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Abstract

The use of a two-stage concentrator with a [resnel lens primary and a
non-imaging dielectric totally internally reflecting secondary, has unique
advantages for photovoltaic concentration. Qur previous research showed
that this concentrator design can increase the angular acceptance to more
than seven times that of a singe-stage fresnel lens concentrator. In other
words, this new design has a much larger acceptance angle than the
conventional lens-cell concentrating system. In the coatinuation of this
research, an optimally designed prototype "Mod C' (our previous
prototypes were called Mod A and Mod B) which employs a 13.6-cm
diameter flat fresnel lens as the primary focusing device, a dielectric
compound hyperbolic concentrator (DCHC) as secondary and a 1-cm
diameter high-concentration cell for electricity conversion has been built,
tested and analyzed. Measurements under sunlight of Mod C show that it
has an angular acceptance of :3.6 degrees, which is dramatically better
than the +0.5 degree achievable without a secondary concentrator. This
performance agrees well with theoretical ray-tracing predictions. The
secondary shows an optical efficiency of (91:2)% at normal incidence.
Combining with the primary fresnel lens which has an optical efficiency
of(82:2)%, the two-stage system Yyields a total optical efficiency of (71:2)%.
We expect the secondary optical efficiency can be increased to (94-95)%
by making the secondary with a less absorptive material (low-iron glass),
improving the finish of the side wall, improving the match at the
cell-secondary interface and anti-reflection coating the front surface. The
measurements of the system electrical performance yielded a net
electrical efficiency of 11.9%. No problems associated with non-usniform
cell iliumination were found, as evidenced by the excellent fill factor of
(79:2)% measured under concentration. The secondary geometrical
properties and the optimal two-stage design procedures for various
primary- cell combinations were systematical studied. A general design
principle has been developed.

After the indicated improvements in optical efficiency, an electrical
efficiency approaching | 4% is expected for the module.
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L Introduction

A. Background

Beginning with the early work in the 70's, a family of non-imaging
optical concentrators has been used in various ways for solar energy
collection. From the start, the motivation for applying this technology to
solar energy conversion has been the feature that this new class of
concentrators can achieve or approach the maximum theoretical limits of
concentration. This property made stationary solar concentrators and very
high concentrating solar collectors possible in both thermal and
photovoltaic applications. Alternatively, by increasing the angular field of
view for a give concentration, the costs associated with precise tracking
and alignment of solar energy concentrators can be significantly reduced.

This report describes the research efforts to develop such a
concentrating system for solar photovoltaic applications carried out at the
University of Chicago from July 1. 1985 through February 15, 1986. This is
a continuation of the research work under Grant No. DE-FG02-84CH10201
supported by the SOLEKAS program.

The goal of the project is to develop a solar concentrator which will
have potential applications in effective solar energy photovoitaic
conversion by incorporating a non-imaging concentrator as a secondary
element optimally matched 1o a primary fresnel lens and cell. Because of
its improved optical design, tracking and alignment tolerances can be
greatly reduced. This advantage offers an attractive path in the effort to
mitigate the high cost of conventional photovoltaic power.

As stated in our previous report, for a given concentration cell and
fresnel lens, an optimal dielectric concentrator can be designed based on
non-imaging optics. By using a fresnel lens as a primary focusing device
and a dielectric compound hyperbolic concentrator (DCHC) as the
secondary, a two stage concentrator is formed which has a concentration
ratio close to the maximum theoretical limit.. Earlier research has already
shown the technical feasibility of this approach. The dielectric concentrator
as a secondary device, increases the effective cell area by a large factor,
typically 10-15 depending on the given fresnel lens and ceil. This property
can either be used in very high concentration sysiem with relatively high
tracking tolerances, for example approaching 1000:1 in the ideal limit with
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+2 or intermediate concentration levelse.g. 100:1 approaching(in the limit)
+8 tolerances.

A brief summary of what was accomplished during the first year's
work is the following:

1) Two pre-prototypes for |/4 inch dia. cells (Mod A and Mod B)
were designed, built, tested and analyzed, and comparisions between these
two were made.

2) Technical feasibility was demonstrated both theoretically and
experimentally .

3) Detailed measurements of the optical and eleciricai

properties were obtained.

