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SOLAR ENERGY IN CZECHOSLOVAKIA

REPORT FROM A SOLAR ENERGY STUDY TOUR TO CZECHOSLOVAKIA
OCTOBER 2-12, 1989

Eva Lindberg
Solar Energy Research Center

University Collage of Falun/Borlänge
P.O. Box 10044

S-78110 Borlänge
Sweden

1. INTRODUCTION

The purpose of my tour to Czechoslovakia was to participate
the Third International Conference Applied Optics in Solar
Energy, which was held in Prague, Octoher 2-6, 1989, and then
visit some scientific institutes and solar collector plants
as guest of the Czechoslovakian Academy of Science. This was
made possihle hy an exchange researcher grant from the Royal
Swedish Academy of Engineering Sciences.

I arrived in Prague in Monday, 2 October, in company with the
director of SERC, Dr. Lars Broman. We made two presentations
at the conference, (App. 1 and 2). About 120 delegates from
the whole world attended the conference, so we could listen
to several interesting presentations and get many
international contacts as well as meet some old friends
again. The conference site was situated in central Prague,
and the presentations were given one after the other in the
same session hall all the time. It was therefore possible to
listen to all presentations.

The conference included a two-day tour (Thursday and Friday)
to a solar collector plant about three hours of bus
travelling from Prague, and the trip was attended by some 30
persons. The plant was taken in use the day we arrived, and
we were participants at an inauguration party that night
together with the constructors and workers. We got the
exciting data of measurements from the collectors at the
dinner. We spent a very nice evening together with music and
informal discussions, and I had a feeling of a UN in
miniature.

At the weekend my time was devoted to shopping and
sightseeing in Prague in company with two colleagues. One of
them was prof. Panayiotis Yianoulis from university of
Patras, Greece. He was also a guest of the Czechoslovakian
Academyof Science and we spent the time together at study
visits and excursions. The other colleague was Nick Zhechov
from Sophia, exchange student in Bratislava since three
months. I met hirn the first time in Varna, Bulgaria, half a
year ago. Zhechov was our guide in Prague and brought us to
many interesting places (including the Vaclav square) and
nice restaurantes in this beautiful old town. Prague is
absolutely worth to visit again.
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2. SOME INTERESTING CONFERENCE PRESENTATIONS

A brief overwiev of some interesting presentations is given
below. For more informations see the (not yet published)
Proceedings and The Heliograph No.21989 (which contains a
list of both presented and not presented papers).

Panayiotis Yianoulis and Yiannis Tripagnastopoulos,
University of Patras, Greece; EFFICIENCY IMPROVEMENT OF
STATIONARY CONCENTRATING SOLAR COLLECTORS WITHOUT VACUUM
PROTECTION. The authors have constructed and tested two types
of stationary concentrating solar collectors consisting of
modified CPC mirrors, flat absorbers as fins with a pipe for
the circulation of the working fluid, and a flat transparent
glass cover. This work is useful for SERC because we are
working with similar devices and we have the same questions
about improving of the optical efficiency and decreasing the
termal losses caused by convection and radiation.

The first solar collector is developed in order to overcome
the effect of the diminishing collection efficiency due to
the non-uniform distribution of solar radiation on the
receiver. Therefore a double absorber have been designed
(Fig. 1), with the possibility of selecting the flow of the
working fluid through the sections of the absorber where the
process is efficient. The operation of this collector depends
on the entrance temperature of the fluid in the collector and
the distribution of the solar radiation on the absorber. If
the application allows for a low entrance temperature of the
working fluid, then it flows first through the sections of
the absorber with low radiation intensity for preheating, and
then through the sections with the higher radiation intensity
for the main heating. If the kind of application demands
higher entrance temperature, then the flow is directed
through the sections with the higher radiation intensity
only, and the process is efficient. When the radiation
intensity is relatively uniform on the absorber then the
working fluid flows through both sections in parallell or in
series. ~,

~Fig. 1. Stationary CPC-collector
with separated flat absorber OA
for efficient thermal exchange
and heat removal by the circulating
fluid. Ray tracing of the beams is
indicated. The sections DB and CE
are parts of two parabolas with the
focal length f=BO=CO and the section
BAC is the arc of a circle of radius
r=f=OA.

