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Abstract

Abstract

Stationary solar energy concentrators are a promising option for decreas-
ing the price of photovoltaic electricity. This thesis studies stationary con-
centrators in PV/Thermal applications. The studied systems are para-
bolic troughs intended for building integration.

The first chapters briefly explain the optics of solar energy concentra-
tors. The theoretical maximum concentration ratios of two and three
dimensional systems were derived using the concept of étendue conser-
vation and a review of current concentrators was presented.

An asymmetrically truncated compound parabolic concentrator, CPC,
for flat roof integration was characterized as an example of a stationary
concentrator. The current-voltage characteristics were measured, the op-
tical efficiency was calculated, and the annual thermal and electrical out-
put were simulated. This was done for two systems, one with aluminium
reflectors, and one with aluminium laminated steel reflectors. The out-
put estimates show no difference in annual output between the two ma-
terials. It was estimated that the bifacial system would produce 37% more
electricity than a reference mounted in the plane of the concentrator
aperture. The estimated annual output of thermal energy was 145 kWh/
m? of hot water at 50°C. It was concluded that the system should have
cells facing both the front and back reflectors to maximize the system
performance.

The actual output of stationary concentrators with standard photo-
voltaic cells is often lower than what could be expected. This is due to the
highly non-uniform irradiation distribution on the cells created by the
parabolic reflectors. Three microstructured reflectors in asymmetric CPC
troughs were evaluated using ray tracing in an attempt to homogenize
the irradiation on the cells. The simulations show that all three proposed
structures reduce the peak irradiance with only small reductions in the
optical efficiency. The microstructured reflectors were shown to increase
the concentration ratio of the troughs which gives higher flexibility in
designing new concentrators. The structured reflector troughs had a high
optical efficiency when the sun was in the meridian plane, but the struc-
tures lowered the efficiency outside this plane. This was due to the dis-
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ruption of the translational symmetry when the microstructured reflec-
tors were introduced. It was concluded that structured reflectors are used
at their largest benefit if they are applied in new concentrators designed
for structures. For the existing designs, only a small input increase can be
expected when structured reflectors are used. A new biaxial model for the
incidence angle dependent optical efficiency of concentrators was pre-
sented. It is valid for translationally symmetric concentrators, flat plate
collectors, and planar photovoltaic modules. It models the reflector and
the cover glazing separately, and these model functions are multiplied at
each angle of incidence to form the system model. The optical efficiency
of the reflector was modelled as a function of the transverse angle of
incidence. Existing models tend to overestimate the optical losses of the
cover glazing, and the proposed model addressed this problem by model-
ling the optical efficiency of the glazing as a function of the true angle of
incidence. The biaxial model was used to estimate the annual output of
electricity from a concentrator and the estimates were compared with
measurements during two summer months. The comparison showed that
the proposed model is a good tool for estimating the output of photo-
voltaic concentrators.
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Nomenclature

Nomenclature

Aa aperture area [m?]
b, incidence angle modifier [-]
C concentration ratio [-]
Cg geometrical concentration ratio [-]
Cae ~ Mmaximum concentration ratio (-]
f focal point [-]
FF fill factor [-]
fr optical efficiency of glazing as a function of
angle of incidence [-]
f focal length [m]
G incident irradiation [W/m?]
I current [A]
Iy dark current [A]
I;000  short-circuit current at an incident
irradiation of 1000W/m? (A]
Ir light generated current [A]
I short-circuit current [A]
g0 short-circuit current of concentrator module [A]
I ;‘g’"’"“ short-circuit current of reference module [A]
K optical efficiency according to Mclntire [-]
Ky longitudinal optical efficiency according to Mclntire [-]
Kt transversal optical efficiency according to Mclntire (-]
k. x direction cosine [-]
/e}, y direction cosine [-]
n index of refraction [-]
Pae  maximum power delivered by the cell (W]
R resistance [Q]
Ry load resistance Q]
Rp shunt resistance Q]

=}
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Rg series resistance [Q]
Rt transverse optical efficiency of concentrator [-]
14 voltage [V]
Voo open-circuit voltage V]

a opening angle of V-trough [°]
B aperture tilt [°]
Neell cell efficiency [-]
Ny optical efficiency at normal incidence [-]
Nopr optical efficiency [-]
0 angle of incidence [°]
0; angle of incidence [°]
or longitudinal angle of incidence [°]
0,ax  maximum angle of incidence accepted by the system [°]
0, reflected angle [°]
or transverse projected angle of incidence [°]
0, transmitted angle [°]
0] rotation angle around the z-axis [°]
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Introduction

1 Introduction

1.1 Background

The energy sector is currently in a state of change. Conventional energy
sources are questioned and discussions about the greenhouse effect are
on the agenda in many countries. In Sweden, the decision to start closing
the nuclear power plants has highlighted the need for new energy sources
even more. There is now a global consensus that the new sources of en-
ergy have to be renewable to satisfy the global energy demand in the long
term. In view of these facts, the time for large scale implementation of
solar generated heat and electricity is now. The government subsidies or
regulations for solar energy in countries like Japan, Germany and Spain
are a clear sign of this.

The main obstacle preventing a large scale implementation of photo-
voltaic electricity production is the high price of the photovoltaic mod-
ules. This is due both to the high material cost of the photovoltaic cell
and to the highly manual production of the modules. If photovoltaic
solar energy conversion is to be widely used in a market without subsi-
dies such as feed-in tariffs or investment grants, the price per generated
kWh has to be reduced significantly. In general, this problem can be
addressed either by increasing the system efficiency or by reducing the
total system price.

If the modules are integrated into the built environment, this has a
large potential to reduce the price of the mounting, both in terms of
space and components. Wall or roof integration are examples of such
integration that will decrease the system price. Another benefit from build-
ing integration is that the energy production will be located at the point
of use. There is in most cases a large difference between the cost of elec-
tricity generation and the price of the electricity at the consumer side
which is largely due to taxes and fees that are outside the control of the
utilities. To be able to compete with conventional electricity production,
the price of photovoltaic electricity probably has to be around € 0.2/
kWh,year if it is to be an interesting option for the utilities. On the other
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hand, if the consumer can produce the PV-electricity as a means of re-
ducing the amount of bought electricity, the price is allowed to be at least
5 times higher while still being a good investment.

If the system efficiency can be increased, the size of the system can be
reduced. This is of great importance when the technology is applied where
space is limited such as for example on buildings in high density urban
areas. However, limited space is not the problem in most applications. In
these cases, systems with lower efficiency per surface area might be an
interesting option as long as the cost per kWh of electricity is lower.

One approach to get a lower system price is to use light concentrators
to increase the output of the photovoltaic cells. As the current from the
photovoltaic cells is proportional to the irradiation on the cells, more
light on the cells will increase the electrical output. Since the photo-
voltaic module is the expensive component of the system, the use of con-
centrators to increase the irradiation of the cells has the potential of using
the cells more efficiently as long as the price of the concentrator is lower
than the price of the substituted photovoltaic cells.

The research on solar concentrators is mainly divided into three cat-
egories: low, medium, and high concentration systems.

High concentration systems is the term commonly used for systems
with concentration ratios from 100-1000. It is necessary for the systems
to have two-axis tracking of the sun to achieve such high concentrations.
The high flux that is generated by the concentrators can be used to gen-
erate very high temperatures. At these temperatures, it is possible to gen-
erate electricity in a number of ways, e.g. using steam turbines or sterling
cycles. It can also be used as heat for industrial processes that require high
grade thermal energy. If the concentrator is used to concentrate the irra-
diation onto a photovoltaic cell, the cell can be extremely small due to
the small spot size. If the cell is small, the price of the materials used will
be low due to the low material consumption and it is possible to use
advanced cell concepts that otherwise would be too expensive. Parabolic
dishes or lenses are used to obtain high levels of concentration for
photovoltaics. Concentrating lens systems for high concentration
photovoltaics are discussed in (Mifiano, Gonzdlez, and Benitez 1995)
and (Leutz et. al. 1999). Parabolic dishes are discussed in (Feuermann
and Gordon 2001). Central receivers with heliostat fields reflecting the
light towards the receiver are used to obtain high temperatures by con-
centrating the solar radiation(Vant-Hull and Hildebrandt 1976)
(Schramek and Mills 2003).

The second area of research is in systems concentrating the light 10-
100 times. This is refered to as medium concentration. Such systems
require one-axis tracking. The concentrators are translationally symmet-
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ric, i.e. trough shaped. It can be shown that the concentration of
translationally symmetric concentrators is independent of the light inci-
dent parallel to the axis of symmetry, and this removes the constraint of
two-axis tracking. The existing systems are based on parabolic reflectors
(Coventry 2005) and (Sala et. al. 1996) or Fresnel lenses (Piszczor et. al.
1993). The PV cells have to be designed for concentrator applications
due to the high intensities and thus high currents, and the systems re-
quire cooling of the cells. The heat is collected in some systems by heat
exchangers, or dissipated in others.

The last category is for systems with a concentration ratio from 1 to
10. Low concentrating systems can be stationary due to the low concen-
tration ratio. This makes it possible to integrate the systems rationally
into buildings without moving parts or complex mounting. Another ben-
efit of the low concentration ratio is that, in principle it should be possi-
ble to use standard PV cells made for non-concentrating applications.
This will reduce the price significantly. Cooling still has to be applied to
maintain cell efficiency, but as for the other concentrator categories, the
heat generated by the cooling can be utilized if the systems are well de-
signed. Most systems are based on two dimensional CPCs (Compound
Parabolic Concentrators) in some form (Karlsson and Wilson 1999) and
(Mallick et. al. 2004), but other geometries are also considered
(Fraidenraich 1998).

Building integration of PV is attractive as a means of lowering the cost
of PV installations. The investment cost will be reduced if other materi-
als are replaced by the PV system (IEA-PVPS Task 7 2005).

If the system is designed to utilize the cooling of the cells for generat-
ing heat, the system is referred to as a PV/Thermal hybrid. The cooling
media are in most cases water or air. The hot water can be used for space
heating or domestic hot water, and the air can be used for pre-heating of
ventilation. The heat can also be used in absorption chillers to cool the

building.

1.2 Objectives

The aim of this thesis has been to investigate the use of building inte-
grated low concentration PV/Thermal hybrids. This has previously been
shown to decrease the price of the electricity production (Perers and
Karlsson 1993). The investigated concentrators were parabolic reflector
troughs with low cost reflector materials such as aluminium or steel. One
important part of the work was to characterize the state of the art low
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concentration systems that are available today and to quantify the out-
puts and losses to gain a better understanding of the loss mechanisms.
One of the major sources of losses in the system is the high local irradi-
ance created by the parabolic reflectors. High local irradiance creates lo-
cal hot spots which considerably reduce the electrical output. The losses
are due partly to the elevated local temperatures and partly to the high
local currents in the cells at the hot spots. The problems of high tempera-
tures can be reduced considerably by using water cooled hybrid absorb-
ers. The high local irradiance was one of the main problems addressed in
this thesis due to the large resistive losses in the cells at high currents.

Another objective was to formulate accurate models for the optical
efficiency of the concentrators to facilitate future feasibility studies on
new concentrator types. This was addressed by measurements on full size
prototypes, and by ray tracing simulations.

1.3 Outline

Chapter 2 gives an introduction to the theory of light concentration and
the limits of concentration. Important concepts used in the literature
such as étendue, conservation of phase space and skew rays are explained.
The theoretical limits of two and three dimensional concentrators are
derived using these concepts.

Design principles for concentrators are discussed in Chapter 3. The edge-
ray principle is explained and used to derive ideal two-dimensional con-
centrators. The chapter describes existing two- and three-dimensional
symmetrical concentrators such as the V-trough and the CPC. It also
describes asymmetrical concentrators as well as truncated parabolic con-
centrators.

The equivalent circuit and one diode model are briefly discussed in Chap-
ter 4. The effects of increasing temperature and non-uniform irradiation
are discussed. These effects are an important part of the thesis as they are
the two main sources of electrical losses in low concentrating systems.

Chapter 5 describes ray tracing, the optical simulation method used
throughout the thesis to characterize the concentrators. A commercial
ray tracing package was used to perform the simulations, and the benefits
of using a commercial package instead of a problem specific program
written by the author are discussed.

18
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The different measurements that were conducted during the work on
this thesis are described in Chapter 6. The method used to measure cur-
rent-voltage characteristics, including short-circuit current, is explained.
Another important measurement, the irradiation distribution over the
cells in the concentrator, is also described.

Chapter 7 summarizes the findings of article I, characterization of the
MaReCo hybrid with two different reflector materials. The two proto-
types are compared from the aspects of short-circuit current, fill factor,
current-voltage characteristics and irradiation distribution. The absorber
angle and placement of PV cells are discussed. The chapter also presents
annual output simulations of heat and electricity for the two prototypes.

A model for estimating the output of heat and electricity using measure-
ments of the optical efficiency is presented in Chapter 8. The model is
used to estimate the output of a wall integrated MaReCo and the esti-
mates are compared with actual measurements of the electrical output.
The reason that stationary concentrators are suitable for northern lati-
tudes such as Sweden is discussed at the end of the chapter.

Article I1I is summarized in Chapter 9. It presents simulations on micro-
structured reflectors in a MaReCo concentrator. The structured reflec-
tors have a homogenizing effect on the irradiation distribution on the
absorber, as well as increasing the concentration ratio. The chapter dis-
cusses the expected changes to the annual output using the new reflectors
and presents ideas on how to improve current concentrator designs.

Chapter 10 describes the author’s contribution to articles IV-VIII, as well
as other related work.
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The optics of concentrating systems

2 The optics of
concentrating systems

2.1 Concentration ratio

The geometric concentration ratio of a concentrator system is defined as
the ratio between the entry aperture and the exit aperture, or

- A, Equation 2.1

where Aj is the area of the entry aperture and A, is the area of the exit
aperture.

Concentrators can be divided into two groups, two dimensional con-
centrators (2D) and three dimensional concentrators (3D). Three dimen-
sional concentrators such as the 3D Compound Parabolic Collector
change all three direction vectors, direction cosines, of the incoming rays,
and will typically concentrate the incoming irradiation to a spot. Two
dimensional concentrators are symmetric around one axis, only two of
the direction cosines are affected by the concentrator. The illumination
profile from an axisymmetric concentrator is a line.

According to the laws of thermodynamics it is not possible to concen-
trate light infinitely, there is a theoretical upper limit for the concentra-
tion ratio. These limits are derived in the following sections.

I will use the concept of étendue, and the conservation of this quan-
tity, to derive the maximum concentration ratio. The étendue of an opti-
cal system is a measure of the power transmitted along the beam, or the
flux transfer. It is defined according to Equation 2.2, where « is the aper-
ture area, 7 is the index of refraction of the media that the beam is pass-
ing through, and 6,,,, is the maximum extent of a beam that will still
strike the exit aperture. Figure 2.1 shows the parameters of Equation 2.2.
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emax
\ e'max
2a 2a'
/ elmax
Oma;
Figure 2.1 Two dimensional concentrator modelled as a black box. The maxi-
mum angle of acceptance is 6,,,,.

étendue=na*0,,,* Equation 2.2

The étendue of an ideal, lossless, optical system is conserved at any point
throughout the system (Winston et. al. 2005), i.e. the étendue of the
entry aperture is equal to the étendue of the exit aperture, and this will be
used in the derivation. Conservation of étendue means that the flux trans-
mitted through the system is constant; if the entry beam is e.g. larger, the
system will accept a smaller angular interval of the beam.

A ray of light in optics is defined by three position coordinates along
the ray and by three direction coordinates (direction cosines) at this point.
The phase space of an optical system consists of all possible rays that can
exist in the system, i.e. all combinations of the six coordinates that de-
scribe possible rays in the system. The volume in phase space filled up by
a light source is the extent of the source in three dimensions and the
angular extent of the source. The magnitude of this six dimensional vol-
ume can never be increased in any optical system, but the shape of the
volume can be arbitrary. This statement is equivalent to Equation 2.2, if
e.g. the width of the beam of light is decreased, the angular extent, the
three direction coordinates, will increase.

Changes in the phase space volume of the beam entering the system
have to be compensated for by equal changes at the exit aperture, which
results in Equation 2.3, where 4, and /e}, are the direction cosines of the
incident rays.

nzdxdyd/exdky =n" dx'dy dk;dk; Equation 2.3
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The coordinate system at the exit aperture can be chosen arbitrarily with-
out affecting the conservation (Winston et. al. 2005).

The concentration ratio will now be derived for the two dimensional
case where the incident ray is unchanged in the x direction. Figure 2.1
models a two dimensional concentrator as a black box. It has an entry
aperture of 2 and an exit aperture of 24"

The system is axisymmetric in the x direction, and accepts light in the
interval -0,,,, to 0,,,,. The light exits the system with exit angles in the
interval -0, to 0,
k,will then be eqel to

k, = sin(0)
and dky, is equal to
dk, = cos(60)d6
The conserved quantity is then defined as
1 cos(0)dyd) = ' cos(0')dy 46
integrating this expression results in

0 240

TX ncos(@)dyd@ = I In'cos(@')dy'd@'

0-6'

o'—.'g’

or, after integration
. _ o . '
4ansin(f, )= 44'n sm(@max)

The concentration ratio is defined as the ratio between the entry aperture
and the exit aperture, and we obtain

a n sin(@

o_a_nsin0,,,)

4 nsin(6,.)

This expression has its maximum when the exit angle is equal to 90°, and
the maximum concentration ratio for a two dimensional concentrator is

Crax = —9) Equation 2.4

nsin(@,
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Consider the same black box model for a three dimensional system, with
an entry aperture of A; and an exit aperture of A,. The maximum angle
of incidence is a cone with an angle of 0,,,,,.

The direction cosines in this case are

k, = sin(@)sin(p)
k, = sin(H)cos(qo)

where ¢ is the rotation angle around the z axis in the xy plane, and
dk dk, = cos(8)sin(0)dOdy

Tre axserved quartity for the three dimensiasl case is
n cos(H)sin(H)dxddedqo =n" cos(@')sin(@')dx' dy' d6'do'

Integrating this expression, we get

270 x .2
n" A cos(8)sin(0)d0dp = 27n* A M = 7n'* A, sin*(6'
| | ) 2 max
00

The concentration ratio, as stated by Equation 2.1, will be

A n?sin?(0,,)
C — — T .
A, n*sin®(6,.)

Again, maximum concentration ratio is obtained when the exit angle is
90°, and the maximum concentration ratio of a three dimensional sys-
tem is

2

1

n

Crnax = sin(0) Equation 2.5

To obtain this maximum concentration is of course difficult in practice,
it assumes no losses anywhere in the system, due either to manufacturing
imperfections or losses due to non-ideal materials used in the system.
But the derivation of the theoretical maximum concentration ratio shows
two important points in designing concentrator systems. First of all, the
smaller the angular interval of acceptance, the higher the concentration
ratio, and secondly, it is important to have rays exiting at all angles up to
90° to get a high concentration ratio.
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Another way to increase the concentration ratio is to use a dielectric
medium with an index of refraction > 1 inside the concentrator. Due to
the laws of refraction, the beam will be refracted to a smaller angle of
incidence when the medium has a higher index of refraction than the
surroundings. This makes it possible to accept light at a larger angular
interval, an effect that can be utilized to decrease the acceptance angle of
the system while still accepting the original angular interval. Figure 2.2
shows a concentrator filled with a dielectric material with index of refrac-
tion 7, which could e.g. be low iron glass with 7#’=1.523 which in that
case would increase the concentration ratio by 52% (Zacharopoulos et.

al. 2000).

n=1.0

Figure 2.2 Concentrator filled with low-iron glass for increasing the concen-
tration ratio. Low iron glass has an index of refraction n” of 1.523.

There are several definitions of concentration ratio. The theoretical maxi-
mum concentration ratio is the ideal concentration ratio of a system.
The geometrical concentration ratio is the ratio between the entry aper-
ture size and the exit aperture size. If rays are traced through the system,
the ratio between the number of rays at the entry aperture and the col-
lected number of rays at the exit aperture is called the optical concentra-
tion ratio. Unless stated to the contrary, the geometrical concentration
ratio will be the concentration ratio discussed throughout this thesis.

2.2 Skew rays

A skew ray is a ray that is not within any of the meridian planes of the
system. The meridian planes are the three planes containing two axes in
Figure 2.3.
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Figure 2.3 The three meridian planes of a three dimensional concentrator are
the planes containing two of the coordinate axes i.e. the xy-plane,
the xz-plane, and the yz-plane.

For a two dimensional system, e.g. one defined by the plane of the x and
the z axis and axisymmetric in the y direction, a skew ray would be any
ray with a non-zero y directional cosine, k,. The £, component will not
influence where the ray will strike the exit aperture in the x direction.
The optical performance of an axisymmetric two dimensional system is
thus not affected by skew rays. For three dimensional concentrators there
will always be rays out of the meridian planes as long as the incident light
has a non-zero x or y component. This means that parallel rays that will
strike the reflector at the same z coordinate in Figure 2.3 will be reflected
in different directions due to the fact that the surface normals will be
different. For the two dimensional case, parallel rays that strike one of
the reflectors at the same z coordinate will have identical directional co-
sines after the reflection. As the analysis of the three dimensional concen-
trator is more complex, it is important that an analysis of skew rays is
included in the study.
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3 Design of concentrators for
Solar Energy applications

3.1 Design - The edge-ray principle and the
string method

I will first describe an important principle used in the design of ideal
concentrators, the edge-ray principle. It can be shown that if a ray at the
edge of the aperture, incident at the extreme angle of acceptance, is trans-
ported to the rim of the exit aperture, it is sufficient for transferring all
the incident rays within the interval of acceptance to the exit aperture
(Winston et. al. 2005). This is equivalent to saying that the phase space
boundary of the beam is transported to the exit aperture. If this is achieved,
we have produced an ideal concentrator.

The first problem discussed will be the two dimensional problem il-
lustrated in Figure 3.1. Transporting the boundary of the phase space
volume from « to 4'is in this case identical to transporting all the light
within an angle of +0,,,, from aperture « to aperture «'since 0,,,, repre-
sents the boundary in directional space and the extent of the aperture
represents the boundary in position space.

emax

/ al

Omax_——

Figure 3.1 Concentrator with flat absorber. All rays at the extreme angle 0,,,,
emerge through the rim point p’ of the exit aperture.
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The basis of the method is Fermat’s principle which states that the opti-
cal path length between the object and the image in an image forming
system is the same for all rays. If strings are used instead of rays, we get
the edge-ray principle. The method will be explained by one example
with a flat absorber and one example with a cylindrical absorber. The
problem is to design an ideal 2-dimensional concentrator for a flat and a
cylindrical absorber. First, the example with a flat absorber, the problem
of Figure 3.1.

Figure 3.2 shows the solution to the problem using the string method
for a flat absorber. A rod is placed at the aperture, and it is tilted 0,,,,
from the horizontal, where 6,,,, is the maximum angle at which the sys-
tem will accept rays. A string is tied to a ring that is put around the rod at
one end, and fastened at the absorber at point 4.

Figure 3.2 String method for creating an ideal concentrator for a flat absorber.
The ring at the end of the string is free to move along the rod from
Ao C.

When the ring is placed at the end of the string at point A4, the length of
the string should be such that the string Aad is taut. The length of the
string is now fixed and will keep this length through the whole design
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process. A pen is now placed at 4, which will be the first point of the
reflector. The ring is now moved from A to B and the pencil is simultane-
ously moved from z to ¢ in the figure while keeping the string taunt and
the angle between the rod and the string at 90°. The pencil will then
generate the shape of the reflector.

When the ring reaches point C, the pen will be at point ¢. When this
method is applied to the flat absorber as shown here, the generated con-
centrator shape is a parabola with its focal point at 4, and the optical axis
parallel to ¢C. The optical term for this concentrator is CPC, Compound
Parabolic Concentrator. It is discussed in more detail in Section 3.3.

Applying Fermat’s principle of equal optical path lengths of the edge
rays yields:

Ce +cd = ad + easin(6

max )

Looking at the figure, we see that Cr=ad and we get:
cd = easin(@,,,,)

The concentration ratio is defined as the entry aperture divided by the
exit aperture:

ed ed 1

" easin(0,.) sin(d,.)

max max

C

This proves that the new concentrator is indeed ideal.

Figure 3.3 shows an example with a cylindrical absorber such as e.g. a
vacuum tube for heat collection. The edge ray principle generalized for
non plane absorbers states that all rays incident at 6,,,, should be re-
flected once and strike the circular pipe tangentially to its surface. All
rays with a smaller angle of incidence will then reach the cylinder at an
angle of less than 90° with the surface normal.
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Endpoint of string Starting point for pencil

Figure 3.3 String method for construction of an ideal concentrator for a cy-
lindrical absorber. The reflector is plotted when the ring is moved
from A to B.

The rod is placed in the same way as in the example of the flat absorber,
but the string is in this case fastened at point ¢. The loop of the string is
placed at point A4, and it is wound around the absorber as shown to the
right in the figure. The length is adjusted as in the previous example. The
pen is placed at point ¢, and the string is kept stretched as the pen is
moved from ¢ to . When the pen reaches 4, the loop of the string is
moved slowly from A to B, keeping the pen in a position to keep the
string stretched and at right angles to the rod. The resulting geometry is
an involute from ¢ to &, and the rest of the mirror from & to « is at each
point sloped to reflect the ray incident at 6,,,, onto the tangent of the
absorber.

The constructed geometries for both the flat and for the circular ab-
sorber are ideal and fulfil the theoretical maximum concentration ratio
1/sinB,,,,, since all the light incident at angles less than 8,,,, will be
absorbed in a system without optical losses or imperfections.
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3.2 The light cone concentrator and the
V-trough

One of the first three dimensional concentrator systems used for the col-
lection of light was the light cone (Williamson 1952). Figure 3.4 shows

a cross section ofa cone concentrator.

Figure 3.4 Cross section of a light cone concentrator. Some of the rays incident
at angle 0,,,,, are turned back instead of striking the exit aperture.

The design is straightforward, it is formed by mirrors mounted at an
angle a and rotated around the axis of symmetry. This makes the manu-
facture of the concentrator simple. The length of the concentrator should
be such as to make ray 1 in Figure 3.4 incident at the desired extreme
angle 0,,,, strike the edge of the exit aperture. Given a certain exit aper-
ture, this results in an expression for the length of the concentrator. As
can be seen in the figure, some of the rays incident at the same angle,
such as ray 2, are reflected out of the system. For skew rays, rays out of
the symmetry planes, the fraction of rays reflected out is even larger.

The two dimensional version of the cone concentrator is the V-trough.
It consist of plane mirrors mounted as in the cross section shown in
Figure 3.4. Due to the symmetry of the V-trough, the skew rays are not a
problem, but the problem shown in Figure 3.4 still exists.

The cone concentrator and V-trough are clearly not ideal as some
light is discarded, but if the shape of the reflectors could be changed for
the system to accept ray 2 and skew rays, they would approach ideal
concentration. This leads to the development of the compound para-
bolic concentrator that will be discussed in the next section.
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3.3 Two dimensional compound parabolic
concentrators

When the edge-ray principle is applied to the flat absorber case as was
done in Section 3.1, the result is the two dimensional CPC shown in
Figure 3.2. This concentrator achieves the maximum theoretical concen-
tration ratio.

A parabolic mirror will reflect all the light incident along the optical
axis to its focal point. Light which falls in at a positive angle of incidence
will be reflected below the focus and light from negative angles will be
reflected above the focus. This is illustrated in Figure 3.5.

Optical axis

Figure 3.5 Parabolic mirror with its optical axis drawn as a dashed line. The
Jocal point is indicated by [ The angle of incidence 0 is positive

clockwise.

The concentrator is constructed by tilting the parabola in order to make
the optical axis parallel to the angle of the extreme rays. If, for example,
the CPC is supposed to accept rays at 20°, the parabola is tilted 20°. This
is shown in Figure 3.6.
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Figure 3.6 Construction of a CPC with an acceptance angle of 20°. The origi-
nal parabolas are rotated 20° from 1 ro 1’ and from 2 to 2.

The CPC in Figure 3.6 has an acceptance angle of 20°. Parabolas 1 and
1” have their focus at f{ and parabola 2 and 2’ have their focus at f5. The
absorber will cover the area between £ and f;. The original parabolas are
drawn with dashed lines. The parabolas are identical, but mirrored and
displaced a distance of 24’ from each other. 24’ is the absorber area. The
optical axis of both original parabolas is horizontal in the figure. To con-
struct the CPC, the parabolas are rotated to the angle of acceptance, in
this case 20°, around their respective focal point. This is how parabolas
1" and 2’ are obtained. The resulting optical axes are drawn in the figure.
The parabolas are cut off at the focal point of the parabola. Light at
angles larger than the angle of acceptance will be reflected from one of
the mirrors to the other mirror and out of the system. Light incident at
smaller angles will strike the absorber at a point between the focal point
and the mirror.

A mathematical description of the CPC in polar coordinates is de-
fined according to Equation 3.1 (Winston et. al. 2005). The parameters
in the equations are shown in Figure 3.7.
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o

Figure 3.7 Construction of a two dimensional CPC. The focal length of the
upper parabola is indicated by f). The dashed parts of the parabolas

are cut off to form the CPC.
2fi

R=—1I0

1- cos(¢)
r=R sin(¢ — Hmax )— a = 2ﬂ Sin(¢ — Hmax) 4

1—cos¢
z=R cos(¢ -6 ) = 21 COS(¢ _ Hmax)
1—cos¢ Eauad
quation 3.1
fi=d (1-cos(90+0,,))=a (1 +sinb,,,)
24'= 2fi
1- COS(9O + Hmax)

/7 is the focal length of the parabolas.

The two dimensional CPC is an ideal concentrator with a concentra-
tion ratio of 1/sin@,,,,,. It is ideal since all the light incident at angles less
than the angle of acceptance will arrive at the absorber, and it satisfies
Equation 2.4.

Due to the translational symmetry of the trough system, the direction
component of the rays parallel to the translational axis of symmetry does
not influence where the ray will strike the absorber in the r-direction.
This is determined by the two components in the plane of the paper in
Figure 3.6. As can be seen in Figure 3.6 and Figure 3.7, the CPC is deep
in comparison with the width of the absorber, something that is both
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impractical and costly when the concentrator is manufactured. Increas-
ing the concentration ratio is equal to reducing the angle of acceptance,
and this will result in a considerably deeper trough.

Truncating the trough will not have a large impact on the entry aper-
ture, if e.g. the leftmost third of the length of the trough of Figure 3.6
were truncated it would only reduce the aperture area by 3%. Studies on
truncation have been made by e.g. (Winston and Hinterberger 1975)
and (Rabl 1976).

As the maximum concentration ratio is n/sin6,,,, it is possible to in-
crease the concentration ratio by filling the trough with a dielectric, pref-
erably with an index of refraction greater than V2 (Winston et. al. 2005).
In principle, the concentration ratio is increased when the index of re-
fraction is greater than unity, but the benefit of having an index of refrac-
tion greater than V2 is that total internal reflection will occur in each
reflection. This means a concentrator without reflectors can be con-
structed, something that will significantly increase the flux throughput
of the system as there will be no reflection losses.

3.4 Wedge type CPCs

Figure 3.8 shows a CPC of wedge type. The parabolic mirrors have iden-

tical parameters and share the same focal point.

Figure 3.8 CPC of wedge type. Both mirrors have the same focal point on the
top of the absorbers.
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The absorber is mounted from the focal point to the reflector along the
optical axis of the parabola. When the light is incident along the optical
axis, at an angle of incidence of 0,,,, with the normal of the aperture as
shown in the figure, all the light is concentrated to the focal point. When
the angle of incidence is less than 6,,,,,, the light is focused at the absorber
below the focal point. This two dimensional concentrator is ideal, the
concentration ratio is 1/sin(8,,,,).

3.5 Three dimensional compound
parabolic concentrators

The three dimensional CPC is constructed by rotating the two dimen-
sional CPC around the z axis of Figure 3.7. All the rays incident in the
meridian plane will be collected at the exit aperture, just as was the case
for the two dimensional CPC. But the three dimensional CPC is not an
ideal concentrator since some of the skew rays outside the meridian plane,
but inside the angle of acceptance, are reflected back out of the concen-
trator instead of being collected at the aperture.

The three dimensional CPC can be described mathematically in polar
coordinates with z as described by Equation 3.1 but with 7 replaced by x
and y according to Equation 3.2.

v 2f;sinysin(¢—6,.,.)

—a'sin
1—cos¢ v
in(¢ — Equation 3.2
y= 2 f, cosy sm(¢ Hmax) _ 4 cosy quation
1—cos¢

v in Equation 3.2 is the azimuth angle introduced to account for the
rotation of the two dimensional system.

Since the three dimensional CPC is not ideal, it is interesting to find
ways to improve the performance of the concentrator. One option is to
fill it with a dielectric material with an index of refraction greater than 1
as was discussed in the previous section about two dimensional CPCs.
However, the volume of a three dimensional CPC is large, and the cost of
manufacturing the concentrator increases significantly when it is filled
with a dielectric material.

One solution to this problem is to make a small CPC and introduce it
at the exit aperture of a concentrator filled with air and use the CPC as a
secondary concentrator. This will increase the concentration ratio of all
non-ideal concentrators, or increase the interval of acceptance of any
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concentrator. The small size of the secondary CPC, due to the fact that
the size of the entry aperture of this CPC is the same as the exit aperture
of the first concentrator, solves the problem of high manufacturing cost
for the full size CPC. In theory, this two stage system makes it possible to
approach the theoretical limit of #%/sin(6,,,,). The three dimensional
CPC is mostly used in solar tracking applications where a very high irra-
diation level at the exit aperture is desired e.g. in parabolic dish systems.

3.6 Asymmetrical CPCs

The yearly irradiation at different angles outside the atmosphere is sym-
metrical over the year with peaks at the summer and winter solstices. The
incidence angles of the peaks differ depending on the latitude, and at
northern latitudes the solar altitude of the winter peak is close to the
horizon. This, in combination with a large cloud cover, reduces the win-
ter peak considerably which makes the yearly irradiation asymmetrical
with just one peak in the summer (Roénnelid and Karlsson 1997). This
can be seen from Figure 3.9 that shows the annual direct irradiance pro-
jected onto the meridian plane for two sites, Lund, lat. 55.72° and Syd-
ney, lat. -33.92°.
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Figure 3.9 Annual direct irradiation distribution in Lund (a) and in Sydney

(b) on a surface facing south. The winter peak in Lund is sup-
pressed. Both peaks are visible in Sydney.

The fact that there is only one main peak at northern latitudes such as
Lund makes it possible to use stationary concentrators that will collect
most of the light without tracking the sun.

Figure 3.10 shows an example of an asymmetrical CPC that accepts
all light incident between 10° and 60° from the horizontal.

1\

Figure 3.10 Asymmetrical CPC with acceptance angles 10° and 60°.

38



Design of concentrators for Solar Energy applications

The concentration ratio of an asymmetrical CPC is different from the
symmetrical CPC as the interval of acceptance is asymmetrical around
the normal to the aperture. The concentration ratio of an ideal asym-
metrical CPC is defined by Equation 3.3. Note that the angle is positive
for both the upper and lower limit in Figure 3.10.

c - .
max sin(91 )_ sin(92 ) Equation 3.3

It can be derived using Fermat’s principle which states that the path length
of ray 1 and ray 2 has to be equal, and the same applies to the path length
of ray 3 and ray 4. For ray 1 and ray 2 this leads to:

Ly +a, =1, —a; + Asin60
For ray 3 and ray 4 the equation is:
ly—a, =1, +a; + Asinl0
Subtracting the two equations yields
2a, = Asin60— Asinl0—24
2(ay + a,) = A(sin 60 — sin10)

A C 2

C= >C=7——
a, +a, sin 60 —sin10

=2.89

The maximum flux concentration of an asymmetrical CPC is 2/tan(6,),,,/
2) (Mills and Giutronich 1978) where 8,,,, is the interval of acceptance.
The interval of acceptance is in the example of Figure 3.10 equal to 60°-
10°=50° and the maximum flux concentration is thus 2/(tan(50/2))=4.29.
This occurs at the extreme angles of incidence 10° and 60°. The maxi-
mum limit can only be obtained if the absorber is placed along the opti-
cal axis of the parabola, it will be lower in all other cases.
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3.7 Asymmetrically truncated CPCs

Figure 3.11 shows an example of a stationary, asymmetrically truncated
wedge CPC, the MaReCo (MaximumReflectorCollector) which is de-
signed to be placed on a horizontal surface. It is symmetrical in the sense
that both parabolic mirrors have the same focal length and focal point,
indicated by fin the figure. However, it is truncated asymmetrically to
collect as much irradiation as possible per reflector area at Swedish lati-
tudes (Ronnelid and Karlsson 2003). Another change from the classic
wedge CPC is that one of the absorbers has been removed and the re-
maining one has been designed to accept irradiation on both sides. The
irradiation will reach the absorber on both sides due to the circular sec-
tion inserted between the endpoints of the two parabolas, indicated by B
and C in the figure. The circular section will always reflect all incoming
irradiation onto the absorber.