For the second year we proposed to continue our research in the following
areas:

1) Design a new Mod C with optimized parameters for a larger
| cm dia. cell.
2) Build, test and anatyze Mod C.
3) Design, assembie, and test a pre-prototype module.
4) Advanced conceptual design studies.

To accomplish our goal, an optimal secondary, Mod C ,larger than Mod
A and Mod B was designed, built, tested and analyzed.

B. Summary of accomplishments

An optimal DCHC secondary dielectric element (Mod C) was designed
and built to match the given l4-cm lens and 1-cm cell For testing
purposes, an electronic module which can measure the output current and
voitage of the system simuitaneousty was designed and built. In association
with this [-V device, a series of computer testing programs which run on
the HP data acquisition system were written. With all this, a series of
systematic measurements of optical and electrical performance was
obtained for the cell alone, for the conventional lens-cell system (for
comparison purposes) and for the full two-stage system.

The resuits indicate that both the optical and electrical properties of
Mod C are within the expectations which were outlined in last year's
proposal. Through comparison with the lens--cell system, the advantages of
the two-stage with Mod C are clearty seen. However some problems
associated with the thermal properties of the acrylic secondary appeared
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which were not encountered with Mod A and Mod B. Solutions to those
problems were proposed and studied. Further investigation of these
possible solutions will be continued. A series of advanced computer
ray-tracing programs for basic design problems and for simulation of the
optical performance for various kinds of two-stage systems was written
and some very general design principles have been developed. The resuits
of this systematical study of the two-stage concentrator offer a variety of
design options for photovoltaic concentration.

A. General Principies

The relationship between concentration and field of view of an optical
system depends on the optical design, but there exists a fundamental lisii
set by physical conservation principies which no design can exceed.
Specifically the concentration ratio C and acceptance angle @ of any optical
system must satisfy the following refations:

(1) Csin(@/2.) <n (in a transiationally symmetric system)

(2) C sin2(9/2) <n? (in a rotationally symmetric system)
(where n is the index of refraction of the material.)

As seen from the above formula, for a given acceptaace, there is a
maximum concentration ratio or for a given concentration ratio, there
exists a maximum acceptance angle. Most optical concentration system( e.g.
lenses parabolic mirrors) fall far below this limit.

Considerable research has been done in the field of designing optical
systems which can meet or closely approach these limits. A large family of
nonimaging opticai systems (in contrast to imaging forming devices, e.g.
lenses.mirrors) has been found and these systems have been used in
several areas. Especially in the area of solar energy collection, collectors
employing these “ideal” o nearly ideal concentrators have been designed,
tested and manufactured.

In applying similar concepts to soiar photovoitaic conversion, we
proposed a research project to systematical study the effects of employing
a non-imaging concentrator in combination with a conventional celi-lens
system thereby forming a two--stage. For our two--stage system, the
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non-imaging secondary device is a dielectric compound hyperbolic
concentrator or DCHC. The design of DCHC is based on the totally internal
reflecting(TIR) properties of dielectric material. There are general two
independent methods to design a DCHC secondary, technically known as the
phase space conservation method and the maximum concentration
method. [n the phase space conservation method,we require that all the
incoming extreme rays (rays entering at the maximum acceptance angle)
leave the exit aperture at the same output angle while satisfying the TIR
condition inside the DCHC (as illustrated in Fig.11.1). The DCHCs generated in
this way have been used in fiber optics, because of the critical angle
requirement for fiber transmission. [n the maximum concentration method,
the only requirement is that the extreme rays are transmitted while the
TIR condition is satisfied (as illustrated in Fig.I1.2). The difference between
these two methods is that the latter one yieids a higher concentration ratio
than the formerholding everything eise the same. In photovoltaic
apolications, since we are primarily concerned with total energy
throughput, the maximum concentration method was used throughout our
research. For any given exit aperture, index of refraction, aceptance angle
and front surface curvature, theX-Y profile of the corresponding DCHC can
be generated by a new computer design program which we have
developed.
B. MOD C parameters

For our two-stage design, we use a 13.6-cm diameter flat fresnel lens
as our primary which has a focal length of 21.5 cmi. A 1-cm diameter
concentration cell is used for electrical conversion. The secondary is
mounted to the cell mechanically and the lens cell separation is such that
the focal plane of the lens is the aperture plane of the secondary separating
the spherical front portion from the side profile (see Fig.I1.3). The cell is
bonded to a heat sink for heat dissipation. A thermocouple wire is attached
to the back of cell for temperature measurements. The distance between
the cell and lens can be adjusted easily.