,
,.,

~

The second problern studied refers to the high thermal losses
by convection and radiation due to the relatively high
operation ternperatures of these collectors. The second
collector is designed by changing the shape of the rnirror in
such a way that the absorber can be placed parallel with the
transparent glazing (Fig. 2.). At the same time the space
between the absorber and the rnirror traps the warm air. This
geornetry increases the optical effeciency of the collector
because of the greater arnount of directly absorbed solar
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energy, compared with that of the colllector in Fig. 1. The
thermal losses are also reduced because in this way it forms
a space of enclosed warm air between the back surface of the
absorber and the side of the mirror.

\
Fig. 2. Stationaryassymetrical
concentrating collector with
flat absorber OC and ray tracing
of beam radiation. Dotted space
shows the trapped hot air. The
section EA is part of a parabola
with focal length f=OA and the
section AFC is an arc of a circle
of radius r=OA.

\

:'"""~~~
/

.'1\ \

\ ~.-\-
.\ \
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Lawrence Kazmerski, Solar Energy Research Institute, Golden,
Colorado, USA; THE STATUS OF PHOTOVOLTAIC CELL AND MODULE
TECHNOLOGIES. This presentation was very interesting for
SERC, since future works in this field are in the planning.
Photovoltaics has developed significantly during the past.
30 years. Arguments for its deployment can be made on soc1al,
political and technical grounds. Much research and
development remains before the technology can have a large
impact on our energy maintenance. The promise exists both
for thin films and single crystals, for flat-plate and
concentrator approaches. These alternatives will receive
their closest scrutiny in the next five years, and some will
be abandoned. It is probable that other devices and other
materials will be introduced. Performance includes not only
energy output and efficiency, but reliability and long
lifetime under realoperating conditions. The emphasis is
sometimes on cell performance due to the requirements for
alternative approaches, but module research and reliability
will grow in importance as the technologies come on line.

Michael Chendot University of Lagost Nigeria; SPECTRAL
CHARACTERISTICS OF SOME HEAT TRANSFER LIQUIDS AND THEIR
INFLUENCE ON THE PERFORMANCE OF HYBRID SOLAR ENERGY
CONVERSION SYSTEMS. These liquids can split the solar
spectrum into regions or windows matched to the spectral
response of the specific photoquantum device and the balance
channeled towards photothermal energy conversion. Indoor and
outdoor bench type experiments using a concentrating silicon
solar cell in conjunction with some of these liquid filters
have been evaluated.

Peter Kjaerboe, Royal Institute of Technology, Stockholm,
Sweden; OPTIMAL GLAZING FOR SOLAR COLLECTORS. It has been
shown that the efficiency ofa solar collector maybe can be
optimised by using a varying number of glasses covering
different parts of the surface of the collector. The optimal
glazing depends on the orientation of the collector, its
inclination and the temperature levels involved.
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3. SOME INFORMAL CONTACTS

Vladimir Shokin, Turkmen Academy of Science, Ashkabad, USSR.
They are working with the same objects as SERC, the Fresnel
lens and concentrating mirrors. Also their work with combined
heat source, solar energy and biogas is very interesting. We
will correspond and perhaps I can visit them some time.

Michael Hutchins, Oxford Polytechnic, United Kingdom. One of
their areas is investigations of optical properties of
surfaces using a spectroradiometer, the same research area
as SERC has. I received an invitation to visit Dr. Hutchins
during six weeks early 1990 for doing research at Solar
Energy Material Research Laboratory.

Shyam Nandvani, Universidad Nacional, Heredia, Costa Rica. He
presentated some interesting ideas about how to overcome the
resistance of introducing solar energy in his country. No one
wants to pay for solar cookers wich work only in sunshine.
Dr. Nandvani will visit SERC when he comes to Sweden to meet
some other solar energy researchers.

4. STUDY VISITS

Charles Universitv, Praaue. Dr. yianoulis and I visited
Dr. Touskova and Dr. Tousek at Department of Semiconductor
Physics, and they told us about their latest work,
investigations of properties of electrodeposited CdTe thin
layers. We were also invited to study their experimental
equipment.