Figure 3.11 Stand-alone MaReCo, a stationary asymmetrically truncated wedge
CPC. Both parabolas have a common focal point in f. The accept-

ance interval is between 20° and 65°.

As the yearly irradiation is incident in an asymmetric angular interval,
where most of the light arrives in the summer at high solar altitudes, the
front reflector is larger than the back reflector to collect as much annual
irradiation as possible. A system such as this collects all the light incident
between a solar altitude of 20° and 65° i.e. the tilt of the back and front
reflector. Depending on the angles at which the irradiance maxima oc-
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cur, and the way the irradiation is distributed during the year at different
latitudes, the length and the tilt of the reflectors will change and create
other asymmetrical forms.

As the concentrator is ideal before truncation, the concentration ratio
should be 1/sin(8,,,,,)=1/sin((65-20)/2)=2.61 but due to the truncation,
the geometrical concentration ratio is 2.20.

One interesting option is to remove one of the reflectors. If the back
reflector is removed it is possible to make a concentrator that works well
for high solar altitudes. If the front reflector is removed, it is possible to
integrate the concentrator into a fagade without using too much space.
As less irradiation is incident on a vertical surface than on a horizontal
surface, the back reflector collects less light but this could in many cases
be compensated for by the fact that it is easy to integrate into a building.
Figure 3.12 shows an asymmetric concentrator where the front reflector
has been removed and the absorber has been turned slightly.

Figure 3.12 Back reflector concentrator for wall integration. The parabola is
tilted 25°, which is the lower acceptance limit of the concentrator.

As can be seen in the figure, the parabola has been rotated 25° which
means that the system accepts irradiation at solar altitudes above 25°.
This example is easy to fit into a wall element due to its small width
compared with its height.
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4 Solar cells

4.1  Basic principles

A solar cell is often represented by an equivalent circuit, which is shown

in Figure 4.1.

A 1L Yo

oA R

Q ---------- 1
Figure 4.1 Equivalent circuit representing a solar cell. The incident light
generates a current Ig.
The current, 7, is then
V+IR,
P —q(nzrf) V + IR,
=i~ tol € -1 Ry Equation 4.1

where /7 is the light generated current of the cell, Rp the shunt resistance,
and Ry the series resistance.

The series resistance Rg represents the bulk resistance of the
semiconductor material, the resistance of the metallic contacts and
interconnections and the resistance between the semiconductor and the
contacts. The shunt resistance Rp represents the impurities and defects
around the PN-junction of the cell.
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4.2  Effects of increasing temperature

The band gap of the semiconductor material will decrease when the
temperature increases. When the band gap is decreased, more photons
will have enough energy to excite an electron to the conduction band,
and a larger part of the light spectrum can be utilized. This will lead to an
increasing short-circuit current. A commonly used value for silicon is an
increase of 0.06%/K.

When the temperature is increased, more and more electrons and holes
move freely in the material since the increased energy makes it easier to
move between the conduction band and the valence band. This increases
the recombination rate, and as the open-circuit voltage V¢ is limited by
the recombination rate, Vo decreases (Wenham, Green, and Watt). The
decrease is approximately -0.3%/K for silicon cells.

The fill factor FF is to the first order only a function of the open-
circuit voltage and it decreases as Vpc decreases with increasing
temperature. FF decreases by -0.15%/K for a standard silicon cell.

The efficiency 1, is proportional to I . -V . - FF and this results
in a decrease in the efficiency by -0.4%/K. It is therefore of great
importance to keep the cells as cold as possible, especially in concentrator
systems where the temperatures can be high if cooling is not taken into
account when designing the system.

4.3  Effects of non-uniform illumination

A parabolic mirror will focus all the incident light to its focal point if the
light is incident along the optical axis of the parabola. This is the reason
for the non-uniform irradiation distribution on the cells of concentrators
based on parabolic mirrors. Figure 4.2 shows an example of the irradiation
distribution measured in a MaReCo concentrator.
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Figure 4.2 Light distribution on a cell in the MaReCo concentrator. The
absorber has a width of 143 mm. The distance on the x-axis is
measured from the focal point at the top of the absorber.

As can be seen in the figure, the intensity peaks at 25 times the solar
beam.

The short-circuit current increases linearly and the open-circuit voltage
increases logarithmically with increasing intensity. /¢ is a linear function
of the light generated current /; which is proportional to the photon
flux incident on the cell. Vio¢ is proportional to In(/7). In principle, this
shows that increased irradiance increases the efficiency of solar cells.
However, the high local currents in part of the cell created by the peak
intensity generate resistive losses in the cell. The internal losses in the cell
are proportional to the square of the current, R/, and the output power
of the cell is proportional to VI, i.e. IIn(I)- R7%. Figure 4.3 shows a typical
example of the relationship between cell efficiency and light intensity of
a solar cell.
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Cell efficiency

Light intensity

Figure 4.3 Sketch showing the cell efficiency as a function of the incident

irradiation.

The efficiency increases at low intensities as the resistive losses are small.
At some point, the increase in resistive losses is equal to the efficiency
increase due to the light generated current. That is the optimum intensity
for this particular solar cell. As the intensity continues to increase, the
resistive losses increase more than the delivered power and the efficiency
drops. Standard photovoltaic cells have a relatively high series resistance
and the efficiency will start to decrease at low intensities, the optimum
intensity is less than two suns. Calculations based on Equation 4.1 suggest
that the efficiency of a standard cell will drop 14% when the irradiation
is 4 suns

The optimum will move to higher light intensities if Rg is reduced.
This is obtained in concentrator cells by decreasing the spacing between
the conducting fingers, using a low resistance substrate for the cell and
introducing a back surface field (highly doped back substrate). This will
lower the bulk and contact resistance. Using techniques like these makes
it possible to manufacture cells optimized for several hundred suns.
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5  Monte Carlo ray tracing

The concept used when analysing and designing optical systems is called
geometrical optics. It studies the path of a ray of light as it traverses the
optical system.

A ray of light travels through the system and the path of the ray is
defined by the origin of the ray and the reflections and refractions along
the path to the exit aperture. Irradiation incident on the system follows
the path of the ray which makes the concept useful for understanding the
characteristics of the optical system.

When it strikes a surface, the ray can be reflected, absorbed, or
transmitted. The law of reflection states that the angle between the surface
normal and the entering ray is equal to the angle between the surface
normal and the exiting ray. For refraction, the expression is different since
it involves the relative speed of light in the new material. Figure 5.1 shows
the relation between the ray incident on the surface and the ray leaving
the surface for both reflection and refraction.

n;
0r 0; 0;

0:=0,

Nt n;sin(0;)=nsin(6,)

0;

Figure 5.1 The laws of reflection and refraction. The rays are refracted towards
the normal if ny>n;.
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Monte Carlo ray tracing is the process of using the principles of
geometrical optics as a statistical method to get a complete and statistically
viable analysis of an optical system. The method will be briefly described
in the following section.

In three dimensional ray tracing it is necessary to formulate the
equations of geometrical optics in vector form, which has been done in
Equation 5.1. The geometrical proof can be seen in Figure 5.2.

I, =1 —2(n-ri )n Equation 5.1

re

Figure 5.2 Vector formulation of the law of reflection.

In the process of tracing one ray, the starting point is randomized within
a certain start area or volume, the source of the rays. Depending on the
properties of the source, the direction of the ray can be either the same
for all rays or randomized in a pattern defined by the source. It could for
example be a Gaussian source or a completely diffuse source. The next
step is to find the first intersection between the ray and the optical system.
It is calculated knowing the origin and the direction of the ray, as well as
the geometry of the traced object. At the point of intersection, the surface
normal is determined in order to calculate the direction of the ray after
interaction with the system. The ray could be reflected, refracted and/or
absorbed. When the new direction of the ray/rays has been calculated,
the next intersection is calculated. This process continues until either the
ray is lost from the system, completely absorbed, or intersects with the
target that detects the ray.

The resolution of the detector is an important parameter in the
simulation as it is closely connected to the number of rays that has to be
traced to obtain a certain statistical accuracy.

The number of rays that needs to hit the detector is calculated accord-
ing to Equation 5.2:

48



Monte Carlo ray tracing

NumberOfPixels

NumberOfRays = >
Accuracy

Equation 5.2

If e.g. the detector has 10 pixels and the desired accuracy at the detector
is 1% then the number of rays hitting the detector has to be 10/0.012=100
000 rays.

The ray tracing simulations presented in this thesis have been
performed using ZEMAX (ZEMAX 2005), a commercial ray tracing
package. The two main benefits in using a commercial software compared
with a problem specific Matlab program are that it is easier to simulate
different kinds of systems with different characteristics and that the
commercial package is well tested and documented. A well tested software
can be trusted to give good results as long as the inputs are verified. To go
through this process of verification for a new Matlab program is very
time consuming. A commercial ray tracing package is generic in the sense
that most of the parameters can be changed easily. As it is not made for a
specific system or geometry, most geometries can be evaluated. It also has
numerous libraries of sources, ways to display output data etc.
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6 Measurements

6.1 IV characteristics and fill factor

The performance of a photovoltaic cell can be characterised by its current-
voltage (IV) characteristic.It describes the relationship between the current
extracted from a photovoltaic cell and the voltage over the cell as the
resistive load connected to the cell changes. The IV characteristics of PV
cells in a concentrator are highly dependent on the concentrator. It is
influenced both by the total irradiation on the cells and on how the light
is distributed over the cells. If the concentrator is to be used for
photovoltaic applications it is important to measure these characteristics
in the concentrator to be able to estimate the efficiency of the complete
system.

An electronic load controlled by a data logger was constructed for the
measurements. The electronic load is described in more in detail in
Appendix A. The data logger sent control signals to the electronic load
that was connected to the cells. The load was able to vary the voltage over
the cells from 0 to Vg in approximately 100 ms. The current and voltage
over the cells were measured simultaneously with a CR-10 data logger
from Campbell Scientific. 9 current and voltage pairs were measured in
each measurement. The points were not evenly distributed between 0
and V¢, the majority of the points were taken around the maximum
power point. The maximum power point was calculated through a
parabolic fit to the three points closest to the maximum power point.
Figure 6.1 shows an example of a measured IV-characteristic.
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Figure 6.1 Measured IV-characteristic for one cell.

Since the short circuit current is proportional to the irradiation, it is
important to measure the incident irradiation during the measurements.
The irradiation was measured using a pyranometer from Kipp & Zonen.
The surface of the pyranometer was mounted normal to the sun.

The efficiency of the cells is proportional to the fill factor, which is
calculated at the maximum power point. A high fill factor translates to a
high efficiency. The fill factor was calculated according to Equation 6.1
where /gcis the short-circuit current, V¢ is the open circuit voltage and
P, is the power at the maximum power point.

FF = —tne

I sc” VOC

Equation 6.1

Figure 6.2 shows typical current voltage characteristics of one cell with a
high fill factor and one cell with a low fill factor.
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Figure 6.2 Current-voltage characteristics for two photovoltaic cells. The full

line shows an ideal cell without losses. The short-circuit current,
open circuit voltage, and the maximum power point are indicated.

The fill factor for the dashed curve is 0.79 and the fill factor for the curve
labelled Low Fill Factor is 0.47. The fill factor of the cells in a concentra-
tor is highly dependent on how the light is distributed on the cells, high
irradiation levels on small parts of the cell reduce the fill factor
considerably. Since the efficiency of the system is proportional to the fill
factor, it is important to monitor the fill factor of the PV cells in a para-
bolic concentrator.

The fill factor was calculated using the current voltage characteristics
and the parabolic fit for the maximum power point.

6.2 Optical efficiency

The photovoltaic cells used in the measurements were CIGS thin film
cells, polycrystalline silicon cells, or monocrystalline silicon cells.

The short-circuit current of the used photovoltaic cells is independ-
ent of the illumination distribution on the cell as long as the strip of
light is not very narrow (< 1 mm) (McMahon and von Roedern 1997).
Because of the divergence of 0.28° for the solar beam, and the manufac-
turing precision of the troughs, the concentrated strip of light has a width
of 1 cm at maximum concentration. This is sufficient for the short-cir-
cuit current to be independent of the irradiation distribution.
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The short-circuit current increases with the temperature by approxi-
mately 0.06%/K (Wenham, Green and Watt). In view of other errors in
the measurements, this increase can be neglected for the small tempera-
ture increases of the low concentration systems measured.

Since the short-circuit current of a photovoltaic module in a concen-
trating system, at a constant temperature, depends only on the irradiance
on the module, which is determined solely by the optical efficiency of the
concentrator, measurements of the short-circuit current as a function of
the angle of incidence can be used to determine the optical efficiency of
the concentrator system if it is compared with the short-circuit current
of a reference module. The reference cells should be identical to the cells
used in the concentrator.

The optical efficiency was measured using two different techniques,
one that can be used at all times of the year, and one that is used around
the spring or fall equinox. Both methods will be described in the following
sections.

In the first method, the concentrator was placed with the sun in the
meridian plane. The transverse projected angle of incidence was varied
by rotating the concentrator trough. The concentrator remained in the
meridian plane during the entire measurement since the whole measure-
ment was finished in approximately 5 minutes. The setup is described by

Figure 6.3.

Figure 6.3 Concentrator trough for measurement of the optical efficiency. The
axis attached to the side of the trough is used to measure the rotation
of the concentrator.

As can be seen in the figure, an axis was mounted on the gable of the
trough at the focal point of the two parabolic mirrors. Between the trough
and the axis there was a potentiometer that recorded the rotation of the
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trough as the axis was fixed at the right end in the figure. The trough was
rotated around the axis with the sun in a fixed position in the meridian
plane, which made it possible to measure at all transverse angles of
incidence. The short circuit current was measured by a data logger that
simultaneously recorded the insolation using a pyranometer mounted
normal to the sun. The data logger and the pyranometer were the same as
those used in the current-voltage measurements.

A graduated arc was mounted on the side of the trough for manual
measurement of the transverse angle of incidence . The maximum and
minimum angles of incidence were measured with both the graduated
arc and the potentiometer at the beginning of each measurement. These
values were used to convert the voltage over the potentiometer into the
true angle of incidence in the meridian plane.

Using the measurements of the short-circuit current, the optical
efficiency of the system was calculated according to Equation 6.2.

7, -1000 .
11000 ) Cg .G- COS(QT _ ﬁ) Equatlon 62

Mope (0r)=

1000 is the short circuit current at an irradiance of 1000 W/m? on the
reference module, which in this case was 4.55 A. Cg is the geometrical
concentration of the concentrator system defined as the glazed aperture
area divided by the cell area. 07 is the transverse projected angle of
incidence, and G is the total intensity normal to the sun. To get the
efficiency relative to the incoming irradiation, the expression was divided
by Cy- G(cos(07- B)) is the irradiance on the glazing, where f is the tilt of
the aperture normal relative to a horizontal surface. The measurements
were performed on very clear days with a low fraction of diffuse irradiation,
and the total irradiation was treated as a beam irradiation incident at the
incidence angle of the beam. This method can easily be used any time of
the year as long as the trough is small and flexible enough to be rotated.

The second method requires the measurements to be conducted around
the equinox.

Figure 6.4 shows measurements of the angles of incidence on a south
facing surface. The measurements were performed at Alvkarleby, Sweden
(60.5°N, 17.4°E) on September 23, at the autumn equinox. As can be
seen from the figure, the transverse projected angle of incidence 07 was
constant at 90-latitude = 30° all day. The fact that the transverse projected
angle of incidence is constant around the equinox is the basis of this
method.
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Figure 6.4 Angles of incidence on a south facing surface during the day on
September 23 in A'lz//mrleby, Sweden.

At the equinox, the concentrator was rotated 90° around the North-South
axis. It was then tilted to the latitude angle around the East-West axis. In
this setup, the sun will move in the meridian plane of the concentrator all
day, and noon will be equal to a transverse angle of 0°. A reference was
mounted parallel to the aperture and the short-circuit current of the
reference and concentrator were measured with a data logger. The optical
efficiency was calculated according to Equation 6.3.

1 Isc(0r)
MOr) = e Equation 6.3
Ce 157" (0r) 1
To get an optical efficiency between 0 and 1, the measured short-circuit
current was divided by the concentration ratio.
This technique requires less labour as it is completely automated, all

that is required is that the system is mounted as described above.
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6.3 Light distribution on the absorber

The light distribution over the cell is an important parameter for a
concentrator since the output of the PV cell or thermal collector is largely
affected by this distribution. High local intensities increase the electrical
and thermal losses. The electrical losses can be explained by the fact that
the internal resistive losses increase with the square of the current.

The light distribution over the cells is translationally symmetric in
translationally symmetric concentrators, i.e. it is concentrated to a line
along the length of the trough. The cells are placed series connected on
this line. It is thus enough to measure the distribution in the transverse
direction over the cells to make a full measurement of the light distribution
as long as there are no large deviations from the translational symmetry.
A device, which is shown in Figure 6.5, was constructed for measuring
the light distribution.

A
‘\
Y
X ' “Photodiode
1
1
|
1
Potentiometer )
1
B
Figure 6.5 Device for measuring the irradiation distribution over the cells. The

lever has a photodiode for measuring the light intensity at one end
and is mounted to a potentiometer on the other.

The device consisted of a lever with a photodiode mounted on the tip. It
was placed on the cells in the trough, in the plane of the cells. The lever
was rotated along the cell surface from A to B during one distribution
measurement. A plate with a small hole was glued over the photodiode to
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increase the resolution of the detector as the resolution gets higher when
the measuring aperture decreases. The centre of rotation for the lever was
a potentiometer that measured the rotation angle of the lever.

A measurement started by measuring the voltage of the potentiometer
for point A and point B to get a conversion factor from potentiometer
voltage to angle. The lever was then slowly swept over the surface of the
cell while a data logger measured the voltage over the potentiometer and
the current from the photodiode. The y position for each intensity point
was then calculated knowing the length and the angle of the lever. Figure
6.6 shows a typical measured irradiation distribution over the cell.
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Irradiaion times the solar beam
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Position (mm)

Figure 6.6 Irradiation distribution over the cell in a MaReCo concentrator.
The position on the x-axis is measured from the focal point ar the
top of the absorber.

The importance of having a high spatial resolution in the irradiance
measurement can clearly be seen in the figure as the irradiation peak is
Very narrow.
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7  Electrical and thermal
characterization of a
concentrating PV/T hybrid

A characterization of the stand-alone MaReCo was performed in order

to understand and quantify the characteristics of a concentrating

photovoltaic/thermal hybrid (Helgesson, Krohn and Karlsson 2004).
The system is shown in Figure 7.1.

Back reflector

Glass cover

‘ 0T, transverse projected angle of incidence

Variable absorber angle

Absorber with PV cells
Front reflector

Figure 7.1 The MaReCo PV/thermal hybrid. Both parabolic reflectors have
the same focal point, at the top of the absorber. The photovoltaic
cells are laminated on the absorber. The glass cover tilted ar 30° is
Jfor weather protection. The absorber angle is the angle between the
absorber and the horizontal. Also shown is the transverse projected
angle of incidence.

The asymmetrical concentrator system is intended to be placed on a hori-
zontal surface. It is designed to collect all direct irradiance between trans-
verse angles of incidence of 20° and 65°. The system is thoroughly de-
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scribed in (Adsten, Helgesson, and Karlsson 2005). Two prototypes were
evaluated, one with aluminium reflectors and one with aluminium lami-
nated steel reflectors. The aluminium concentrator was constructed with
a variable absorber angle to make it possible to investigate the influence
of the absorber angle on the electrical and thermal output. The aluminium
trough had cells facing both the front and back reflector, and the steel
trough had cells facing the back reflector. Table 7.1 describes the differ-
ent properties of the two prototypes.

Table 7.1 Properties of the two prototypes. The absorber angle and the

description of the reflectors are shown in Figure 7.1.

Aluminium trough

Steel trough

Cells facing upper reflector
Cells facing lower reflector

Absorber angle

2
3
45

Anodized aluminium

12
0
20

Steel with aluminium

Trough material
coating

Length (m) 1 2

7.1  Reflector materials

MaReCo in its current design is equipped with reflectors made of anodized
aluminium but this has some disadvantages. When large troughs are made,
the aluminium construction tends to deviate from the profile given by
the supporting gables. These deviations which are seen mostly as dents in
the reflector create undesired reflections. This results in optical losses. It
is difficult to produce the aluminium concentrators without these
imperfections, and this creates an interest in investigating other materials
for the reflector construction. Another problem is the thermal expansion
of the aluminium reflectors. When the construction heats up during
operation, more dents appear in the reflector.

A newly developed aluminium-polymer-laminated steel reflector was
used in one of the troughs to investigate if this could solve the problems
of the aluminium reflector. The optical properties and durability of the
new material have been investigated by Brogren, (Brogren et. al. 2004).
The steel base of the reflector makes this material more rigid. The problems
due to dents and thermal movement of the reflector were therefore to be
solved by using this material. A visual inspection of the two prototypes
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shows a clear difference in the number of dents between the two troughs.
The optical properties of the steel based reflector are different from the
aluminium reflector, Figure 7.2 shows the reflectance of the aluminium
reflector and the steel based reflector as a function of the wavelength of
the incident light. The responsitivity of a PV cell as a function of
wavelength is also shown in the figure. The responsivity was calculated as
the ratio between the current from the illuminated diode and the incident
light power.
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Figure 7.2 Reflectance as a function of the incident wavelength for the two
materials. The responsivity of the silicon cell as a function of the
wavelength is also shown to illustrate the relevant wavelength
interval.

The reflectance of the steel based reflector is low below 350 nm due to a
plastic coating that absorbs light below this wavelength. This coating is
necessary as the thin aluminium film is vacuum coated on this plastic
film. It also protects the aluminium surface from oxidation. The total
reflectance of the aluminium reflector is higher at most wavelengths, and
this will influence the total amount of light collected by the concentrators.
An optical property that is not visible in Figure 7.2 is that the steel based
reflector diffuses the light slightly, whereas the aluminium has an almost
specular reflectance.

61



Optical Design and Characterization of Solar Concentrators for Photovoltaics

7.2 Current-Voltage characteristics

The current-voltage (IV) characteristics of the two prototypes were
measured according to Section 6.1. It is important to note that the steel
based prototype only had cells facing the back reflector, and a comparison
between the two materials can only be made for the back reflector.

Figure 7.3 shows the IV characteristics for the reflectors at 35° transverse
projected angle. The transverse projected angle of incidence is defined in
Figure 7.1. This angle of incidence was chosen to be in the optimum
range for the back reflector. The voltage was normalized to show voltage/
cell to enable a comparison between the two systems.

12
oE - - — - — - — - - -
8 T
T e e . LT
4 — —|——BakAl | ——— — — — —XR— — — — —
== Front Al
[ ——Back Steel| _ _ _ _ _ _ _ _ N_ _ _ _
0 1 1 1 1 1
0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7
U (Vlcell)
Figure 7.3 1V characteristics at 35° transverse projected angle of incidence.

As can be seen from the figure, the short circuit current of the cells facing
the back aluminium reflector is higher than that of the cells in the steel
based reflector trough. This is due to the lower total reflectance of the
steel based reflector. Due to the partly diffusing reflections of the steel-
based reflector, the cells were more uniformly illuminated which leads to
a higher fill factor for this prototype.

Figure 7.4 shows the IV characteristics at 57° transverse projected angle
of incidence. This angle of incidence is within the optimal range for the
front reflector.
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Figure 7.4 1V characteristics ar 57° transverse projected angle of incidence.

As expected, the cells facing the front reflector delivered a significantly
higher current than the cells facing the back reflectors in this measurement.
This is due to the angle of incidence which is beneficial for the front
reflector, and to the larger surface area of the front reflector compared
with the back reflector.

The maximum power was calculated using a parabolic fit to the IV-
curves and the results can be seen in Table 7.2.

Table 7.2

Maximum power calculated from Figure 7.3 and Figure 7.4

Angle of incidence

Back steel reflector

Back Al reflector

Front Al reflector

35°
57°

2.7 Wcell
2.0 W/cell

2.6 W/cell
1.9 W/cell

2.4 W/cell
3.8 W/cell

7.3 Short circuit current

The short circuit current was measured as a function of the transverse
angle of incidence according to Section 6.2. Figure 7.5 and Figure 7.6
show the measured short circuit current and fill factor for the cells facing
the back reflector.
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Figure 7.5 Measured short circuit current for the cells facing the back reflectors.
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Figure 7.6 Fill factor for the cells facing the back reflectors.
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The back reflector is designed to collect light in the winter, spring, and
fall and this is validated as the highest currents are measured at low angles
of incidence.

As expected, the short circuit current of the cells in the aluminium
trough is higher for most angles due to the higher total reflectance. The
fact that the short circuit current of the cells facing the steel reflector is
higher at large angles of incidence is due to the different absorber angles.
This angle affects the distribution of light on the cells and the average
number of reflections.

The fill factor is in general higher for the steel reflector system in the
range where the short circuit current is high. The strip of light on the
cells is slightly wider for the steel reflector trough due to the diffuse
reflectance and this increases the fill factor.

The internal losses in the cell are proportional to the square of the
current, R, and the output power of the cell is proportional to the
current, V7, where V’s dependence on the irradiance can be neglected. As
the current increases when the irradiation on the cell increases, the relative
losses increase more than the delivered power, and the fill factor decreases.
This is discussed in more detail in Section 4.3.

Figure 7.7 shows the short circuit current and fill factor of the cells
facing the front reflector in the aluminium trough.
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Figure 7.7 Short circuit current and fill factor of the cells facing the front

reflector.

65



Optical Design and Characterization of Solar Concentrators for Photovoltaics

As in the case of the back reflectors, the fill factor is higher when the
short circuit current is lower. The front reflector collects most of the light
at larger transverse angles. It is suitable for collecting the irradiation in
the summer.

7.4 lIrradiation distribution

As was discussed in the previous section, the output of the cells is affected
by the distribution of irradiation on the cells. Figure 7.8 shows the
irradiation distribution on the cells facing the back reflector at 33°
transverse angle of incidence.
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Figure 7.8 Irradiation on the cells facing the back reflector as a function of the
position from focus. The position is measured from the focal point
at the top of the absorber.

The peak irradiation is higher for the cells in the aluminium trough, 25
times the beam compared with 14 times the beam for the steel trough.
The width of the strip of light is approximately 10 mm for the aluminium
reflector and 20 mm for the steel reflector. The wider strip of the steel
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reflector is due to the more diffuse reflections of this reflector. All the
light reaches the cells for both troughs, which is shown by the fact that
the irradiance is zero at both ends of the absorber.

7.5 The influence of the absorber angle on
the electrical output

The distribution of light on the cells depends on the absorber angle. The
number of reflections at a specific angle of incidence changes as the
absorber angle changes. When the absorber is turned towards the
horizontal, the back reflector will have a lower average number of
reflections, but the front reflector will have more. Simulations show that
the annual output will be independent of the absorber angle if the absorber
is kept in the same position all year. However, if the absorber can be
placed at different angles during the year, turning the absorber towards
the back reflector would be favourable for winter, spring and fall, and
turning the absorber towards the front reflector would be favourable
during the summer.

7.6  Estimation of the electrical output

The measured short circuit current as a function of the transverse angle
of incidence was used to calculate the optical efficiency. It was calculated
according to Equation 6.2.

Figure 7.9 shows the calculated optical efficiencies.

67



Optical Design and Characterization of Solar Concentrators for Photovoltaics

1,0

09 - — — — — — — | —— Cells facing back steel reflector | |

og L - — — — _ _ | —— Cells facing back Al reflector |
’ = += Cells facing front Al reflector

>, 0,7 777777777777777777777
0,6

0,5
0,4
0,3

Optical efficienc

0,2
0,1

0,0

Transverse projected angle (°)

Figure 7.9 Optical efficiency as a function of the transverse angle of incidence.
The back reflectors have a high efficiency at low angles of incidence
and the front reflector has a high efficiency at high angles of incidence.

The optical efficiency was used as input to MINSUN (Chant and
Hékansson 1985) for estimating the annual output. MINSUN uses
climatic data for a specific site to calculate the annual output for a system
with known optical efficiency in the longitudinal and transverse directions.
The transmittance of the cover glazing as a function of the angle of
incidence was used to model the optical efficiency in the longitudinal
direction. A comparison was made with a standard PV panel that was
mounted on the aperture, at 30° tilt from the horizontal.
Table 7.3 shows the result of the simulations

Table 7.3 Annual electrical output as simulated by MINSUN.

Case Annual output per m? cell area Improvement
Cells facing back Al reflector 168 kWh 22.6%
Cells facing front Al reflector 205 kWh 49.1%
Cells facing back steel reflector 168 kWh 22.6%
Reference at 30° tilt 136 kWh 0%
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The simulations show that the annual output from the cells facing the
back reflectors is the same for both reflector types. An increase of
approximately 23% can be expected compared with the reference. The
cells facing the front reflector are expected to deliver 49% more electricity.
This shows that if cells are to be placed on one side of the absorber only,
they should be facing the front reflector in order to maximize the electrical
output.

7.7  Estimation of the thermal output

MINSUN was used to calculate the thermal output of the hybrid using
the optical efficiency and the thermal losses of the system. The estimated
annual thermal output was 145 kWh/(m? glassed area) for a water
temperature of 50°C. The low estimated output is probably due to the
prototype construction of the absorber, which is shown if Figure 7.10.

o —
e Wlke

Figure 7.10 Hybrid PVithermal absorber (Fieber 2005). The copper pipes inside
the absorber transport the heat collecting fluid.

The absorber is designed for in-situ assembly when the system is erected,
but the manufacturing precision is too low. The air gap between the
absorber and the pipes creates a large thermal resistance. The low heat
conduction to the copper pipes containing the heat collecting fluid
increases the absorber temperature, and the increased temperature results
in higher thermal losses. The manufacturing precision has to be higher in
future prototypes, or a less flexible absorber has to be used to increase the
thermal output and reduce the overheating of the photovoltaic cells.

7.8 Placement of the PV cells

MaReCo is designed to maximize the annual collection of irradiation.
The front reflector collects most of the irradiation during the summer
months, and the back reflector collects more during the rest of the year. If
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the cells are placed on one side of the absorber, and the other side is used
for heat collection only, the electricity generation will be asymmetric over
the year. This is an important aspect since the system is intended to be
integrated mostly into residential buildings where the use of electricity
for household appliances etc. is fairly constant over the year. If the absorber
has cells on both sides, it will increase the total annual output considerably,
which will be an important factor for the investor that might have limited
space for mounting the system.

If space is unlimited, and the most important parameter is to minimize
the cost of electricity production, it is probably best to remove the cells
from the back side of the absorber since the cells facing the front absorber
have the highest annual output. In this case, it would be better to mount
two systems with cells facing the front absorber instead of having one
system with cells on both sides. However, this will probably not be the
case for most applications and the best choice for most situations is to
have cells on both sides of the absorber to maximize the annual system
performance.
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8 Models for calculating the
output of electricity and
heat

The use of solar concentrators for increasing the output from solar
collectors and photovoltaic modules is often cost effective (Perers and
Karlsson 1993). However, before investment in a concentrating solar
energy system is made, it is appropriate to estimate the annual thermal or
electrical energy output. To be able to predict the output of a system at a
specific location requires knowledge of the yearly irradiation at the site
and knowledge of the angular dependence of the optical efficiency of the
concentrator. Measurement of the optical efficiency at all angles is time
consuming and expensive, and models are therefore used to estimate the
optical efficiency. These models are based on measurements at certain
specific angles, and the model is used to extrapolate these measurements
to the full spectrum of incidence angles.

8.1 Planar solar energy systems

The optical efficiency of planar solar collectors, glazings, or photovoltaic
modules is often estimated using Equation 8.1 (Souka and Safwat 1966)
(Duffie and Beckman 1980).

1
Mops(0;) =10, [1 - bo(cos 9 IJJ Equation 8.1

z

The optical efficiency is a product of the optical efficiency at normal
incidence, 1,,, and a factor that describes the reduced efficiency as the
angle of incidence ; increases. 4 is the incidence angle modifier
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coefficient and it is calculated by fitting measurement data to the model.
A commonly used value for glazings and flat plate solar thermal collectors
is 0.1-0.2. It is slightly lower for photovoltaic panels.

Figure 8.1 shows a typical optical efficiency curve for a planar system
calculated by Equation 8.1.
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Figure 8.1 Transmittance of a glass sheet modelled according to Equation 8.1
(1,=0.85, by=0.2).

The model can be widely used to model the system at low and medium
angles of incidence. However, at large angles of incidence, the modelled
values decrease faster than the physical quantity. This is clear in the figure;
the transmittance of a glass sheet is not 0 at 80° angle of incidence.

8.2 Biaxial models

Non symmetric systems have to be modelled by a biaxial model that
accounts for the difference in optical efficiency at different planes of
incidence. A commonly used model is shown in Equation 8.2.

K(6;,6;)=K,;(0;,00K;(0,6,) Equation 8.2

where 0 is the longitudinal angle and 07is the transverse projected angle
of incidence. The angles are defined in Figure 8.2 (Mclntire 1982).
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From top

0T

From side

Figure 8.2 Definition of the longitudinal angle 01 and the transverse projected
angle 0.

This model estimates the optical efficiency K by measurements of the
optical efficiency in the perpendicular longitudinal and transverse
directions.

Measuring at 87 =0 can be a problem for many asymmetrical
concentrator systems that do not accept light at this angle of incidence;
the minimum angle of acceptance is often 15-20°.

Another problem, that is more serious, is that this model tends to
overestimate the influence of the cover glazing. As the model is a product
of two measurements, the influence of the glazing is accounted for twice.
The largest error occurs when both the longitudinal and the transverse
angles are large.

To solve this problem, we introduce a new model that separates the
influence of the glazing and the influence of the concentrator. As was
discussed in previous chapters, the optical efficiency of translationally
symmetric two dimensional concentrators is determined by the rays in
the meridian plane. The angle of incidence in this plane is 67 and the
optical efficiency of a reflector trough will be modelled as a function of
this angle. Figure 8.3 shows the measured optical efficiency as a function
of the transverse projected angle of incidence for the system shown in
Figure 8.2. The optical efficiency was calculated by dividing the measured
short-circuit current of the concentrator module by the short-circuit
current of a vertical reference module.
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Figure 8.3 The optical efficiency measured as a function of the transverse
projected angle of incidence.

At equinox, the transverse projected angle of incidence is constant all day
for a system facing south. A concentrator for wall integration, shown in
Figure 3.12, was placed facing south. The results of measurements during
two days around equinox are presented in Figure 8.4. The figure shows
that the optical efficiency is independent on the longitudinal angle.
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Figure 8.4 Optical efficiency during two days around equinox. The optical
efficiency is constant ar changing longitudinal angles.
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The transmittance of a glazing depends on the true angle of incidence on
the glazed surface. Equation 8.3 defines the proposed model, where Ry
models the concentrator and f; models the glazing.

Nope =Ry (07 )f1(6;) Equation 8.3

As the transmittance for glass as a function of the angle of incidence is
known in most cases, measurements on the concentrator as a function of
the transverse angle at zero longitudinal angle is what is required to fully
model the system. The model assumes that the glazing can be removed
from the system before the measurements are performed. If for some
reason this is not possible, R7 can be obtained according to Equation

8.4.

K(0,6;)
Rp = m Equation 8.4
K(0,07) in Equation 8.4 describes a measurement of the optical efficiency
in the meridian plane of the concentrator when glazing is used. This
method can for example be useful when using outdoor measurement
data where the glazing had to be kept on for climate protection.

The angular dependence of the absorption of the PV cell in the
concentrator is not accounted for in the proposed model. Figure 8.5 shows
the absorption as a function of the incidence angle for a CIGS thin film
cell and for a monocrystalline silicon cell (Brogren, Nostell, Karlsson

2000).
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Figure 8.5 Absorption of a CIGS thin film cell and a monocrystalline silicon
cell

The absorption of both PV cell types is almost constant up to 70°, the
absorption is only influenced at large longitudinal angles. Unless the system
is mounted facing east or west with a maximum irradiation incident at
large longitudinal angles, it will not influence the optical efficiency of the
system.

Measurements of the short circuit current of a concentrating module
for wall integration and a reference module mounted on a vertical surface
beside the concentrator were performed for two summer months in
Alvkarleby, Sweden (60.5°N, 17.4°E). The model defined by Equation
8.3 was used to estimate the short circuit current of the concentrating
module using the current of the reference module. Figure 8.6 shows a
comparison between the estimated current and the measured current.
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Figure 8.6 Model prediction versus measured current for a parabolic
concentrator for wall integration.

As can be seen from the figure, the model predicts the short circuit current
of the module in the concentrator well for the two summer months.

8.3  Annual direct irradiation

The extraterrestrial irradiation in the north-south vertical plane is
symmetric over the year with one peak at the summer solstice and one
peak at the winter solstice. These peaks occur at different angles depending
on the latitude, the winter peak at 90°-latitude-23.45°, and the summer
peak at 90°-latitude+23.45°. At high latitudes such as Sweden, the winter
peak is close to the horizon, 6° in Alvkarleby and 11° in Lund. Since the
light has to pass trough more atmosphere close to the horizon, the
irradiation that arrives in the winter is limited and the peak is suppressed.
It is suppressed even further by the large cloud cover during the winter
months, which makes the peak almost disappear. Figure 8.7 shows a
diagram of the irradiation incident on a surface tracking the sun in the
north-south vertical plane in Lund, Sweden (55.72°N, 13.22°E). It is
divided into angular intervals of 2°.
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Figure 8.7 Annual direct irradiation on a solar tracking surface. The transverse
projected angle is 0 at the horizon in Lund (55.72°N, 13.22°E).