As noted above there are four design parameters which completely
determine a given DCHC solution. These are the exit aperture, index of
refraction, acceptance angle and front surface curvature. The exit aperture
of the DCHC is solely determined by the size of cell. In this case we chose an
exit diameter, 0.98 cm, which is slightly smaller than that of the ceil for
easy alignment. For a given lens, the required acceptance angle of the DCHC
is related to the focal ratio /D (focal length/lens diameter). As illustrated
in the Fig.11.3, the edge ray from the lens should be the extreme ray for the
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' secondary. For our lens, this requires that the secondary DCHC have a half
angle of acceptance of 22 degrees. As measured by Sandia Laboratory
(R.Pettitt, private communication), the acrylic dielectric material we used
has an index of refraction of |1.47 and an absorption coefficient of 1.9% per
cm averaged over the solar spectrum ( see Fig.I1.4 and Fig.I1.5). The more
curved the front surface, the shorter the DCHC will be. Also, a more curved
surface reflects more incoming energy but a shorter DCHC absorbs less .
Therefore there is a value of the front surface curvature for which the
combined effect of reflection and absorption is minimized for a given index
of refraction and absorption coefficient. Computer ray-trace studies show
that a front arc angle of 65 degrees gives the DCHC minimum loss. A
quantitative discussion of these relationships is given below in part IV.
TJsing the information given above, an optimal DCHC was designed for a
given lens-cell combination.
Parameters of DCHC secondary for Mod C.

1) Acceptance angle= +22 degrees

2) Front arc angle= +65 degrees

3) Exit aperture=98 cm

4) Entrance aperture=3.66 cm

S) Height = 3.23 cm

6) geometrical Concentration Ratio=13.92
The ideal limit of concentration for given index of refraction and
acceptance angle is given by equation (2) which is 15.4. Thus the Mod C
DCHC achieves 13.92/15.4 = 90% of ideal concentration.

C. Testing facilities

All the tests were conducted under actual sun on the roof of the High
Energy Physics building on the campus of the University. Data were taken
through our HP data acquisition systems and outputs were either plotied
directly or printed. On the roof station, we have a platform which can be
directed to the sun manually. A normal incidence radiometer (NIP) and a
radiometer (PSP) for total radiation measur=ment are fixed to the platform.
The system we want to measure is also fixed to the platform. All the output
data are transmitted to the acquisition system downstairs through a cable
connection. Because of the fast speed of data acquisition, voltage current
and radiation information for each point are taken aimost simultaneousty.
It allows us to plot current as normalized in real time to either total or
beam radiation. The NIP and PSP instruments both have uncertainties of
about 2%. In the following discussion, all of the errors associated with our
results are mainly caused by this uncertainty.
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- 111 Mod C studies

A. Optical performance

The optical performance of Mod C is characterized by the optical
transmission ratios, or optical efficiencies of the secondary alone and the
two-stage as a function of incident angles. We refer to these as the angular
acceptance functions of the secondary and two-stage respectively. One
major concern we have with any two stage design is that losses due to
secondary material absorption, front surface reflection etc.. which reduce
the overall performance be minimized. The best way to investigate such
effects is to analyze the angular response functions in detail.

Since we know that the cell short circuit current is proportional to the
energy received. all the optical performance tests were based on
measurements of short circuit current. The optical efficiency of the
secondary at a particular incidence angie 9 is defined as:

E(9)=(1st(@)-13d())/(Ict(D)-Icd(2))/C

where [st(@) stands for the short circuit current of the cell with
secondary due to total insolation while [sd(@) stands for that portion of the
short circuit current contributed by only diffuse radiation when the angile
between the symmetry axis of secondary and incoming beam is @. Both are
normalized by beam insolation. Ict(d) and Icd(9) refer to the performance
of the cell by itself and are also normalized by beam insolation. C is the
geometrical concentration ratio which is defined as area ratioc of the
entrance aperture to the cell area. The normal incidence case is when @
equals zero. Alternatively one can define efficiency as :

E(@)=({1st(@)-1sd(9))/Ict(B)/C

In this case Icu(9) is normalized by the total insolation rather than just
beam whil> the other symbois remain the same. Physically, these two
slightty different definitions ought to give similar answers because for the
cell aione, [ct normalized by total insolation is the same as (Ict-Icd)
normalized by beam .