Rvchnov nad Kneznou. We visited a testplant of 3 x 36 nfsolar
collector area (Fig. 3) and heat storage steel tanks of 2 x 4
m3. The collectors are fully tracking with a turning capacity
of !120° in the horizontal plane and from 15Q to 75° tilt in the
vertical plane. The absorber volume (Fig. 4) is 17 litres and
the total water volume in the system 8.7 m3. Calculated
effiency is 45% and output effect 12 kWat solar radiation
intensity of 800 W/m2, wind speed 5 m/s and collector exit
temperature 90°C with thermal difference of 60°C. The solar
collector plant was taken in use the day of our visit, and
eight hours of use offered an average effect of 9.6
kW/collector and the totaloutput of the system was 230 kWh.
Water temperature increase in tank 1 was from 25°to 48°and in
tank 2 from 21°to 36°. No economic calculations were made
because the plant is a pilot project for investigation the
technology. The purpose of the plant is to reduce oil
consumption in agriculture.
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Fig. 3. Three solar collectors on the roof of a poultry
house. Each collector front is covered by 24 Fresnel
lenses for light concentration. The heat storage is placed
inside the house.

Fig. 4. A view from inside
of the collector. To the left
a row of 24 absorber tubes is
seen and to the right the
Fresnel lenses. The distance
between absorber tubes and the
lenses equals the focal length
of the lenses, i.e. 6 dm.
The lenses concentrate the light
5.6 times.

~lag~y un~~ersi~v, °moloucL four hours from Prague by car.
Dr. Yianoulis and I, in company with our host Dr. Nabelek,
visited Dr. Perina at Joint Laboratory of Optics. We got a
brief overwiew of the work at the institute. Because of lack
of convenient equipment the major part of the work was
theoretical. The most recent work in 1989 was about "quantum
statistical properties of coupled nonlinear oscillators with
losses and analytical continuation of the spectrum in a
broadband partially coherent image-forming system with
noise".

We were also given a very interesting presentation of quality
controls of textiles and of mechanical details using
holograms. A lot of slides were shown to describe these
control methods.

Krorneriz, one hour north of Ornolouc. The retail dealer of the
-

textile plastic absorber Ekosolar (Fig.s 5 and 6) was our
goal this time. We studied the absorber and looked at sorne
slides showing different areas of use of Ekosolar. The
absorber has been developed and constructed in
Czechoslovakia.
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Fig. 5. The textile
plastic absorber
Ekosolar together
with a heat storage.

Ekosolar is a simple, reliable product for heating of water
in swimming pools, preheating or heating of water for
hot-water containers in the household or technical use. The
base of the absorption surface is a multilayer hollow fabric
from polyester fibres, which is sealed on both sides with
thin rolled-on layers of black PVC plastic, stabilized
against ultra-violet radiation, chlorine and putrefaction.
Channels for supply and withdrawal of water which flows in
the fabric hollows between the plastic surfaces are woven in
basic fabric. The standard sizes are 140 cm or 70 cm wide and
60 cm to 200 cm in five different lengths. Water content is
1.8 1/m2and max. pressure is 100 kPa.

Fig. 6 Ekosolar combined with a hot water container, with and
without heat exchanger.

The best use of the absorber is when the output water
temperature exceeds the ambient temperature with not more
than 8°C. (Max. water temperature is 80°C.) Then the
efficiency of the plastic absorber is higher than the
efficiency of the conventional solar collectors with metal
absorbers and glazing. The price of the absorber is several
times lower than the prices of conventional collectors, and
the expected service life is about five years for an absorber
without glazing.
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SCIENTIFIC PAPERS COLLECTED

The following scientific papers were collected during my
stay and are stored in a binder:

J. Tauskava et al, Charles University
Same praperties af elektradepasited CdTe thin layers.

J. Perina et al, Palacky University:
Photon statistics of nonclassical radiation in second

harmonic generation.
Ordering of field operators and equations of motion in

quantum optics.
Quantum statistical properties of coupled nonlinear

oscillators with losses.
Analytical continuation of the spectrum in a broadband

partially coherent image-forming system with noise.
Optimization of inverse filter transfer function in

restoration of blurred images with incoherent light.
Photon statistics of four-wave mixing of signal-plus-noise

states of radiations.

P. Yianoulis et al, Unoversity of Patras, Greece
A note on an improved Expression for the atmospheric CO2,

N~O, CH~ and O~ integral transmission function.
The reaction coefficient of an enclosure to the solar energy

collection.
Coulomb interactions in dye sensitization:Supersensitizaticn
Influence cf kind of row materials used for industrial

production of alcohol on air and water pollution.
Solar energy collection and storage for greenhouse heating.
A model for industrial production of fuel grade ethanol from

sugar beets.
A processing scheme for industrial ethanol prcduction from

straw.
Coulomb effect on the energy levels in molecular crystals.
A novel solar collector.