The highly asymmetrical irradiation during the year makes stationary
asymmetrical concentrators an interesting option since most of the
irradiation is concentrated into a small angular interval. If for example a
system collects all irradiation between 40° and 65° it will collect 55% of
the annual direct irradiation incident on the surface. If the yearly
irradiation has two peaks, as is the case for more southern latitudes, it is
not possible to use stationary collectors with a reasonable concentration
ratio.
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9  Structured reflectors

One of the problems facing concentrator systems for photovoltaic
applications is that the performance is lower than expected. In an ideal
system, a concentration ratio of 3 should treble the electric energy from
the modules. However, the performance increase for the current prototype
systems is typically 50%-75% of the geometrical concentration ratio.
One obvious way to increase the electrical output per cell area is to increase
the concentration ratio. If the concentration ratio were increased from 3
to 6, we could at least expect a doubling of the electrical output. However,
this would be at the expense of a changed acceptance interval, since the
maximum concentration ratio of a stationary, asymmetric concentrator
is 2/(sin@; - sin6,) where 6; and 6, are the acceptance angles of the
concentrator. If the system is to be used in a stationary mode it is not easy
to change the acceptance interval since the angular distribution of the
irradiation is determined by the latitude and the climate of the site. This
sets a limit for the concentration ratio. Figure 9.1 shows a translationally
symmetric concentrator, MaReCo, that was used to evaluate structured
reflectors. The figure also shows the local coordinate system that will be
used throughout this chapter.
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Figure 9.1 Sketch of a translationally symmetric concentrator, MaReCo. The
local coordinate system is shown in the figure.

A symmetric three dimensional concentrator has a theoretical maximum
concentration ratio of 1/sin%(6,,,,) as it was derived in Section 2.1.The
difference between the two- and the three dimensional systems is due to
the conservation of the skewness of the two dimensional concentrator
(Bortz, Shatz, and Ries 1997). The skewness, which is further discussed
in Section 2.2 is the directional component, k},, of the incident light that
is parallel to the axis of symmetry, the y-axis of Figure 9.1.

The light at the exit aperture of an ideal three-dimensional concentrator
fills up the phase-space completely. To break the translational symmetry
of a two dimensional concentrator such as the MaReCo could be a way
to increase the concentration ratio as this would change the skewness of
the rays and possibly increase the phase-space volume at the exit aperture.
This can be seen from Equation 2.4 and Equation 2.5 where the increased
concentration ratio is due to the non-zero d/e}, component, i.e.
concentration of the component of the incident light perpendicular to
the meridian plane.

The skewness of the rays can in the case of trough concentrators be
changed by introducing a structured reflector where the structures are
oriented perpendicular to the y-axis of Figure 9.1.

Apart from increasing the concentration ratio, a structured reflector
might solve the problem that creates the largest electrical losses in the
system, the highly non uniform irradiation of the cells. The high local
intensity in parts of the cell creates high local currents and temperatures
and this creates high resistive losses. Standard cells have a relatively high
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series resistance, and if standard cells are used in concentrator systems,
the high local currents will cause large resistive losses that can be observed
as a reduced fill factor. The characteristics of the cells are discussed in
more detail in Section 4.3. The structure widens the narrow strip of light
on the cells and this might prove to be an important improvement to the
trough design.

9.1 Proposed structures

Figure 9.2 shows three structures that were investigated for increasing
the performance of the MaReCo. The structures are small in comparison
with the dimensions of the trough, typically in the range of centimetres
for a trough of 5m.

Figure 9.2 Evaluated structures. Structure (a) is V-shaped with an opening
angle of 120°, structure (b) is V-shaped with an opening angle of
60°, and structure (c) is sinusoidal shaped. (d) shows a sketch of a
trough fitted with V-shaped reflectors.

The sun is a light source with almost parallel light, the angular spread is
roughly 0.28°. Using the local coordinate system of Figure 9.1, the incident
light can be divided into three directional componets, &,, k},, and &, A
translationally symmetric concentrator does not affect the skewness, 4
in the reflections. This means that the angular spread at the absorber is
limited to the x-direction. But maximum concentration ratio is achieved
when the exit rays fill up the phase space at the exit aperture completely,
i.e. the rays exit in a hemisphere, where all directions are equally probable,
instead of in a plane. This would be achieved if the £, components of the
light could be mixed in the reflections as is the case for the £,-components.
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Structures (a) and (b) of Figure 9.2 will selectively mix the direction cosines
in a controlled pattern due to the planar facets of the microstructure
(Leutz and Ries 2003). The sinusoidal structure (c) will mix the direction
cosines more randomly.

Structure (a) and structure (b) are described in Figure 9.3. Figure 9.3a
shows the directional components, 4, and %,, of the incident light projected
onto a half circle.

Kx

30°

1
1
1
1
1

Figure 9.3 Selective mixing of reflected rays in the two-dimensional phase space.
The étendue limited by the angular interval -30<0<=30 is equal
to the étendue comprising the rest of the possible angles. The V-
shaped structures reflect all rays of one angular interval into the
other, and vice versa, thereby mixing the direction cosines.

The étendue limited by the angular interval -30<6<30 is equal to the
étendue comprising the rest of the possible angles. The V-shaped structures
reflect all rays of one angular interval into the other, and vice versa, thereby
mixing the direction cosines. Figures 9.3b and 9.3¢ show how the V-
shaped microstructures mix the 4, and k, components. Both structures
mix the incident parallel light, but the structure in Figure 9.3c will reflect
the rays twice while the structure of Figure 9.3b only reflects the incident
rays once. This will lead to increased reflection losses for the structure of
9.3c. It is always desirable to increase £, in the reflections, but it is only
when the light source is in the meridian that decreasing &, is beneficial.

The optical properties of the structured concentrators were evaluated
using Monte Carlo ray tracing performed in ZEMAX, a commercial ray
tracing package (ZEMAX 2005).
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9.2 Changed illumination of the absorber

The main explanation for the relatively low gains from using asymmetric
parabolic concentrators for photovoltaic applications is the highly non
uniform irradiation distribution on the cells and this was one of the reasons
for evaluating the structured reflectors. Figure 9.4 and Figure 9.5 show
the resulting irradiation distribution of the cells facing the front and back
reflector for the three structures and for a smooth reference trough. The
simulation was performed for an azimuth angle of 15° and a solar altitude

of 40°.

@) Reference b) 120° V -shape

20 20
2 15 2 15
1] 1]
= =
2 2
£ £
o 10 o 10
= =
k< k<
& s & s

0 0

0 50 100 150 0 50 100 150
Distance from focus (mm) Distance from focus (mm)
(©) 60°V shape @) S husodilshape

20 20
2 15 2 15
[2] [2)
f = f =
2 2
£ £
o 10 o 10
= =
© ©
g s g s

0 0

0 50 100 150 0 50 100 150
Distance from focus (mm) Distance from focus (mm)

Figure 9.4 Irradiation distribution on the cells facing the back reflector. The y-
axis shows the intensity relative to the sun beam for an azimuth

angle of 15° and a solar altitude of 40°.
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Figure 9.5 Irradiation distribution on the cells facing the front reflector. The
y-axis shows the intensity relative to the sun beam for an azimuth

angle of 15° and a solar altitude of 40°.

As can be seen from the figures, all structures considerably reduce the
peak intensity on the cells and this will result in a higher fill factor, i.e.
the resistive losses in the cells will be reduced. The effects of non-uniform
illumination of the cells are described in more detail in Section 4.3. The
sine structure clearly creates the greatest reduction in peak intensity, it
never exceeds the beam intensity by more than a factor of five, and almost
half the cell is illuminated. This makes the structure very interesting in
combination with standard silicon cells, since they are sensitive to high
irradiation spots due to their relatively high series resistance.

For the V-shaped structures, the reduction in intensity is slightly larger
for the 60° structure, but this is due to the higher optical losses due to a
higher number of multiple reflections.

Previous measurements on a slightly diffusing reflector described in
Chapter 7 showed that a slight reduction in peak intensity can improve
the output of the cells considerably. However, the problem with that
reflector is that the total reflectance of the reflector is low.
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If microstructured reflectors are used, the wider strip of light can be
achieved without large reflection losses since a reflector with very high
reflectance can be used.

9.3 Optical efficiency and annual output

The structured reflectors will introduce a higher average number of
reflections at a given angle of incidence. Simulations were performed for
a large interval of angles in the azimuth and solar altitude directions to
study the optical efficiency of the three proposed troughs. A simulation
of a smooth reference was performed as a reference for comparison with
the current design of the stand-alone MaReCo.

Figure 9.6 shows the optical efficiency as a function of the solar altitude
when the source was in the meridian plane, the xz plane of Figure 9.1.
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Figure 9.6 Optical efficiency in the meridian plane. The sun is normal to the
trough aperture at 60° solar altitude. The reflectance ar normal
incidence was 0.92 in the simulations.

In the interval 25° to 60°, the reference has a higher optical efficiency
than any of the structured reflector troughs. This is due to the higher
number of reflections for the structured reflectors. However, the difference
between the 120° structure and the reference is small within the interval
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of acceptance. Outside the interval of acceptance (20° to 65°) all struc-
tured reflectors perform better than the reference. This means that the
interval of acceptance increases when structured reflectors are used as it is
possible for light outside the interval of 20° to 65° to reach the absorber.
The sinusoidal structure has the lowest optical efficiency inside the inter-
val, but also the smallest decrease outside the interval.

Simulations for other angles of incidence show that the optical
efficiency of the sinusoidal structured reflector and the 60° V-shaped
structure has a local minimum in the meridian plane, the efficiency
increases as the azimuth angle increases. This is shown in Figure 9.7 where
the azimuth angle was varied while the solar altitude was constant at 40°.
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Figure 9.7 Optical efficiency as a function of the azimuth angle at a constant
solar altitude of 40°

Using climate data for Lund, Sweden (55.75°N -13.22°E), the optical
efficiency at different angles of incidence was weighted by the incident
irradiation in each angular interval to get an evaluation of the different
reflectors during a year of operation. Both direct and diffuse irradiation
was included in the calculations.

This does not give any absolute figures of the annual output, and
more importantly is does not take into account the higher efficiency of
the cells due to the more uniform illumination, but it makes it possible
to compare the different structures over the year.
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Table 9.1 shows the annual irradiation of the cells for the different
cases compared with the reference.

Table 9.1 Relative annual irradiation incident on the cells

Reference | 120° V-shaped 60° V-shaped Sinusoidal

structure structure structure

Relative annual 1.0 0.93 0.89 0.92

irradiation

As expected considering that the MaReCo was optimized for this climate,
the smooth reflector receives the highest annual irradiation. The 120° V-
shaped structure and the sinusoidal structure show a mere 7-8% decrease.
This indicates that small improvements in other areas such as uniformity
of the light will improve the trough system using structured reflectors.

9.4 Increased concentration ratio

The increased concentration ratio given by the structured reflector can
be exploited in two ways, either by reducing the cell area of the given
system to get a lower system price, or by changing the shape of the trough
to make use of the wider interval of acceptance which was seen in Figure
9.6. The interval of acceptance is directly connected to the size of the
aperture. If the interval is smaller, the aperture is larger and vice versa. An
interesting development would be to increase the trough aperture, creating
a smaller angular acceptance interval for a smooth reflector system, but
to use a structured reflector. As could be seen from Figure 9.6, the interval
widens when a structured reflector is used. This will make it possible to
accept almost all the light in the interval 20°-65° while increasing the
concentration ratio. The use of the sinusoidal structure would create the
same possibilities, but as the rays are more randomly reflected it would
need a more thorough study of the geometry to use it optimally.

Itis evident from Fig. 9.6 that the interval of acceptance in the current
simulations was approximately 10° larger for the 120° V-shaped structure.
In principle, it should be possible to decrease the present angular interval
from 20°-65° to 25°-60° using the structured reflector. This would increase
the concentration ratio by 27%.
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9.5 Choice of structure

Of the three proposed structures, the 60° V-shaped structure receives the
lowest annual irradiation. The 120° V-shaped structure has the highest
optical efficiency when the sun is in the meridian plane, but the annual
irradiation on the cells is roughly the same as for the sinusoidal structure.
This is due to two characteristics of the sinusoidal structure, the higher
optical efficiency at large azimuth angles, and the larger interval of
acceptance. All three structures create a more uniform irradiation
distribution on the cells which could be seen in Figure 9.4 and Figure
9.5. The sinusoidal structure has the largest homogenizing effect, while
the two V-shaped structures show a more moderate reduction in peak
intensity.

If the electricity production during a few hours of the day has the
highest priority, the choice would be the 120° V-shaped reflector structure
as this has approximately the same optical efficiency as the reference in
the meridian plane, while still reducing the peak intensity on the cells.
However, if the annual electricity production is important, the sinusoidal
structure should be chosen. The yearly irradiation on the cells is
approximately the same as for the V-shaped structure, and the irradiation
is considerably more uniform over the cells.

The best choice for a system that is to produce electricity all the year is
to use sinusoidal structured reflectors, and to change the size of the aperture
to increase the concentration ratio. For a smooth reflector this would
reduce the interval of acceptance, but as Figure 9.6 shows, the interval of
acceptance widens when the sine structure is used, and this would
compensate for the increased aperture size.
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10 Contributions to
co-authored articles

Article IV

Optical properties, durability, and system aspects of a new
aluminium-polymer-laminated steel reflector for solar
concentrators

Measurements on concentrators with different reflector materials were
performed by the author.

Article V

Design, Building Integration and Performance of a Hybrid
Solar Wall Element

The photovoltaic section of the article was written by the author. This
consisted of measurements of the optical efficiency, simulation of the

annual electricity output, and an analysis of the system in a photovoltaic
perspective.

Article VI
PV performance of a multifunctional PV/T hybrid solar
window

The photovoltaic section of the article was written by the author. This
consisted of measurements of the optical efficiency, simulation of the
annual electricity output, and a general analysis of the system.
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Article VII

A new model and method for determination of the
incidence angle dependence of the optical efficiency of
solar concentrators

A ray tracing study of the optical efficiency of the three concentrators
was performed by the author. The author took part in co-authoring large
parts of the article which focus mainly on the optical characteristics and
the biaxial model of the systems.

Article VIII
A new model and method for determination of the
incidence angle dependent g-value of windows and
sunshades

The author simulated the sunshades in a ray tracing study. The analysis
of the model and its application on sunshades was largely performed in
cooperation with the author.

Building Integration of Solar Energy (Fieber 2005)

A TRNSYS model of the solar window was developed by the author.
This model calculates the annual output of hot water, electricity and
passive gains in the building. The model made it possible to simulate
different user strategies and their implications on the annual performance
of the solar window. A ray tracing study of the optical performance of the
solar window at different angles of incidence was also performed by the
author.
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Summary

There is clearly a need for renewable electricity, and the main obstacle for
photovoltaic solar energy production is the high price of the generated
electricity. This problem is addressed in the thesis by looking at low con-
centrating hybrids for generation of heat and electricity.

The first part of the thesis explained the basic principles of non-imaging
optics and light concentrators. The most common concentrators were
described and discussed.

Measurements were performed on two stand-alone MaReCo concen-
trators. MaReCo is an asymmetrically truncated wedge CPC intended
for building integration on flat roofs. The aluminium absorber in the
concentrator has monocrystaline silicon cells laminated on the surface.
Two different reflector materials were used, one concentrator had reflec-
tors of anodized aluminium and one had aluminium-polymer-laminated
steel reflectors. The steel based reflector has a lower total reflectance and
is slightly diffusing. The current-voltage characteristics and the irradia-
tion distribution on the cells at different angles of incidence were meas-
ured. It was found that the short-circuit current was slightly higher for
the concentrator with aluminium reflectors due to the higher total re-
flectance. However, the fill factor was higher for the steel based system.
Measurements of the irradiation distribution on the cells in the two con-
centrators were performed for two angles of incidence. The conclusion
was that the concentrated strip of light was wider and the peak intensity
was lower for the steel based concentrator. This explains the increased fill
factor.

Using an estimated optical efficiency for the systems at different an-
gles of incidence, yearly simulations of the output of electricity and heat
were performed. No difference in annual output between the systems
was found and it was concluded that the steel based reflector is preferred
due to its rigidness and its slightly diffusing properties. A study was made
to determine the optimum absorber angle, and it was found that the
absorber angle does not influence the total annual output unless it can be
changed during the year. One of the concentrators had cells on both
sides of the absorber and it was found that the side facing the front reflec-
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tor generated more electricity and heat. If mounting space in unlimited,
and the lowest possible cost per kWh is the most important parameter,
the economically optimized system has cells facing the front reflector
only. However, this will limit the production mainly to the summer, since
the front reflector has a near horizontal aperture. If the total annual en-
ergy production is more important, or if mounting space is limited, it is
recommended to have cells on both sides of the absorber. The system will
then yield energy during the whole year, something that is of importance
if it is integrated into residential buildings.

A new biaxial model of the optical efficiency of concentrators was
developed to enable more accurate estimates of the performance of fu-
ture prototype systems. The commonly used biaxial model is based on
measurements of the optical efficiency in the longitudinal and transverse
direction, keeping the other angle at 0° during the measurement. This is
difficult to carry out for concentrators where normal incidence is outside
the acceptance interval. Another problem with the model is that is tends
to overestimate the influence of the cover glazing as it is accounted for
twice. The presented model solves these problems by modelling the re-
flector as a function of the transverse angle of incidence, and the glazing
as a function of the true angle of incidence. As the transmittance of the
glazing as a function of the angle of incidence is easily calculated, all that
is required for the new model is measurements in the transverse plane of
the concentrator. The new model was evaluated during two summer
months when the current from a module in a concentrator and the cur-
rent from a reference in the plane of the concentrator aperture were meas-
ured. It was found that the model was successful in modelling the current
from the concentrator module using the measured reference current.

The measurements of the current-voltage characteristics of the MaReCo
showed that the largest decrease in efficiency was due to the high local
intensities on small parts of the cells. The short-circuit current was high
when the system was collecting optimally, but it resulted in a low fill
factor. The diffusing steel reflector obtained higher fill factor values due
to the slightly wider strip of light on the cells. Structured reflectors were
evaluated as a possible solution to this problem. The structured reflectors
offer two benefits, a more uniform illumination on the cells, and an in-
creased concentration ratio. Two V-shaped structures and one sinusoidal
structure were evaluated in a stand-alone MaReCo using Monte Carlo
ray tracing. The results of the simulations were compared with simula-
tion on a smooth reference. Within the interval of acceptance, 20° to
65°, it was found that the smooth reflector system had the highest optical
efficiency in the transverse plane. The efficiency was higher for the struc-
tured reflectors outside the interval of acceptance which shows that the
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Summary

structures widen the interval of acceptance for a given geometry. A study
of the irradiation distribution on the absorber was performed to evaluate
the homogenizing effects of the structured reflectors. All three structured
reflectors were found to decrease the peak intensity and widen the strip
of light on the cells. The highest peak reduction and widening was found
for the sinusoidal reflector where the irradiation never exceeded 5 times
the solar beam in the simulations. It was found that the optimum use of
structured reflectors is when the geometry of the concentrator is designed
with the structure in mind. This means that the interval of acceptance of
a smooth concentrator should be decreased when if is fitted with struc-
tured reflectors to make use of the wider interval of acceptance given by
the structure. A decreased interval of acceptance translates to a greater
concentration ratio, and the system will thus collect more light onto the
cells. The homogenizing effect of the structured reflectors will lead to a
higher utilization of the collected light as the fill factor of the cells will
increase when the peak intensity is decreased. These results show that
structured reflectors constitutes an interesting topic of further research as
their application will increase the efficiency of current two dimensional
concentrators by yielding a higher concentration ratio and by increasing

the fill factor of the cells.
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Appendix A

Basic function of the electronic load

The electronic load is schematically shown in Figure A.1. A more de-
tailed description is shown in Figure A.2.

An Operational amplifier compares the actual voltage over the elec-
tronic load connected to the solar cell with a control voltage from the
logger. If the voltage over the electronic load is higher than desired, the
output voltage from the op-amplifier is increased, and this increases the
current through the power transistor (T'1). This causes the voltage over
the load to be reduced as the current from the cells increases and the
measuring point on the IV-curve is moved towards lower voltage.

To loggerg
100 Amp / Volt

9R

To logger
<— To loggerg

Voltage, _p  solar
Wl [l =

—— lggger earth

<
To logger

Figure A.1 Principle drawing of the electronic load for measuring IV-
characteristics.
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Voltage ranges

The logger produces excitation voltages up to 2.5 V. To make it possible
for the electronic load to measure at higher voltage ranges, a potentiometer
acting like a voltage divider is connected to the solar cells. This is the
potentiometer P1 shown in the figure.

To be able to measure on solar cell arrays with less than 2.5 V maximum
voltage, another potentiometer is added in the control circuit (P2). The
two potentiometers are mechanically connected in opposition as the figures
show. When the left potentiometer is moved up in the figure to compensate
for a higher open circuit voltage, the right potentiometer will use a larger
part of the 2.5V control signal to further compensate for the higher voltage.

Measurement of current

A four terminal shunt resistance, R1, of 0.01 Q is used for the current
measurements. With a 4 wire arrangement, the voltage drop of the
connection of two wires conducting the current is not affecting the voltage
measured by the other two wires. The tolerance of the resistor is +1%.
The maximum power is 2 W according to the specifications, which allows
for 14 A continuous current through R1.

Low resistance

To reduce the resistance for the short circuit measuring, a relay, RL1, is
used for this point. When the relay closes the circuit, most of the current
goes through the switch. To furthermore minimise the internal resistance,
attention has been paid to reducing the wire length between the
connections, relay, and shunt resistance. The (@ 4 mm) connectors on
the front panel are also doubled if two wires in parallel are used to reduce
the resistance.

Sense input

In order to exclude resistance of the connecting wires that carries the
current in the I-V-measurements, the voltage is measured with separate
wires connected to the sense input on the front panel of the electronic
load. In case voltage sensing wires are not used, two 3 €2 resistances connect
the sense input to the voltage of the connectors on the front panel. If the
voltage sensing wires are connected to an active panel before connecting
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the wire for current measurements, a large current will pass through the 3
Q resistance causing overheating. By choosing resistors with a high posi-
tive temperature coefficient this potential overheating is prevented.

1:10 voltage reduction

The resistors in the voltage divider are constructed from an integrated
(thick film) resistor network with fifteen resistors of the same value. Nine
resistors are connected in parallel together with one single resistor in series.
In this way a 1:10 voltage divider is realized. The advantages of doing the
voltage divider in this way is that it is simple to make and that all resistors
are expected to have the same temperature coefficient. It has also proved
to be accurate. Finally the voltage divider can be tested with a voltage
source and a voltage meter. If the precision demands are not met, the
resistor network can be easily discarded and replaced.

Preventing oscillations

An electronic load should be able to produce a very low and stable
resistance. This is especially important for solar panels with few cells and
high irradiation. This requires a large amplification of the control voltage
to current and if a high amplification is used there could be a tendency of
oscillation. The power transistor is prevented from amplifying and
radiating high frequencies by using a ferrite bead connected close to the
drain terminal and also by a capacitor between drain and gate for negative
feedback.

A 10 nF/3 kQ network is connected to the output of the operational
amplifier to help compensating for the phase shift caused by the internal
capacitance of the power transistor.
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Figure A.2 Detailed drawing of the electronic load.
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ELECTRICAL AND THERMAL CHARACTERIZATION OF A PV-CPC
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Abstract — Long term evaluation of an asymmetric CPC PV-thermal hybrid built for
high latitudes, MaReCo (MaximumReflectorCollector), is performed in Lund, lat 55.7°,
and this paper discusses output estimates and characteristics of the system. The output
estimates are calculated using the MINSUN simulation program. To get the input for
MINSUN, measurements were performed on two MaReCo prototypes. These
measurements show that the front reflector collects most of the irradiation in the
summer, and the back reflector in the spring and fall. Two different reflector materials
were used, anodized aluminium and aluminium laminated steel. The steel based
reflector was selected for its rigidness. The output estimates show no difference in
yearly output between the two reflector materials, both back reflectors deliver 168
KkWh/(m? cell area) of electricity compared to 136 kWh/m? cell area for cells without
reflectors. The cells facing the front reflector deliver 205 kWh/(m® cell area) of
electricity. The estimated output of thermal energy was 145 kWh/(m® glazed area) at
50°C. The estimates show that the optimal placement of the photovoltaic cells is facing

the front reflector, but having cells on both sides is in most cases the best option.

1. INTRODUCTION

In view of the high costs of photovoltaic
modules, it is necessary to find ways to reduce
the cost of a PV system considerably to
generate more extensive use. One approach is to
use concentrating reflectors to increase the
irradiation on the photovoltaic cells. This
approach is promising due to the low cost of the
reflectors, which is significantly lower than the
cost of the cells and this has been shown to
reduce the energy cost (Perers and Karlsson
1993). The electricity generation is impeded by
high temperatures, and cooling the cells actively
with water is one efficient way to increase the
yield (Ronnelid et. al. 1999). Another benefit
from cooling the cells with water is the
possibility to use the hot water for heating
provided that the produced heat fulfils a
demand and replaces heat from other sources.
By rising the temperature of the cooling water it
can be utilized for heating, however at the
expense of lower electrical yield.

In Sweden, and other high latitude countries,
the solar radiation over the year is asymmetric
because of the high cloud coverage during the
winter months and thus concentrated to a small
angular interval of high irradiation. This makes
the use of stationary reflectors or concentrators
attractive.

An asymmetric compound parabolic reflector
system with two truncated parabolic reflectors,
MaReCo (MaximunReflectorCollector) has
been built considering the conditions of high
latitude (Adsten, Helgesson, Karlsson 2005),
and the aim of our current project is to evaluate
this system for a PV/T hybrid. The system is
described in Figure 1.
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A 9. transverss projected angle ofincidence
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Figure 1 The MaReCo PV-thermal hybrid. Both
parabolic reflectors have the same focal point, at
the top of the absorber. The photovoltaic cells
are laminated on the absorber. The glass cover
tilted in 30° is for weather protection. The
absorber angle is the angle between the absorber
and the horizontal. Also shown is the transverse
projected angle of incidence.

The glazed aperture is tilted in 30° from the
horizontal. The photovoltaic cells used are
standard monocrystaline silicon cells for non
concentration applications for keeping the cost
of the system low. The aperture of the front
reflector is tilted 2° from the horizontal and has
a geometrical concentration ratio (aperture
area/cell area) of 3.5. The aperture of the back
reflector is tilted 8° from the vertical and the
geometrical concentration ratio is 2.5.

Front reflector

2. SOLAR CLIMATE

For a two dimensional system such as a
concentrator with an east-west axis, the
direction of the direct irradiance vector on a
surface can be represented by two orthogonal
components. If the surface is facing south, it
can be divided into one component parallel with
the east-west axis, and one that is normal to it.
The parallel component will not contribute to
the irradiation of the surface and can be
ignored. The other component will fall on the
surface in an angle determined by the transverse
projected angle of incidence, i.e. the angle of
the component in the meridian plane. The
transverse projected angle of incidence is
shown in Figure 1. By making a diagram of the
amount of irradiance falling in each angle
interval of the transverse projected angle, it is
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possible to design reflectors with an adjusted
acceptance interval.

The system was evaluated in Lund, Sweden.
Figure 2 shows the angular distribution of
irradiation during a year in Lund for a plane
tilted in 30°.

Irradiation (kWhim2)

il

“““ e

I R R I I G ORI RO S

Transverse projected angle (°)

Figure 2 Yearly irradiation per angle interval in
Lund at latitude 55.7°. The irradiation was
measured at a surface tilted 30° from the
horizontal, which is the tilt of the glass cover.

As can be seen in the figure, most of the
irradiance is in the interval between 20° and 65°
and the design of the MaReCo, which has an
angle of acceptance in this interval, is well
suited for these conditions. The angle of
acceptance is defined as the angle interval
where the system collects all of the irradiation.
Outside this interval, a fraction of the incident
light is collected if the concentrator is truncated.
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3. THE EVALUATED SYSTEM

Two different MaReCo prototypes were
characterized, MaReCol and MaReCo2. Table
1 shows data for the systems. The third
prototype, MaReCo3 was used for long term
outdoor measurements.

reflector is its mechanical properties, i.e. its
rigidness. A stainless steel parabolic reflector
can be made with less mechanical support than
an aluminium reflector. The disadvantage with
the laminated steel reflector is its relatively low
specular reflectance. Figure 3 shows a
comparison between the reflectance of anodized
aluminium and aluminium laminated steel.

Responsivity (AW)

MaReCol | MaReCo2 | MaReCo3
Cells facing ,
back reflector 2 12 0 /W*WW"W "
Cells facing '
front reflector 3 0 20
Absorber 45 20 65 -
angle b
Trough Anodized Steel( "Y“" Anodized 3
; o aluminium - H
material aluminium . aluminium &
coating ‘ anodized o0
Length (m) 1 2 35 —— Reflectance of aluminium | |5,

Table 1 Evaluated prototypes. The absorber
angle and the placement of the reflectors are
defined in Figure 1.

The cells were laminated onto an aluminium
profile that was eloxidized to a dark colour to
improve its heat absorbing properties. One of
the variants had cells on one side of the
absorber only, and the other side was just
absorbing heat.

MaReCol and MaReCo2 were not of full
length, the full size¢ MaReCos have a length of
3-5 meter. One effect that will be more
pronounced in the small scale evaluations
compared to the full size systems is the shading
of the outermost cells by the trough gables. In
the mornings and evenings, the part of the
absorber closest to the gables will be shaded. In
the full size system, the photovoltaic cells will
be placed a longer distance from the gables to
prevent shading of the cells. This is not possible
in the short prototype systems. The effects of
the shading have therefore to be corrected for
when the performance of long collectors is
simulated.

4. REFLECTOR MATERIALS

Two of the troughs had reflectors made of
anodized aluminium, and one had reflectors of
aluminium laminated steel (Brogren et. al.
2004). The advantage of the steel based

laminated steel
- - - Responsivity of a photovoltaic | | o ;
cel

300 s0 700 90 1100 1300 1500 1700 1900
Wavelength (nm)

Figure 3 Reflectance as a function of wavelength
for the two reflector materials. The responsitivity
curve shows an example of the wavelength
interval where the silicon cell is working.

The steel based reflector has very low
reflectance below 400 nm since its plastic
coating absorbs light below 400 nm. The
reflectance of the steel based reflector is slightly
lower in the wavelength interval where the solar
cells operate.

By visual inspection, there was a considerably
larger number of imperfections in the
aluminium reflector troughs, which shows the
difference in rigidness between the steel
reflector and the aluminium reflector.

An interesting aspect of the steel based
reflector is its slightly higher scattering of the
light. It has been shown previously that more
evenly distributed light over the cells increases
the efficiency of the cell (Benitez and
Mohedano 1999).

5. MEASUREMENTS
5.1 General measurements

The electrical performance and the irradiance
distribution on the cells was measured for
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different of
incidence.

To measure the characteristics at different
transverse projected angles, the trough was
manually rotated along its axis of symmetry and
a potentiometer placed at the axis recorded the
tilt of the trough. The potentiometer was
calibrated in the beginning of the measurement
by manually observing the angle of incidence
with a graduated arc mounted on the side of the
trough. A vary fast I-V tracker for monitoring
the current and voltage from the cells at
different loads was constructed to facilitate the
measurements. Monitoring at a specific
transverse projected angle of incidence was
done in less than one second with this device.
This made it possible to get the I-V
characteristics and the fill factor as a function of
the transverse angle of incidence in a short
period of time. Only a fraction of the measured
data is presented here.

The irradiance distribution on the cells was
measured using a photodiode. The diode was
placed on a rotating lever which was moved
from the top to the bottom of the cell. The lever
was rotated in a plane very close to the cell
surface, and the angle of rotation was measured
by a potentiometer. The photodiode aperture
area was reduced by a plate with a 1 mm
diameter hole to increase the spatial resolution.
The irradiance distribution measurements were
performed for transverse projected angles of 33°
and 57° with the sun in the meridian plane.

The total incident irradiation was measured
using a pyranometer that was mounted normal
to the solar beam.

transverse projected angles

5.2 Short circuit current

Figure 4 and Figure 5 show the short circuit
current (Isc) and the fill factor as a function of
transverse projected angle for the cells facing
the back and front reflector.
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Figure 4 Short circuit current and fill factor for
back reflectors of MaReCol and MaReCo2.
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Figure 5 Short circuit current and fill factor for
the front reflector of MaReCol.

The short circuit current of the cell is
approximately proportional to the irradiance
and the fill factor is a measure of the resistive
losses in the cells, a low fill factor
corresponding to high losses (Green 1982).

At low transverse projected angles, the back
reflector is providing most of the light on the
cells. The back aluminium reflector has its best
electrical performance in the interval between
25° and 55° transverse angle as seen in Figure
4. At higher transverse projected angles, in the
summer, the front reflector contributes to the
majority of the irradiation onto the cells. The
optimal angle for this reflector is according to
Figure 5 between 40° and 65°. This system will
thus collect irradiation between a transverse
projected angle of incidence of 25° and 65°
efficiently. The two local minima of the curves,
at 27° and 55° in Figure 5, occurs when the
strip of concentrated light, which is only
approximately 2 cm wide in practice, falls on

Fill Factor

Fill Factor
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one of the two conducting fingers on the surface
of the cell. This finger shades a part of the cell,
and less photons reaches the p-n junction.

The front reflector and the back reflector are
two examples of asymmetrical cylindrical
concentrators (Mills and Giutronich 1979) with
apertures between the focal point and the edge
of the reflector. The aperture of the back
concentrator  is close to vertical and the
aperture of the front reflector is horizontal. As
can be seen in Figure 4 and Figure 5, both have
a maximum flux concentration ratio at the
limiting angles (20° and 65°) where all of the
light is concentrated to the focal point. Due to
the fact that the cells are slightly smaller than
the absorber and thus not covering the whole
absorber area, the peaks are shifted slightly in
the figures.

The short circuit current of the two back
reflectors differ slightly. The maximum short
circuit current of the aluminium reflector is
higher than that of the steel based reflector, and
the steel based reflector is more efficient at
higher angles where the short circuit current is
approximately 1.5 A higher. The lower peak
current of the steel based reflector is due to its
lower specular reflectance.

The absorbers of the characterized MaReCos
were placed at different tilt angles, as defined in
Figure 1. The absorber angle of the aluminium
trough was 45° and the absorber angle was 20°
for the steel trough. The higher efficiency at
high transverse angles of the steel based
reflector system is due to its lower absorber
angle, which decreases the number of
reflections and thus the reflection losses. For a
discussion on the effects of absorber angle,
refer to section 5.6.

Both figures show that the fill factor is low
when the short circuit current is high, i.e. when
the light is concentrated more, it is utilized less.
This is visible in Figure 4 which shows that the
fill factor is higher for the steel based reflector
cells. The internal losses in the cell are
proportional to the square of the current, RF,
and the output power of the cell is proportional
to the current, U, where U’s dependence on the
irradiance can be neglected. As the current

increases when the irradiation on the cell
increases, the relative losses increase more than
the delivered power, and the fill factor
decreases. Another aspect of this, visible in
Figure 4, is that when the light is concentrated
onto the finger of the cell (at 33° and 57°
transverse projected angle of incidence), the
short circuit current is significantly lower, and
the fill factor is higher. This is explained by the
fact that the electrical losses are reduced when
light is concentrated close to the fingers and the
current has less resistance to the conductor.
This indicates that it is desirable to have the
intensity maximum close to, but not on, the
fingers (Benitez and Mohedano 1999).

5.3 I-V characteristics

The most important measure of the power
delivered from the cells is the IV-plots, the
relationship between the output current and the
output voltage. Figure 6 and Figure 7 show
these relationships at two different transverse
projected angles, 35°, and 57°, close to the flux
concentration maximum of the back and front
reflectors respectively.

IV Back Steel
10
8

1V Back Al

A

U (Vicell)

Figure 6 I-V characteristics at 35° transverse
projected angle of incidence. The voltage of one
cell is shown to make a comparison possible. The
voltage at open circuit condition is the same for
all geometries.
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IV Back Steel

1)

h

Intensity (times beam intensity)

U (Vicell)

Figure 7 I-V characteristics at 57° transverse
projected angle of incidence.

Figure 6 indicates that the aluminium reflector
has slightly better performance than the steel
based. The difference in fill factor between the
steel and aluminium reflectors is small and the
short circuit current is higher for the aluminium
reflector.

The maximum power point for each curve was
calculated by a parabolic fit to three discrete
measured -V points. In Figure 6, the maximum
power was 2.7 W/cell for the back aluminium
reflector, and 2.6 W/cell for the steel based
reflector. The front reflector had a maximum
power output of 2.4 Wicell at this angle of
incidence.