The actual measurement was done with two different |-cm diameter
cells, cell*1 and cell#2. Cell #1 has a two-layer anti-reflection coating.
One important point to make clear is that the cell surface coating
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properties affect the optical efficiency as defined above. Ict is measured
when the cell is directly exposed to the radiation and [st is measured with
secondary coupled to the cell. In the former situation, the interface is
air(index 1.)-coating-silicon and in the latter case, this is
secondary-coating-silicon where the acrylic secondary has an index of
refraction close to [.5. Optically these two different interfaces have
different transmittance. Thus the optical efficiency defined above by taking
the ratios of short circuit currents measured for different interface
structures clearty depends on the cell used to do the measureinents. This
cell dependence of the optical efficiency is evident in the following
discussion.

Fig. l111.1 shows the efficiency vs. angle curve measured with cell #1.
The optical efficiency at normal incidence is (91+2)% . The ideal response
would be a flat piateau out to a fairly sharp cut-off at the design
acceptance angle. What is actually observed is considerably more rounded.
The factors which affect the angular acceptance function are front surface
reflection loss, material absorption loss and acrylic-cell interface losses (or
gains). Ray-tracing analysis shows that the front surface loss varies from
3.65% to 5% depending on incident angle. The absorption loss which also
depends on the incident angle varies from 7-9 % for our given acrylic
physical properties ( index of refraction of 1.47 and absorption coefficient
1.9% per cm). As can seen f{rom the ray-trace resuits, these two factors
alone will result in an optical efficiency for normal incidence about 88%
which is slightly smailer than what we actually measured with this cell
(See Fig.111.2 for comparision). This can be explained as a secondary-ceil
interface effect. In this case it turns out to be a gain over the air-cell case.

Cell*| has two layers of AR surface coating; one layer of TiO, which

has an index of refraction of 2.2 and is 630 A thick, and another layer of
Aly0; which has an index of refraction of 1.36 and is 860 A thick. The

transmittance of the AR coatings depend not only on these parameters, but
also on the index of refraction of the silicon cell and the media which the
coating directly interfaces with. For a detailed discussion one can refer to
Macleod (Thin Film Optical Filters , American Elsevier New York 1969).
Here we just give the resuits. The formula for calculating the transmittance
of a two layer coating is the (ollowing:
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T=4 x Hi x Hi/(A2+B2)
where,
A=(Hi+Hf )cos@1cosB2-(Hi x H2/H1+Hf 1 H1/H2)sind | 3in@®?2
B=(H2+Hf x Hi/H2)sin@2cosP1+(H1+Hi x Hf/H! JcosB2sind 1
g1=2 x Nl xdlcosil phase difference in layer |
92=2 1 N2 x d2cos i2 phase difference in layer 2
Hr=Nrcosir for TE waves
=Nr/cosir for TM waves
r=i 1,2, stands for the media(acrylic, or air), AR layer 1, AR
layer2 and final material ( silicon). ir stands for refraction angles in each
material respecuvely.

We put this information on AR coatings into cur computer ray-trace
programs. It turns out that the interface effect not only can expiain the
measured optical efficiency for normal incidence but aleo part of the
rounding in the angular acceptance curve. As one can see from Fig.IIl.3,
the acrylic-cell interface effect is a 4.5 % gain at normal incidence relative
to air-cell interface. As the angle gets larger, this gain gradually decreases
until finally there is a loss. This explains part of the rounding. This effect
was demonstrated experimentally. We measured the cell short circuii
current both with and without a thin layer of optical compound on its
surface ( optical compound has an index of refraction close to acrylic), and
saw a small increase in the short circuit current. As will be discussed later

in this report , this interface effect will explain some other phenomena
which we encountered.