Futhermore I have got a brochure (in German) about the
textile plastic absorber Ekosolar.
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APPENDIX I

Paper presented at the Third International Conference
on Applied Optics in Solar Energy, Prague, October 1989

EXPERIMENTAL OPTICAL PROPERTIES OF THE CZECHOSLOVAKIAN
FRESNEL LENS

Lars Broman, Eva Lindberg, Kent Börjesson and
Kjell Gustafsson

Solar Energy Research Center
University College of Falun/Borlänge

P. 0. Box 10044, S-781 10 Borlänge, Sweden

ABSTRACT

Linear glass Fresnel lenses have been experimentally
investigated by means of a narrow He-Ne laser beam, both at
normal incidence and at various combinations of meridional
and sagittal angles of incidence. Both rays incident on the
flat and on the grooved side were studied. Results were
compared with previous ray tracing results by Franc et al.'
The experiments suggest, contrary to ray tracing, that the
grooves should face the sun in other than sun-tracking
applications. Furthermore, a test bench for investigation of
cornbinations of flat mirror troughs and linear Fresnel lenses
has been constructed. Results from preliminary measurements
suggest that a larger meridional acceptance angle is achieved
than with a lens only.

KEYWORDS

Solar energy; concentration; Fresnel lens; nonimaging
concentrator; measurements.

INTRODUCTION

Linear Fresnel lenses of glass with widths 750 and 2x375 mrn
have been designed, produced and used in Czechoslovakia for
some time" A thorough theoretical discussion of the lenses,:
in particular the 375 mrn lens, has been published by Franc ~
al-" (1986)" Ray tracing showed, among other things, that rays
hitting the flat side under normal incidence and exiting
through facets do meet at a focal line. In an application
with complete tracking of the sun, this is the obvious way to
use the lens, since the focal line is replaced by a focal
llband" during non-normal incidence or when the side with the
grooves faces the sun"
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In the present paper, we report results from ray tracing
through the Czechoslovakian Fresnel lens, only we did it
experimentally instead of with computer. Our aim was to
investigate whether measurements could verify the
calculations. Experimental results regarding rays incident at
different angles to the normal should be especially
interesting, since different stationary or semi- stationary
applications of the lens have been suggested by Franc et al.

Collares-Pereira et al. have studied the combination of a
linear Fresnel lens and flat mirrors, forming a trough type
nonimaging concentrator (1977). They showed that a larger
acceptance angle could be achieved than with a lens only. In
this paper we present a test bench for studying such troughs
using the Czechoslovakian Fresnel lens as well as results from
preliminary measurements.

EXPERIMENTAL SETUP

The bulk of measurements was done on a lens sampIe, 375 rom
wide and approx. 200 rom long. This was mounted in a frame with
the grooves vertical. The frame could be rotated around a
horizontal axis (in the plane of the lens); in this way
different sagittal angles for rays incident on both the flat
and the grooved side could be investigated.

The ray used to study the refracting properties of the lens
came from a .5 mW He-Ne laser, mounted horizontallyon a
holder that could slide along an optical bench; the angle
between the laser and the bench was kept fixed (at 90 degrees
during the measurements. For studying rays incident at
different meridional angles, the whole bench was moved to
another position on the table.

d

i""-

1. Experimental setup. (a) laser, (b) optical bench
(c) Fresnel lens in holder, (d) screen. Shown is
the setup for ray tracing at meridional angle 24
degrees and sagittal angle 45 degrees.

Fig.
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The beam from the laser was narrowed by means of a vertical
slit, approx. 1 mm wide, mounted directly on the exit
aperture. After the ray had passed the lens it hit a
cross-ruled screen on the wall, vertical and situated sorne 40
cm behind the lens. The ray could be traced by deterrnining,
in a horizontal plane, the place of the laser exit aperture,
the point where the ray passed through the lens, and the
edges of the illurninated patch on the screen. The
experimental setup is shown in Fig. 1.

The testbench for studying troughs with flat mirrors and
linear Fresnel lenses is shown in Fig. 2. The mirror angle
and trough depth are both adjustable. The trough can be
tilted any angle with respect to the sun, both meridionally
and sagittally. These angles are measured using a gnomon
mounted at the bench. The intensity of direct and
concentrated sunlight is monitored by means of 10xl0 cm PV
cells, using the short circuit current as an approximate
measure of the light intensity.