Figure 7 shows the same characteristics at 57°
transverse projected angle of incidence. The
front reflector cells produce considerably more
power in this case, 3.8 W/cell, compared to 2.0
Wr/cell for the back aluminium reflector cells
and 1.9 W/cell for the steel based reflector cells.

5.4 Irradiance distribution

The irradiance distribution over the cells varies
with the angle of incidence. The distribution
was measured for the two prototypes at the two
transverse projected angles of 33° and 57° as
can be seen in Figure 8 and Figure 9. The
transverse angles were selected as 33° and 57°
to be able to study the back and front reflector
at angles were they have high efficiencies.

110

Position from focus (mm)

Figure 8 Irradiation distribution at 33°
transverse projected angle of incidence. The
intensity is measured in times the beam intensity
of the sun, and 0 at the position axis means on the
end of the absorber, at the focal point.
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100 140

Figure 9 Irradiation distribution at 57°
transverse projected angle of incidence. The
intensity is measured in times the beam intensity
of the sun, and 0 at the position axis means on the
end of the absorber, at the focal point.

Figure 8 shows the irradiance distribution at 33°
transverse angle. The front reflector gives a low
intensity at the cells in this case, but both back
reflectors seem to be working in their optimum
range, all of the light is concentrated onto the
cells. The peak intensity of the aluminium
reflector is higher than the peak of the steel
based reflector, 25 times the beam intensity of
the sun compared to 14 times in the case of the
steel based reflector. This is due to the higher
specular reflectance of the aluminium. The steel
based reflector is more diffusing, and this
makes the strip of concentrated light slightly
wider and less intense. The slightly lower peak
in this case is not of great importance, as seen in
Figure 4 the short circuit current is lower, but
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the fill factor is higher. The coupling of these
two factors makes the difference in intensity
less significant, which will be shown in section
6. The peak intensity of the steel based reflector
is shifted to the right of the aluminium one, and
this is due to the different absorber angles of the
two systems. The angle between absorber and
the horizontal plane in the case of the steel
based reflector is considerably smaller than the
angle in the aluminium absorber case, and this
shifts the peak towards the reflector. Section
5.5 discusses the influence of the absorber angle
on the output.

Figure 9 shows the distribution at a higher
solar height, 57°. At this height, the front
reflector is more optimal, refer to Figure 5. The
peak intensity is here 25 times the beam
intensity of the sun, and all of the reflected light
hits the cells. The back reflectors are less
optimal in these conditions, and especially the
steel based MaReCo with its cells in 20° with
the horizontal plane has more multiple
reflections before absorbing the light.

5.5 Optical efficiency and electrical output

Using the measured data as input, a simulation
of the yearly output of heat and electricity has
been performed using MINSUN (Chant and
Hakansson 1985). This program was originally
created for simulating solar heating systems, but
it can be used to calculate the output of heat-
electricity hybrids.

MINSUN uses hourly climate data, including
direct and diffuse irradiation, from a large
database to calculate the total annual irradiation
on a specified surface. The irradiation data is
used together with the incidence angle
modifiers of the system to calculate the annual
output. It is possible to use one of two different
models of incidence angle modifier. The normal
case for planar solar collectors and planar
photovoltaic modules is to use Ky, which is
defined in Eq. (1).

1
K., —1—1’0(m—1j (1)

by is the incidence angle modifier which is
supplied as input data to the simulation, and 0 is
the angle of incidence. The alternative is to
have MINSUN calculate the product between
the incidence angle modifier as a function of the
transverse projected angle (in the meridian
plane), #7(0y), and the modifier in the east-west
horizontal direction, g(@;) by supplying values
of the two functions in intervals of 10°. The
total incidence angle modifier, the optical

efficiency (Nilsson et. al. 2005), is then
calculated according to Eq. (2).
1(0)=¢(6,)-n0,) ®

To calculate g(@;), we used Eq. (1) as g(0.),
with a by of 0.23. This value has been obtained
in previous measurements in our laboratory.
n(0z) was calculated according to Eq. (3) for a
surface with a 30° tilt, as the glazing is tilted
30°.

1, -1000

0.) =
76r) Lo - C, - G -cos(6; — 60)

3)

1900 is the short circuit current at an irradiance
of 1000 W/m? on the module, which in this case
was 4.55 A. Cg is the geometrical concentration
of the concentrator system defined as the glazed
aperture area divided by the cell area. 07 is the
transverse projected angle of incidence in
degrees, and G is the total intensity normal to
the sun. To get the efficiency relative to the
incoming irradiation, the expression was
divided by C,. G(cos(0-60)) is the irradiance at
the glazing. The measurements were performed
on very clear days with a low fraction of diffuse
irradiation, and the total irradiation was treated
as a beam irradiation incident in the incidence
angle of the beam.

The short circuit current plots in Figure 4 and
Figure 5 were used to calculate the angular
dependence of the short circuit current Igc.
Applying Eq. (3) to the measured data gives
incidence angle modifiers according to Figure
10.
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simulation. The front reflector seem to be more

suitable for photovoltaic cells, the output

increase from the reference simulation is here

49.1%.

These simulations show that if the target is to

maximize the ratio (cell area)/kWh, the optimal
placement of the cells is facing the front
reflector.

ta. [ AP .
02 - /ﬁ M
W] - N

o 10 20 E e 50 &0 n a0
Transverse projected angle (*)

Figure 10 Incidence angle modifiers in the
meridian plane. The incidence angle modifier,
3(07), was calculated using Eq. (3).

The MINSUN simulations were performed
using a climate data file for Stockholm, Sweden
(latitude 59.3N), as the small difference in the
climate compared to Lund can be neglected in
view of other assumptions made in the
simulation.

A reference simulation with photovoltaic cells
mounted with 30° tilt was done for comparison.

w 3.6 Influence of absorber angle

The angle of the absorber, which was defined
in Figure 1, influences the irradiance
distribution over the absorber. As discussed in
the previous section, the irradiance distribution
on the cells affects the electrical output. Using
Equation 3, the incidence angle modifier in the
transverse  direction was measured and
calculated for three different absorber angles,
20°, 45°, and 70° and the results can be seen in
Figure 11.

Rosoter 0|

Yearly electrical
Prototype output perm’ | Improvement
cell area

MaReCol, N
back reflector 168 kWh 22.6%

MaReCo2, N
back reflector 168 kWh 22.6%

MaReCol, 205 KWh 1%
front reflector
Cells without 136 kWh 0.0%
concentrator

Table 2 Electrical output from different
prototypes. The cells without concentrators were
placed in a 30° tilt for the simulation to be able to
compare it with the irradiation in the MaReCo.

As Table 2 shows, the result for the back
aluminium laminated steel based reflector,
MaReCo2, and the back anodized aluminium
reflector, MaReCol, are identical. The output
increase from the reference simulation is
22.6%. Looking in detail at #(@7) in Figure 10
reveals that the peak modifier for the aluminium
reflector is higher than for the steel based
reflector, but the incidence angle modifier is
higher at high solar angles for the steel based
reflector. These two effects cancels out in the
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Figure 11 Optical efficiency for the MaReCo
when the absorber is mounted in three different
angles. The yearly irradiation shows the angular
interval where the concentrator has to be
optimized.

The measurements were performed when the
sun was in the meridian plane of the trough and
this makes the incidence angle modifier equal to
the total optical efficiency as the incidence
angle modifier in the east-west direction is 1 for
this case. MaReCo2 was used in the
measurements, having cells facing both back
and front reflector. What is shown in the figure
is the total optical efficiency of the system
where the electricity from both sides of the
absorber has been combined. The absorber



Article |

angle was changed, and the measurements were
performed as described in section 5.2. The
climatic data from Figure 2 is drawn in the
figure to show at what angles the system has to
be optimized. As seen from the figure, all three
cases have favourable angular intervals, but the
total output on a yearly basis is approximately
the same. The irradiation incident on the
MaReCo between 20° and 65° is collected onto
the absorber in all three cases, the difference
originates from the different distribution of light
over the absorber, see Figure 8 and Figure 9.
These differences in distribution accounts for
the small differences at each angle, but as can
be seen from Figure 11, there is no single angle
which has better performance at all transverse
projected angles. The distribution profile is
shifted to the left or right when the absorber
angle changes, but the profile stays the same.
Since it is the intensity at a certain point that
creates the output and the losses, the output
change due to the angular shift is a small in
comparison to other effects.

Yearly simulations show that the difference in
output is approximately 3%, which is within the
margin of error of the measurements.

6. OUTDOOR MEASUREMENTS

A MaReCo hybrid with aluminium reflectors
and 20 cells facing the front reflector was
placed outside for long term measuring. It is
shown in Table 1 as MaReCo3. The absorber
was tilted in 65° and had no cells facing the
back reflector. The side facing the back
reflector was untreated and had a relatively low
absorptance. The thermal performance of this
hybrid was evaluated by MLR and the electrical
performance by measuring the short circuit
current.

6.1 Thermal evaluation

MINSUN was used to evaluate the annual
thermal performance of the hybrid. In order to
perform heat calculations, MINSUN uses Eq.
(4) to calculate the heat gained.

pP= 770/7(‘9)'(;1) +7704(6)'Gd -k 'ATf(mc)

7y is the optical efficiency for beam (b) and diffuse
(d) irradiation.

k; [W/m?K] is the loss coefficient per collector area
AT [K] is the difference between the ambient
temperature and the temperature of the collector
(mC), [J/m*] is the heat capacity of the collector
dTy/dr [K/s] is the time derivative of the temperature
of the cooling media

0 is the angle in incidence

The parameters were calculated for MaReCo3
doing an MLR analysis on measurement data
for three summer months. The resulting values
were 70=0.474, 10~0.334, k;=3.85 W/m’K,
and (mC).~10691 J/m%.  Different fluid
temperatures, A7, gives different delivered
energy, and to be able to use the water for tap
water or heating, it must be at least 50° C.
When this temperature of the fluid was selected,
the annual energy yield of the system was 145
kWh/m®> glazed area. To demonstrate the
difference, if a fluid temperature of 25° C was
accepted, the yield would have been 264
kWh/m® glazed area.

A thermal MaReCo with a standard absorber
has 7p,=0.6, 79;~0.40, and k,=2. The high &, for
the hybrid is due to the high emittance of the
photovoltaic cell as it is without the selective
coating of a standard heat absorber. The low 7,
can be explained by two factors. The first factor
is that absorber is untreated on the side facing
the back reflector, it gives a shiny impression.
This decreases the absorption of the back side.
The second factor is due to problems in the
manufacturing of the prototypes. The absorber
is designed to make it possible to do the
assembly in place when the system is erected,
but the manufacturing precision is too low. The
cupper pipe containing the heat collecting fluid
has a bad thermal contact with the absorber
profile, and the losses due to this is considerable
as there will be a gap of air reducing the heat
flow. In future prototypes, this has to be solved,
or a less flexible absorber has to be used to
increase the thermal output and reduce the
overheating of the photovoltaic cells.
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6.2 Electrical evaluation

To validate the experimental electrical
measurements, the short circuit current was
measured for MaReCo3 during three summer
months. As comparison, the same type of
absorber with the same type of cells was placed
horizontally beside the MaReCo. The reason for
having a horizontal reference is that as the
trough only has cells facing the front reflector,
the aperture is almost horizontal.

oy
had s
G ™
/ N
+ .
N *
¢ .
N '
:
h
‘

Isc MaReCo (A)
Isc Reference (A)

0530 0830 0730 0830 0930 1030 1130 1230 1330 1430 1530 1630 1730 1830
Time of day (hh:mm)

Figure 12 Short circuit current for horizontally
mounted cells and the MaReCo with identical
cells. The measurements were taken outdoors on
a clear day with a very high percentage of direct
irradiation.

The measurements in Figure 12 show that the
short circuit current at high transverse angles
(around noon) is similar for the reference and
the concentrating system apart from the
concentration factor, i.e. the concentrating
system has the same angular dependence. This
is an important observation, at the conditions
where the irradiation has its maximum, the
performance of the MaReCo is optimal. The
cut-offs on the MaReCo graph is due to the
small size of the concentrator trough. The
gables are shading the cells as the sun is east or
west of the trough glass surface as discussed in
section 3.
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Isc MaReCo (A)

s ()
Figure 13 Short circuit current of MaReCo
versus reference cells on clear days between
10.00 and 14.00 when no shading from the gables
takes place.

Figure 13 shows measurements on clear days
between 10.00 and 14.00. This figure clearly
indicates a linear dependence between reference
output and MaReCo output. The time interval
of the measurements is to avoid the shading
effects discussed earlier, effects that could be
seen in Figure 12.

These measurements were performed on a
clear day with a high percentage of direct
insolation, but these ideal condition are not
always present. Most days at the Swedish
latitude have a high percentage of diffuse,
isotropic irradiation. Figure 14 shows the
performance of the MaReCo compared to the
reference on a day with low direct irradiation,
an almost isotropic sky.

Isc MaReCo (A)
.

06 08 1
Isc Reference (A)

Figure 14 The short circuit current of the
MaReCo versus the reference cells.
Measurements taken on a cloudy day with high
percentage of diffuse isotropic irradiation.
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The output of the MaReCo is in this case the
same as the output of the reference cells all day
apart from the reduction due to the reflectance
of aluminium in the reflectors, and the
reflections on the cover glass. The optical
efficiency can be derived from the figure to
approximately 0.8.

The relationship between the reference output
and the MaReCo output under a longer period
with changing weather conditions is shown in
Figure 15.

Isc MaReCo (A)

Isc Reference (A)

Figure 15 Short circuit current of MaReCo
versus reference cells in all weather conditions.
Measurements were taken under a period of one
and a half months between 10.00 and 14.00.

The output of the reference can be seen as a
measure of the amount of diffuse irradiation.
Low output of the reference means low amounts
of direct irradiation. The linear dependencies at
high amounts of direct irradiation, and high
amounts of diffuse isotropic irradiation can
clearly be seen in this figure.

7. SIMPLE ELECTRICAL MODEL

The measured data for one of the summer
months was used to create a simple electrical
model of the MaReCo short circuit current as a
function of the reference cell output. As was
discussed in the previous section, the short
circuit current measured for the MaReCo has an
almost linear dependence on the current
measured for the horizontal reference. This is
due to the fact that the reference is parallel to
the aperture of the front reflector where the
cells are placed. The linear dependence is true

both for days with a high amount of direct
radiation and for days with a high amount of
diffuse radiation. This leads to a model that
treats the diffuse, isotropic, radiation and the
direct radiation separately. When the sky is
isotropic, the relation between the short circuit
current of the MaReCo and the reference cells
is modelled according to Eq.(5):

(5)
R is the percentage of the incident irradiation that
reaches the cells

[is the share of diffuse irradiation

I SC.MaReCo — R-1 SC.Ref * / diffuse

R was taken from the measurements of optical
efficiency, an average value of 0.7 was chosen.
The reference is a measure of the incident
irradiation. f was  calculated  through
measurements of the global and diffuse
irradiation against the horizontal reference.

When the sky is clear, and the direct
irradiation dominates, the output from the
MaReCo can be modelled according to Eq.(6):

/

R is the percentage if the incident irradiation that
reaches the cells

/s the share of direct irradiation

Cgris the geometrical concentration of the front
reflector, equal to 3.5

SC,MaReCo — R-1 SC,Ref Cgf * Faireet (6)

Adding these two models gives us a model for
both direct and diffuse irradiation, which is
defined by Eq.(7):

I SC,MaReCo — R-1 SC,Ref (f diffuse T Cg/ f ;iirerl ) 7

Figure 16 shows the relation between the
modelled and the measured values. An ideal
model would give a line y=x, and this line is
clearly visible.
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Isc Modelled (A)

Figure 16 Modelled data versus measured data
for a period of one month. All measurements
were taken between 10.00 and 14.00 to avoid
shading effects from the gables.

The correlation between the two data sets was
0.99, and the standard deviation of the
difference between the modelled values and the
measured values was 0.39 A. This, together
with Figure 7 indicates that the model is a good
tool to roughly estimate the output of the
MaReCo at angles where there is no shading
from the gables.

8. CONCLUSIONS

The objective was to estimate the annual
electrical and thermal energy output from the
MaReCo hybrid. This system is optimized for
high latitudes such as Lund, Sweden, where the
long term monitoring is to be performed. The
I'V-characteristics and the irradiance
distribution on the cells of the hybrids were
measured, both the back and front reflectors.
Changing the back reflector from anodized
aluminium to aluminium laminated steel did not
change the energy output. This makes the steel
based reflector an interesting option. The annual
thermal output estimate for the MaReCo system
was 145 kWh/m® of hot water at 50°C. If the
absorber is improved, this can be significantly
increased. The estimated output of electricity
was compared with cells mounted in 30° tilt
without reflector, and the MINSUN simulation
show a 49% output increase for the front
reflector and a 23% increase for the back
reflector of MaReCol, and 23% increase of the
back reflector in MaReCo2. This shows that the
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optimal placement of the photovoltaic cells is
facing the front reflector. This could also be
seen from the measurement of the short circuit
current, where the front reflector had
considerably better performance.

The MaReCo is designed to collect most of the
irradiation incident on the system during a year.
The back reflector collects the light at low
transverse angles, and the front reflector
collects light at higher transverse angles. If the
absorber has photovoltaic cells on one side
only, the electricity production will be more
unevenly distributed over the year. As the
system is intended to be integrated into
residential buildings, having an even electricity
production is an important factor. Having cells
on both sides will also increase the total
electricity production considerably, another
important factor in integration into residential
buildings where roof space normally is limited.
If space is unlimited, and the most important
parameter is to produce electricity at the lowest
price, the best choice is to have cells on the
absorber facing the front reflector. In all other
cases, photovoltaic cells should be placed on
both sides of the absorber, the price of adding
cells to the other side of the absorber is
relatively low once a trough with cells on one
side of the absorber is constructed.

The outdoor measurements show that a 2 fold
increase in output can be expected at noon on a
clear day, but the losses at higher azimuth
angles and losses due to less direct irradiation
makes the estimates given by the MINSUN
simulations more probable.

Nevertheless, these results presented here
clearly show the possibility to lower the cost of
PV-electricity and hot water using the MaReCo
hybrid.
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NOMENCLATURE
by incidence angle modifier coefficient
Cq geometrical concentration ratio of the system
Cyr geometrical concentration ratio of the front reflector
100) optical efficiency
Sause fraction of diffuse irradiation
Clirect fraction of direct irradiation
2(6r) incidence angle modifier in the azimuth direction
G incident irradiation (°)
T1000 reference short circuit current at 1000 W/m? (A)
Isc short circuit current (A)
ki loss coefficient per collector area (W/m’K)
K planar incidence angle modifier
(mC). heat capacity of the collector (J/m?)
n(0r) incidence angle modifier in the solar altitude direction
Nob optical efficiency for beam irradiation used in heat calculations
Nod optical efficiency for diffuse irradiation used in heat calculations
R Average optical efficiency
AT difference between the ambient temperature and the temperature of the collector (K)
6 angle of incidence (°)
o longitudinal projected angle of incidence (°)
Or transverse projected angle of incidence (°)
dTydr time derivative of the temperature of the cooling media (K/s)
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Abstract

The optical efficiency of concentrating solar thermal and photovoltaic systems with cylindrical geometries is asymmet-
rical about the optical axis. Biaxial models, based on projected incidence angles, are often used to estimate the annual per-
formance of asymmetric concentrators. However, the use of projected angles tends to underestimate optical losses in the
cover glass. In this work, a biaxial model for the incidence angle dependence of the optical efficiency, which uses the trans-
verse projected incidence angle for determining the influence of the reflector and the real incidence angle to determine the
influence of the glazing is proposed. The model gives an absolute value of the optical efficiency and it is valid for concen-
trating systems with translational symmetry, as well as for flat plate collectors and planar photovoltaic modules. The
model is validated for a system with an east-west aligned parabolic reflector without a cover glass and it is shown that
the dependence on the optical efficiency of the reflector on the longitudinal angle of incidence is negligible. The model
is compared with the commonly used biaxial model and it is found that the difference is a couple of percentage points when
the difference between the longitudinal projected incidence angle and the real incidence angle is large and the angle of inci-
dence on the glass is high.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Solar concentrators; Optical efficiency; Incidence angle dependence; Biaxial incidence angle modifier

1. Introduction
1.1. Background
" Corresponding author. Tel.: +46 46 2227606; fax: +46 46 The use of solar concentrators for mncreasing the
2224719, output from solar collectors and photovoltaic

E-mail address: johan.nilsson@ebd.lth.se (J. Nilsson). modules is often cost-effective. However, before
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Nomenclature

a absorber width (m) Ky longitudinal incidence angle modifier

B inclination of the module (°) according to MclIntire

by incidence angle modifier coefficient Kt transverse incidence angle modifier

C, geometrical concentration ratio according to Mclntire

L optical efficiency of the glazing (n) average number of reflections

f optical efficiency of the system with glaz- n optical efficiency at normal incidence for
ing measured at constant transverse pro- a planar isotropic system
jected angle Nopt optical efficiency of the system

fr optical efficiency of the system with glaz- v inclination of the optical axis (°)
ing measured at constant longitudinal 14 angle between module and optical axis (°)
angle Rt optical efficiency of the reflector

h aperture height (m) p reflectance of the reflector

IR short circuit current of the concentrator SL shading function of the gables
system (A) 0; angle of incidence (°)

1g°(§°'°"°° short current of the reference system (A) 0. longitudinal projected angle of incidence

k normalization constant for the simple (°)
numerical model of optical efficiency of O transverse projected angle of incidence
the reflector (°)

K(0y,0r1) biaxial incidence angle modifier accord- @ angle between module and aperture (°)
ing to Mclntire

investment in a concentrating solar energy system is
made, it is appropriate to calculate the annual ther-
mal or electrical energy output. Predicting the
annual output at a specific location requires knowl-
edge of the incidence angle dependence of the opti-
cal efficiency of the system. Measurements of the
angular dependent performance of concentrators
are time-consuming. Therefore, using a model for
the incidence angle dependence of the optical effi-
ciency is helpful. Furthermore, if the system is not
yet constructed, measurements cannot be performed
and a model for predicting the angular dependence
is necessary.

For planar isotropic solar energy systems, an
incidence angle modifier is often used to describe
the incidence angle dependence of the optical effi-
ciency. At a given angle of incidence, 6;, the optical
efficiency, 1o is given by the product of the optical
efficiency at normal incidence, 7,, and the incidence
angle modifier according to

@) = (1 =00 (i 1) ). m

where by is the incidence angle modifier coefficient
(Souka and Safwat, 1966; Duffie and Beckman,
1980). The incidence angle modifier coefficient is
found by a fit to measurement data or it can be esti-
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mated. A commonly used value for glazings and flat
plate solar thermal collectors is 0.2.

1.2. Measurements of the optical efficiency of
photovoltaic systems

The short-circuit current of a CIGS cell is inde-
pendent on the illumination distribution on the cell
as long as the strip of light is larger than half a mil-
limetre, which is the case for the studied system
(McMahon and von Roedern, 1997). This was also
shown by Wennerberg et al. (2000). As for the tem-
perature dependence of the short-circuit current,
previous studies have shown that for the tempera-
ture increases that we can expect in our measure-
ments, this dependence can be neglected (Brogren
et al., 2003).

Since the short-circuit current of a photovoltaic
module, at a constant temperature, in a concentrat-
ing system depends only on the irradiance on the
module, which is determined solely by the optical
efficiency of the concentrator, measurements of the
short-circuit current as a function of real or pro-
jected incidence angles can be used to determine
the optical efficiency if the current that is generated
in the concentrating system is compared with the
current from an identical module without concen-
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trator and the result is divided by the geometrical
concentration ratio, C,. Hence, the optical efficiency
is given by
cone
o = @
Cy I

where 7g"™ is the current from the module in the
concentrator and /5™ is the current from the pla-
nar module mounted on the system aperture.

For methods for determining the optical effi-
ciency of solar thermal and photovoltaic-thermal
systems from measurements of the thermal output,
the reader is referred to earlier work by the authors
(Brogren et al.,, 2000; Helgesson and Karlsson,
2001).

The main source of error in the measurements is
the system alignment. It is difficult to align the sys-
tem and the reference to have their aperture normals
facing exactly south. The error in alignment is esti-
mated to approximately 3°. The current was mea-
sured as a voltage over a shunt resistance with a
very high accuracy. The reference module and the
module in the concentrator were calibrated before
the measurements to give equal current, but there
might be dynamic effects affecting the two modules
differently. The dominant error is due to alignment
errors and we estimate the total worst-case error
of the short-circuit current due to misalignment to
be approximately 0.1 A. This would occur at noon
if the sun has an altitude between 20° and 30°.

1.3. Biaxial models for the incidence angle
dependence of the optical efficiency

The optical efficiency of asymmetric concentrat-
ing systems has different incidence angle dependence
in different directions. For asymmetric systems with
translational symmetry, it is often convenient to
define the projected transverse and longitudinal
angles of incidence. These angles are defined in
Fig. 1.

Mclntire presents a biaxial incidence angle mod-
ifier, K, for the optical efficiency of asymmetric con-
centrating systems:

K(0p,0r) = K (0.,0)K1(0,0r), 3)

which is obtained from measurements in the perpen-
dicular transverse and longitudinal directions
(Mclntire, 1982). A disadvantage of this model is
that it, like the uniaxial incidence angle modifier in
Eq. (1), has to be normalized, i.e. that the optical
efficiency is the product of the optical efficiency at

From top

0.

From side

Fig. 1. Definition of the transverse and longitudinal incidence
angles for the concentrating system. The left drawing is seen from
the top of the system and the right is seen from the side.

normal angle of incidence and the biaxial incidence
angle modifier, according to

"opt(0|) =n,K(0,0r). 4)

Furthermore, it is not always possible to determine
the factor K at 61 = 0, depending on how the pro-
jected angles of incidence are defined. However,
the aspect of this model that may have the largest
practical implications is that it underestimates the
optical losses in the glazing, due to its utilisation of
the projected longitudinal incidence angle to deter-
mine the transmittance of the cover glass, which
leads to large errors at high angles of incidence
(Ronnelid et al., 1997). On the other hand, the angu-
lar dependence of the glass is accounted for twice,
both in the Kt and K, which reduces this effect.

The relationship between the real, the longitudi-
nal, and the transverse angles of incidence is given
by

tan0; = tan’0 + tan’0, (5)

and is shown in Fig. 2. The lines are iso-incidence
angles. However, all these combinations of the real
and the projected incidence angles are not found
for a concentrating system. The combinations of an-
gles are determined by the celestial movement and
the system geometry. As an example of the combi-
nations that can be found, Fig. 3 shows the inci-
dence angle of the direct solar radiation against a
south wall in Alvkarleby (60.5° N, 17.4° E), Sweden,
as well as the transverse and longitudinal projected
incidence angles on the same wall, as functions of
the time of the day on the 15th July and 23rd Sep-
tember. At noon, the transverse and the real inci-
dence angles coincide with the solar altitude.
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Fig. 2. Angular relationships between the projected angles O
and 0 and the real incidence angle ;. The curves represent
constant real incidence angle contours.
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Fig. 3. The incidence angle of the direct solar radiation on a
south-facing vertical wall, as well as the transverse and longitu-
dinal projected incidence angles on the same wall, as functions of
the time of the day on the 15th July (upper) and 23rd September
(lower), in Alvkarleby (60.5° N, 17.4° E), Sweden.
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The optical performance of a translational sym-
metric reflector system, such as the studied system,
is determined solely by the transverse projected
angle of incidence. As can be seen in Fig. 3 (lower),
the transverse projected angle of incidence is con-
stant during the day at equinox. A translational
symmetric reflector system with the axis of symme-
try aligned in the east-west direction will around
the equinox have constant optical efficiency all
day. This makes it possible to evaluate the angle
dependencies of the cover glass and the absorber
during equinox. Another option is to rotate through
90° counterclockwise and tilt it to the latitude angle.
When the system is in this setup, the sun will move
in the plane perpendicular to the system axis of sym-
metry all day, and it is possible to measure the opti-
cal performance as a function of the transverse
projected angle of incidence.

When not stated otherwise in this article, the sys-
tem is always aligned with the axis of symmetry par-
allel to the east-west axis, facing south. The
transverse projected angle of incidence is then the
angle of incidence on the glazing projected into
the meridian plane.

1.5. Objectives

The objective of this work is to present and vali-
date a biaxial model for the optical efficiency of
asymmetric concentrating solar energy systems.
The model is based on separate measurements of
the effects on the optical efficiency of the reflector
and the glazing.

1.6. The studied system

Fig. 4 shows a photograph of the prototype sys-
tem that was used to conduct the investigation of
the incidence angle dependence of the optical effi-
ciency. The system includes an off-the-shelf thin film
ST-50 CIGS module from Siemens and a parabolic
over edge reflector of anodised aluminium with a
solar reflectance of approximately 80% at near nor-
mal angle of incidence. The module consist of series
connected cells that are extended perpendicular to
the reflector. This ensures that all individual cells
receives the same illumination in the translational
symmetric reflector system. The characteristics of
CIGS cells in concentrating systems have been dis-
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Fig. 4. Photograph of a 3X concentrating fagade-mounted
concentrating system with parabolic over edge reflector and thin
film photovoltaic module (upper) and a schematic showing the
cross-section of the concentrator (lower). The transverse inci-
dence angle, O, is defined in the schematic. ¢ is the internal angle
between the glazing and the optical axis, and is in this case 115°.

cussed in earlier work by Brogren et al. (2003) and
Wennerberg et al. (2000). A cross-section of the sys-
tem is shown in the lower figure. The optical axis of
the system is inclined at v = 25°, which means that
all irradiance incident on the parabolic reflector at
angles less than 25° will be reflected back out of
the system without reaching the cells. The module
plane has an inclination of, # =20°, and the angle
between the module plane and the optical axis is
given by &= f+v=20°-+25°=45° This results
in a geometrical concentration ratio, C, of

ho ocos?(§
o vl

= =)
a  cos? () %5, ©

where / is the height of the vertical aperture and a is
the width of the module plane, as indicated in Fig. 4.
In its original design, the system does not include a
glazing. The height of the vertical aperture, A, is

974 mm and the width of the module, a, is
330 mm. This 3X concentrating photovoltaic system
is further described elsewhere (Brogren et al.,
2001a,b, 2003). For discussions about other low
concentrating systems refer to Zacharopoulos
et al. (2000) and Tripanagnostopoulos et al. (2002).

2. New biaxial model

The biaxial model that is proposed in this paper
is based on separate measurements of the influence
of the reflector and glazing. This requires that the
glazing can be removed from the system or that
the measurements are performed before the glazing
is applied. It is possible, however, to determine the
contribution of the reflector from measurements
with the glazing present, using a compensation for
the glazing in the expression for the effect of the
reflector. This procedure is described in Section
4.3. The proposed biaxial model can be written

Nopt = Rr(0r)/L(6), (7

where Rr(60t) describes the dependence on the opti-
cal efficiency of the system on the reflector as a func-
tion of the transverse incidence angle, and fi(0;)
describes the dependence on the optical efficiency
of the system on the glazing as a function of the real
incidence angle. Note that, unlike in Eq. (3), it is the
real incidence angle that is used to describe the lon-
gitudinal dependence in Eq. (7).

2.1. Incidence angle dependence of the optical
efficiency of the reflector

We will show that the optical efficiency of the
reflector is independent of the longitudinal angle
of incidence by measuring f; (6 ) without a glazing.
For our system, measuring the optical efficiency at
01 = 0 makes no sense, since the lower acceptance
angle is 25°, all light falling on the reflector below
this angle of incidence is reflected out of the system.
However, measurements of the optical efficiency as
a function of the longitudinal angle of incidence at
constant 01 can be used to show that the reflector
function, Ry, is independent of 0. Measurements
of the current generated in the concentrating system
on the 6th and 17th September 2003, close to the
autumn equinox, were compared with the current
generated in a vertical module mounted on the aper-
ture using Eq. (2) and the resulting optical efficiency
as a function of the time of the day is shown
in Fig. 5. Around the equinoxes, the transverse
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Fig. 5. Optical efficiency of the parabolic over edge reflector as a
function of the time of the day on two days close to the autumn
equinox, when 0 is constant. The global irradiance was around
800 W/m? at noon and the diffuse fraction was about 10% during
the whole day on both dates.

incidence angle, 01, is constant at about 30° (90°-lat-
itude) during the entire day, which is shown in the
lower graph in Fig. 3. The longitudinal angle, how-
ever, changes from —90°, at 06:00 in the morning to
90° at 18:00 in the evening, and the change is +15°
per hour.

Fig. 5 shows that the optical efficiency of the
reflector is independent of 0y as it is constant when
the longitudinal angle changes during the day.

Assuming that the reflectance of the reflector
material is independent of the angle of incidence,
the influence of the reflector on the optical efficiency
of the system is largely determined by the average
number of reflections, (1), in the reflector, and the

optical efficiency of the reflector, 1, can be
described by
M = P, (8)

where p is the reflectance of the reflector. For a
reflector of aluminium, the assumption that the to-
tal solar reflectance is independent of the angle of
incidence is valid within a few percent for incidence
angles below 80°. This is shown in Fig. 6, which also
displays the angular dependent transmittance of a
3 mm glass, as well as the measured normalised inci-
dence angle dependent conversion efficiency of the
thin film CIGS module, which is used in the 3X con-
centrating system. The incidence angle dependent
conversion efficiency of the module was obtained
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Fig. 6. Calculated optical properties of aluminium and glass, and
the normalised conversion efficiency of a CIGS module, as a
function of incidence angle.

from outdoor measurements and the angular depen-
dent reflectance and transmittance values were ob-
tained from Fresnel calculations, using tabulated
complex indices of refraction.

The number of reflections, (n), is determined
solely by the projected transverse incidence angle
and the system geometry. Thus, the influence of
the reflector on the optical efficiency of a transla-
tional symmetric concentrating system with a spe-
cific geometry can be formulated by an equation
with the transverse incidence angle 61 as the only
parameter. This function can be a theoretical func-
tion that is derived from the geometry and the mea-
sured solar reflectance, or it can be obtained from
measurements or ray tracing.

The optical efficiency of the 3X concentrating
over edge parabolic reflector was obtained from
measurements of the short-circuit currents as a
function of the transverse incidence angle. The mea-
surements were performed close to the autumn equi-
nox, when the longitudinal angle changes by +15°
per hour and the transverse incidence angle is con-
stant. As discussed in Section 1.4, if the system is
placed appropriately (rotated 90° clockwise and
tilted to the latitude angle), the sun moves in the
transverse plane of the system. It is thus possible
to monitor the optical efficiency as a function of
the transverse angle of incidence Or as the sun
moves across the sky. The effect on the optical effi-
ciency of the reflector, R, was determined using the
expression:
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1 1on(p
Rilon) = - it ©)
The result is shown in Fig. 7. With the system
mounted as described above, high positive trans-
verse incidence angles corresponds to the morning
hours, 90° represents 6:00 a.m., and the transverse
incidence angle is negative after 12:00 p.m.

If it is not possible to mount the system as
described above, a comparison between the current
that is generated in the concentrating system and the
current that is generated in a module without a con-
centrator can still be performed by calculating 01 at
each point. However, in this kind of measurement,
the longitudinal incidence angle is not zero, but
changes with the time of day. Thus, in order for
the comparison to give the influence of the reflector
as a function of the transverse angle alone, the lon-
gitudinal incidence angle dependence of the reflector
has to be the same as for the reference module. This
is the case for the concentrating system without a
glazing, which was shown in Fig. 5.

Fig. 8 shows the measured short-circuit currents
as functions of the time of day for the vertical mod-
ule and for the module with a reflector mounted as
the system is described in Fig. 4, as well as the
resulting optical efficiency.
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Fig. 7. Short-circuit currents for the module in the concentrating
system and a reference module of the same size without a
reflector, as functions of the transverse projected angle on 24th
September 2003.
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Fig. 8. Measured short-circuit currents for the module in the
concentrating system and a vertical module of the same size
without a reflector, and the optical efficiency of the reflector, as
functions of the time of the day on 15th July 2003.

2.2. Formulation of a simple numerical model for
Ry and a comparison with ray-tracing

An analysis of the geometry of the concentrating
system shown in Fig. 4 gives that at transverse inci-
dence angles below 25°, no radiation that is reflected
in the reflector will reach the module. However, at
01 < 25°, direct radiation reaches the module at an
angle of incidence of 70° — 0. The O dependence
of the optical efficiency of the system, compared to
the optical efficiency of a vertical module, is thus
given by

a-cos(70° — 01)

Rr(0r) = “hocosOn) (10)
for Or below the lower acceptance angle. For Or
higher than 25°, part of the beam radiation reaches
the module directly and part is reflected in the reflec-
tor before reaching the module and the expression
for the Ot dependence of the optical efficiency can
be formulated as

_ k-[h-cos(0r) —a-cos(70° — Or)] +a-cos(70° — Or)
Fr(lr) = h-cos(6r)

- a-cos(70° — 01)

ke (1= (11)

where k is dependent on the reflectance of the reflec-
tor. Using numerical values of a and /1, and a curve
fit to the measured 61 dependence of the optical effi-
ciency in Figs. 7 and 8, a parametric expression for
R1(01) was formulated:
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5(70°—01)
0.33784 <0000
for O < 25°,
cos(70° 6
0.45 + 0.1864 <000

for O > 25°.

