourth reflective surface region, and a
third receiver surface region arranged such that the
third and fourth reflective surface regions are dis-
posed between the second receiver surface region
and the third receiver surface region, and
wherein the linear concentrating solar collector fur-
ther comprises:

a third solar cell mounted on the third receiver
surface region such that an active region of the
third solar cell faces the front surface; and
third and fourth trough-type reflectors respec-
tively disposed on the third and fourth reflective
surface regions such that third and fourth curved
reflective surfaces of the third and fourth trough-
type reflectors, respectively, face into the optical
structure.

13. The linear concentrating solar collector of claim 12,
wherein the optical structure is arranged such that
third solar radiation passing through the front surface
onto said third reflective surface region is reflected
by said third curved reflective surface toward said
front surface at third angles that cause said reflected
third solar radiation to be re-reflected by said front
surface onto said third solar energy collection ele-
ment through said third receiver surface region, and
such that fourth solar radiation passing through the
front surface onto said fourth reflective surface re-
gion is reflected by said fourth curved reflective sur-
face toward said front surface at fourth angles that
cause said reflected fourth solar radiation to be re-
reflected by said front surface onto said second solar

energy collection element through said second re-
ceiver surface region.

14. The linear concentrating solar collector of claim 13,
wherein the optical structure further includes a first
side surface extending between the front surface and
the rear surface rear surface adjacent to the first re-
flective surface region, and a second side surface
extending between the front surface and the rear sur-
face rear surface adjacent to the fourth reflective sur-
face region, and
wherein the concentrating solar collector further
comprises a first side mirror disposed on the first
side surface and a second side mirror disposed on
the second side surface.

15. The linear concentrating solar collector of claim 13,
wherein the optical structure further includes a first
side surface extending between the front surface and
the rear surface rear surface adjacent to the first re-
flective surface region, and a second side surface
extending between the front surface and the rear sur-
face rear surface adjacent to the fourth reflective sur-
face region, and
wherein the concentrating solar collector further
comprises a first side mirror disposed on the first
side surface and a second side mirror disposed on
the second side surface.
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