~

-

/

~
~

.--

~

~

~I-

Fig 2. Test bench for investigation of trough type
nonimaging concentrators set for stuciying
combinations of flat mirrors anci linear Fresne
lenses. (a) mirror, (b) lens, (c) gnomon,
(ci) p V cell.

MEASUREMENTS AND RESULTS

Rays through the lens were traced for the l~ns with both the
flat side and the grooved side towards the laser. Tracing was
performed at nine different angles of incidence, the
combinations of sagittal angle (as measured towards the
normal in a plane parallel to the grooves) equal to 0, 22.5
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and 45 degrees and meridional angle (as measured towards the
normal in a plane perpendicular to the grooves) equal to 0,
12 and 24 degrees. These angles were chosen to facilitate
comparison with the computer ray tracing results by Franc
et al.

~
0 70

4-
O

-"-
10

~

20 30 40 50 6G
O , ., ..

10 20 30 40 50 60
Distance bebind lens (cm)

Fig. 3. Rays after refraction through the Fresnel lens
for some different combinations of sagittal and
meridional angle of incidence. Examples are given
both for the flat side and the grooved side facing
the laser. Grooves are perpendicular to the plane
of the Fig.

The lens has a central face and 20 facets at each side, in
total 41 facets. For each of the nine cornbinations, a ray was
traced through each facet. Thus, 41 rays were traced (or, at
least as rnany as could be traced; see Fig. 7a) for each
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combination. The whole series of measurements was done twice
along two different lines on the lens; very good agreement
was achieved between the two series.

Fig. 3 shows the exiting rays for several combinations. In
order to make the diagrams easier to view, only every second
ray from the least central grooves is drawn. On the other
hand, two lines are drawn for each ray, showing the spread of
the ray after exit. We have in each case estimated the edges
of the major part, approx. 90% of the beam; minor parts
sometimes deviated far outside these limits. For each ray,
the spot used was the one giving the least spread of the exit
beam.

As is evident from Fig. 3, there is always a spread in the
exit beam. This spread is due to irregularities in the lens
surface, a result from the manufacturing process. This fact
is demonstrated in Fig. 4, which was achieved in the
following way: The laser beam was reflected from the flat
lens surface at near normal incidence. The major part of the
illuminated spot on the screen was traced on the screen. The
measurement was repeated ten times, and Fig. 4 shows the ten
spots drawn on top of one another with the axes marked in
degrees instead of centimeters. The effect is as large as
expected, and accounts for most of the beam spread in the ray
tracing measurements. (d )egrees

r\

3

I

I I I I.
1 2 3 4 (degrees)

Ten laser beam spots, showing how irregularities
in the flat surface affect the reflected beam.

Fig. 4.

For control, some ray tracing measurements were also
performed on a full size Fresnel lens, all at normal
incidence. They all agree with one another and with the
results above regarding the beam spread and the focal length.
It can thus be assumed that the results of the large s~ries
of measurements are representative.

Preliminary measurements with a combination of two flat
mirrors and a Fresnel lens gave the results summarized by
Fig. 5. A meridional acceptance angle over 5 degrees is
evident for all sagittal angles. with no mirrors, most of the
light transmitted by the lens would have been lost for a
meridional angle of 5 degrees or higher.
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5. Results from measurements on a combination of
flat mirrors and a Fresnel lens. The geometry
isshown in the insert.

DISCUSSION

Fig.s 6 and 7 summarizes the computed ray tracing results
published by Franc et al. (1986) and the measured results
from this paper. In~ 6 is presented computed and
experimental focal lengths, defined as the distance between
the lens and the area of highest concentration for at least
90% of the rays as measured perpendicular to the plane of
the lens. In Fig. 7 is presented the smallest width of at
least 90% of the beams.

0 10 20 30 40 50
Sagittal angle (degrees)

6. The measured focal length as a function of
sagittal and meridional incident angles.
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From Fig. 6 is evident that computed and measured focal
lengths agree well. The measured decrease in focal length for
increased sagittal angle is however smaller than the computed
one. This is a positive result, since then, in an application
with grooves in the east-west direction and a horizontal
east-west rotation axis, or in an application with the
grooves and the rotation axis both parallel to the polar
axis, the distance between the lens and the absorber can be
kept constant.
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Fig. 7. The measured width of the focal band as a function
of sagittal and meridional incident angles.