R (0r) = (12)

The normalisation constant, k, that is used to get a
good fit to measurement data was 0.45. In an ideal
system without resistive losses in the photovoltaic
cell, no angular dependence of the absorption of
the cells, and with a perfect geometry, this constant
would be equal to the reflectance of the reflector as
the average number of reflections is close to unity.
The reflector of the measured system contains dents
and other imperfections due to the manufacturing
process. These imperfections will cause undesired
reflections, some of the light incident within the
interval of acceptance will be reflected out of the
system, and some of the light will be reflected in a
slightly different direction generating multiple reflec-
tions etc. The electrical losses that has significance
for the normalization constant are discussed in Sec-
tion 6.2.

The model for Rt is shown in Fig. 9, together
with the measured Rt. The model was also com-
pared with results from ray-tracing, using a three-
dimensional CAD model of the system and the
commercial ray-racing program ZEMAX (ZEMAX,
2004). No cover glass was used in the simulations
and the source of the rays was placed at the vertical
aperture. The angle of incidence was chosen as the

N 77
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Fig. 9. Comparison between the measured Ry, the simple
parametric model, and normalized ray-tracing.
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transverse projected incidence angle, and it was var-
ied from 0° to 90° in steps of 5°. The source gener-
ated 10,000 rays for each angle of incidence. The
error in each simulated angular optical efficiency
was less than 3% for all angles of incidence. The
results from ray-tracing, using reflectance values of
0.8 are included in Fig. 9. As the measured values
are divided by the current of the reference module
that is mounted on the aperture, the ray-tracing val-
ues in the figure are divided by the absorption of the
cells at the angle of incidence from Fig. 6 to enable a
comparison. The absorber is mounted in 20° from
the horizontal in the studied system, i.e. when the
transverse angle of incidence is 70° and the sun is
in the meridian plane all of the light incident on
the system aperture is absorbed at normal incidence
at the absorber resulting in maximum absorption.
The angle of incidence on the reference cells will
in this case be 70°, an angle where the absorption
has dropped almost 20% as can be seen in Fig. 6.
This explains why Ry reaches 1 before 70° and can
have a value >1.

At low Or, only light that reaches the module
directly contributes to the optical efficiency. At 61
above 25°, the optical efficiency increases rapidly
with increasing Or due to the fact that all light that
is reflected in the parabolic mirror reaches the mod-
ule. At even higher 0O, a larger fraction of the light
reaches the module directly, due to a reduced effec-
tive reflector area and an increased effective module
area at high Or. At 0> 70, no direct radiation is
reflected in the parabolic mirror, as all of it reaches
the module directly. The dips in the optical effi-
ciency that can be seen in the curves from ray-trac-
ing are due to multiple reflections in the parabolic
mirror at high 01. At 1 = 60°, the average number
of reflections is 1.5. The lower optical efficiency due
to the multiple reflections is only noticeable at a
small angular interval. In this interval, the influence
is small, and this indicates that multiple reflections
can be neglected in the model.

3. Validation of the model for Ry

3.1. Comparison between model and measurements
for single days

Fig. 10a shows the measured optical efficiency of
the reflector on a summer day (15th July 2003) and
Fig. 10b an autumn day (6th September 2003, close
to equinox) together with the model predictions for
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Fig. 10a. Comparison between our model prediction and the
measured optical efficiency on the 15th July 2003.
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Fig. 10b. Comparison between our model prediction and the
measured optical efficiency on the 6th September 2003.

the optical efficiency (Eq. (12)), using & = 0.45. The
figures show that there is a good agreement between
the model and the measured optical efficiency, both
for high and moderate projected transverse inci-
dence angles. The flat optical efficiency on 6th Sep-
tember, is due to a constant Oy = 36° during this
day.

3.2. Comparison between model and measurements

for long periods of time

Fig. 11 shows a comparison between the mea-
sured short-circuit currents for the vertical module
and the module with a parabolic over edge concen-
trator for the period 10th July to 12th September
2003. Data for every 10th minute for 7:30-16:30 is
included in the graph. It can be seen that the con-
centrating module produces approximately twice
the current of the vertical module of the same size.
Furthermore, there is a knee in the function at
low and moderate currents. The knee, which is indi-
cated in Fig. 11, can be explained by the fact that
low and moderate currents are mostly generated in
the mornings and in the afternoons, when direct
radiation reaches the module in the concentrating
system at a more favourable angle of incidence than
for the vertical module, since the module in the con-
centrating system is tilted 20° from the horizontal.
This results in a high optical efficiency at the high
transverse incidence angles in the mornings and in
the afternoons, which was shown in Fig. 10a.

In order to study how well the model describes
long-term system efficiency, the measured short-cir-
cuit currents for the vertical module during the per-
iod 10th July to 12th September 2003 were used in
the parametric model (Eq. (12)), together with the
geometrical concentration ratio and the calculated
O, to predict the generated short-circuit current

3.0
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—y=195x

20F

L with reflector (A)
o

1.0 9
0.5 9
0.0 @ : :
0.0 0.5 1.0 1.5
I without reflector (A)
Fig. 11. Comparison between measured short-circuit currents

from the module with 3X reflector and the module without
reflector, during the period 10th July to 12th September 2003.
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Fig. 12. Comparison between model predictions of the short-
circuit current from the module in the concentrator, based on the
Ry function and the measured short-circuit current from the
vertical module, and the measured short-circuit current from the
module with reflector, during the period 10th July to 12th
September 2003. One data point for every tenth minute, 7:00—
17:00, is included in the graph.

from the module with the 3X reflector during this
period. The predicted and the measured short-cir-
cuit currents are shown in Fig. 12. The comparison
indicates that the model describes the optical effi-
ciency well. There is a tendency that the measured
values are lower than the model predictions and
the difference is largest at high currents. This is dis-
cussed in Section 6.2.

4. Formulation of the complete model
4.1. The effect of a cover glass

The influence of the reflector was measured with-
out a glazing. However, the unsatisfying long-term
durability outdoors of most inexpensive reflector
materials often necessitate that a cover glass is used,
although this reduces the optical efficiency of the
system significantly. To a first approximation, the
addition of a cover glass will not, per definition,
influence the function Ry. Neither does the reflector
have any effect on the longitudinal incidence angle
behaviour, which was shown above. Thus the angu-
lar dependence of the optical efficiency due to the
glazing can be assessed separately. In this work,
we have chosen to use the incidence angle dependent
transmittance of a 3 mm glass, obtained from Fres-
nel calculations, for the /1 function. The calculated
angular transmittance of the glass as a function of
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incidence angle was shown in Fig. 6. However, for
any given cover glass, the angular dependent trans-
mittance can be measured using for instance spec-
trophotometry. It is also possible to use an
incidence angle modifier (Eq. (1)), for example with
1, = 0.9 and by, = 0.2, to model the angular depen-
dent transmittance of the glass.

4.2. The effect of the angular dependence of the
cell absorption

The absorption of the pv cells as a function of the
angle of incidence is described in Fig. 6. As can be
seen from the figure, the absorptance is almost con-
stant up to 70°, where it starts reducing rapidly. As
the cells are used for measuring the incidence angle
dependence of the reflector, this effect will to a small
extent introduce an error in the measurements as the
transverse projected angle of incidence differs from
the angle at which the light is incident on the cells.
A ray tracing simulation was performed to study
this effect and to be able to estimate the size of error
introduced. Fig. 13 shows the result of this simula-
tion, performed for the same date as Fig. 8, July
15. The reflectance was set to 1 in order to remove
the effects of the aluminium mirror. As can be seen
from the figure, the error is 2-3% during the part of
the day when the irradiation is high, and we con-
clude that the effects can be neglected in the model
as they are less than other errors in the measuring

Optical efficiency

6 8 10 12 14 16 1€
Time of day (hour)

Fig. 13. The influence of the angular dependence of the absorber
on the ray tracing results. The reflectance of the reflector was set
to 1.
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process. The errors will be further discussed in
Section 6.2.

4.3. Measurement of the Ry function with a cover
glass present

The expressions for Ry and fi were obtained by
performing separate measurements and calculations
on the reflector and the glazing, respectively. If the
cover glass cannot be removed from the system, this
procedure cannot be followed and the Rt function
has to be obtained in some other way. Rt can be
found by measuring the incidence angle dependence
of the optical efficiency of the entire system (includ-
ing glass and reflector) in the longitudinal and trans-
verse directions, while keeping the other projection
of the incidence angle as close to zero as possible
in at least one of the measurements. (For the 3X sys-
tem with a parabolic over edge reflector with a lower
acceptance angle of 25°, it makes little sense to mea-
sure at O < 25°.) This gives the functions f{ and f7,
for the longitudinal and transverse incidence angle
dependence of the optical efficiency. The Rt func-
tion is then obtained as the ratio between these
functions for 0y = 0, according to

_ £(0r)
700

Ry (0r) (13)

4.4. Graphical representation of the model

When Ry and f; have been obtained from mea-
surements, modelling, or ray tracing, the biaxial
model for the incidence angle dependence of the
optical efficiency can be formulated. Fig. 14 shows
the factors f; and Ry that determine the optical effi-
ciency of the studied 3X concentrating system. Since
the functions f; and Rt depend on different angles
of incidence (6; and Or, respectively) and these
angles have a relationship that changes with the
time of day and the time of the year, it is not rele-
vant to present their product, 7o, graphically.
The optical efficiency at any given moment in time
is obtained by taking the product of fi(0;) and
R1(0r), using the real angle of incidence and the
transverse projection angle at that time.

4.5. Application of the model on flat plate
collectors and planar pv modules

A flat plate collector or planar module is sym-
metrical in the transversal and longitudinal direc-

10 : : : : 10
—=—1,(0)

08} 108

06+ 106
—o—Ry(8y)

04+ 104

02+ 102

0.0 ! ! ! ! ! 0.0

0 15 30 45 60 75 90

Angle of incidence or transverse projected angle (°)

Fig. 14. The factors fi and Ry that determine the optical
efficiency of the 3X concentrating system with a parabolic over
edge reflector and a vertical glazing.

tions by measuring the incidence angle dependence
in both directions it can be shown that f; and f]
are identical functions. The Rt function will in this
case according to Eq. (13) be equal to 1 for all
angles of incidence. The model, formulated by Eq.
(7), will in this case be reduced to Eq. (14):

Hope = Rr(00)f1.(0)) = [1] - fL.(0:) = fL(0). (14)

This shows that the same methodology and model
can be used for concentrator systems as well as for
more simple systems such as the flat plate collector
or the planar module.

5. Comparison between the proposed model and
the previous biaxial model

Fig. 15 shows a comparison between the model
predictions obtained by the proposed and Mcln-
tire’s biaxial models for a summer day and a day
close to the autumn equinox. Since it is not possible
to measure the longitudinal dependence of our sys-
tem at 0 =0, and our system does not include a
glass in its original design, we have used a simulated
glass, which is the same as the glass for which the
transmittance is shown in Fig. 6, in the calculations.
Our model is thus the model presented in Fig. 14
above. Our interpretation of Mclntire’s model is
equal to our model for the reflector function, but
it uses the projected longitudinal incidence angle
for determining the influence of the cover glass.
The comparison shows, that there is little difference
between the models at the autumn equinox (lower
figure), when the difference between the real and
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ciency that is too high, underestimating the trans-
mission losses in the glass.

6. Discussion
6.1. Effects of diffuse radiation

Fig. 16 shows the optical efficiency of the 3X over
edge parabolic reflector on a day with little direct
radiation. The optical efficiency is obtained using
Eq. (2), i.e. it is measured in comparison to a planar
module that is mounted vertically beside the con-
centrating system. The observed optical efficiency
for diffuse radiation is 65%, which is almost as high
as for direct radiation. The fact that the system
seems to concentrate diffuse radiation can be
explained by the anisotropy of the diffuse radiation
at the test site, the low concentration ratio, which
allows the module to see a wide angular interval
of the sky, and the low lower acceptance angle
(25°) of the studied system. Where the systems are
mounted, on a wall that faces south and approxi-
mately 1.2 m above the ground, the diffuse radiation
that is incident at angles below 25° is negligible.

If the reflector would be ideal (R = 1.0) then the

12 J. Nilsson et al. | Solar Energy xxx (2005) xxx—xxx
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Fig. 15. Optical efficiency as a function of the real (our model)
and the projected longitudinal (Mclntire) angle of incidence on
the 15th July (upper) and the 19th September (lower). The real
and the projected longitudinal incidence angles are included in
the graphs.

the longitudinal incidence angles never exceeds 30°.
However, in summer, when the real incidence angle
is high during the entire day and there is a signifi-
cant difference between the real and the projected
angles in the mornings and in the afternoons, a dif-
ference between the two models is noticeable, and
this difference increases with increasing incidence
angle. This is explained by the fact that, at angles
of incidence above 50°, the transmittance of the
glass drops fast with increasing angle of incidence.
The difference between the two models is visible,
for example at 14:30 in the upper diagram below.
At 14:30 on 15th July, the real angle of incidence
is 62.5°, while the projected longitudinal angle is
51.0°, and Mclntire’s model gives an optical effi-
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isotropic diffuse irradiance on the concentrator
module should be equal to the diffuse irradiance
on a module tilted 20° from the horizontal and
almost twice as high as the irradiance on a vertical
module. This effect is further increased by shadow

1.0 T T 500

'y =0.650- 0.000013x

400

200

(Lw/An) douvIpEL]

Optical efficiency

100

0.0

. I I I .
8:00 10:00 12:00 14:00 16:00 IS:&
Time of the day (hour:minute)
- Diffuse (457)
——Total (90°)

-e— Optical efficiency

Fig. 16. The optical efficiency of the 3X concentrating over edge
parabolic reflector, the total irradiance on the south vertical, and
the diffuse irradiance on a surface inclined at 45° towards south,
on 15th September 2003, as a function of the time of the day.
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effects on the irradiance from angulars below
O = 25°.

Fig. 12 which compare model values and mea-
surements also indicate that the efficiency of the
concentrator is similar for diffuse and beam
irradiance.

6.2. Effects of concentration on cells designed
for one sun’s illumination

A comparison between the measured optical effi-
ciency, the results from ray-tracing simulations, and
the parametric model shows that the measured, the
simulated, and the modelled curve are identical
below Ot =25°. However, when Ot exceeds 25°,
radiation is focussed at the front edge of the mod-
ule. The module that is used in the test system is
designed for one sun’s illumination. Furthermore,
the contacts are placed on the edge of the module
closest to the reflector, and the series resistance of
the cell increases with the distance from the contacts
to the point where the electron is generated. As the
light image from the reflector moves from the reflec-
tor edge to the focal point as the sun moves from a
transverse angle of 90-25°, the series resistance
increases. The voltage drop given by the series resis-
tance will slightly increase the shunt current, and
thus decrease the short circuit current, when the ser-
ies resistance increases with the decreasing trans-
verse projected angle.

These effects are introduced in the model through
the normalisation constant, k, and explain the low
measured optical efficiency for O above 25°, which
was shown in Fig. 9.

6.3. Effects of gables

It has been assumed that the east-west aligned
reflector is long in comparison to the photovoltaic
module and that there are no edge effects. In the
case of a concentrating system with gables that
shadows the cells or thermal absorber in early
mornings and late evenings, a function Sp(0p),
which is essentially a step-function that is 1 without
shading and 0 when the module or absorber is
shaded, can be introduced in the expression for
the optical efficiency.

6.4. Measurement errors

The reference is mounted in the plane of the con-
centrator aperture. If the plane of the reference is

not completely parallel with the plane of the concen-
trator aperture, it will introduce an error. The anal-
ysis is sensitive to this error, an error of 3° will e.g.
mean a shift of 10 min in the measured data. This
could mean that instead of using the measured ref-
erence current for 11:00, the current for 11:10
should be used in order to get correct model predic-
tions. Fig. 10a shows exactly this kind of error, the
graphs have the same shape, but there is a clear shift
between them. Another error is introduced if the
system normal is not pointing perfectly south. As
with the previous example, a 3° angle between the
south axis and the aperture normal equals 10 min.
Looking at Fig. 9, a 3° shift would clearly create a
large error compared to the simulated case around
the angle of acceptance.

7. Conclusions

A new biaxial model for the incidence angle
dependence of the optical efficiency for solar energy
systems, o = Rp(01)fL(0;), was proposed. The
model uses as parameters the transverse projected
incidence angle for determining the effect of the
reflector and the real incidence angle to determine
the effect of the glazing. The model is valid for all
translational symmetric concentrating systems, as
well as for flat plate solar collectors and planar pho-
tovoltaic modules. Furthermore, the model gives an
absolute value of the optical efficiency, i.e. it does
not have to be normalised. The model was applied
on a system with an east-west aligned asymmetric
parabolic reflector without a cover glass and it
was shown that the dependence of the optical effi-
ciency of the reflector on the projected longitudinal
angle of incidence was negligible. The new model
was compared with the commonly used biaxial
model, 7ope = 1, K7(07)K(01), and it was found
that the difference between the models can be a cou-
ple of percentage points.
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Abstract — One of the main problems in using parabolic concentrators with standard PV
cells is the highly non-uniform illumination of the cells. This effect causes high resistive
losses in the cells, and the resulting efficiency of the systems is lowered considerably.
To solve this problem, we introduce three different structured reflectors that will create
a more uniform illumination, and also possibly increase the concentration ratio. The
maximum concentration ratio of translational symmetric compound parabolic reflectors
(CPCs) is limited by the independent conservation of the étendue of the reflected rays in
the symmetry planes. By adding a surface micro-structure to the reflectors, it is possible
to selectively mix the angular distribution in the reflections, and increase the
concentration ratio. Three different structures were evaluated in an existing trough
system by Monte Carlo ray tracing, and it was found that structures improve the system
performance by increasing the concentration ratio and by homogenizing the light on the
cells. The yearly irradiation collected in the evaluation system is slightly lower than for
a reference with smooth reflectors, but the more uniform illumination of the cells will
generate a net increase of the total system performance compared to a system that was
optimized with smooth reflectors. The benefit of the increased concentration ratio is
increased flexibility in designing new systems with concentration ratios surpassing the
theoretical limit of trough concentrators.

1. INTRODUCTION

In view of the high costs of photovoltaic
modules, it is necessary to find ways to reduce
the cost of a PV system considerably to
facilitate more extensive use. By using
concentrating  reflectors to increase the
irradiance on the cells, expensive PV cell area
can be exchanged by considerably less
expensive reflector area. This has been shown
to reduce the cost of the electricity produced
(Perers and Karlsson 1993). Many reflector
systems are based on compound parabolic
concentrator reflectors, or CPCs (Welford and
Winston 1989).

Parabolic reflectors are ideal concentrators for
distant sources, all light incident parallel to the

optical axis of the reflector is reflected into the
focal point.

The sun is an extended source with a half-
angle 65=0.28°. Sunlight produces a focal line
in a parabolic trough concentrator. The
geometrical concentration ratio C of the
parabolic trough of unit width and a rim angle y
defines the half-width of the focal line 7,

1 0,
e c” cos(y)sin(y) M

For 0,,,=m/4, i.e. a rim angle of 45°, the average
geometrical concentration ratio of the parabolic
trough reaches its maximum of 104, with a peak
at Cpy=sinb,/sinfs=144. A parabolic shape
will concentrate sunlight into a hot spot of high
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geometrical concentration, independent of the
acceptance half-angle 6; (Welford and Winston

1989) of the system.

The high local intensities on the PV cells in
parabolic troughs make the use of concentrator
cells necessary to reduce the losses due to the
high local currents (Luque, Sala, and Arboiro
1998). These cells are expensive and are
produced in small series, but if the light could
be more uniformly distributed over the cells, it
would be possible to use standard silicon cells
in the systems, and this would reduce the
system price significantly. To address this
problem, we will evaluate three different
structured reflectors that will create a more
uniform light distribution.

Back reflector

Glass cover

Variable absorber angle

urber with PV cells

Figure 1 System layout of the asymmetric
parabolic trough concentrator. Shown is the local
coordinate system

Front reflector

Stationary asymmetric CPC systems such as the
MaReCo, MaximumReflectorCollector, which
is shown in Fig. 1 (Nilsson, Hakansson and
Karlsson 2003) are suitable for northern
latitudes such as Sweden due to the relatively
low solar altitude and the high cloud coverage
during the winter. It consists of two parabolic
aluminium mirrors tilted in 20° and 65°, the
absorber is an aluminium profile with copper
pipes in the middle to collect heat, and standard
monocrystaline silicon cells are laminated on
the profile. The system is designed to accept all
irradiation between 20° and 65° in the meridian
plane.

The system has an average concentration ratio
of 3.5 for the lower reflector and 2.4 for the
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upper reflector. This system was chosen as the
evaluation platform for the proposed reflectors.

Even though the concentration ratio is low for
the system, local intensities of 30 times the
solar beam have been measured on the cells due
to the parabolic shape of the mirrors (Nilsson,
Hakansson and Karlsson 2003). The high local
intensity at the focal point creates high local
currents in the illuminated part of the cells, and
the relatively high resistance of standard cells
that are used in this system causes large losses.
The large difference between 3.5, the
concentration ratio, and 30, the real intensity at
the centre of the strip of light, indicates that
rational changes to the geometry of the
reflectors have a large potential for performance
improvement.

1.1 Maximum concentration ratio

The principle of étendue conservation states
that a translational symmetric two-dimensional
compound parabolic reflector (CPC) system has
a maximum concentration ratio of 1/sin(6;),
where 6; is the half-angle of acceptance in the
symmetry plane for y=0 (see Fig. 1). For a
three-dimensional concentrator such as the CPC
of rotational symmetry, the maximum
concentration ratio is 1/sin®(6;) accordingly.
Independently conserved quantities in the
translational symmetric system are the two-
dimensional étendues in the symmetry planes
(Leutz and Ries 2005).

AxAk = const

AyAk, = const @
This limits the part of the phase space that is
filled with light at the exit aperture of the
system (Bortz, Shatz and Winston 2001). The
phase space is completely filled at the exit
aperture when the rays are exiting at all angles
in three dimensions into a hemisphere. If the
angular space is not evenly filled at the exit
aperture, it limits the concentration ratio by a
factor sin(f.). For translational symmetric
systems, k, is not affected by reflections and
this dictates that both &, and Ay are constant
independently.
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The angles opened by the directional vector
components k., k, are small for sources with
small angular spread and concentrators with
smooth reflectors. Breaking the symmetry of
the reflector surface will selectively mix the
directions of the reflected rays. While for
smooth reflectors the étendues in the symmetry
planes (Eqn. 2) are independently conserved,
selective mixing leads to the conservation of
total étendue

AxAkXAyAky = const 3)

By breaking the symmetry of the trough’s
smooth reflectors, i.e. affecting the directional
components of the reflected rays, it is possible
to achieve concentration ratios greater than the
limit of two-dimensional concentrators 1/sin(6;),
approaching the three-dimensional  limit
1/sin%(0;) (Ronnelid, Perers and Karlsson 1994;
Ronnelid and Karlsson 1998). Breaking the
symmetry leads to the increase of the light
throughput (étendue) of the concentrator. The
ideal concentrator is characterized by rays of all
possible directions at the exit aperture. This
tells us that complete mixing of the different
angles is desirable. Three different micro-
structures were proposed as possible solutions
for breaking the symmetry, all shown in Fig. 2
(showing the xy-plane). All structures are
oriented perpendicular to the translational
symmetry axis.

120°

Figure 2 Different micro-structures. The
structure (a) has an opening angle of 120°, the
structure (b) has an angle of 60°, and the
structure (c) is sinusoidal shaped to obtain
complete randomization. The MaReCo with
structured reflectors is shown in an artist’s view

().

Selective mixing can be obtained by creating a
V-shaped structure on the reflector with an
angle of 120°(a) or 60°(b) according to Fig. 2
(Leutz and Ries 2003). Structure (c) in the
figure is a sinusoidal wave. The sinusoidal
shaped structure has all possible surface
normals from -45° to 45° depending on the
position on the reflector. This creates
randomization of the angles of the rays after
reflection.

(c)

0 mm

Figure 3 Selective mixing of reflected rays in the
two-dimensional phase-space. The étendue
limited by the angular interval -30<6<=30 is
equal to the étendue comprising the rest of the
possible angles. The V-shaped structures reflect
all rays of one angular interval into the other,
and vice versa, thereby mixing the étendue.

Figure 3(a) shows the two-dimensional étendue
of incidence projected onto a half-circle. The
étendue limited by the angular interval —
30°<6<=30° is equal to the étendue comprising
the rest of the possible angles. The V-shaped
structures reflect all rays of one angular interval
into the other, and vice versa, thereby mixing
the étendue.

The two V-shaped structures mix the étendue
in different ways. The structure (a) with an
angle of 120° will create this in one reflection,
and the 60° structure (b) will produce the same
result by reflecting every ray twice. As can be
seen in Fig. 3, the exit angle with the trough
cross section will be the same, but the rays
might travel in different directions along the
axis of symmetry after being reflected. The
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obvious drawback of the 60° structure is the
lower optical efficiency due to the double
reflection. All reflected rays will have a lower
intensity in this case compared to the 120°
structure. The behaviour of the sine-shaped
structure will be evaluated using a statistical
method, Monte Carlo ray tracing.

2. METHOD

The proposed changes to the structure of the
MaReCo reflectors were evaluated by Monte
Carlo ray tracing. Four sets of simulations were
performed, one for each structured reflector,
and one reference simulation with smooth
reflectors. 3D models of the four systems were
constructed and simulated in ZEMAX, a
commercial ray tracing package (ZEMAX
2004).

The cover glass of the system was omitted in
all cases, and the source of the rays was placed
vertically in front of the system aperture. The
source generated 25 000 rays at a specific angle
at random locations, and the rays were detected
at the trough aperture as a measure of the
incident flux, as well as on the front and back
side of the absorber. The angle of incidence was
varied in both azimuth direction and solar
altitude from 0° to 85° in steps of 5° and one
simulation was done for each angle resulting in
324 simulations for each reflector type. Figure 4
defines these angles of incidence, where a is the
solar altitude and vy is the azimuth angle.

Trough

Figure 4 Definition of the angles used in the
simulations, a is the solar altitude and vy is the
azimuth angle.
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The normalized absorptance of the PV cells was
modelled according to Fig. 5 (Brogren, Nostell
and Karlsson 2000).

The detectors on the aperture and on the
absorber consisted of one bin each to detect the
incident flux. The optical efficiency of the
system was calculated according to

@ FrontAbs + @ BackAbs (4)

Noat27) = 5

Aperture

where 0; is the detected flux at a detector i.

The reflector material was aluminium with a
specular reflectance of 92% at normal
incidence. Its reflectance as a function of the
angle of incidence can be seen in Fig. 5. The
maximum error in flux detected by the detectors
for each angle is estimated to 2%.

==

Normalized PV cell absorptance
Reflectance of the aluminium mirror

| +—T

—— PV cell absorptance
b — Reflectance

o 10w w4 % e w0
Angle of incidence (°)

Figure 5 Normalized absorptance of the PV cell

(a) and reflectance of the aluminium mirror (b)

used to model the incidence angle dependency of

the system

The detectors were fitted with 70 bins in the y
direction of the absorber, i.e. each bin was 2
mm wide, in order to be able to analyse the
uniformity of the irradiance distribution on the
cells. This second round of simulations was
performed for certain angles of incidence, now
using 500 000 rays for higher spatial resolution.
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3. RESULTS

3.1 Changes in the light distribution

One of the main challenges in improving low
concentration CPC systems such as the
MaReCo is the highly non-uniform irradiance
distribution on the PV cells. Solving this
problem is the main objective when introducing
the structured reflectors.

(b) 120° V-shape
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Figure 6 Irradiance distribution on the cells of
the upper absorber for a=40°, y =15°. Four
different reflector structures a-d.
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Figure 7 Irradiance distribution on the cells of
the lower absorber for a =40°, y =15°. Four
different reflector structures a-d

Some of the results from the simulations are
shown in Fig. 6 and Fig. 7 where the former
illustrates the irradiation distribution on the
cells facing the upper reflector for an azimuth
angle of 15° and a solar altitude of 40°. The
latter shows the irradiation distribution on the
cells facing the lower reflector at the same
angle of incidence.

As can be seen from the figures, all three
structural changes reduce the peak intensity of
the light incident on the absorber. This will
result in a higher fill factor of the cells, i.e. the
resistive losses in the cells will be lower. The
highest peak reduction is obtained by using the
sinusoidal micro-structure. Fig. 6 and Fig. 7
show a maximum intensity of 5 times the sun
for this reflector. This intensity should be low
enough for the standard cells in the MaReCo
system. For the V-shaped structures, the 60°
structure seems to reduce the peaks slightly
more than the 120° structure, but on the other
hand, the overall irradiation on the cell (the
integrated intensity profile) is larger for the
120° structure which could explain the greater
reduction of the peaks. The peaks for the V-
shaped structures can reach levels of almost 10
times the sun. At these intensities, the high
resistance of the standard cell becomes a
problem, even though it will cause considerably
less losses than for the case of the reference
reflector where the intensity can be as much as
25 times the beam of the sun. An important
point to make about the Figs. 6 and 7 is that the
absorber connects to the reflector at x=140 mm.
If the light distribution is non-zero at the
parabola’s focus, x=0 in the figures, it can be an
indication that some of the light is reflected
outside the absorber and lost.

3.2 Comparison of the optical efficiency of the
systems

The optical efficiency of the system is defined
as the ratio between the incident and the
absorbed flux, as described by Eqn. 4. The
micro-structured reflectors change the path of
the rays, and will in some cases cause the rays
to miss the absorber. On the other hand, the
increased concentration ratio of the structured
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reflectors will make the system absorb
irradiation outside the acceptance interval of the
reference system, i.e. outside the angular
interval of 20° and 65° in the meridian plane.
Figure 8 shows the optical efficiency of the four
reflector systems when the solar altitude is
changed at a constant azimuth angle of 0°, i.e. in
the cross-sectional plane of the trough facing
south (the xz-plane).

Optical efficiency

—s—Reference

- = - 120° V-shape
- 60° V-shape }\

nusodial shape

0 10 20 30 40 50 60 70 80 920
Solar altitude (°)

Figure 8 Optical efficiency as a function of solar
altitude in the xz-plane. Normal incidence is
equal to a solar altitude of 60°

The optical efficiency of the reference system is
high between 20° and 65°, but drops rapidly
outside this interval. The efficiency does not
drop exactly at 20° and 65° in the figure, but this
is due to the choice of interval in the
simulations. If the interval was smaller, this
effect would be more clear. The well defined
interval of acceptance is a characteristic of
parabolic troughs. The shape of the trough was
designed to accept all light in this interval as a
compromise considering the yearly irradiation
incident on a south facing surface tilted in 30°,
as the trough aperture. The 120° structured
reflector has a slightly lower peak efficiency,
around 7% lower, but the acceptance angle
interval is larger, around 10° at both ends. The
wider interval is due to the increased
concentration ratio, and the slightly lower peak
efficiency is due to the fact that the
randomization of the reflected rays in some
cases will cause multiple reflections. The
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sinusoidal shaped reflector and the 60° structure
show considerably lower peak efficiencies,
most of the rays are reflected more than once.
For the 60° structure this effect can be
explained with Fig. 3c, where most rays
incident on the reflector are reflected twice. The
higher number of multiple reflections for the
sinusoidal structured reflector is due to the large
randomization of the reflected rays, which is
evident in the figures of light distribution on the
cells where the light is more evenly distributed
in spite of the fact that the mirror’s global shape
is parabolic.

Optical efficiency
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Figure 9 Optical efficiency as a function of the
azimuth angle at a constant solar altitude of 40°

Figure 9 shows the optical efficiencies of the
four reflector systems at changing azimuth
angle. The solar altitude in the simulation was
kept constant at 40° within the interval of
acceptance for the smooth reference trough.

As expected, the reference reflector shows an
almost constant optical efficiency at all angles
up to 70°, where the acceptance limit of a
transverse angle of 65° is exceeded. The
transverse angle is the angle of the solar vector
projected into the xz-plane. As the solar altitude
was constant at 40° throughout the simulation,
the transverse angle became 65° at an azimuth
angle of approximately 67°. As can be seen
from Fig. 8, the optical efficiency of the
reference drops considerably once this angle is
reached. Another aspect that can be seen from
Fig. 8, is that the efficiency is almost constant
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in this interval which explains the constant
efficiency of Fig. 9. The 120° structured
reflector has an efficiency close to the reference
up to azimuth angles of 45°, where it starts to
drop. At large azimuth angles, more and more
of the rays are reflected outside the absorber.
The efficiency of this reflector never exceeds
the reference in the simulated case. The 60°
structure and the sine-shaped structure have a
25% lower efficiency at low azimuth angles,
but as the angle increases, the efficiency
follows suit. At angles of around 70°, both
structures have a higher efficiency than the
reference, the 60° structure having the highest
efficiency.

3.3 Evaluation of the MaReCo using different
reflectors in Lund, Sweden

Insolation is not equal for all angles of
incidence, it is highest in the middle of the day,
around 0° azimuth angle. The yearly direct
insolation in Lund, Sweden, 55.73 N, 13.22 E
was divided into angular intervals of 5° in the
solar altitude and azimuth directions. The
optical efficiencies at different angles were
multiplied by the irradiation values to get a
local  evaluation of the concentrator
performance. This is not equal to the annual
output, but it allows for a comparison of the
four reflectors at this specific site.

The diffuse part of the yearly insolation was
treated separately. The diffuse sky was treated
as isotropic all year, i.e. the different parts of
the sky were assumed to radiate equally strong,
or lambertian. The efficiencies of the troughs
for diffuse radiation were calculated according
to Eqn. 5, where « is the solar altitude, y is the
azimuth angle, and 6 is the angle of incidence
on the aperture of the trough. The limits of a
were set to 0° and 150° instead of 0° and 180°
since the 30° tilted aperture will not receive any
irradiation from the interval 150° to 180°.

a=150 7=90

2 2 Mavls7)- cos(0)
Maigise (a’7)= = 7::):(;50 7=90 (5)
Z Zcos(&)
a=0 y=-90

Table 1 shows the result of these calculations.

120° V- | 60° V- | Sinusoidal
Reference
shape shape shape
Naiffuse 0.32 0.36 0.30 0.35

Table 1 Optical efficiencies of the micro-
structured reflectors for diffuse radiation

The optical efficiency for diffuse radiation
exceeds the reference efficiency in case of the
120° V-shaped micro-structured reflector and
for the sinusoidal shaped reflector, even though
these reflectors create more multiple reflections.
The reason for this can be seen in Fig. 6, as the
interval of acceptance is smaller for the
reference case. As smaller interval of
acceptance practically means that the cells see a
smaller part of the sky.

The optical efficiency for diffuse radiation was
multiplied by the total diffuse radiation on a
surface tilted 30°, modelling the aperture. The
diffuse irradiation was then added to the direct
irradiation from the previous calculations. Table

2 shows the result of the irradiation
calculations.
120 60° V- | Sinusoidal
Reference V- shane shane
shape P P
Ndiffuse 1 0.93 0.89 0.92

Table 2 Annual irradiation on the PV cells of the
system relative to the reference

Considering the fact that the MaReCo was
optimized for climate of Lund, it is not
surprising that the smooth reflector receives the
highest yearly irradiation. The 120° structure
and the sinusoidal shaped structure show a mere
7-8% decrease in accepted irradiation over the
year.
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4. DISCUSSION

4.1 The 120° V-shaped reflector structure

The 120° structure has the highest overall
optical efficiency of the three evaluated
structures. The simulations show that 7% less
irradiation reaches the cells over a year, when
compared to a reference concentrator with
smooth reflectors. The main advantage of this
reflector compared to the other two structured
reflectors is that it has roughly the same average
number of reflections as the smooth reference.
This can be seen in Fig. 8 where the optical
efficiency is close to the reference inside the
interval of acceptance as long as the azimuth
angle is small. When the azimuth angle
increases, more rays are reflected out of the
concentrator, and the efficiency drops as Fig. 9
shows. At small azimuth angles, this structure
would be preferred to the reference as the
interval of acceptance is wider for the structured
reflector and this gives a higher degree of
freedom in designing the system. However, it is
less efficient as the azimuth angle increases.
Considering the irradiance distribution, this
reflector shows the lowest peak reduction of the
three structures, although uniformity is still
considerably better than for the reference case.
This reflector would be the best choice when
the irradiation is concentrated within small
azimuth angles, or for east-west tracking. The
small 7% reduction in total yearly irradiation
shows that it could improve stationary
concentrators as well due to the more
homogenous irradiation distribution. If the
generated electricity is more valuable in the
middle of day, this would be another reason for
choosing this reflector.