Another possible explanation for the rounding is a TIR loss caused by
secondary profile surface irregularities. Total internal reflection occurs
when a ray passes from a high index of refraction material t0 a lower index
material at an incidence angle larger than the critical TIR angle ( which is
arcsin(nl/n2), where ni«n2). Small irregularities on the scale of typical
solar wavelengths can cause a loss. This irregularity may be small
scratches caused by either manufacturing or handling of the acrylic. A
reasonable estimate is that each TIR loses about 5% of the energy.
Comparison of measurement data with ray-tracing resuits inciuding the
possible TIR losses is shown in Fig.III. 3. Considering all this, we can see

that ray-tracing predictions and experiments agree for both optical
efficiency and angular cut offs .
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The optical efficiency and the shape of the angular cut-offs for the
whole system can also be defined in a similar {ashion. In this case we have
one more degree of freedom, the distance between the cell and secondary
top. As we varied the distance we found that the short circuit current
varies +7% about the average even though the lens focal spot is entirely
within the secondary entrance aperture. One such measurement curve is
shown in Fig.111.4. It reaches a maximum at about 16cm and 2 minimum
at 22.5cm. Our design operating distance is 21.5cm which is the focal length
of the primary fresnel lens. We suspected tha: is phenomena might also be
attributable to TIR loss, so we polished the side wall of the secondary and
again measured a minimum at 22.5cm but this time, the variation is only
about5% of the average (see Fig.111.5). This effect can be explained by
considering the above loss mechanisms, namely front surface reflection
loss, material absorption loss, interface loss(or gain) and a possible 5% TIR
loss. We aiso performed the ray-trace simulation based on the same modetl
outlined above. The ray-trace resuit is shown in Fig.[11. 6. We can see the
agreement between them is excellent .

The angular acceptance curve for the two-stage system at the design
distance was also measured. The measured curve shows a flat short circuit
current response up to 3.6 degrees from normal incidence. This is the most
significant advantage of the two-stage system over conventional lens-ceil
concentrators. The optical efficiency is about (71+2)% for the whole system.
As measured independently, the flat fresnel lens we used has an optical
transmittance of (82:+2)%. Taking these factors into account, the ray-trace
results for the angular acceptance with front surface reflection loss,
material absorption , interface loss(or gain) and TIR loss agrees with
measured data very well (see Fig.II1.7). We note the ray-trace resuits
indicate that the effective optical efficiency of the secondary in the
two-stage system is reduced below its normal incidence value because the
distribution of directions on the secondary includes large: angles. The value
is only about (86+2)X because the net gain from the interface effect is
nearly zero. At larger incidence angles on the lens this gain increases to
4.5% which has the effect of making the angular acceptance curve of the
two-stage system more “square” than that of the secondary ajone.

The same kinds of experiments and analysis were also done for cell*2.
The only difference between those two cases is the interface structure .
Comparisons were also made and the ray-trace and experiments agree
well. After performing studies of the optical properties of the secondary
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" concentrator, both through ray-trace analysis and experiments, we found
that the four factors affecting the secondary optical efficiency are front
surface reflection( 4%), material absorption(8%), TIR(<5%) and [inally
interface effects which depend on the ceil. For the given AR coated cell, we
achieved an optical efficiency of (91:2)% for the secondary alone at normal
incidence ( this drops a small fraction for angles close to the acceptance
angle).The secondary demonstrates an effective (86:2)% optical efficiency
in the combined two-stage system. Knowing the loss mechanisms, we will
discuss possible steps to be taken tc reduce these losses in part V.

B. The eluctrical performance of the two-stage system

The electrical performance tests were done with 1-cm celli*2. For the
cell itselfl we measured an electrical efficiency of 13.7%, fill factor of 72%,
open voltage of .62v and a shotrt circuit current of 23.7mA under one
sun(see Fig.II1.8). Under a high concentration of 185 suns (our nominal
condition) we expect ( from data provided by Sandia) an electrical
efTiciency of 17.30% ,a fill factor of 79%, short circuit current of 4.33 A and
open circuit voitage of .73v. The measured [-V curve at the design
lens-cell separation at normal incidence for the two-stage system is shown
in Fig.II1.9 (All the I-V curves in this report are normalized (o one sun).
We can see the two-stage system achieves an elcctrical efficiency of 11.9%,
fill factor of 81% ,open circuit voitage of .73v and short circuit current of
28.0A. The consistent fill factor and open circuit voltage indicate that using
a secondary ooncentrator does not cause any nonuniform radiation
distribution which may adversely affect cell performance. In fact in
comparison (o the lens-cell system, the secondary concentrator makes the
irradiance on the cell more uniform(see part C of this section ). The
reduction of short circuit current is explained in the sense that the lens has
an optical efliciency of (82:2)% and the secondary has an optical
transmittance of about (86:2)% (see part A of this section). The smail
reduction in electrical efficiency is mainly caused by the loss in optical
efficiency. The most significant advantage of the secondary over the
system without secondary is the increase in the angular acceptance t0 +3.6
degrees. We aiso measured the [-V curve at 3 degrees from normal
incidence. This also demonstrated good electrical performance (the
measured curve is showed in Fig .I1[1.10).