0

From Fig. 7 is seen that the width of the focal band is quite
constant for all measured incident angles when the grooves
face the laser, while this holds only for meridional angle
equal to O degrees when the flat side faces the laser. This
result implies that the flat side of the lens can face the
sun in the geometries described in the preceeding paragraph,
while it seems more favorable to let the grooved side face
the sun in applications where both the sagittal and
meridional angles may vary. This is the case when the lens is
combined with a trough with reflecting sides.

Further measurements with such combinations of different
geometries are in the planning. The results from the laser
beam experiments have also been presented in Kobe (Broman
et al. 1989).
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APPENDIX 2

Invited paper, presented at the Third International
Conference Applied Optics in Solar Energy, Prague,

Czechoslovakia, October 2-4, 1989.

NONlMAGING SOLAR CONCENTRATORS

Lars Broman

Solar Energy Research Center
University College of Falun/Borlänge

P. 0. Box 10044, S-781 10 Borlänge, Sweden

ABSTRACT

A general overview of nonimaging solar concentrators, their
theory, basic design and practical use is presented. Special
emphasis is given to troughs with flat sides and to cornet
type concentrators. Several recent results including studies
of combinations of lenses and mirrors are summarized.

KEYWORDS

Solar energy; nonimaging concentrators, flat mirrors;
lens-mirror systems; ray tracing.

DEFINITIONS

Nonimaging concentrators are optical systems that do not form
images like parabolic troughs and dishes, Fresnel lenses,
etc. Typically, a nonimaging concentrator has a fairly large
acceptance angle ~. They are either 2D-systems (troughs,
linear concentrators, etc.) or 3D-systems (cones, dishes,
etc.).

The geometrical concentration f is defined as area of
entrance aperture divided by area of exit aperture (receiver
area). The optical concentration, which takes mirror
reflectivity, transmittivity, etc. into account, is always
less than or equal to C. For a 3D-system, there exists a
theoretical limit to this ratio, C(max) = 1/sin2 ~ (Rabl,
1986). The corresponding limit for a 2D-system is C(max) =

l/sin d.
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2D CONCENTRATORS

Trough type nonirnaging concentrators have been extensively
studied, both theoretically and experirnentally. They can be
syrnrnetrical as well as non-syrnrnetrical. Typically, such a
concentrator has an entrance aperture of width ~, reflecting
sides and an exit aperture of width B. Its geornetricalconcentration is thus equal to ~/~. -

The reflecting sides can be curved ar flat. Linear
(cylindr~cal) lenses may be included in the design.
kinds af traughs will be described in same detail.

Three

c PC Trouqhs

The CPC (Compund Parabolic Concentrator) trough has
reflecting sides shaped as parts of parabolic cylinders; see
Fig. 1 (a), where the axes of the parabolas are indicated.
All light incident between the directions given by the axes
will reach the bottom of the trough (providing the
reflectivity of the sides is unity). Such a trough is
"perfect.l, i. e. a CPC trough designed for a specific
a?ceptance angle ~ has f = C(max) = l/sin ~ and accepts all
llght incident at angles between +~ and -~ but no other rays.
More cost effective, since it requires much less mirror
material is the nearly perfect truncated CPC trough, in which
the part of the mirrors closest to the entrance opening is
omitted. CPS troughs have been extensively treated by Welford
and Winston (1978). A

\

\
\
\ I
\ I
\

I/R

I

(b)(a)

\1 L1
..a B p..

(a) Cross section of a CPC trough. The left dashed
line is axis to the right parabola and vice versa.
The lowest point of the left parabola is focal
point of the right parabola and vice versa.
(b) Cross section of a trough with flat mirrors.
~ is entrance aperture, ~ exit aperture, 9
mirror width, and a mirror angle with respect tothe trough axis. -

Fig. 1.
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Troughs with Flat Mirrors

These cannot compete with CPC troughs if the incident rays
may be reflected just once. The performance of flat mirror
troughs is however greatly enhanced if multiple reflections
are permitted (Broman, 1983).