4.2 Sinusoidal reflector structure

The sine structured reflector has almost the
same overall optical efficiency as the 120°
structured reflector, only 8% less irradiation
reaches the absorber in this case compared to
the reference. At small azimuth angles, the
efficiency is considerably lower compared to
the reference. As the interval of acceptance is
less pronounced, the efficiency decreases
slowly outside the 20-65° interval rather that
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showing the step characteristic of the reference.
As the azimuth angle increases, Fig. 9 shows an
increasing optical efficiency, and at larger
azimuth angles, the sinusoidal structure shows a
higher efficiency than the reference.

Of the three proposed micro-structures, this
one shows the most uniform irradiation profile
on the absorber, most of the peaks are removed,
and the intensity in Fig. 6 and Fig. 7 is never
higher than 4.5 times the intensity of the sun.

This reflector shows an overall efficiency
similar to the 120° V-shaped reflector in the
evaluation with the local climate, but the more
uniform irradiation distribution generated by the
sinusoidal micro-structure makes it a promising
candidate for use in the stationary MaReCo
system, especially if the irradiation is evenly
distributed over the azimuth angles.

Important for this reflector is the ratio between
the length of the period of the structure and the
amplitude. As it was chosen in the studied case,
the slope of the reflector at y=0 is somewhere
between the slope of the 120° structure and the
60° structure. Had the amplitude been larger,
more multiple reflections would have resulted
in a decreasing optical efficiency. This would
also decrease the angular interval of the surface
normal from the evaluated -45°<6<45°. This
would result in less randomization of the
reflected rays. A more detailed study of the
optical effects of different ratios between period
and amplitude of sinusoidal micro-structures is
beyond the scope of this article.

4.3 The 60° V-shaped reflector structure

The 60° structured reflector decreases the
reflected intensity compared to the reference
mainly due to the fact that most rays are
reflected twice upon impinging at the reflector.
These reflection losses are the main reason for
the 11% reduction in yearly irradiation on the
cells. This is evident from Fig. 8 as the optical
efficiency is 25% lower than the reference
inside the interval of acceptance at zero azimuth
angle. As the azimuth angle increases, the
efficiency of this reflector system increases. At
large azimuth angles, the efficiency is higher
than the efficiency of the reference. The interval
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of acceptance in the meridian plane, shown in
Fig. 8, is the same as for the reference, clearly
showing that this reflector system has a lower
efficiency at small azimuth angles.

The intensity peak reduction on the absorber
generated by this micro-structure is similar, or
slightly larger than at the 120° structured
reflector but as less light is collected at the
absorber, this is to be expected.

This reflector shows some of the features of
the 120° structured reflector, and some of the
sinusoidal structured reflector, but of the three,
it has the least benefits.

5. CONCLUSIONS

5.1 lllumination of the cells

The two goals of introducing structured
reflectors were to increase the concentration
ratio and to get a more uniform illumination
distribution on the PV cells. By breaking the
symmetry, the system became an actual 3D
concentrator system, and a new illumination
distribution was created. As was seen in Fig. 6
and Fig. 7, all three structures reduced the peak
irradiation,  creating a more  uniform
distribution. However, reducing the peak
illumination by accepting less irradiation on the
cells is not the solution to the problem, but it
was shown that during a year in Lund, the
reflector system with a 120° angle received 7%
less irradiation on the cells, 11% less for the 60°
structured reflector, and 8% less for the sine
structured reflector.

In a previous measurement study on the
MaReCo reflector system (Nilsson, Hakansson
and Karlsson 2003), three reflector materials
were tested. One of these materials, aluminium
laminated steel, was slightly diffusing, reducing
the peaks of high irradiation. When this
material was used in the system, the fill factor
of the cells was increased by as much as 12%
even though the peak reduction was smaller
than for any of the reflectors tested here. This
tells us that the introduction of structured
reflectors has a large potential for increasing the
fill factor, and thus the power output of the
system in parabolic trough systems such as this,

since the reduction of yearly illumination is
only 7% or 8% in the best cases.

We conclude that the small decrease in total
irradiation is acceptable considering the larger
gains in fill factor.

5.2 Increased concentration ratio

The increase of concentration ratio achieved
by the phase space mixing due to the structured
reflector can be exploited in two ways: either by
reducing the cell area of the given system to get
a lower system price, or by changing the shape
of the trough to make use of the wider interval
of acceptance seen in Fig. 8. The MaReCo
trough is designed to accept as much irradiation
as possible in an interval of 20° to 65° in the
meridian plane of incidence, thereby discarding
almost all of the irradiation outside this interval.
This interval is connected directly to the size of
the aperture, if the interval is smaller, the
aperture can be larger and vice versa. In future
studies on the structured reflectors, the trough
aperture will be increased, creating a smaller
angular interval for a smooth reflector system.
As could be seen from Fig. 8, the interval of
acceptance widens when a structured reflector
is used. This will make it possible to accept
almost all light in the interval of 20° to 65°
while increasing the concentration ratio. The
use of the sinusoidal structure would create
similar possibilities as the V-shaped structures,
but due to the randomness of the reflections, a
more thorough study on the geometry would
have to be performed to make the best use of it.

5.3 Robustness of the system

The MaReCo trough was created for
PV/thermal hybrids that have PV cells
laminated on a thermal absorber using a copper
pipe inside the absorber for collecting the heat.
The fluid keeps the cells at a lower temperature,
and this increases the electricity output as well
as produces hot water. A known problem with
this type of hybrids is destruction of the cells if
the circulation pump stops working when the
trough is collecting at peak irradiation. Hot
spots occur on the cell surface due to the high
intensity peaks, and without the cooling of the
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cells the heat can not be dissipated at an
adequate rate. The results are delamination of
the cells or cracking of the cells due to the
thermal expansion of the different materials in
the module. Reducing the intensity peaks with
structured reflectors, this problem will almost
certainly be solved as the cell will have a much
more uniform temperature distribution. This
will make the performance less restricted by
heat conductivity and cooling.
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Abstract

A newly developed aluminium-polymer-laminated steel reflector for wuse in solar
concentrators was evaluated with respect to its optical properties, durability, and reflector
performance in solar thermal and photovoltaic systems. The optical properties of the reflector
material were investigated using spectrophotometer and scatterometry. The durability of the
reflector was tested in a climatic test chamber as well as outdoors in Alvkarleby
(60.5°N, 17.4°E), Sweden. Before ageing, the solar weighted total and specular reflectance
values were 82% and 77%, respectively, and the reflector scattered light isotropically. After 1
year’s outdoor exposure, the total and specular solar reflectance had decreased by less than
1%. However, after 2000 h in damp heat and 1000 W/m2 simulated solar radiation, the
optical properties had changed significantly: The light scattering was anisotropic and the total
and specular solar reflectance values had decreased to 75% and 42%, respectively. The
decrease was found to be due to degradation of the protective polyethylene terephthalate
(PET) layer, caused by UV radiation and high temperature. The conclusions are that the
degradation is climate dependent and that PET is not suitable as a protective coating under
extreme conditions, such as those in the climatic test chamber. However, the results from
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outdoor testing indicate that the material withstands exposure in a normal Swedish climate.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Solar concentrators; Reflector materials; Optical properties; Accelerated ageing; Durability

1. Introduction

1.1. Concentrating solar energy systems

Due to the relatively high material and production costs of solar cells and solar
thermal absorbers, it is desirable to find alternative ways of reducing the cost of
photovoltaic electricity and solar heat. One approach is to use concentrators that
increase the irradiance on the modules or absorbers and thus the electricity or heat
production per unit receiver area, which in turn reduces the area needed for a given
output. Concentrating systems use lenses or reflectors to focus sunlight onto the solar
cells or solar thermal absorbers. High concentration of solar radiation requires
tracking of the sun around one axis or two axes, depending on the geometry of the
system. The higher the concentration, the more concentrator material per unit area of
solar cell or thermal absorber area is generally needed. It is therefore more appropriate
to use lenses than reflectors in highly concentrating systems, because of their lower
weight and material costs. Lenses, typically point-focus or linear-focus Fresnel lenses
with concentration ratios of 10-500x, are most often manufactured out of inexpensive
plastic material with refracting features that direct light onto a small or narrow area of
photovoltaic cells or on a linear thermal absorber. The cells are usually silicon cells.
Single- or mono-crystalline silicon approaches accounted for 93% of the annual cell
production in 2002 [1]. Cells of GaAs and other compound materials have higher
conversion efficiencies than silicon, and can operate at higher temperatures, but they
are often substantially more expensive [2]. Concentrator module efficiencies range
from 17% and upwards and concentrator cells have been designed with conversion
efficiencies in excess of 30% [3,4]. Concentrator systems that utilize lenses are unable
to focus scattered light, limiting their use to areas with mostly clear weather.

In areas with a lot of diffuse irradiation, as well as for moderate (5-20x) and low
(< 5x) concentration ratios, reflectors are often more cost-effective than lenses and
therefore the most common type of concentrator. Below 5x concentration, it is
possible to construct cost-effective static concentrators, both for photovoltaic and
solar thermal systems [5,6]. These are mostly two-dimensional parabolic troughs or
plane booster reflectors. Plane mirrors in front of the collector area increase the
collected energy with 20-50% and reduce some of the diurnal variation [7].

1.2. Solar reflector materials

Reflectors for solar energy applications should fulfil a number of requirements

® They should reflect as much as possible of the useful incident solar radiation onto
the solar thermal absorbers or the photovoltaic cells.
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® The reflector material and its support structure should be inexpensive compared
to the solar cells or thermal absorbers onto which the reflector concentrates
radiation.

® The high reflectance should be maintained during the entire lifetime of the solar
collector or photovoltaic module, which is often longer than 20 years.

® [f cleaning is necessary, the surface should be easily cleaned without damaging its
optical properties and the maintenance should not be expensive.

® The construction must be mechanically strong to resist hard winds, snow loads,
vibrations, etc.

® The reflector should preferably be lightweight and easy to mount.

® The reflector material should be environmentally benign and should not contain
any hazardous compounds.

® The visual appearance of the reflector should be aesthetical, since solar
concentrators often are large and must be placed fully visible on open spaces so
that the concentrator aperture is not shaded by objects in the surroundings.

The optical requirement that must be fulfilled for reflector materials in solar thermal
applications is a high reflectance in the entire wavelength range of the solar spectrum
(300-2500 nm). In photovoltaic applications, photons with lower energy than the
band gap of the solar cell, which corresponds to wavelengths longer than about
1100 nm for a silicon cell, do not contribute to the photoelectric conversion but only
to overheating. High cell temperatures reduce the output voltage and a high
reflectance in the infrared is therefore counterproductive in photovoltaic applica-
tions. Hence, metals that are free electron-like and obey the Drude model [8] are
suitable as reflectors for solar thermal applications, but not optimal for
photovoltaics. There are no known metals that combine a low reflectance in the
near-infrared with a high reflectance in the ultraviolet and in the visible. However,
such a selective reflectance can be obtained by an application of thin films on top of
the reflecting metal, which are absorbing in the near-infrared, for example doped tin
oxide [9].

Among the Drude metals, silver and aluminium are the best solar reflectors [10],
with a solar hemispherical reflectance of approximately 97% and 92%, respectively.
Due to its lower cost, the material which is most often used for solar reflectors today
is anodised aluminium. However, if the anodised aluminium is not protected, for
example by a glazing, a plastic foil, or a lacquer, its optical performance degrades
severely in only a couple of months [11]. The degradation of silver is essentially as
rapid as that of aluminium [12]. Due to the limited corrosion resistance of the free
electron-like metals, they are often used in back surface mirrors, evaporated on the
back of a glass or polymer substrate that protects the metal from oxidation. Among
the state-of-the art in solar reflector materials are back-surface-silvered low-iron
glass or polymethylmethacrylate (PMMA) [13]. However, glass mirrors tend to be
brittle and heavy. Front surface mirrors, on the other hand, are often bendable and
of light weight, but more susceptible to chemical attack [14].

A solar reflector is not subject to the same high temperatures and thermal cycling
as a solar absorber. Nevertheless, environmental conditions impose stringent
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demands on the material, whose surface will deteriorate more or less upon exposure
to the environment. Loss of solar reflectivity can result from erosion or oxidation of
the surface, dirt accumulation on the reflector, and action of cleaning agents [15].
While degradation caused by accumulation of dust on the reflecting surface is
essentially reversible, surface oxidation is not [16].

The optical performance of solar reflectors thus depends on the mechanical and
chemical properties of the surface and the protective coating, if such is present. For
flexible reflective foils, a support of sheet metal may be necessary, while only a simple
frame construction is needed if the reflector is self-supporting, which is the case for
corrugated sheets. When installing booster reflectors, the cost of the reflector
material, the frame and support construction, as well as mounting and installation of
the reflector must be taken into account. Maintenance should also be included in life-
cycle cost.

1.3. Swedish experiences with booster reflectors

Since the beginning of the 1980s, several large ground-based solar thermal
collector systems have been installed in Sweden. These collectors show the lowest
costs of solar energy systems in Sweden. During the 1990s, a number of solar energy
systems in Sweden and Denmark have been equipped with external, trapezoidal
corrugated booster reflectors of aluminium. One example is the installation in1994 of
a collector field at Osthammar (60.2°N, 18.2°E) in Sweden. In the Osthammar
system, the reflectors are made of a corrugated lacquered aluminium sheet with an
initial solar reflectance of about 63%. The use of reflectors increases the annual heat
production from 380 to 490 kWh/m2, an increase of almost 30% [17]. The solar
reflectance of the booster reflectors in the Osthammar system is low, partly due to the
thick layer of poly(vinylidene fluoride)-based lacquer (PVF2). If the booster
reflectors in the Osthammar solar collector field had been made of highly reflective
anodised aluminium with a solar reflectance of 85%, the annual output could have
been as high as 530 kWh thermal energy per m? collector area, or 40% higher than
without reflectors. However, the durability of the lacquered reflector has shown to be
good, while the optical properties of anodised aluminium reflectors often have
degraded severely after 10 years outdoor exposure.

1.4. Reflector laminates

Aluminium is often used as a reflector material, for internal as well as external
reflectors, in solar energy systems. In order to be self-supporting in the latter case,
the aluminium sheet must often be thicker than 4 mm. Stainless steel, on the other
hand, is rigid and does not have to be as thick as an aluminium sheet. Austenitic steel
has a long-term stable but rather low solar reflectance (67%) [14].

One way for cost-minimization of concentrators, which is proposed in this article,
is to laminate a thin aluminium foil on a steel substrate, thus obtaining the good
mechanical properties of steel, the high solar reflectance of aluminium, and the
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degradation protection of the plastic laminate. In this way, the reflector performance
can be improved without significantly increasing the material cost.

The technique of combining different materials by lamination is not new. For
example, thin, flexible metal-polymer laminates can be purchased on rolls.
Traditionally, these laminates are used within the packaging industry, but there
are other applications as well. The combination of materials with different properties
makes it possible to tailor the properties of the product for different applications. As
stated above, a solar reflector material should have high reflectance, long durability,
mechanical strength, and low cost. Since high reflectance is a property that is
determined by the surface of the material, it can be created using thin films (for
example of aluminium). The substrate is then chosen to fulfil specific requirements
on mechanical properties and a protective coating is used to prevent degradation of
the reflective layer. The lamination process will differ with the choice of materials in
the laminate. If the substrate is a rigid steel sheet, it may be impossible too to use a
roll process, and if the protective coating is a lacquer, spray painting may be utilized
instead of lamination of the top layer.

1.5. Objective of this work

The overall objective of an ongoing Swedish project is to increase the performance
of low-concentrating solar energy systems with reflectors, without increasing system
cost [18]. The approach is to design and manufacture new reflector materials that
combine the mechanical properties of steel sheet with the high solar reflectance of
aluminium. Consequently, a reflector laminate consisting of a polymer coated highly
reflective aluminium foil on a rigid steel sheet has been produced and reflectors have
been manufactured of this material. The reflectors are primarily intended for large
ground-based collector fields in which its use is expected to increase the annual
thermal output by 40% compared to the yield without reflectors.

In the work that is presented in this article, the optical properties and degradation
of the new reflector material have been evaluated.

2. The new reflector material
2.1. Design and manufacturing of a laminated Al-on-steel reflector

Because of its rigidity, a steel sheet with a thickness of 0.50 mm was chosen as
substrate for the new reflector laminate. A 4 pm layer of polyurethane glue was
applied on the steel sheet and it was hot pressed together with a reflective laminate
which is a sandwich of 25 um polyethylene terephthalate (PET)/20 nm evaporated
aluminium/9 pm rolled aluminium foil/20 pm PET. The thicker PET is the top layer.
The final product thus consists of the following layers:

® Protective layer of 25 um clear, UV stabilised PET, which has a high-solar
transmittance (see Section 5), high melting point (255°C) and good stability in
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ultraviolet radiation. However, according to the product specifications, PET is
not long-term stable at higher temperatures than 110°C.

® Reflective layer of aluminium, evaporated directly on the back of the protective
film. Evaporated aluminium gives a high solar reflectance with a low diffuse
component. However, the surface must be protected from exposure to humidity,
high temperature, and air pollutants in order to keep its optical properties long-
term stable.

® Substrate, which is a laminate of 9 pm aluminium (which protects the evaporated
aluminium from moisture and provides a fairly good ““back up reflectance” if the
evaporated aluminium would be damaged) and 20 um PET that, in turn, is heat
laminated on a 0.50 mm steel sheet. Mechanical testing, performed by the
manufacturer, showed that the steel sheet is mechanically strong and has a
stiffness constant, k£ > 10000 N/m, which makes the reflector self-supporting.

Fig. 1 shows a schematic of the manufacturing process for the Al-on-steel reflector
sandwich. To date, 200 m? of the Al-on-steel reflector have been manufactured using
this process.

2.2. Construction of a booster reflector of trapezoidal corrugated Al-on-steel for a
solar collector

Part of the produced reflector sheet has been trapezoidal corrugated and a large
booster reflector has been constructed from the corrugated sheet and installed in
front of a conventional flat plate solar collector in Alvkarleby (60.5°N, 17.4°E),
Sweden, see Fig. 2. The heat production from the collector with a booster reflector of
Al-on-steel is continuously monitored and compared to the output of similar
collectors without reflectors in order to evaluate the performance of the new reflector
material in a solar energy system.

Corrugation makes the metal sheet more rigid and prevents deformation. A
trapezoidal corrugation can be obtained by bending or rolling. However, rolling
often requires a minimum production volume in order not to result in a too

PET Evaporated Al

Al foil

PET

[99)$-UO-[Y

Fig. 1. The manufacturing of the Al-on-steel reflector. A 20 nm layer of aluminium is evaporated on a
25 um PET foil (1), the PET foil with evaporated aluminium, a 9 um rolled aluminium foil, and a 20 pm
PET foil are laminated together (2), a 4 um layer of glue is applied on a 0.5 mm thick sheet of stainless
steel (3), the PET/AI/AI/PET sandwich and the steel sheet is hot pressed together to form the reflector
laminate (4).

154



Article IV

M. Brogren et al. | Solar Energy Materials & Solar Cells 82 (2004) 387—412 393

Fig. 2. A 18 m? trapezoidal corrugated Al-on-steel booster reflector, mounted in front of a 13 m? planar
solar collector in Alvkarleby (60.5°N, 17.4°E), Sweden (left) and a schematic picture of the trapezoidal
corrugation (right).

expensive product. Thus, for economical reasons, the corrugation of the single
reflector was shaped by bending instead of rolling.

The solar collector, which faces south, has an absorber area of 13 m? and an
inclination of 45°. Both reflector and collector are 6 m wide. The inclination of the
18 m? reflector is 25°. There is a 0.2 m gap between the bottom of the collector and
the reflector in order to prevent a build-up of snow or leaves in front of the collector.

In the mornings and in the afternoon, when solar radiation hits the reflector at a
non-zero azimuth angle, some of the reflected radiation has been found to miss the
collector. To avoid these effects, a wider reflector should be used.

2.3. Construction of photovoltaic-thermal MaReCo systems with Al-on-steel reflectors

In addition to the large trapezoidal corrugated reflector in Alvkarleby, the Al-on-
steel reflector material will be used in so called MaReCo concentrators [19-22] for a
several KkWejectric photovoltaic-thermal co-generation system in Hammarby sjostad, a
new residential area in Stockholm (59.2°N, 18.3°E), Sweden. In principle, the
photovoltaic-thermal MaReCo consists of an asymmetrically truncated compound
parabolic concentrator trough using a hybrid absorber, with solar cells laminated on
one side of a standard thermal absorber [23], which is placed along the focal line of
the concentrator trough. This system also includes a cover glass that prevents
convective and radiative thermal losses as well as protects the hybrid absorber and
the reflector.

The Hammarby sjostad system is designed, ordered, and manufactured, and will
be delivered and installed during spring 2004.

3. Experimental methods

The Al-on-steel material was exposed to a number of tests, which are summarised
in Fig. 3. The methods that were used are described in the following sections and the
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Fig. 3. The methods used for analysis of the Al-on-steel reflector laminate.

results that were obtained are presented in Section 4. The material is also tested
according to the agreed upon conditions in the International Energy Agency’s Solar
Heating and Cooling Programme’s Task 27 testing group [24]. These tests are
ongoing and the results not yet available.

3.1. Optical microscopy and surface profilometry

The surface of the Al-on-steel reflector was analysed using an Olympus BX 60
optical microscope equipped with a Ikegami ICD-700PAC CCD color camera,
which was connected to a computer for image analysis. Photographs of the surface
were taken before and after ageing.

The surface profile of the Al-on-steel reflector was measured before and after
ageing, using a Veeco Dektak V 200-Si profilometer. The scan length was 5 mm in all
scans. The surface roughness (RMS) was calculated from measurement data. The
calculation was performed by first fitting a second-order polynomial curve to
measurement data, then subtracting this curve from the data in order to account for
a bent sample, and finally calculating the standard deviation of the resulting curve.

3.2. Spectrophotometry

The wavelength-dependent diffuse and total reflectance, Rgir(4) and Rioi(4), at
near normal angle of incidence were measured using a Lambda-900 spectro-
photometer from Perkin-Elmer, equipped with an integrating sphere. The measure-
ments were performed at every fifth nanometre for wavelengths, A, between 200 and
2550 nm. It was considered sufficient to measure the reflectance in this wavelength
interval as it covers more than 98.5% of the total terrestrial solar power [25].

The diffuse reflectance was measured by letting the specularly reflected beam
escape through a 3.4 x 3.4 cm? square port in the integrating sphere, while the total
reflectance was measured with the port closed. The diameter of the integrating sphere
was 15 cm. The large dimensions of the exit port in combination with the relatively
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small sphere radius results in an angular interval of +6.5° within which the scattered
radiation that exits the sphere in the corners of the port is defined as “‘specular”.
Hence, a significant part of the low-angle scattered radiation may not be included in
the radiation that is measured as diffuse. On the other hand, the image of the light
source on the sample is oblong, which results in an oval specularly reflected beam, of
which the top and bottom parts almost hit the sphere wall instead of escaping
through the exit aperture Thus, light that is reflected with an angle of only a fraction
of a degree (which we would like to be measured as specularly reflected) may miss the
exit aperture and be mistaken for diffuse reflectance. The square shape of the exit
aperture in combination with the oblong image of the light source on the sample,
thus results in an averaging over the angular interval —6.5<6<6.5°, in which part of
the reflected radiation will be measured as diffuse and part will be measured as
specular. Hence, the geometry of the instrument makes the measured absolute values
of the specular and diffuse reflectance uncertain within a few percent. However, it is
possible to make a comparison between the values before and after ageing, provided
that the scattering is isotropic. If the scattering is anisotropic, the uncertainty in the
measured diffuse reflectance increases [26], and it may be necessary to measure
the same sample several times, rotated around its surface normal, and to calculate
the mean value of the measured diffuse reflectance values. In this work, the image
of the light source on the exit port was inspected before the diffuse reflectance was
measured and the sample was rotated around its surface normal as to let a virtual
mean value of the “specular” image of the light source escape through the port.

Keeping the complication discussed above in mind, the specular reflectance
Rypec(4) was calculated as the difference between the measured Rio(4) and Raisr(4).
The integrated total solar reflectance, R%, was calculated from measurement data
using

2537 nm

Reolar — Jaos m_ Ijrllft(;L)Gtot(;L) d/l. N
305 nm Glol()~) di

In Eq. (1), Gioi(4) denotes the wavelength dependent global solar radiation on a
horizontal surface. The international reference solar spectrum for air mass 1.5 [25,27]
was used in the calculations. Wherever the wavelength intervals of the measured
reflectance spectra did not match the available irradiance data, the measured spectra
were interpolated. The diffuse and specular solar weighted reflectance values, Rgggg
and R, were calculated correspondingly.

3.3. Accelerated ageing in a climatic test chamber

A 20 x 30 cm? sample of the laminated Al-on-steel reflector was aged for totally
2000 h in a VCL 4033/MH climatic test chamber from Heraeus-Votsch. The sample
did not have any edge tape or other edge sealing. A five-hour test cycle, see Fig. 4,
was repeated 400 times. During half of each cycle a 2 kW metal-halogen lamp was lit
that radiated in the wavelength range 280-3000 nm. The spectral distribution of the
radiation from the metal-halogen has not been characterised and there is a possibility
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Fig. 4. Test cycle for accelerated ageing, which was repeated 400 times.

that there is disproportionally high ultraviolet irradiance in the test chamber
compared to in real sunlight. If this is the case, it may cause unrealistic degradation
due to irradiance at wavelengths below the terrestrial cut-off at about 300 nm [28].
The lamp was located in the middle of the ceiling of the chamber, 60 cm from the
grid where the sample was placed, and the resulting irradiance on the sample was
approximately 1000 W/m2. In addition to radiation, the programmed test cycle
included two different levels of high temperature and two levels of humidity. The
relative humidity was set to vary between 50% and 85% and the temperature was set
to vary between 40°C and 80°C, resulting in an absolute humidity varying between
25 and 210 g/m3 . The temperatures in the test were significantly lower than the
temperatures that are used for temperature testing of solar thermal absorbers [29],
since the operating temperatures of a reflector are lower than those of a thermal
absorber and the aim was not to impose conditions that are essentially different from
real operating conditions on the reflector material, but only to accelerate the
degradation process. No air pollutants were injected in the climatic test chamber
during the accelerated testing.

3.4. Outdoor exposure
_In addition to accelerated ageing, the reflector material was exposed outdoors in
Alvkarleby (60.5°N, 17.4°E), Sweden. A booster reflector of trapezoidal corrugated

Al-on-steel was mounted facing north, at an inclination of 25° from the horizontal
(see Fig. 2), on the 30th of September 2002. After 12.5 months (380 days), a 10 x
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10 cm? sample was cut out from the reflector and its optical properties were
measured again.

3.5. Light scattering measurements

Spectrophotometers only assess the fotal hemispherical, the total specular
(—6.5<6<6.5°, as discussed above), or the total diffuse reflectance, and thus give
no information about changes in surface isotropy induced by ageing. In order to
investigate the spatial distribution of the light scattering from the Al-on-steel
reflector material before and after ageing, an in-house angle-resolved scatterometer
was used [30]. The scatterometer utilized light from a HeNe laser (4 = 632.8 nm),
which was incident on the sample while a silicon detector was moved in the
hemisphere above the sample at a distance of 40 cm. The angular resolution
of the instrument was one degree in the azimuth, y, and zenith, , directions,
see Fig. 5.

4. Analysis of optical properties and degradation
4.1. Visual appearance of the reflector material before ageing

The visual appearance of the surface of the Al-on-steel reflector is almost specular,
but with small dints across the surface, see Fig. 6. It is believed that they texture
originates from the glue that is used in the lamination. The surface is rather easily
scratched, but the scratches do not penetrate through the protective PET layer.
Fig. 7 shows a photograph of the surface of the Al-on-steel reflector, taken with an
optical microscope equipped with a CCD color camera, which was connected to a
computer for image analysis. The sample area shown in the photograph is 320 x
240 um?>. Several small defects are visible in the evaporated aluminium foil. The
defects on this fresh sample of the Al-on-steel reflector may be starting points for
corrosion.

Silicon detector \

- j\ '
cidem light

Fig. 5. Schematic picture of the experimental setup for measurement of light scattering from reflector
surfaces. The detector sweeps the y and ¥ angles with a resolution of 1°. The incident HeNe laser beam is
parallel to the table.
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Fig. 6. Visual appearance of the Al-on-steel reflector: a photograph of a thesis on light scattering, reflected
in the solar reflector laminate.

Fig. 7. Photograph of a 320 x 240 pum? area of the surface of the Al-on-steel reflector, taken with a optical
microscope.

4.2. Reflectance of the reflector material before and after ageing

Fig. 8 shows the wavelength dependent specular and total reflectance of the Al-on-
steel reflector material, measured at near normal angle of incidence. The ISO AM 1.5
solar spectrum [27] and the measured total reflectance of standard anodised
aluminium are included in the figure for comparison. The integrated total, specular,
and diffuse solar reflectance values of the Al-on-steel sample were 82%, 77%, and
5%, respectively. For the standard anodised aluminium, the corresponding values

160



Article IV

M. Brogren et al. | Solar Energy Materials & Solar Cells 82 (2004) 387-412 399
1.0 r 1500
L ; ol
N
0.8 1200
g
g
~ -
s 06 900 &
= r L z
s {7 Al St bt S <
2 S [ 54
5 04f =8 600 §
2 bk N 3
i 5]
RN =
0.2} il 300
1 ‘ I ) Y
A A
o L U
0.0L< VA SR S S - )
500 1000 1500 2000 2500
Wavelength (nm)
— Ry, Al-on-steel —&—R, anodised Al
" Rypee Al-on-steel -=-~ Solar spectrum AM 1.5

Fig. 8. Wavelength dependent total and specular reflectance of the Al-on-steel reflector material,
measured at near normal angle of incidence. The total reflectance of bare anodised aluminium and the
solar spectrum are included in the graph.

are 88%, 87%, and 1%. The difference in the total reflectance values of the laminate
and the anodised aluminium can be explained by absorption in the PET layer,
mainly in the ultraviolet, where there is a sharp cut-off in the reflectance spectrum at
400 nm. This cut-off causes a loss of 3% of the energy available in the solar
spectrum.

The reflectance of aluminized plastic films depends on the thickness of the
deposited aluminium layer and on the vacuum level during deposition [31]. The
evaporation process that was used for deposition of the 20 nm aluminium film on
PET has not been investigated further in this work. However, the defects that are
visible on the fresh sample of the Al-on-steel reflector (Fig. 7) may stem from
insufficient vacuum during deposition or be an indication that the deposited
aluminium layer is too thin.

The measured total and diffuse reflectance spectra of the Al-on-steel reflector after
12.5 months of outdoor exposure are shown in Fig. 9. The calculated total solar
reflectance was 82% and the specular solar reflectance was 76%. For comparison,
the total and specular reflectance spectra of fresh and outdoor aged (9 months)
anodised aluminium were measured. While the initial total and specular solar
reflectance values for anodised aluminium were 88% and 87%, respectively, the
values after 9 months of outdoor exposure were 83% and 79%. Thus the
degradation of anodised aluminium is faster than the degradation of the new
laminate under outdoor conditions.

Fig. 10 shows the measured total and specular hemispherical reflectance of the Al-
on-steel reflector after 1000 and 2000 h of accelerated ageing. The initial total
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Fig. 9. Measured total and diffuse reflectance of the Al-on-steel reflector, initially and after 12.5 months of
outdoor exposure.

hemispherical reflectance are shown for comparison. Note that, while the reduction
in the total reflectance is small, the loss of specularity is significant. After 2000 h of
accelerated ageing, the total solar reflectance was 75% and the specular solar
reflectance was as low as 42%. The low specular reflectance after accelerated ageing
is discussed in Section 4.5.

The results of the reflectance measurements on fresh and aged reflector samples
are summarised in Table 1. Note the good durability of the reflector under real
outdoor conditions, compared to the poor performance in the accelerated ageing test
cycle. Worth noting is that no delamination of the reflector material was seen,
neither after accelerated ageing nor after outdoor exposure.

4.3. Light scattering

Measurements of light scattering were performed on a fresh sample of Al-on-steel
and on an Al-on-steel sample that had been exposed to damp heat for 2000 h in the
climate chamber. The scatter distribution from standard anodised aluminium was
also measured for comparison. The results for detector sweeps in the y direction,
while keeping ¥ = 0°, and in the y direction, keeping y = 0°, are shown in Figs. 11
and 12. It is evident from Fig. 11 that the distribution of the light scattering from the
Al-on-steel reflector in the y direction changes during the climatic test.

The appearing anisotropy was also seen when the scattering of a laser beam from
the aged and the fresh reflector was studied. For the fresh sample, the scatter pattern
consisted of a narrow (~5°) cone and an isotropic, very faint, background scatter.
For the aged sample, the cone was wider (~8°), the diffuse background somewhat
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Fig. 10. Total and diffuse reflectance of the Al-on-steel reflector, initially and after 1000 and 2000 h of
accelerated ageing.

Table 1
Measured total and specular solar reflectance of the Al-on-steel reflector material, initially, after 1000 and
2000 h of accelerated ageing, as well as after 12.5 months of outdoor exposure

Measured reflectance RSR (%) RSBT (%)
Initially 82 77
After 1000 h of accelerated ageing 80 65
After 2000 h of accelerated ageing 75 42
After 12.5 months of outdoor exposure 82 76

stronger, and a band of diffuse scatter that was stronger than the isotropic
background appeared in the scatter pattern.

4.4. Surface profiles of fresh and aged samples

Fig. 13 shows the surface profile of the Al-on-steel reflector, before and after
accelerated ageing. Note the different scales on the X- and Y-axis. From
measurement data, an initial surface roughness of 0.8 um was calculated. After
accelerated ageing, the roughness had increased to 2.1 pm. Several 5000 um long
scans in other directions and across other parts of the samples resulted in
approximately the same surface roughness values.
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from a sample of Al-on-steel that had been aged for 2000 h in the climatic test chamber. The light source
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Fig. 13. Profilometer surface scans over 5000 pm of the Al-on-steel reflector material, before and after
accelerated ageing. Note the different scales on the X-and Y-axis.

The measured low frequency surface profiles correspond well to the visual appearance
of the surface. The initial roughness is believed to be caused by the last lamination step,
in which the steel/glue/reflective laminate sandwich is pressed between rolls with a
woven fabric. The indents on the surface probably stems from the movement of the glue
beneath the reflective laminate in the pressing to places where there is room between the
threads in the woven material. The surface roughness of the aged Al-on-steel reflector
and the surface roughness was more than twice the roughness before ageing. The
increase in surface roughness after accelerated ageing was visible without using the
microscope: The dints from the manufacturing process were more visible after ageing.
The increase of the surface roughness is believed to be the cause of the broadening of the
peak of the forward scattered cone, see Section 4.3. However, it does not account for the
anisotropy that was found in the light scattering measurements.

4.5. Analysis of the degradation of the protective coating

In order to find the cause of the increase in the diffusivity and in the anisotropy of
the Al-on-steel reflector material after accelerated ageing, we wanted to study the
transmittance of the isolated top PET layer of fresh and aged reflectors. This was
done by firstly removing the PET/AI/Al/PET laminate from the steel sheet. Then the
thin (20 um) PET layer on the back of the two aluminium layers (the rolled foil and
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the evaporated film) was gently scratched to puncture the protection of the back
surface of the aluminium. After this, the PET/Al/Al/PET sandwich was submerged
in a mixture of three parts 14.4 M nitric acid and one part 12.3 M hydrochloric acid,
and the aluminium was etched away. The punctured 20 um PET foil was removed
and the 50 pm foil was rinsed, first in ethanol then in trichloroethylene and then in
ethanol again, to remove any glue residues from the back of the foil.

The total and diffuse wavelength dependent transmittance, Tio(2) and Tgig(4), of
the isolated PET foils from the fresh reflector sample, the sample that had been aged
for 2000 h in the climate chamber, and the outdoor exposed sample were measured.
The results are shown in Fig. 14.

A comparison of the initial total transmittance of the protective PET layer with
the transmittance after outdoor ageing show that the PET withstand outdoor
exposure well. Actually, the solar transmittance increases slightly, due to a shift in
the absorption edge to lower wavelengths. However, the PET that had been exposed
to 2000 h of damp heat and radiation in the climate chamber was whitish and had a
significantly higher diffuse component of the transmittance than the other samples,
although the total transmittance was not drastically reduced. The “noise” that is
seen in Fig. 14, at wavelengths longer than 1000 nm is actually interference in the
25 um thick top PET layer. The distance between the interference fringes perfectly
matches the thickness of the PET layer and the distance does not change during
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Fig. 14. Measured total and diffuse transmittance of the plastic foil, initially and after 12.5 months of
outdoor exposure, as well as after 2000 h of accelerated ageing in the climate chamber.
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ageing, which implies that ageing does not have any effect on the thickness or the
real part of the refractive index of the PET layer.

The total and diffuse reflectance of the isolated PET foils from the fresh reflector
sample, from the sample that had been aged for 2000 h in the climate chamber, and
from the outdoor exposed sample were also measured to investigate if the foils were
absorbing. In Fig. 15, the results for the fresh sample and the sample that had been
aged in the climate chamber are shown. The total and diffuse reflectance of the
outdoor aged sample are not included in the graph for clarity, since these two curves
largely coincides with the total and diffuse reflectance of the fresh sample. The
interference-like, wavelength-dependent variation in the diffuse spectra indicates
surface roughness-induced scattering from the polymer interfaces. This effect is
pronounced after accelerated ageing, which indicates that changes have taken place
in the interface between polymer and aluminium [32].