From all these measurements it is clear that the two-stage system has

good electrical performance. The advantages of the two-stage system over
systems without a secondary are made more evident in the next section.
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C. The Comparisions of two-stage performance with lens-cell
system.

Since the electrinal performanc: depends strongly on the cell used,
we will disscuss the cell *1 and cell #2 separately. The measured [-V
curves of lens-cell system at different lens-cell separations at normal
incidence are shown in Fig.III.11-13 and optical efliciencies as a function
of angle are shown in Fig.I1].14-15. The measurments were done with the
same [lat fresnel lens and cell we used for the two-stage. As we can see
from these results that the electrical efficiency varies from 10% to 12.4%
depending ca the lens-ceil separation. A short circuit current vs. lens-cell
separation at normal incidence was also obtained. One can see from
Fig.I11.16 that the short circuit current is maximum at a lens-cell distance
equal to the iens focal length (this also can be seen in Fig.I11.14-1%). Tiir is
natural because fresnel lenses do not have a sharp image. At the i.ecal
length, the cell intercepts the largest fraction of the sun's “image’; that
fraction goes down as the lens moves away from this location. On other
hand, the cell gives the best performance elecirically when ihe radiation
distribution is more uniform. Further away from the focai-distance, the
uniformitly improves. As our measurements indicates, the cell gives the
maximum output at a lens-cell separation equal to 20.00-cm which is 1.5
cm away from the focal distance. Comparing Fig.II1.11 at a distance of
20.0cm with Fig.II1.13 at a distance of 21.05 cm, we see 4 drop in short
circuit current and an increase in fill factor which is an indication that the
cell intercepts less radiation which is more uniformly distributed. Fig.111.12
is an [-V curve at an intermediate distance of 20.75.cm.

The angular acceptance curves for two of these cases are shown in
Fig.i11.14-15. As one can see they all drop rapidly as the sun's direction
deviates f[rom normal incidence. If we define the angie corresponding to
90% of the short circuit current at normal incidence as the haif acceptance
angle, then they all have a haif acceptance angle of approximately 0.3
degrees. Practically, this means that they require a precise alignment and
tracking system for effective solar photovoitaic conversion.

The measurements of the two-stage indicate that it has significant
advantages in two respects. The first advantage is the insensitivity of the
short circuit current dependence to both the incident angle and lens-cell
separation. This is evident when we compare the angular accepignce
curves at various distances and the short circuit current vs. lens-cell
spacing ( referred to as the [-D curve) of the two-stage with the lens-cell
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system. The I-D curve of the two-stage is shown in Fig.III.17 and the
angular acceptance curves at three different separations are given in
Figs.111.18-20. The distance for the two-stage is measured between the
lens and secondary aperture plane. The angular acceptance curves of the
two stage at distances slightly different from the design distance show a
small decrease in acceptance angle as expected.

These advantages of the two-stage concentrator are, ¢, course, a
conszquence of the fact that introducing a secondary has increased the
effective cell area by a factor equal to the secondary geometrical
concentration ratio. One can think of the two-stage as a lens-celi system
with 2 much larger cell ( in this case |3 times larger ). Thus the two-stage
can be operated over a range of distances or a range of angles much wider
than with the cell alone.

Another advantage of the two-stage system is that the energy
distribution on the cell surface is more uniform. This is an expected effect
for nonimaging concentrators and is verified by computer simulations. The
effect can be seen from measured [-V curves at different lens-cell
separations of the two-stage done at normal incidence (see Fig.I11.21-25).
These curves shows a fill factor of (78.4-81.4)% only weakiy dependent on
‘the lens-cell separation and an open circuit voitage of .72v. By contrast, I-V
curves for the lens-cell system alone show a big variation in fill factor
from 59.9% to 78.4% and a lower open circuit voltage of .68v. Note in
particular that the [-V curve of the two-stage at +3 degrees ( half
acceptance angle =3.6) and at the design distance also shows a fill factor of
80%. This indicates that the two-stage can be operated at distances
different {rom the focal distance or at angles different from normal
. incidence without loss of electrical; performance due t0 non-uniformity of
the radiation distribution on the cell surface.