A typical flat mirror trough is presented in Fig. I (b). As
previously shown (op. cit.), the relation between ~ and d for
such a trough is given by

c = AlB = sin(d + (2n+l)a)lsin(d + a)

where n is the maximum nurober of reflections and the other
variables defined in Fig. I (b). Largest f is achieved when ~
satisfies the equation

n = Int«90 -d)/(2a»

Finally, the mirrar width R is determined by

R/B = A/B- 1)/(2 Sill a)

Equations (1) -(3) are all that is needed to design a flat
rnirror trough with any C and d within the theoretical
limits. The effects of rnirror-reflectivity and exit glazing
transrnittivity less than unity have been calculated (op.
cit.) as well as the effect of replacing flat glazing with
concave cylindric glazing (Brornan, 1984 and Brornan, 1989).

Camparisan Between C PC and Flat Mirrar Traughs

Flat mirror troughs are less perfect than CPC troughs, but
they can be more easily produced from a wider range of
materials. Also, the light distribution at the bottom of the
trough is more even than in a CPC. As has been pointed out by
Tabor (1984), the CPC concentrator is less well suited for
use with PV cells or modules, chiefly due to the very uneven
energy distribution at the exit aperture when the angle of
incident light is close to d. 2D concentrators with flat
("booster") mirrors have however been used together with PV
panels in a number of pilot plants and have been shown to be
cost effective (Stacey and McCormic, 1985).

Trouqhs with Lenses and Flat Mirrors

Covering the entrance aperture of a flat mirror trough with a
linear (cylindric) lens yields an astonishing result: It is
possible to construct such troughs with f ) C(max), providing
the lens and the mirrors are ideal. This result is
remarkable, since it contradicts the second law of
thermodynamics. Computer simulations using real (i. e. thick)
lenses however show that f may indeed come very close to
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C(max) hut never exceed it (Broman, Rönnelid and Nordlander,

1986).

The combination of a flat mirror trough and a linear Fresnel
lens has been described by Collares-Pereira, Rabl and winston
(1977). A testbench for experimental studies of such
combinations have recently been built and some preliminary
measurements using the Czechoslovakian glass Fresnel lens are
reported at this conference (Broman, Lindberg, Börjesson and
Gustafsson, 1989). Results indicate that such a trough with
an optical concentration of 3.2 can have an acceptance angle
Q of 7 degrees. (This combination is in the following
referred to as the CST, the Czechoslovakian-Swedish Trough).

3D CONCENTRATORS

By rotating or "squaring" a trough cross section, a cone type
concentrator is produced. The optical performance of a cone
cannot be easily described in closed mathematical form. The
major tools for investigation of such concentrators are
instead computer simulations (ray tracing) and measurements
on models. Five different cornets will be described in some
detail; all but the first were presented at the Second
Conference Applied Optics in Solar Energy (Broman, Broman,
Nordlander and Rönnelid, 1987). The cones are displayed in
F ig .2 .

J

(a)

\

(d) (e)

Fig. 2. Five different nonimaging 3D concentrators:
(a) circular C PC cone, (b) square cornet,
(c) circular cornet, (d) cornet with square
top and circular bottom, (e) circular cornet
with top lens

C PC Circular Cones

Such cones come fairly close to the theoretical limit, but
they are not "perfect". They cannot be made by bending flat
reflective material and have to be molded or machined. The
sometimes very uneven light distribution at the exit aperture
makes them less useful in certain solar energy applications.
By means of advanced "tandem" geometries with a C PC cone as a
second stage after e. g. a Fresnel lens, high concentration



21

i=O

i=S

i:10

i=15

(a b)

Fig. 3. (a) Intensity distribution at the exit aperture of
a square cornet with C = 4, d = 5 and angles of
incidence equal to 01-5, 10 and 15 degrees,
respectively. Reflectivity is 0.8 and the results
are from ray tracing analysis with 360,000 rays.
(b) Optical concentration as a function of incident
light for a C = 4.0, R/B = 1.9 square cornet.
The dots are-results Irom measurements on aluminum

...
cornet, and the l1nes from ray trac1ng assum1ng

reflectivity r = 1.0, 0.9, 0.8, and 0.7,

respectively.-

This geometry permits the construction of compact nearly
perfect 3D nonimaging concentrators. Large scale solar energy
use restrict the useable lens types to Fresnel lenses. The
performance characteristics of this cornet is thus much
dependent on the quality of the lens. It has been studied
theoretically by Broman, Rönnelid and Nordlander (1986) and
experimentally tested by Broman, Rönnelid, Karlsson,
Bergkvist and Wäckelgard (1988).
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factars can be achieved, giving this cancept a passible
future in cambinatian with high effeciency p V cells (Winstan
and O'Gallagher, 1989).