The wavelength-dependent absorptance, A(4), of the PET foils was calculated using

A(2) =1 —R() — T(). (2)

It was found that the integrated solar absorption in the PET layer was 3% for the
fresh and outdoor aged sample, while it was 6% for the accelerated aged sample. The
decrease in transmittance of the PET layer after accelerated ageing is thus due to an
increase in both absorption and reflectance. The measurements of the optical
properties of the protective PET foil show that the degradation of the top PET layer
fully accounts for the decrease in total reflectance of the Al-on-steel laminate after
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Fig. 15. Measured total and diffuse reflectance of the plastic foil, initially and after 2000 h of accelerated
ageing in the climate chamber.
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accelerated ageing. The solar weighted transmittance, reflectance, and absorptance of
the three examined PET foils are shown in Table 2.

The anisotropic scattering could be understood from analysis of photographs of
the aged reflector taken using the optical microscope, see Figs. 16 and 17. Fig. 16
displays the surface of the PET layer. There were clear signs of degradation in the
form of cracks in the surface. The pattern was anisotropic, with longer distance
between cracks in one of the two orthogonal directions. Hence, the different
scattering in the y and i directions. The degradation probably stems from the
combination of ultraviolet radiation and cycling at high temperatures. In Fig. 17, the
focus of the microscope was on the evaporated aluminium layer beneath the PET
layer. The small dark spots (which were interpreted as defects in the aluminium
layer) that were visible before ageing (see Fig. 7) had now grown. This shows that the
thin evaporated aluminium film degrades fast when the protective coating is
damaged. A thicker layer of evaporated aluminium would improve the durability of
the specular reflectance, but the longer deposition time associated with a thicker film
would result in a more expensive reflector material.

Table 2
Measured transmittance and reflectance of the protective 25 um protective PET layer, before and after
2000 h of accelerated ageing, as well as after 12.5 months of outdoor exposure

Measured properties of the 25 um PET foil T8 (%) T308r (%) R1T (%) AR (%)
Initially 87 83 10 3
After 2000 h of accelerated ageing 80 53 14 6
After 12.5 months of outdoor exposure 87 81 10 3

Fig. 16. Photograph of a 64 x 48 um? area of the protective plastic coating on the Al-on-steel reflector
after 2000 h of accelerated ageing, taken with an optical microscope.
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Fig. 17. Photograph of a 320 x 240 um? area of the Al-on-steel reflector after 2000 h of accelerated
ageing. The photograph was taken with an optical microscope with focus on the evaporated aluminium
surface beneath the plastic coating.

5. Performance of the reflector material in concentrating systems
5.1. Optical efficiency of a trapezoidal corrugated booster reflector

The thermal output of the south-facing large area solar collector with a booster
reflector of trapezoidal corrugated Al-on-steel, which is installed in Alvkarleby, was
measured on a sunny day in June 2003. The measurements were performed both with
the reflector functioning and with the reflector covered by a tarpaulin. The result is
shown in Fig. 18. The irradiance in the collector plane was also measured, as well as
the thermal output of a similar collector with the same inclination (45°) but without
reflector. These data are also included in the figure.

Analysis of the thermal energy output from the solar collector with and without
functioning reflector shows that the output increases by almost 30% when the
tarpaulin is removed from the reflector. At noon, the solar radiation is incident
almost parallel to the collector normal and the incidence angle on the reflector is
relatively high. Hence, the effective reflector area is relatively small, which results in
the relatively low increase in total output at noon. The low increase in thermal
output in the late afternoon is due to a low effective concentration ratio of the
booster reflector in this configuration, which, in turn is due to the trapezoidal
corrugation and to edge effects caused by the small reflector width. If the reflector
had been wider, the effective concentration of the test system would have been higher
in the afternoon. For some angles of incidence, the corrugation will function as a
light trap and radiation will, in unfavourable cases, be reflected several times before
reaching the collector plane. If it is not necessary for reasons of mechanical stability,
corrugation of booster reflectors is therefore not recommendable.
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Fig. 18. Measured thermal power from a collector with a trapezoidal corrugated Al-on-steel reflector and
a reference system without booster reflector on 26 June 2003. The collectors were mounted side by side in
Alvkarleby (60.5°N, 17.4°E), Sweden and facing south with an inclination of 45°. A dark tarpaulin that
covered the entire reflector surface was removed at 12:05 pm.

5.2. Power from solar cells with different reflectors

The generated current and electrical power as functions of voltage were measured
outdoors for solar cells in two geometrically identical concentrating MaReCo
[20-22] systems with different reflector materials. The investigated reflector materials
were a standard anodized aluminium sheet and the Al-on-steel reflector. Fig. 19
shows the measured current-voltage characteristics and power as a function of
voltage. At an ambient temperature of 15°C and a global irradiance of
approximately 1000 W/m2, the Al-on-steel reflector gives a 8% lower output than
the anodised aluminium reflector, which is consistent with the difference in
reflectance of the two reflector materials (7%) when considering the system geometry
and that some radiation hits the module directly, without being reflected.

6. Discussion
6.1. Differences between outdoor testing and accelerated ageing
It is a common assumption that solar mirrors are less complex than solar cells and

solar thermal absorbers [14], and therefore assessments of the durability of
components of solar energy systems have mainly focussed on the active components.
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Fig. 19. Measured current-voltage characteristics and calculated power as function of voltage for modules
in geometrically identical concentrating systems (MaReCo concentrators) with reflectors of different
materials (Al-on-steel and anodised aluminium).

However, as reflector laminates are becoming more frequently used in solar energy
applications, their degradation ought to be equally well assessed. Essentially
different processes govern the degradation of reflective metallic layers, stiff or flexible
substrates, and plastic laminates. Therefore, an understanding of the degradation
mechanisms for the different components of a laminate is necessary to be able to
predict its lifetime. Likewise, a thorough understanding of the corrosion mechanisms
of the Al-on-steel material is necessary in order to interpret our results from
accelerated ageing correctly and translate them into technical lifetime under real
outdoor conditions. In this work, there was a significant difference between the
results from outdoor ageing and accelerated ageing. The Al-on-steel reflector
degraded much more when exposed to damp heat for 2000 h than during more than
a year of outdoor exposure and the decrease in specular reflectance was
disproportionably large after the accelerated tests. The accelerated test has been
found to degrade organic laminates disproportionately faster than other types of
reflector materials [33]. This indicates that testing at more intense ultraviolet
radiation than that of real sunlight, in combination with temperatures as high as
80°C, is too tough for this kind of reflector. Therefore, we will not draw any
conclusions from the accelerated ageing test about long-term performance of the Al-
on-steel reflector material. During outdoor exposure, however, the laminate
protected the reflective aluminium surface from air pollutants, thus prolonging the
lifetime of this type of reflector compared to bare metal reflectors, such as anodised
aluminium.
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At the site of the outdoor ageing tests in Alvkarleby, Sweden, the air pollution
levels and the salinity in the air are fairly low, since the site is located 10 km from the
nearest industry and 10 km from the Baltic Sea, which has brackish water.
Therefore, we do not know whether the material withstands exposure to higher
concentrations of pollutants. Environmental tests, with controlled concentrations of
air pollutants, in a test chamber would therefore be of interest to investigate if the
reflector material withstands outdoor exposure in industrial areas. Alternatively,
samples of the reflector could be mounted in areas with different types of heavy
industries, which has been done elsewhere [16].

In general, degradation of materials does not depend linearly on variables such as
concentration of air pollutants, temperature, time, humidity, or radiation levels.
There may be threshold value of these variables, below which essentially no
degradation takes place. For laminated reflectors, the degradation of the optical
properties often depends more on the specific climatic conditions than on exposure
time [33].

6.2. Cost of the Al-on-steel reflector

A self-supporting trapezoidal corrugated aluminium sheet costs about € 16 per m>.
The price of a flat mass produced Al-on-steel reflector is estimated by the
manufacturer to €8 per m?. The additional cost for corrugation, if this is desired,
is estimated to € 3.30 per m?.

Since the large scale cost of the new Al-on-steel laminate is expected to be 50%
lower than the cost of an anodised aluminium reflector, and the reflectance of the
new material is almost equally high as the reflectance of anodised aluminium, the Al-

on-steel laminate would be the most cost-effective alternative.
6.3. Utilisation of the Al-on-steel reflector under a protective glazing

When the Al-on-steel reflector is used in the MaReCo collectors in Hammarby
sjostad, it will be protected by a cover glass. The cover glass is primarily intended to
protect the hybrid absorber and to reduce convective and radiative heat losses, but it
will also protect the Al-on-steel reflector from the rain, snow, dust and air pollutants,
which may increase the durability of the reflector. However, the glass will prevent
natural ventilation of the collector, and although the reflector trough is not thermally
insulated, the reflector temperature may reach levels close to those in the climatic test
chamber. Therefore, precaution should be taken to allow for sufficient ventilation
around the reflector troughs.

7. Summary and conclusions
A newly developed laminated aluminium-on-steel reflector with a protective layer

of PET was evaluated. The advantage of this material is that it combines the
relatively high specular reflectance of aluminium with the stiffness of steel, which
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makes it self-supporting and easy to shape into any concentrator geometry. The
optical properties and degradation of the reflector were investigated and its system
performance was tested in two solar energy applications: as a booster reflector for a
solar thermal collector and as a concentrator in a photovoltaic system with MaReCo
geometry.

Reflectance measurements on fresh Al-on-steel samples showed that the reflector
had good optical properties for solar concentrator applications prior to ageing. It
had an initial solar reflectance of 82% out of which 77% was specular. Results from
reflectance measurements after more than a year of outdoor exposure indicate that
the aluminium-laminated steel reflector has good durability in an outdoor
environment, probably because of the plastic coating that protects the evaporated
aluminium foil from moisture and air pollutants. However, the total reflectance
decreased significantly and the light scattering became anisotropical when the
material was exposed to damp heat and ultraviolet radiation in a climatic test
chamber. It was found that the PET coating did not withstand the accelerated testing
and that cracks in the PET layer caused the scattering. Therefore, the material may
not be suitable as an internal reflector or in other applications where it may be
exposed to high temperatures. However, the optical properties of the Al-on-steel
reflector remained unchanged during one year of outdoor exposure in Sweden. Thus,
given that the large-scale production cost of the laminate will be as low as the
manufacturer expects, the material shows a potential as a cost-effective reflector in
low-concentrating solar thermal and photovoltaic applications.
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The building industry and the solar energy industry calls for innovative and
attractive building integrated active solar thermal and PV systems, in order to
widen the acceptance and use of solar energy. As an answer to a widened
understanding of building integration, a multifunctional wall element has been
developed.

A PVIT component on the inside of an antireflective insulation window with
concentrating mobile reflector screens makes the system fully integrated into
the building, even its interior. The Solar Window provides PV electricity and
warm water, besides passive space heating and day lighting. Simultaneously,
the reflector screens act as sunshades and added internal insulation for the
window. The reflectors have an optical concentration factor of 2.45, which
decreases the required, cost-intensive PV cell and heat absorber area. The
hybrid technology has synergetic effects such as cooling the PV cells for
increased performance, and making use of heat generated in the cell. The
climate protected system is a visible element in the exterior and particularly in
the interior, and its performance is directly connected to the user behaviour,
due to the operation of the reflectors, which can be switched between a closed,
concentrating mode or an open, transparent mode.

Performance of a 1 m? prototype of the system, regarding its sun shading
and U-value properties and its photovoltaic and active thermal output, has
been measured. For a two-pane anti-reflective window, the U value is reduced
from 2.8 to 1.2 W/ m?K with the reflectors closed. The annual transmittance
through the window is estimated to 609 kWh/ m?, of which approximately 10%
is expected to be delivered by the PV modules. About 20 % will be delivered as
active solar heat and 30% as net passive space heating. The distribution is
highly dependent on the daily operation of the reflectors, which to some extent
could be automated.

1 The design of the Solar Window

As an answer to the search for truly building integrated solar energy systems, an
experimental design was proposed, which combines all useable forms of solar
energy into one system; active and passive heating, PV electricity and daylight. The
concept also aims at visually exposing the system in a novel and attractive way. The
key for this challenge was simply to use a window as the glazing for a solar collector.
By using hybrid absorbers and pivoted reflectors behind the window, a multifunctional
and responding building skin is achieved. The basic concept of building integration is
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hence changed from the notion of the solar energy system being part of the building
envelope, to the idea of the building envelope being part of the solar energy system.
The system consists of three main components: the window, the hybrid absorber
and the reflector, see figure 1. The combination is intended to give synergy effects by
ascribing the components multiple functions
The hybrid absorber is fixed in an angle of 20° to the horizontal plane. A 2 mm
thick aluminium absorber has PV cells laminated on the upper side. The thickness
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Figure 1: Description of the Solar Figure 2: Concentrating geometry
Window in open and closed mode

reduces movements due to temperature differences, which otherwise puts the PV
cells at risk of cracking. Water pipes are attached to the bottom for distributing active
solar gains and for cooling the PV cells and the cavity between the window surface
and the reflectors. Building integrated, they also serve as supporting structure for the
absorbers and the reflectors, and as the pivot for the reflectors. EPS insulation
around the pipes also makes endings for the rotation of the reflectors, and connects
the insulation of the reflectors into a continuous convection shield.

The reflector screens are primarily intended for concentrating the solar radiation
onto the hybrid absorber. Thus, the need for expensive absorber and PV cell area is
reduced, as it is largely replaced by substantially cheaper reflecting material. The
resulting distance between the fixed absorbers thus makes it possible to achieve
transparency between them when the reflectors are of little use. Hence, daylight may
filter through the structure, which also gives passive thermal gains. For passive solar
house designs with use of large south facing window areas, risks of overheating and
thermal losses are common. The reflectors are intended to reduce these problems,
by serving as internal sunshades during daytime and as internal insulation during
night time. The reflecting geometry is a two-dimensional parabolic curve, with the
optical axis tilted by 15° from the horizontal plane, see figure 2. It has a geometrical
concentration factor, i.e. the ratio between the glazed opening and the absorber area,
of 2.45. The curve is extruded horizontally as a trough, and the reflector is
constructed as a sandwich composition with a 35 mm EPS core between the
reflective film on the concave side and a birch veneer on the convex side.

The window serves as the climate shield and as the solar radiation transmitter for
the system. After the solar radiation is transmitted through the window, it is
distributed as daylight, passive or active heating, or as PV electricity, in proportions
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depending on the handling between the closed or open modes. For maximal input for
the PV/T absorber through a vertical surface, the transmittance through the window
needs to be maximized. Therefore, a highly transparent glass with anti-reflective
coating is used. Due to the over-heating precautions by the solar shading and the
cooling effect of the absorber, a higher transmittance of the glazing can be tolerated.

2 Building integration

The presence of the hybrid PV/T system inside a window makes it highly visible from
the exterior as well as the interior. One of the basic ideas behind the design was to
express the building integrated solar energy system architecturally in an attractive,
maximally exposed way. Conceptually, the window is the traditional solar collector,
hence an interesting starting point for integrating other solar technologies.

Other aesthetical considerations are mainly due to the reflectors. The curved
concentrating geometry is decorative and expresses the capturing nature of a solar
energy system. The backside facing the interior could be covered with any surface
material suitable for the interior context. The modular nature of the reflectors, with no
connection to the energy distribution, makes it possible to exchange them for
alternative surface, thickness or reflecting geometry. The concave front facing the
window will be highly visible from
the exterior, and the mirror like
surface might be the most critical
aesthetical property for a wider
acceptance. However, the curved
mirror can generate interesting
optical expressions in the fagade.
The extruded picture of the PV/T
absorber is visible when the
spectator is within the optical
acceptance angle range, which
means that the impression of the
individual modules will differ much
in height on a short distance. The
overall impression of the fagade
will hence change when
approaching it. The mobility of the
reflectors also contributes to a dynamic fagade expression.

The system is initially intended for experimental integration into a low energy,
single family house, designed simultaneously with the concept for the solar window,
see figure 2. This house has an 18 m? south facing window structure prepared for the
integration of the Solar Window system. The house is constructed with an EPS
module system with integrated load-bearing wooden beams, with no thermal bridges.
A central brick wall and a ceramic clad concrete floor absorb passive gains. The solar
heating system is complemented by a pellet burner, and the PV system is grid-
connected while also carrying a local DC circuit for reducing magnetic fields and
eliminating losses in battery eliminators, used for DC powered devices.

Figure 3: lllustration of the initial design of the
Solar Window building integrated

3 Window properties

The Solar Window is evaluated for its properties as a building component. From this
perspective, it can be regarded as a normal window with added features, such as
solar shading and internal insulation by the reflector screens. The window consists of
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a double-pane insulating glass unit (IGU). The panes are proposed to have anti-
reflective coatings in order to increase the active thermal and PV performance for a
vertically oriented element. The insulating and sun-shading properties of the
reflectors and the anti-reflective coatings are objects for evaluation.

A1m? prototype of the solar window has been constructed for evaluation of the
thermal properties. Five hybrid absorbers with reflectors were mounted in a wooden
frame with a double pane IGU attached in the front. The U value of the window
together with the closed reflectors has been calculated from measurements in a
guarded hot-box, according to ISO 8990 (Johansson 2004, ISO8990 1994). The
Solar Window was placed in a square shaped hole between a cold and a hot space
of 21.6 m® each. The hot space contained a guarded measuring box, covering the
hole and the heating device. The U value was calculated according to Eq. (1):

. @ [Eq. (1)]

A-AT,

U is the U-value of the construction (W/m?K), Q is the power input for heating the
guarded measuring box, A is the area of the window, and AT, is the environmental
temperature difference between the hot and cold space.

Tests were made for the window separately and with the solar window
components attached with the reflectors in six different positions, with four
intermediate opening angles between the fixed open or closed modes. The window
separately represents a U value of 2.80 W/m?2K. The U value of the whole Solar
Window differs between 2.42 in the fully open mode, to 1.33 for the fully closed
mode, see figure 4.

The effect on the U
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reduced convection due to %ﬁ
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resistance, which varies by
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construction was not made U: 1,33 1,73 1,86 2,07 225 243

sufficiently airtight, why

some compensation was Figure 4: U values for different opening angles, a

made for this by sealing the

gaps in its closed position. One measurement was made with the reflectors closed
and sealed towards the absorber insulation, and another one also with added sealing
between absorber insulation and window, in order to reduce the channel of cold
downdraught to one individual module. These two steps made the U value drop from
1.33 to 1.22 and 1.17 W/m?K respectively. Air tightness is hence an important
criterion for further design studies.

The visual shading effect of the reflectors as sunshades in a closed position is total,
which means that effective solar shading, visible shading and effective insulation is
obtained simultaneously. However, the shading effect of the reflectors in an open
position needs to be evaluated. Especially the risk of glare due to the concentration
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of daylight from the reflectors needs to be observed and reduced to a minimum. A
two-dimensional ray-tracing analysis, made by hand in a CAD program (see figure 5),
shows that most of the radiation reflected will be distributed upwards to the next
element above and then spread again. For solar angles at 20° and lower, there is a
small risk of glare from the concentrated daylight. This problem is likely solved by
reducing the rotation angle from 95° (which was set for minimizing the horizontal
obstruction of view) to 90°.

Figure 5: Ray-tracing illustrating the distribution of direct radiation with the reflectors
opened at a solar height of 30° (left) and 20° (right).

4 User strategies

The final distribution between the different forms of solar gains, and the thermal
losses through the structure, are dependent on how the system is regulated between
the two reflector modes. The complexity also increases due to more subjective
response from the users due to thermal comfort and wish for daylight and view.

The system was initially designed for integration into a single family house, where
most bright hours during weekdays are characterised by the absence of the
inhabitants. A rough operating schedule is outlined: during morning hours, with low
solar flux and high user activity, the reflectors can be opened to allow for daylight,
view and direct passive heat gain. During solar peak hours, with family members
being at work or at school, the reflectors can stand closed for maximal active
performance. Late afternoons and evenings have similar characteristics like the
mornings, thus the reflectors are likely to be opened. For avoiding view inside (i.e.
allow for privacy) and thermal losses during dark hours, the reflectors should be
mainly closed until the next morning. When integrated into larger areas, zoning of the
system allows for combinations of closed and open modules during this cycle.

Another operating strategy could be automating the movement for the reflectors on
response to the radiation intensity and the outdoor temperature. It could be
programmed for closure at radiation levels too high for thermal or visual comfort, or at
levels too low for any practical use, e.g. at night time. In combination with other
“intelligent house” technologies, such as sensors indicating occupant absence,
obvious opportunities for keeping the reflectors totally closed can be maximally used.
For calculations on passive gains in Stockholm, Sweden (lat 59.31), the reflectors
were considered closed at transmitted irradiance levels below 50 W/m? and above
300 W/m?, and opened at intermediate levels, from March to October. Concerns have
been taken to the solar shading effect of the reflectors by using the computer tool
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Parasol. For November to February, the system was operated as a window with no
thermal and power production and the reflectors were considered closed or opened,
depending on the most beneficial thermal energy balance, for every hour. The energy
balance was calculated for every hour of the year, according to Eq. (2):

W=[-U AT [Eq (2)]
W is the net energy gain through the window, | is the transmitted irradiation, U is the heat transfer
coefficient of the and AT is the temperature difference between indoors and outdoors.

The calculations indicate an annual positive net energy balance of 10 kWh/m? for the
winter season. For the warmer season, there is a loss of 14 kWh/m? for the dark
period with irradiance levels below 50 W/m?, and a passive gain of 214 kWh/m? for
the opened mode, at levels between 50 W/m? and 300 W/m?. At levels above 300
W/m?, 245 kWh/m? are available for the PV/T absorber.

5 Photovoltaic properties
For monitoring the photovoltaic performance of the system, a separate prototype with
a hybrid absorber with polycrystalline silicon cells and a reflector was constructed.
The optical efficiency n(a) is defined as the ratio between the performance of the
concentrating module and a vertical module of the same area as the concentrating
aperture. It was determined through outdoor measurements. The short circuit current
Isc of the concentrator module was monitored as a function of the angle of incidence
in the meridian plane. The optical efficiency (figure 6), was then derived according to

1,, 1000 [Eq. (3)]

Ty - Cy -G -cos(f)

where l1g0g is the short circuit current of the bare module at an irradiance of
1000 W/m? at normal incidence, Cq is the geometrical concentration of the
concentrator system, B is the angle of incidence of beam irradiance, and G is the
global intensity perpendicular to the sun.
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Figure 6: Optical efficiency Rr(6r) of the Solar Window and the transmittance of the
glazing f(6)).
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The measurements were performed during high irradiance and with a diffuse fraction
of around 10%. The concentrator accepts all irradiance for solar altitudes exceeding
15° in the meridian plane, which means that the diffuse optical performance of the
concentrator will be similar to that of a module tilted 20° with a correction for
reflectance losses. This further means that the optical acceptance of diffuse
irradiance will be around 70% of the beam efficiency. For this reason, the global
intensity can be used in Eq (3) without significantly increasing the error of the model.

The optical efficiencies are functions of the projected angle of incidence in the
transversal plane (i.e. the north south vertical plane) and the transmission of the
glazing is given as a function of the conventional angle of incidence. Ray tracing
represents the theoretical optical efficiency of the system at 85% reflectance. The
graph labeled Optical efficiency - Isc in figure 6 contains contributions from
measurements with corrections from ray tracing. The difference between measured
values and ray tracing at 15°<61<60° is due to resistive losses in the cells when the
reflector is effective. The cells on the prototype absorber did not cover the whole
width of the absorber, which meant that for angles above 40° the reflected beam
partly missed the cell. The angulars above 40° are instead generated by ray tracing.
The transmission of the glazing has also been included in the graph as it was used in
the calculations of the annual output.

A simulation software, MINSUN (Chant and Hakansson 1985), estimated the
annual output of electricity using the optical efficiencies at different angles of
incidence. The model used to describe the incidence angle dependence of the
system in MINSUN is defined by Eq. (4)

Nopt = Ry (1) 11(6;) [Eq. (4)]

Rr describes the behaviour of the reflector as dependent of 6 and f; the
transmission of the window glass as dependent of 6; . 61 is the projected angle of
incidence in the transversal plane and 6; is the conventional angle of incidence
relative to the glass normal.

This model has previously been shown to describe the optical performance of an
asymmetric compound parabolic reflector system such as this one well (Brogren et
al, 2004).

The simulations show a 93% increase in electrical output for the concentrator
module relative to the vertical reference module, which means that one square meter
of this window annually would deliver 79 kWh of electric energy. The annual
performance is 43% higher than that of an identical module tilted 20°.

The active area of the tested measured prototype covers only 87% of the total
glazed area, which this has to be taken into consideration when an economical
comparison is made with other systems. It is however possible to increase the active
area of the window in a future full scale installation.

6 Solar thermal properties

The active thermal absorbers for water carried heat serves three purposes; delivering
heat for domestic hot water and possibly also for space heating, reducing the heat
load in the interior during summer and cooling the photovoltaic cells in order to
increase the electrical efficiency. The full scale window prototype was used in indoor
and outdoor measurements for determination of the incidence angle dependency and
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the U value of the thermal collectors. Based on these results the annual energy yield
has been derived.

To estimate a U value for the prototype of the solar wall operating as a solar
collector, measurements of the heat loss from the collector have been performed in a
dark surrounding at different temperatures of the inlet water. The values of Uy and U4
were estimated to 4.0 W/m?K and 0.046 W/m?K? and the resulting collector U value
as a function of AT is shown in figure 7.
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Figure 7. The U value of the thermal collector as a function of AT.

At AT = 30 K, the U value is 5.4 W/m*K per glazed wall area. During the
measurements, the prototype was surrounded on both sides with the same
temperature. In a building, however, the back side of the window will usually be
surrounded with air of room temperature, which will suppress the heat losses.
Approximately 10 % of the total heat losses, are estimated as border losses.

The indoor measurements have been performed by using a large solar simulator
providing nearly parallel light and adjustable for solar altitude angles (Hakansson H.
(2003 a and b). As described in Hakansson (2003 c) and Gajbert et al. (2004), the
simulator provides relatively good parallel quality of light, though this has been
achieved somewhat at the expense of the light distribution over the area. As different
solar altitudes are simulated, there is a tendency of varying irradiation over the test
area as the uneven light pattern moves. To continuously measure the variation of the
total irradiation on the test area, a number of parallel connected photodiodes were
evenly spread out over the front glass of the prototype, giving a current
corresponding to the received total irradiation (Gajbert et al, 2004).

By indoor measurements of the thermal efficiency, the incidence angle
dependence was derived. The prototype of the solar wall was placed perpendicular
to the solar simulator and the simulator was raised in order to simulate every tenth
degree of solar altitude angle, i.e. the incidence angle on the glazing projected in the
transversal plane, 0r. The optical efficiency, i.e. the zero-loss efficiency, of the
prototype was calculated for different solar altitude angles, giving the incidence angle
dependence for transversal angles, nr (67). The result was normalized by an outdoor
measurement where the absolute value of the optical efficiency, at 30° incidence
angle was registered.
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The measured zero-loss efficiency has been divided by f(6)), the transmission of the
glazing, as described in equation [3], resulting in a graph angular dependence of the
reflector only, R(67). These functions, R(67) and f(6,), shown in figure 6, were used in
MINSUN to simulate the annual thermal energy yield. The measured values of optical
efficiency at high incidence angles are less reliable, due to the non-uniform light
distribution on the small projected area. Therefore, for angles higher than 50°, the
same theoretical values as were used for the electricity calculations, shown in figure
6, have been used. The difference between the theoretical graph of optical efficiency,
calculated by ray tracing, and the calculated values is due to the reflections on the
absorber, the collector efficiency, the multiple reflexes on the reflector at higher
incidence angles, and on the unevenness of the reflector. Since the photovoltaic cell
situated in front of the thermal absorber has an efficiency of 15%, only 85% of the in
MINSUN simulated irradiation falling onto the absorber is taken into count for thermal
energy yield.

The result of the simulations shows that the annual thermal energy provided by the
Solar Window is 103 kWh/m? glazed surface, calculated at an operating temperature
of 50°C. For operating temperatures of 40°C and 25°C the yield would be 155 and
250 kWh/a,m? respectively. However, as previously discussed, the real heat losses
would probably be lower, because of the higher indoor temperature, thus implying
higher yields.

7 Discussion and conclusion

A proper model for the regulating strategy of the system is needed to predict the
distribution of gains and losses via the Solar Window. The complexity and
interrelations between the different functions is a challenge for the modelling, which
needs to integrate the spatial surrounding. A detailed model could be of much use for
a regulation of an automated system for best performance and comfort.

The level of automation for the system is object for further studies. A range of
products with different standard, from fully manual to fully automatic, is a likely
development. It is however of importance that the control-function can be overridden
manually at all times due to direct response from the user.

Performance of the system has been analysed separately for passive gains, active
thermal gains and PV electricity yield. According to the proposed regulating schedule,
passive gains are estimated to 210 kWh/m? annually. However, it is not examined
how much of this is usable. The performance of the fully concentrated PV/T absorber
is estimated to 79 kWh/m? of electricity, and at least 155 kWh/m? of heat for domestic
hot water. Following the proposed regulating schedule, these figures might be
reduced. For a more accurate and integrated analysis, long-term outside
measurements will be made for the full window prototype with PV/T absorbers.

Cost estimations are dependent on where the system border is drawn, since the
system also is the building envelope. For comparison with conventional solar energy
systems, it might be fair to withdraw the window and sunshade cost if the same is
done for the building material the conventional collector replaces. Production cost for
the Solar Window excluding the glazing is estimated to approximately €250/m?, but
more thorough calculations need to be made.
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PV PERFORMANCE OF A MULTIFUNCTIONAL PV/T HYBRID SOLAR WINDOW

Andreas Fieber, Johan Nilsson and Bjérn Karlsson
Div. of Energy and Building Design, Dept. of Construction and Architecture, Lund University
P.O. Box 118, S-221 00, Sweden

ABSTRACT: A multifunctional wall element has been developed, with a PV/T absorber with concentrating
reflector screens behind an insulation window. The system provides PV electricity besides hot water and day-
light, and the reflector screens provide sunshade for the window. The reflectors have a geometrical
concentration factor of 2.45, which decreases the required PV cell area. The hybrid strategy has synergetic
effects such as cooling the PV cells for increased performance, and to simultaneously make use of the heat
generated in the cell. The climate protected system is a visible element in the exterior and particularly in the
interior, and its performance is directly connected to the operation of the reflectors, which can be switched
between a closed, concentrating mode or an open, transparent mode.

This paper deals with the monitoring of a prototype of the system, concerning its photovoltaic performance.
Out of an estimated annual energy gain via the window of 609 kWh/m?, approximately 69 kWh is expected to

be power from the PV modules.

The results will be used as a guideline for further investigation on the potential of implementing the system,
with possible modifications of concentrating geometry or operating strategy, in glazed office fagades.

Keywords: Building Integration, Concentrators, Hybrid

1 INTRODUCTION

1.1 Background

Building integrated photovoltaics (BIPV) offer a way
to reduce installation cost of PV power by ascribing
the PV panels additional functions. However, there is a
challenge in meeting energy demands with the supply
from the photovoltaic cells. One building application
is to integrate PV panels as solar shading devices into
the facades of a growing number of glazed office
buildings. Hence, the production of PV electricity can
simultaneously contribute to reducing the energy
demand for cooling the building.

1.2 Concentrating systems in buildings

Using low-concentrating technologies for increasing
the cost-efficiency of solar energy systems is a
promising strategy, especially if the reflectors can be
used for multiple purposes. In this case, the reflectors
can be used as flexible solar shading devices. By
placing the system behind the exterior glazing of the
building, the glazing serves as a climate shell, both for
the interior space and for the PV/T system.

2 DESIGN CONCEPT

2.1 Windows in BIPV

By using the window’s light transmitting property for
integrating solar energy systems, an architectural
quality is obtained, since the window has a more
penetrable character than i.e. the roof. This has been
used mainly in partially transparent PV modules,
where the PV cells are mounted between glass panes,
with a distance that permits light to enter between the
cells. Our alternative design suggests a way to put the
cells together with reflectors behind the window glass,
in order to protect it from the outer climate.

2.2 Concentrating reflectors

By using a low-concentrating technology, the cell area
can be reduced and more efficiently used, leading to
lower investment costs. The reflectors can be designed
as pivoted sunshades. This also makes it possible to
separate the PV modules with intermediate reflector
area, thus allowing daylight to enter the interior when

the reflectors are not used. Hence, the integration into
glazed facades is a promising option for a low-
concentrating system.

2.3 Hybrid system

Concentrating irradiation onto the PV cell generates
high local temperatures, which demands cooling.
Therefore, a PV/T absorber is designed in order to cool
the cell for better performance, and simultaneously
produce hot water for hygienic demands. This active
thermal part of the system also contributes to cooling
the interior space behind the window.

2.4 Design of the Solar Window

An initial design from this concept has been
developed for application in residential housing,
where heating demand is the most important design
factor for a temperate climate, from an energy
perspective [1]. For this application, the reflectors are
made in a sandwich construction with a core of
polystyrene and serve as added internal insulation in
the closed mode. For the office application, they only
serve as reflectors, and therefore they can be made in a
thinner and harder material. In consequence with its
integration into a glazed fagade, it was suggested to
make the reflectors out of glass. Anodized aluminum
or sheet steel with an aluminized surface are other
alternatives. The reflector geometry is a parabolic
curve with a geometric concentration factor of 2.45,
determined by a tilt of the optical axis of 15°, and a

tilt of the fixed PV/T absorber of 20°, see figure 1.

P
A= cos2(105°2) 27p

P A
T Tcos(3512) =11p= 2,45

Figure 1:
Geometry
of the
optical
design.
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The reflectors are pivoted along the upper edge of the
absorber, and can hence be switched between a closed,
active mode, and an open mode to let the sunlight
directly into the building, according to figure 2.

N, ~

Figure 2: Illustration of the reflectors from the interior
with one section in an opened mode (left) and one in a
closed mode (right).

3 BUILDING INTEGRATION

3.1 Passive gains and daylight

For the residential house application, a main
advantage was the option to gain passive heat from the
sun at low irradiance levels. This is not desired in
double skin office buildings, where the inner an outer
glazing should have different properties. For the outer
skin, mainly serving a wind-protection function, a
high level of transmittance is required. For the inner
layer, a low-E and sun shade coating is suggested to
prevent from overheating and glare in the interior.
However the transmittance can be relatively high due
to the solar-shading effect of the reflectors at high
irradiation levels.

-
s
s
e
.
-
-

Figure 3: Illustration of integration of the Solar
Window into the glazed fagade of a staircase of an
ecological exhibition building in Malmé.
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3.2 Aesthetics

The curved shape of the reflector expresses the
collecting character of the hybrid solar window, why it
deserves an exposure towards the exterior and the
interior of the building. The shift between the two
modes of operation, in combination with the changing
appearance of the mirror-like concave side of the
reflectors, offer a wide variety of fagade expressions.
The convex side of the reflectors facing the interior
can be given any suitable surface.

3.3 Operating strategy

The option to operate the Solar Window as a
Venetian blind makes it a complex task to predict the
output of the active systems. To be able to make
predictions, an operating strategy is described, that
combines demands on energy performance and user
comfort. The strategy must also be applicable for
automation. For a residential house, it is suggested
that the reflectors are opened during mornings, late
afternoons and evenings to allow for daylight, view
and passive heating while the house is actively
occupied. During the middle of the day, the house is
assumed to be mainly empty, why the reflectors can be
closed and work optimally. During the nights they can
also be closed, to prevent view inside and to insulate
from thermal losses through the window. This
corresponds fairly well to a suggested automation
procedure where the reflectors are closed at irradiance
levels below 50 W/m® and above 300 W/m?. At
intermediate levels, the reflectors are opened. For the
application to an office fagade, the control strategy
will be determined in order to obtain an optimal
combination between PV performance, daylight
sufficiency and solar shading to prevent overheating.

Figure 4: The geometry of the closed Solar Window
with the angle of incidence in the transversal plane, 67,
defined.

4 PHOTOVOLTAIC PROPERTIES

A prototype with an aluminum absorber laminated
with polycrystalline silicon photovoltaic cells was
built for measurements. The absorber contains water
pipes for cooling the PV cells, and the reflector was
made of anodized sheet aluminum with a reflectance of
0.87.

The optical efficiency of the reflector in the
transversal plane (see figure 4), R1(0y), is defined as the
electricity generation of the system divided by the
electricity generation from a system with identical
cells mounted on a vertical surface of the same area as
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the concentrator system aperture

For a 2-dimensional translational symmetric
system such as this, the efficiency is determined
solely by the irradiation projected in a plane normal to
the symmetry axis, and it is enough to measure the
performance at different solar heights when the sun is
in this plane, see figure 4. By determining this
efficiency at different angles of incidence, we obtain a
complete description of the system’s characteristics
and it makes it possible to perform simulations to
evaluate its true performance. The optical efficiency at
different angles of incidence 67 was monitored by
measuring the short circuit current, /sc, as a function of
O in the transversal plane The optical efficiency was
calculated according to Eq. (1):

1, -1000 Eq. (1
R (0,)= [Eq. (1)]
L C,*G

Tiooo is the short circuit current of the module at 1000W/m” at
normal incidence, C, is the geometrical concentration of the
concentrator system, and G is the global intensity perpendicular
to the glazing.