From these points it follows that the two-stage system offers a degree
of flexibility that conventional lens-cell sysiems do not. We operated the
two-stage at a design distance where we obtlained maximum angle
tolerance (or acceptance). At this distance, our prototype Mod C shows an
electrical efficiency of 11.5% and an acceptance angle of :3.6 degrees. By
contrast, lens-cell sysiem shows a maximum electrical efficiency of 12.4%
and an acceptance angle of 0.5 degree for the same cell and fresnei lens.
The two-stage system can also been operated at a smaller distance than
designed, the electrical efficiency will be slightly higher (consistent with
the slight increase in short circuit current seen in the [-D curve) and the

THE UNIVERSITY OF CHICAGO 12
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acceptance angle will be slightly smaller. Similar comparisions for the
cell*1 were also made.
The possible disadvantage of the two-stage is the added complexity and
cost resulting from introducing a secondary concentrator. A study of the
economical feasibilities of the two-stage sy’«tem has been proposed for the
next phase of research.

As we mentioned in the secondary design parameters in part 11 of this
report, there are two different methods to generate the DCHC profiles, one
known as the phase conservation method and another as the integration
method (or maximum concentration method). The second one gives a
higher concentration ratio while holding other parameters the same. Since
in photovoltaic application one emphasizes the concentration ratio, the
second method is used and all the following analysis is based on this
method. There are four independent parameters one has to specify for a
DCHC concentrator.The set of four parameters for this specific application
are exit aperture, index of refraction, acceptance angle and front surface
arc argle. The situation is so complicated that an analytical solution is not
feasible. A program in Fortran was written and for a given set of these four
perameters, this program gives the X-Y coordinates of the secondary
profile which has the maximum concentration ratio. The following t:3uits
are based on numericai output from this program.

In fact, for a given lens primary there is only one parameter choice
e.g.. the front surface arc angle. Because the exit aperture is determined by
the size of the cell, index of refraction is determined by the dielectric
material property and one will see later tha! acceptance angle is
determined essentialiy by the {/D ratio of the primary lens. [n practice,
for a given primary lens and cell the optimization procedure of secondary
design is 1o choose the correct front surface arc angle for maximum system

performance. In our discussion we use the front surface arc angle as the
{ree-variable.

We define the profile height as DCHC height and the distance from the
spherical top t0 bottom of the concentrator as total height.The computer
output indicates that there is a inverse relationship between front surface
arc angle and DCHC height. This ailso hoids for the total height. The

THE UNIVERSITY OF CHICAGD 13
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' quantitative relations are plotted in Fig.IV.1. The entrance aperture varies
only slightly with the arc angle.

As emphasized in the previous part, the optical losses of the secondary
are front surface reflection loss, absorption loss, TIR loss and
cell-secondary interface loss. Qualitatively, the material absorption is
proportional to the height of the concentrator and the front surface
reflection loss increases with arc angle. The criteria of the best arc angle is
that at this angle the combining loss of those two effects for the given
material is minimum. This depends on the specific properties of the
material. For Mod C, the absorption, reflection and total loss as a functions
of arc angle at normal incidence are plotted in Fig.IV.2 The total loss is
minimum when the arc angle is about 65 degrees.

The acceptance angle of the secondary should be chosen such that iz
ray coming from the one side of the lens to the cpposite side of the
secondary is just within the acceptance(see Fig.11.3). The analytical
expression for the half acceptance angle is

@= tan" ! ((L+B)/2H)

where L is the lens aperture, E is the secondary entrance aperture and H is
the focal length of lens. As one expects, the secondary entrance aperture
varies with the acceptance angle. We can define the ratio of concentration
to the theoretical maximum limit for given acceptance as idealness; a plot
of idealness vs. acceptance angle is showed in Fig.[V.3. From this graph we
see that entrance aperture decreases with the acceptance angle while
holding the exit aperture fixed. So the determination of @ is to solve
transcendental equation which can be done numericaily. The solution /o
various focal lengths for a 13.6cm diameter lens is plotted in Fig.I1V.4. As
seen {rom the graph, for our primary lens which has a focal length of
21.5cm, the acceptance angle is about 22 degrees. The same kind solution
can be done for different lens cell combinations.