Circular Cornets

This shape is achieved by rotating the cross section of a
(symmetric) trough with flat mirror sides. Such a cornet can
be manufactured from bendable flat reflecting material such
as polished aluminum or aluminized plastic film.

Ray tracing analysis of numerous geometries have shown that
the concentrating power of a circular cornet is well
approximated by squaring the result for the corresponding
trough (Nordlander and Broman, 1986). Thus, geometric
concentration factors of 20 and above can be achieved. At
such large f'S, the majority of incoming rays are reflected
more than once, so high-reflectivity surfaces (like coated
silver) are required to keep reflection losses acceptable.

As is the case with CPC's, also this concentrator has quite
uneven light distribution at the exit aperture.

Square Cornets

This cornet consists of four equal flat mirrors and has
square entrance and exit apertures. While the equations for
the corresponding trough give a general idea of the cornet's
optical performance, one has to relyon ray tracing results
for more precise figures. Square cornets can be made out of
any reflective material, also glass mirrors. The light
distribution at the exit aperture is quite even as showed in
Fig.3 (a).

There is excellent agreement between computer simulations and
experimental results as shown in Fig. 3 (b), which presents
calculated curves and measurements done using the 1 m. dia.
integrating sphere at the Swedish State Power Board's
Älvkarleby laboratory. An extensive account of theoretical
and experimental studies of square cornets has recently been
published (Broman, Rönnelid, Binder and Lindberg, 1989).

Cornets with Square Top and Circular Bottom

This carnet was canstructed with a special applicatian in
mind: ta make p V panels with circular cells. The advantage in
camparisan with circular ar square carnets is that all light
incident an the panel hits a cell ar a mirrar surface.
Canstructian parameters far a number af such carnets, which
can be made by bending flat material, have been published by
Braman, Braman, Nardlander and Rönnelid (1987).
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PRACTICAL USE OF NONlMAGING CONCENTRATORS

Only direct light can (normally) be concentrated by geometric
means. However, the large acceptance angle of the typical
nonimaging concentrator makes concentration of anisotropic
skylight possible.

Solar Thermal Applications

Concentr~tion of sunlight in thermal applications is done for
three different purposes: To make a high temperature
achievable, to increase the energy output from a collector by
collecting more energy, or to increase collector efficiency
by decreasing the absorber area. Two or even all three
purposes may be at hand.

There are several exampels of practical uses. Some of these
are:

-Stationary mirrors in large solar collector fields
(Perers, Walletun, Karlsson and Brunström, 1988).

-Internal reflectors in the collectors (Hollands, Brunger
and Mikkelsen, 1988).

-Evacuated tube collectors with internal reflectors
(O'Gallagher and Winston, 1989).

-Solar ovens with intermittent redirection for baking
bread etc. (Broman, 1982).

-The combination of CST concentrators and evacuated
collectors ought to be tested.

The highest efficiencies in converting sunlight to
electricity is achieved by concentrating the sun several
hundred times. This is usually achieved by means of imaging
concentrators, Fresnel lenses and parabolic mirrors. A non-
imaging concentrator as a second stage can increase the
concentration, the acceptance angle, or both (Winston and
O'Gallagher, 1989).

Also the output from P v panels is increased by the use of
booster mirrors, a technique which haB been widely used. We
plan, in co-operation with National Institute of Silicon
Technology, Islamabad, Pakistan, to build and test "linear"
P V modules (i. e. modules with all cells in a line) as exit
apertures in flat mirror troughs. This geometry ensures that
every cell gets the same amount of sunlight, which is :
important if the cells are coupled in Beries. It would also
be of interest to try the linear FV module in the CST
concentrator.

While circular cornets have been tried with moderate success,
also comrnercially, square cornets seem quite promising. Using
these, each (square 10xl0 cm) PV cell in a module covers the
exit aperture of one cornet. Cornets with f up to six have
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been used with no loss of efficiency if the cell temperature
is maintained, and this can be done with passive cooling
(Broman, Rönnelid, Binder and Lindberg, 1989).

There are certain applications when a relatively constant
output during most of the day from a p V panel is especially
favorable. This is the case when a DC motor is run directly
on the current from the panel, but also in village industry
applications (Broman, Rönnelid and Sallah, 1987). One way to
achive such an output is to track the sun or redirect the
panel se~eral times daily. The use of cornets or booster
mirrors seems natural in such a setting.
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