The procedures discussed above provide an optimally match to a given

cell and lens . This was used to design Mod C and will be used to design
the forthcoming module (see part V).

THE UNIVERSITY OF CHICABD 14
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V. Module desion and outiook

Based on the previous discussions and the MOu C studies we have
made, a module with four operating units will be designed and tested in
the remaining months of this research period. Although the optical and
electrical performances of the two-stage with acrylic secondary are
encouraging, a significant problem still needs to be resoived. Bven though
our primary thermal measurments indicate that the secondary only
reaches a temperature of 25 degrees above ambient (just by passive
ocooling), high flux hot spots from the lens cause softening of the secondary
in continuing operation because of the low meiting temperature of acrylic.
Two possible solutions have been carefully examined. In one solution, we
would use glass instead of acrylic for the secondary. Technically since glass
has a smaller absorption than acrylic, this solution is somewhat preferred.
Another solution is to make just the top spherical portion of glass because
that is where the lens focuses while the rest remains acrylic. We call this
the two-component solution. The top lens part is easily available and the
bottom part can be manufactured in the same way as Mod C
Measurements of the two-component secondary indicate a good optical
efficiency of (90:2)%. These solutions need more study before we seiect
which to use for our module. As for the other components, we will use
1-cm dia. concentration ceils and a 13.6 cm flat fresnel lens as our primary.
The hoiding assembly will be designed for low material (light weight). A
conceptual design diagram is showed in Fig.V.!. Either the all-glass or
two-component secondary will be optimally designed for our given lens
and csll properties using the procedures outlined in previous part. The TIR
loss will be kept low by ensuring a smooth side wall of the secondary.
Choosing a material with low absorption coefficient will improve the optical
efficiency. The interface structure will be studied in detail. Both front
surface reflection loss and interface loss can be reduced by applying
multilayer coatings. A module with four two-stage photovoltaic
concentrators will be tested and their overall performance evaluated.

VI Status Summary

As shown in this report, a new optimally designed preprototype Mod C
secondary photovoltaic concentrator has been built, tested and analyzed in
much more detail than previous Mod A and Mod B versions (see our
previous report). Progress has been made in understanding both the

THE UNIVERSITY OF CHICAGO 1S
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theoretically optimal design and practical manufacturing and assembly of
the two-stage system. The perfoi mances of Mod C agrees well with our
expectations. Compared with the lens-cell systems, the two stage has
certain significantly advantages. The testing results are encouraging. There
exists an improved understanding of two-stage performance both
theoretically (ray-trace) and experimentally. We have identified the factors
which contribute to optical losses in the secondary. This potentially allows
us to reduce these losses in future module design. General design
principles have been worked out. A series of ray-tracing programs for
advanced conceptual designs as well as for experiment analysis have been
prepared. A systematic testing procedure has been developed which will
facilitate future testing. Finally a module based on this work wiil be built
and studied.

END
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FIG. IV.1 THE RELATIONSHIP BETWEEN LENS RRC ANGLE
AND HEIGHT OF THE DIELECTRIC CONCENTRATOR DCHC




LOSS(N)

- 16 ' INDEX OF REFRACTION=1.47
ABSORPTION= 1.9% PER CM

14

TOTAL LOSS

g ABSORPTION LOSS

REFLECTION 1OSS

! 120 4 L1301 40 IS0 | 1 A0 1 L7204

LA80 |

FRONT SURFACE ARC ANGLE (DEGREE)

FIG. 1v.2 LOSSES US. ARC ANGLE



IDEALNESS
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FRONT SURFACE ARC ANGLE=65
INDEX OF REFRACTION=1.47
EXIT APERTURE=.98 CM

,200 ,220 ,24.p ,26.p ,28.0 ,30.9 ,32.0

ACCEPTANCE ANGLE(DEGREE)

F1IG. IV.3 |DEALNESS US. ACCEPTANCE ANGLE



ACCEPTANCE ANGLE (DEGREE)
T 1

34 FRONT SURFACE ARC ANGLE=65
INDEX OF REFRACTION=1 .47
-3 EXIT APERTURE=.98 CM

20 - LENS DIAMETER- 13.6 CX

12 13,14 15,16 ;17 ,18 ;19 ;20 ;21 ,22 ,23 ,24 ,25 26

FOCAL LENGTH (CX)

FIG. Iv.4 ACCEPTANCE ANGLE US. FOCRL LENGTH
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