The geometrical concentration, Cg, was calculated
as the aperture area divided by the PV cell area. Figure
5 shows the calculated values for the optical
efficiency.
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Figure 5: Optical efficiency n(07) at different angles
of incidence projected in the plane normal to the axis
of symmetry

The measurements were performed during high
irradiance and with a diffuse fraction of approximately
10%. The optical system accepts irradiance in all
angles above 15°, with the correction for reflection
losses. This can be seen from the curve labeled Ray
Tracing in Figure 5. At 70° all of the irradiance hits
the cells without reflections, thus yielding an
efficiency of 1. It was not possible to measure at
incidence angles above 50° due to a construction
limitation of the prototype, the efficiencies at these
angles were derived from the ray tracing simulations.
The large drop in efficiency around an incidence angle
of 30° occurs when the strip of concentrated light falls
on the conducting finger of the cell. This finger shades
the cell considerably when the strip of concentrated
light hits it. The measured efficiency evens out around
0.7 while the ray traced efficiency evens out around
0.9. The main reason for this is that the cells have
losses due to their relatively large series resistance.
The light is concentrated to a narrow strip of high
irradiance, and this creates high local currents in the
cell. The losses increase with increasing current, and

thus results in a lower efficiency.

The optical efficiency was used to estimate the
annual output of electricity for this system in
Stockholm, Sweden, (lat 59.33). The simulations were
performed in MINSUN [2]. Inputs to the simulations
were the incidence angle modifier of the system
concerning diffuse and beam irradiance. The model
used to describe the incidence angle dependence of the
optical efficiency as

Nop = Ry (07).11.(6;) [Eq. ()]
Ry describes the behaviour of the reflector only and f; the
transmission of the window glass. 07 is the transversal

component of the incident light and 6, is the angle of incidence
relative to the glass normal.

This model has previously been shown to describe
the performance of similar systems well [3]. The glass
component of the efficiency, fi(6;), is shown in figure
5.

The calculation of the system efficiency for diffuse
irradiance including the glass performance, the view
factor of the sky, and the reflectance of the aluminum
reflector was estimated to be 70% of the beam
efficiency.

The results of the simulation were compared with a
reference, which has identical cells of the same area as
the prototype cells, and these cells are mounted on a
vertical wall. The results show a 93% increase in
electrical output compared to the reference. This means
that one square meter of window would generate 69
kWh of electricity annually. A reference tilted in 20°
from the horizontal would generate considerably more
electricity, and comparing to this reference, the
prototype produced 43% more electricity annually.

One factor that has to be taken into account if an
economical comparison is to be performed is that only
90% of the window area is active. The rest is necessary
to allow for the movement of the reflectors and the
pipes for the thermal transport.

5 DISCUSSION

5.1 Variations of concentrating geometry

When varying the solar height, one interesting
phenomena can be observed. When the sun is close to
the acceptance angle of 15°, the strip of concentrated
light is narrow and placed at the focal point at the
outer end of the absorber. When the solar height is
increasing, this strip is quickly moving over the
absorber, and gets wider as it travels. This observation
shows that the outer part of the absorber receives
considerably less irradiation than the inner part. The
resistive losses are also highest for current generated
on the edges of the cell.

The PV cells are the most expensive part of the
system, hence the system price per kWh of electricity
produced would drop considerably if the electricity
output per PV cell area could be increased. This can be
obtained if the cell area can be reduced while accepting
most of the irradiance. By using the observations in
the previous paragraph, this can be obtained by
making two modifications to the existing geometry,
i.e. rotating the parabolic reflector and decreasing the
size of the absorber. The parabolic reflector in the
existing prototype is rotated 15° from the horizontal
plane, which gives the system a minimum angle of
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acceptance of 15°. By rotating the reflector 5° towards
the horizontal, the light would hit the absorber closer
to the reflector than what would be the case in the
current geometry. At an angle of incidence at 25° the
semi focus occurs in the center of the cell, as
illustrated in figure 6. This means that the cell can be
reduced by a factor of two and still accept all
irradiation above 25° corresponding to the time
period between the equinoxes in the south of Sweden.
This solution would generate a smaller annual output
per glazed area but a higher output per cell area and a
lower capital investment per delivered kWh. This
geometry also has an advantage that the peaks of the
highest intensity on the cell are avoided since the
focus fall outside the cell. This however requires a
modified technical design, since the reflector
curvature will be wider than the cell, according tgo
figure 6. Another alternative is to change the optical
axis to 25°. This gives a similar concentration factor
but also very local intensities on the edge of the cell.
These alternatives will be further analyzed by detailed
ray tracing.
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Figure 6: Ray tracing for the reflector with the optical
axis at 15° and at a solar altitiude of 25°.

5.2 Operating strategy influence on PV performance
The photovoltaic performance of the Solar Window
is dependent upon the chosen operating strategy. The
calculated annual performance of 69 kWh applies for
the reflectors in a continuously closed mode. The
suggested operating strategy however implies that the
reflectors should be opened for intensities below
300 W/m” Lower irradiation suggests the reflectors
being opened. Since the PV/T absorber is in a fixed
position, it is exposed to the non-concentrated
irradiation even in the opened mode. It can then be
regarded as a conventional PV cell mounted in a 20°
tilt angle, with a 35 % aperture covering. For
estimating the annual output due to the suggested
operating strategy, the hours with an irradiation level
below 300 W/m’ towards the south-facing window
were identified. The output was then calculated for
every hour, as a concentrating system or as a
conventional solar panel, depending on the mode. A
more accurate annual performance is hence obtained.
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In choosing the most suitable control strategy, it
is suggested to compare PV performance with the
amount of working hours with adequate daylight, and
the thermal shading effect by the reflectors, which
both should be maximized. Figure 7 below shows the
relation between the PV output and the number of
daily hours when the reflectors are opened, as
functions of the maximum irradiance level for the
reflectors being opened. The figure shows that
regulating at 300 W/ m’ annually gives 65 kWh/m? of
electricity and 3700 hours of daylight, while
regulating at 100 W/m? gives 75 kWh/m® of electricity
and 2700 hours of daylight. As mentioned, a
continuously closed reflector would deliver 69
kWh/m?, and no daylight. In finding the optimal
breaking point in order to determine a suitable
maximal irradiance level, it is suggested to complete
the parametric study with the shading effect of the
reflectors in various operating. The shading effect
when regulating at 300 W/m’ is according to
simulations around 240 kWh/m? annually.
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Figure 7: Annual number of hours with an opened
reflector and annual output of the PV-module as a
function of the irradiance level, where the reflector is
closed. The dark hours are amitted.

CONCLUSION

Integrating low-concentrating PV/T systems into
glazed fagades might be a promising architectural
feature, due to its many functions. However, there is a
challenge in the complexity in finding an optimal
control strategy, and future modifications of the
concentrating geometry could be made in order to
reduce investment cost.
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Abstract — A new biaxial method for modelling the incidence angle dependence of the
optical efficiency of asymmetric collectors is developed. This method is based on
measurements in both the longitudinal and the transverse planes of the collector. The
model includes a function, fi(®), that considers the influence of the glazing, and a
function, gr(®r), that considers the influence of the reflector. The analysis procedure is
carried out in a number of steps. First the dependence of the glazing is derived from
measurements in the longitudinal direction at times when Or is constant. Then the
influence of the reflector is determined from measurements in the transverse direction
for constant ®;. The suggested method is evaluated by performing outdoor
measurements on some different MaReCos. The results show that the suggested model
is accurate for evaluation of asymmetric collectors. For a symmetric collector the model
develops to a symmetric model. The impact of the angular dependence of the absorber
and the impact on F’of uneven irradiance distribution on the absorber need to be further
analysed. The paper also includes a discussion of the solar fraction of collector systems.
A simple method for estimating the solar fraction is derived from Minsun simulation
with the suggested biaxial model.

1. INTRODUCTION

In order to describe the collector output, a
model, based on measurements of irradiance and
temperatures is used (Perers, 1993):

. dT,
q= (nnth(@)Ih +Noaly —KAT - (mC)c T;j (1)

In this equation, 1 is the optical efficiency for
beam (b) and diffuse (d) radiation, k the heat
loss factor, AT the temperature difference
between the collector and the surroundings, and
(mC), the effective collector thermal
capacitance. © is the incidence angle, i.e. the
angle between the beam radiation onto the
collector surface and the normal vector of the
surface.

The optical efficiency for the beam irradiance
(Mob) is usually modelled with a standard by
expression (Duffie and Beckman, 1991):

1
7]\)h(®): MoK (6): ﬂoh(l -b, [Ciiljj @

0s©®

The factor Ky, is an incidence angle modifier
that takes the effects of varying incidence angles
(®) during the day into account. by is a constant
called the incidence angle modifier coefficient.
This model works satisfactorily for flat-plate
collectors. The model is, however, not valid for
asymmetric collectors, like vacuum tubes,
trough or CPC-collectors with different
incidence angle dependence in different
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directions. The asymmetric shape gives rise to
differences in incidence angle dependence of the
optical properties in longitudinal and transverse
directions, figure 1.

In this paper, the development of a new method
for modelling the incidence angle dependence of
the optical efficiency of asymmetric collectors is
described. This model is used in equation 1 as an
alternative to the standard by expression. The
new method is then also tested on three CPC
collectors with east-west reflectors and ray
tracing.

Figure 1 Transverse (T) and longitudinal (L)
planes and incidence angles (@1 and @,
respectively on a glazed trough collector. O is the
incidence angle between the solar radiation (I)
and the surface normal.

2. DEVELOPMENT OF A BIAXIAL
INCIDENCE ANGLE MODIFIER
METHOD

2.1 Background to the suggested biaxial
incidence angle dependence model

For asymmetric collectors, an overall biaxial
incidence angle modifier can be used in order to
model the optical efficiency properly. One
example of this is a product model, where the
incident angle modifier is approximated by
factoring it into two components (Mclntire,
1982):

K(GL’GT):KL(®L!O)KT(O’®T):fL(®I)fT(®T) 3)
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In the equation above, the index T denotes the
transverse and L the longitudinal planes (fig 1).
The longitudinal plane is the plane including the
surface normal and a line along the collector
extension, and the transverse plane is the plane
including the surface normal and that is
perpendicular to the longitudinal plane. For a
south facing collector trough, the transverse
plane is then equal to the north-south plane. In
equation 3, the angle dependence of the collector
is determined from measurements made in two
orthogonal planes, figure 2. This model strictly
requires that the collector is characterized in the
®r = 0 and O.=0 planes. For asymmetric
collectors it is, however, not always possible to
determine the factor KL(®y,0) since Or = 0 may
be outside the acceptance angle interval of the
collector. This means that the model described
by equation 3 is strictly correct only when
radiation is incident in either of the analysis
planes. Furthermore, the model is not correct for
a flat plate collector.

Longitudinal direction
\ .
pe—— /
\ ~
\ VN
\ / \

\
\ \ -
o, N

\ B

Transverse direction
Figure 2 Definition of the longitudinal and the
transverse directions for system with cylindrical
geometry.

Figure 3 and equation 4 shows the relation
between the total incidence angle (®;) and the
two projected angles (@t and @y). Note that all
shown combinations of the angles are not found
for concentrating systems, since the combination
of angles is determined by the movement of the
sun and by the system geometry. The largest
errors when the angular dependence is
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approximated by a biaxial product are expected
for the angles when O1 = ©r.

Figure 4 shows the two projected incidence
angles for a south-facing collector during the
equinoxes. Then ®r has a constant value of (®-

tan2 0, = tan2 0, + tan2 0, ) B)f gnd for all days during thet year, O has a
minimum (0°) at noon. The minimum angle of
incidence (and maximum direct irradiance) on a
0 south-facing fixed surface at equinox is obtained
if the surface is tilted with an angle (B) equal to
the latitude (®). This means that @1=0.
60
® < . . ; . . -
& kS L 7/
— 70F A —"r - 4
\ A 9% /
30 —\ 60 s % 7 1
N .
= Y -
Tl s ; 1
2 5, ‘
[=J N -
o S -
0 30 60 90 \\ T
or[] 201 N ‘. 1
Figure 3: Relation between ©, ©;, and ©r. The o 7
curves represent constant ©; (increasing in steps . . . .
600 800 1000 120¢ 1400 1600 1800

of 10° from 10° to 80°).

In order to better characterise the incidence
angle dependence of asymmetric collectors, a
new method is suggested in this paper. In this
model, the influence of the glazing and of the
reflector of the optical efficiency is studied
separately:

Km(®):fL(®)gTL(®T) (%)

In this equation, the factor fi (®) gives basically
the influence of the glazing and gr.(@r) gives
the influence of the reflector. Equation 5 is, in
principle, different from equation 3 since @ is
not used. Equation 5 is valid for asymmetric
collectors, e.g. the MaReCo and vacuum tubes,
as well as for flat-plate collectors having gr (®r1)
= 1 resulting in K, being a function only of ©,
just as expected. It can also be used for
collectors with normal incidence outside the
acceptance angular interval. This equation is
also, in principle, similar to a ray tracing of the
system.

0
Time of day (hhmm)

Figure 4 The incidence angle (Q), the transverse
(QT) and longitudinal (QL) incidence angles, the
solar altitude (as), and the effective solar height
(ap) for a south-facing collector tilted 45° on
March 22 (when 6=0°). The figure shows that
O1(QT) and a, (ap) are constant during that day.
(The reason that @y, is not 0 exactly at noon is
that the calculations were made for values from a
database containing 10-minute mean values.)

This new model is based on an assumption
where the glazing is considered to be isotropic.
In the T plane, the incoming radiation is first
transmitted through the glass and then reflected
onto the absorber. Geometric effects and
multiple reflections in the reflector affect the
optical efficiency. In the L direction, only the
properties of the glass and the absorber are
important. This means that the incidence angle
dependence in the L direction of an asymmetric
collector should be similar to the dependence in
the overall direction for a flat plate collector.
This is shown in figure 5, where the optical
efficiencies in the longitudinal plane for both a
flat-plate reference and the Roof-MaReCo,
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figure 11, are plotted versus the incidence angle.
The incidence angle dependence in the T plane
is, for an asymmetric collector, stronger than in
the L plane.

o7 6000000 Mampang,
[T

L
.
o8 B

T Cotn [oFiat o
T = clr
Tos -

= o = Root-aReCo

o 0 0 B “ 5 &0 o 0 %
Incidence angle [']

Figure 5 Comparison between the optical
efficiency of a conventional flat plate collector and
a Roof-MaReCo in the longitudinal plane
monitored near equinox.

The discussion above leads to the conclusion
that the incidence angle dependence in the L
direction can be modelled with eq 2 using by =
bo. determined from measurements in the L
direction in order to avoid any influence from
the gri(Or). Since the optical path length in the
cover is determined by the real incidence angle
(®), this angle, and not the longitudinal
incidence angle ®; should be used in the
expression for modelling the influence of the
glazing. The factor f (®) is found from
measurements in the L direction at times when
®r is constant, i.e. when the contribution from
the reflector is constant. Since @t has a constant
value during the equinoxes (figure 6), these
measurements are preferably done at either
spring or autumn equinox. The effective solar
height (a,) is the angle between the south
horizontal axis and the solar vector projected in
a north-south plane.

198

Location: 60 6'N

The 15t of

o May

i 3
Figure 6 The effective solar height (_p) for a

south-facing surface for different dates during
different months.

time

In order to study the influence of the reflector,

measurements are made in the T direction at
times when ©;=0 constant. Also these
measurements can be made during the
equinoxes, but with the collector turned 90° with
a north-south extension instead of the usual east-
west extension as shown in figure 7. If the
collector is covered with a glass, the
measurements result in a factor Fr(®r) that
includes the influence of both the reflector and
the glazing, i.e.:

FT(®)=fT(®T) TL(®T) (6)

where fr(@r) is the influence from the glazing in
the T direction, and gr (®r) is the wanted
influence from the reflector. If the glazing is
considered to be isotropic, the incidence angle
dependence of the transmittance of the glass is
the same in both evaluation planes, i.e. f(®1) =
fi(®r), and the contribution from the reflector
can then be derived as:

5o,

(€]
gTL( T £ (®T)

O

In practice @ does not need to be constant when
fi(®) is known. The product of the influence
from the glazing (fi(®)) and from the reflector
(gr(®1)) then gives the wanted biaxial
incidence angle dependence as:
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Equation 8 is valid for asymmetric collectors
like the MaReCo, and is fundamentally more
correct than equation 3. It is also valid for flat-
plate collectors, where gri(®r) = 1, resulting in
K:(®) being a function that is only dependent
on @, as expected.

Figure 7 A photo of a Spring/Fall-MaReCo
turned 90°and tilted to latitude angle in order to
study the dependence in the @ direction during
equinox.

If the old and the suggested models are
compared, the old model can be expressed as:

K, )" =1(0,)f,0,)2,(0,) (9

The old model assumes a biaxial behaviour of
the glazing:

fL(G))old :fL(G)T) L(®L) (10)
The new model requires that the angular
dependence in the longitudinal plane is
independent of @ and determined by ©. This
will further discussed in chapter 4.

Generally fi(®.) is normalized in the analysis

while the optical efficiency ngp is included in
gru(Or).

2.2 Ray tracing study of the proposed model

To study the proposed model defined by Eq. 5,
a set of optical simulations of the geometry in
figure 8 were performed. This geometry is
similar to the MaReCo geometries, which are
tested in this paper. The model functions were
derived from the resulting simulations.

Reflector

Figure 8 Geometry chosen for ray tracing
simulation. The collector is extended into the
paper. Optical axis of reflector parabola is
directed towards 15°.

The simulations were conducted in the
commercial ray tracing program ZEMAX
(Zemax) for specular aluminium at a wavelength
of A=0.55 pm characterized by the complex
optical constants n=0.96 and k=6.69 and a
specular reflectance of 0.92 at normal incidence.
gr(®1) was obtained by simulating the reflector
system without cover glazing at @, =0. O was
varied from 0° to 85°. fi(®) was deducted from
simulations of a 3 mm glass sheet where @, was
varied from 0° to 85°. To evaluate the model
predictions, a system including glass cover was
simulated, varying the angles of incidence both
in longitudinal and transverse direction between
0° and 85° with all combinations of these angles.
The old model described by Eq. 3 was also
simulated for comparison. The simulations were
performed on a system including the cover
glazing, as would be the case in real
measurements. fr(@r) was obtained by varying
®7 at ®=0. It was not possible to vary @ at
®71=0 since this angle of incidence would be
outside the acceptance interval of the reflector
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system, Ot had to be set inside the interval. It
was in the simulations set to 35° when ®p was
varied.

Figure 9 shows a comparison between the
proposed model (Eq. 5), the alternative model
(Eq. 3), and ray tracing of the complete system
with glass and reflector, but with constant
angular dependence of the absorber. The
simulations are performed for ®; = Or.

Optical efficiency [

0 2 40 60 80 100
Angle of incidence [°]

Figure 9 Comparison between models and
simulation at angles of incidence where @, = Or.

As can be seen by the figure, both models give
very good agreement at small angles of
incidence. At larger angles, above 65° the
difference between the two models becomes
visible, and this is due to the misrepresentation
of the glazing in Eq. 3. The behaviour of the
glazing is determined by the true angle of
incidence. It is, however simulated by fi(®r) in
Eq. 3. The error becomes larger since the
function (@) could not be derived for @=0.

3. PERFORMED MEASUREMENTS

3.1 Description of measurements carried out in
order to characterize the biaxial optical
performance

The new suggested method was analysed by
testing it on three trough collectors with east-
west symmetry during outdoor measurements. In
order to find the different factors used in
equation 5, a number of steps were made.

1. In a first step, the collector was tested

according to a dynamic testing method (Perers,
1993). From these tests, the collector parameters
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were derived from an MLR analysis. Of special
interest are the heat loss factor and the optical
efficiency for diffuse irradiance. These
parameters are then used in equation 11 in order
to get the optical efficiency for beam irradiance
Nov of the collector (Helgesson et al., 2000). An
example of this calculation is shown in figure
10, where both the monitored collector
efficiency and the optical efficiency for beam
radiation are shown for a Spring/Fall-MaReCo.
The difference between the two curves is due to
the heat losses and impact of diffuse irradiance.
The loss free optical efficiency for beam
irradiance is derived as:

10(0)= |4 11, - 8700, 57| /1 an

The factor fi(®L) was obtained from
measurements in the L direction at times when
©r was constant, i.e. preferably around the
equinox. This can be seen in figure 6, showing
the effective solar height (a,) for different days
during the year. (®r is obtained as 90 — a;,)°. The
measurements should be made for low collector
temperature and very low fraction of high beam
irradiance.

2. In the next step, the factor Fr(®r) was
decided from measurements in the T direction
when ©p was nearly constant. Also these
measurements were made around the equinox,
but with the collector turned north-south instead
of east-west (fig 7). These measurements should
also be made for low collector temperature and
very low fraction of high beam irradiance.

3. From the measurements in the T and the L
directions, the factor gr.(®1) was then calculated
according to equation 7.
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Figure 10 The collector monitored efficiency n
and the derived optical (or “no-loss”)beam
efficiency no, from measurements on a Spring-
Fall MaReCo.

3.2 The studied collectors

In order to improve the output/cost relation, a
concentrating technology can be used. The idea
is to replace some of the expensive absorber
material with cheaper reflector material. This is
the basic idea for the development of the
MaReCo (Maximum Reflector Collector)
(Karlsson and Wilson, 2000). This collector
consists, in principle, of a parabolically shaped
reflector trough with a single bifacial absorber
that runs along the trough (fig 15). The reflector
is specially designed for northern latitudes and
consists of three parts; two parabolas and an
intermediate circular section.

The measurements were made on collector
prototypes placed at Vattenfall Utveckling's
laboratory in Alvkarleby, Sweden. During the
measurements, the flow of water through the
collector was recorded together with the inlet
and outlet temperatures of the water, the
temperature of the ambient air, and the total and
the diffuse solar irradiance in the collector plane.
A multiple linear regression was then performed
on the measured data in order to find the
collector parameters in equation 1. In order to
find the optical efficiency of the beam radiation,
equation 11 was used. The measurements were
carried out in both the longitudinal and the
transverse directions.

By changing the tilt of the absorber and the
optical axis, the performance of the MaReCo can
be adapted to various conditions. One example
of this is the Spring/Fall-MaReCo (fig 13),
which is designed to have a lower optical
efficiency during the summer than during the
spring and fall. In this way, a larger collector
area can be installed in order to increase the
contribution from the collector during the
heating season, without increasing the risk of
overheating during the summer. In figure 11, the
schematic of a Roof-MaReCo is shown. In order
to fit into the roof, the Roof-MaReCo has a
smaller collector depth than the stand-alone
version. The Spring/Fall-MaReCo is very
similar to the Roof-MaReCo, but with another
tilt of the optical axis. For the Spring/Fall-
MaReCo, radiation from angles over 45° relative
to the horizon is reflected out of the collector.
The performance of different kinds of MaReCos
is further discussed in (Adsten et al., 2001).

Roof-MaReCo

The Roof-MaReCo is designed to be integrated
into a roof. Figure 11 shows a photo and a
schematic sketch of one evaluated Roof-
MaReCo. This collector has a collector area of
6.3 m?, and an optical axis that is normal to the
collector glass. Figure 12 shows the projected
energy incident on the aperture and the

theoretical acceptance function for a standard
Roof-MaReCo. It is visible in figure 12 that the
collector is designed to keep a large fraction of
the annual irradiation inside the acceptance
interval, since the irradiation maximum is inside
the acceptance interval.
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b)

Figure 11 a) Photo and b) schematic sketch of a
Roof- MaReCo.
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Figure 12 Projected annual energy incident on the
aperture and theoretical acceptance function in
the tranverse direction for the Roof-MaReCo

Spring/Fall-MaReCo

Figure 13 shows a photo and a schematic
sketch of a tested Spring/Fall-MaReCo. Figure
14 shows the projected annual energy incident
on the aperture and the theoretical acceptance
function for the Spring/Fall-MaReCo. The
collector is designed to keep a large fraction of
the annual irradiation including the summer
irradiation outside the acceptance interval, while
the optical efficiency is designed to be high
during the spring and the fall.
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b)

Figure 13 a) Photo and b) schematic sketch of an
evaluated prototype of a Spring/Fall-MaReCo.
The Spring/Fall-MaReCo is designed for a roof
tilt of 30° and the optical axis is tilted 45° from the
horizon.
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Figure 14 Projected annual energy incident on the
aperture and theoretical acceptance function in
the tranverse direction for the Spring/Fall-
MaReCo.

Stand-Alone-MaReCo

Figure 15 shows a picture of a 500 m? large
collector field with stand-alone MaReCos and a
schematic sketch of a standard stand-alone
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MaReCo. The standard MaReCo is designed
with an acceptance angle interval of 20 — 65°
relative to the horizon. Figure 16 shows the
projected energy incident on the aperture and the
theoretical acceptance function for the stand-
alone MaReCo. The collector is designed to
keep a large fraction of the annual irradiation
inside the acceptance interval and to maximize
the annual performance.

/ Standard-MaReCo

Optigakasts of
Glass _-upper parabola

Upper
parabola

ower
parabola

Circular
section

b)

Figure 15 Photo of the field with 500 m?* stand-
alone MaReCo in front of the bio fuel burner in
Torsiaker, Sweden and b) a schematic sketch of a
standard stand-alone MaReCo.
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Figure 16 Projected annual energy incident on the
aperture and theoretical acceptance function in
the transverse direction for the Standalone-
MaReCo.

3.3 Results from the measurements
Roof-MaReCo

The results of the measurements on the Roof-
MaReCo are presented in figures 17-20. Figure
18 gives a by value of 0.23. The linear
correlation in the @ -plane is very good. Figure
19 and figure 20 gives the results in @r-plane.
Figure 20 show the f(®p)-dependence from
figure 17, the beam efficiency Fr(@r) derived
from figure 19 and the reflector function gr (Or)
as the ratio between these functions.

N Roof-MaReCo

A Xk % 51

*
. %

Ed
ECE

W % 4 45 s s 6@ 6 %
Incilence angle

Figure 17 Angular dependence 1, for getting
1(®y) in the longitudinal direction for a Roof-
MaReCo monitored close to the equinox.
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Figure 18 Dependence of the optical efficiency
f(®L) on the by function in the longitudinal
direction for a Roof-MaReCo , monitored close to
the equinox. by =0.23.
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Figure 19 Monitored irradiance and power from
a roof-MaReCo turned according to figure 7 and
at latitude tilt for monitoring of @1-dependence.
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Figure 20 The f;(®)-dependence, the beam
efficiency Fr(®r) and the reflector function

gru(Or).

Spring/Fall-MaReCo

The results of the measurements on the
spring/fall MaReCo are presented in figures 21-
24. Figure 22 gives a by value of 0.32. The linear
correlation in the ®p-plane is good. Figure 23
and figure 24 gives the results in ®r-plane.
Figure 24 shows the beam efficiency F1(®r)
derived from figure 23 and the reflector function
2r(®1) as a ratio between Fr(®r) and fi(©r)
from figure 22. Figure 25 shows the variation of
the optical efficiency for the Spring/Fall-
MaReCo over the operating season.
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Figure 21 Angular dependence 1, for getting
f1.(Oy) in the longitudinal direction for spring-fall
MaReCo monitored close to the equinox.
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Q)

line gives the ideal optical efficiency. The
optical axis of this collector is tilted 45°,
meaning that the ideal reflector only operates for
angles below 45°. This corresponds to an angle
of incidence in the transverse plane of ®1=-15°.
Above this angle, the reflector is not active and
the absorber only works with radiation direct
from the sun.

T2 e 0 s 0 12 0w 1 0% 20 22 28

T 2x w2

Figure 22 Dependence of the optical efficiency
f(®,) on the by function in the longitudinal
direction for a Spring-Fall-MaReCo , monitored
close to the equinox. by =0.32.
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Figure 23 Monitored irradiance and power from
a spring-fall-MaReCo turned according to figure
7 and at latitude tilt for monitoring of @-
dependence.

The detailed method for deciding the incidence
angle dependence in the transverse direction is
further shown in figure 24. The total efficiency n
is the efficiency monitored during one day close
to the equinox at low operating temperatures.
The optical efficiency is the no-loss optical
efficiency for beam irradiance F(®r) derived by
eliminating the heat losses from the measured
output. The optical efficiency for the reflector
only gri(@®r) is derived by dividing the loss-free
optical efficiency Fr(®r) by the influence from
the glazing fi(®r). This efficiency shows the
contribution from the reflector only. The broken

- n
—=—FT

——gTL ——

— —Ideal

Optical efficiency [-]

60 50 40 0 20 10 o 10 2
Projected angle [’]

Figure 24 Diagram showing the monitored
efficiency 1, the beam efficiency F1(®1) and the
reflector function gr; (@r) involved in the biaxial
incidence angle dependence analysis of an
asymmetric collector. (The angulars -60° and
0°corresponds to horizontal and 60° solar
altitude.)

If e.g., for a certain occasion, @1 = @ = 45°,
then ® = {eq 4} = 54.7°. Figure 24 gives that
Nob*gr(O@r=45°) = 0.62. The by=0.32 from
figure 22 gives that fi(@=54.7°) = 0.766.
Equation 8 then gives np(©=54.7°) =
0.766%0.62 = 0.475.

According to equations 8-10, the old model
gives:

Noo(©=54.7°)=f1(O1=45°)*f1(O1=45°)  nop *g 1L
(0r=45°) = 0.867*0.867*0.62 = 0.466. The
difference between the results from the two
models is then 2 %.

Long term monitoring of the optical efficiency
N0 of the collector during the period April-
September is presented in figure 25. The figure
shows that the efficiency varies between 0.32
and 0.57 corresponding to that O in figure 24
varies between -5 and -40° or projected solar
altitudes of 20-55° in figure 6. This shows that it
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is very convenient to scan over a wide angular
interval during one day at equinox, with the
collector tilted like in figure 7.
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=
04
03

80 100 120 140 160 180 200 220 240 260 280

Daynumber

Figure 25 Variation of the optical efficiency n,
during the evaluation period April — September
near noon time for the Spring/Fall-MaReCo. 1y
includes effects of a low fraction of diffuse
irradiance.

Stand-Alone-MaReCo

The results of the measurements on the stand-
alone MaReCo are presented in figures 26-27.
Figure 26 gives a b0 value of 0.27. Figure 27
gives the beam efficiency Fr(®r) in the Or-plane
monitored indoors in a simulator . The figure
shows that Fr(®1) is nearly constant in the
acceptance interval. This means that a standard
by function can be used in that interval as is used
in[1].

Ty, MaReCo

T

5 1o 15 2 25 30 35 40 45 50 55 60 65

er1

o 75 &b 85 9

Figure 26 Angular dependence 1, for getting
fL(Oy) in the longitudinal direction for a stand-
alone MaReCo monitored close to the equinox.
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Stand-alone MaReCo

Acceptance function []

o 10 20 0 a0 50 0 70 80 0
Effective solar height [']

Figure 27 The monitored beam efficiency F(®r)
of a stand alone MaReCo monitored in the
parallel beam solar simulator and the ideal
acceptance angular dependence. The
measurements where done with the absorber
nearly vertical or horizontal as seen in figure 15.
The wings of the ideal curve is an effect of
truncation.(The angulars 0°, 60°and 90°
corresponds to @y -angulars of -60°, 0°and +30°.)

3.4 Simulations

Ray tracing simulations were performed on the
Roof-MaReCo and the Spring/Fall-MaReCo to
be able to compare the measured results with the
theoretical ~optical efficiencies. Full size
prototypes with cover glazing were modelled.
The incidence angle dependence of the
reflectance for the aluminium reflectors was
modelled by the simulation software, as well as
the incidence angle dependence of the absorber
and glazing. The error in the simulations was
estimated to less than 1%. These simulations
should be close to the theoretical efficiency of
the optical system and the results can be used to
compare with performed measurements. As
above the reflectance at normal incidence were
supposed to be 0.92. The collector efficiency
factor was set to F'=1.

Roof-MaReCo

What can be seen from the simulated efficiency
in fig. 28 is that the theoretical efficiency
resembles the ideal characteristics. The
simulated as well as the monitored efficiency is
slowly increasing with a decreased angle of
incidence due a decreasing number of multiple
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reflections. At 0° the efficiency drops as the
rays incident on the reflector are reflected out of
the system, and the efficiency becomes
determined by the fraction that impinges directly
on the absorber. The ideal efficiency will be
constant at a value of 0.33, which is the ratio
between the absorber area and the total aperture
area (143/(286+143)). The difference between
simulated and measured curve is explained by a
lower specular reflectance, imperfect geometry
and effects of F” at non-uniform irradiance of the
absorber. The overall agreement beteween
measurements and simulations are acceptable. A
reflectance of the reflector of 0.76, should give
agreement.

Optical efficiency [-]

—— Weasured DN
- - Simulawd‘
——Ideal

” - - ijecl:dn angle o: ‘:ncidenc: nal glazin; ¥l " ?
Figure 28 Ideal acceptance function, the measured
beam efficiency F(®1) and the same function
simulated by ray tracing for a Roof-MaReCo.(The
angulars -60°, 0° and 20° corresponds to horizontal,
60° and 80° solar altitude.)

Spring/Fall-MaReCo

The theoretical optical efficiency shown in fig.
29 describes the behaviour of the system at ideal
conditions without manufacturing errors or heat
losses. The large difference between the
simulated and measured curve is as above
explained by low reflectance, impact of F’and
also of an imperfect geometry. The geometrical
impact is larger with a higher concentration
factor. It is seen in the interval between -60° and
-20°, equivalent to a solar height of 0° to 40°,
that the theoretical efficiency is increasing,
while the measured reflectance is decreasing.
This is to a large extent a F'-effect. It is shown
that F is strongly dependent of the light

distribution on the absorber. When all light
impinges on the absorber edge the F'-value is
around a factor of 0.80 of the value when the
light is concentrated on the absorber tube in the
middle of the absorber (Hellstrom, 2004). This
effect occurs when the solar vector is parallel to
the optical axis. The slope of the measured curve
is also determined by the decreasing number of
reflections. Above -15°, or 45° solar height, the
rays incident on the parabolic part of the
reflector are reflected back out of the trough, and
the efficiency drops. At larger angles, the
efficiency is determined by the light directly
incident on the absorber, and at angles around
normal incidence on the glazing, the efficiency
is constant. The ideal efficiency will be constant
at a value of 0.27 as this is the ratio between the
absorber area and the total aperture area
(143/(386+143)). The decreasing measured
reflectance for positive angles is because of
shadow effect from the collector edge. The
difference between the ideal and the theoretical
efficiency is due to reflection losses at the
glazing and reflector, and absorption losses due
to the incidence angle dependence of the
absorber.

Optical efficiency [-]

——Weasured] ~

ideal | v

60 50 40 a0 20 10 0 10 2
Projected angle of incidence at glazing []

Figure 29 Ideal acceptance function, the
measured beam efficiency Fr(®r) and the same
function simulated by ray tracing for a
Spring/Fall MaReCo. (The angulars -60°, 0° and
20° corresponds to horizontal, 60° and 80° solar
altitude.)
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4. A CRITICAL ANALYSIS OF THE
BIAXIAL MODEL

The suggested biaxial model in equation 8
implies that the optical efficiency in the
longitudinal direction is independent of Or .
This is also indicated by measurements close to
equinox presented in figure 30. Simulations on
the geometry in figure 8 on a collector where the
absorptance of the absorber is independent of the
incidence angle showed a neglible impact of Or
on the dependence in ®p direction. The glass-
reflector combination fulfilled the requirement
for equation 8.

One effect not accounted for by the proposed
model is the incidence angle dependence of the
absorber. This effect will vary depending on the
placement and tilt of the absorber. Fig. 30 shows
assumed the absorptance of the absorber as a
function of angle of incidence modelled
according to literature (Duffie and Beckman,
1991). The figure also shows ray tracing
simulations of the system in figure 8 when the
longitudinal angle was changed from 0° to 90° at
three different values of projected solar height
OT . The glazing, reflector, and absorber were
modelled in this simulation. The result shows a
distinct dependence of ®7 . Changes in Or
works as a shift in the angle of incidence
towards the absorber. The effects can be
explained by two factors. First, at a given angle
of incidence at the glazing, the longitudinal
angle has different values depending on the
projected solar height. For an angle of incidence
of 50°, the longitudinal angle would be 35° for
the graph of 45° projected solar height, and the
longitudinal angle would be 50° for the graph at
20° projected solar height. The longitudinal
angle strongly affects the incidence angle upon
the absorber in the simulated geometry, and as
can be seen from Fig. 31, a difference of 15° in
angle of incidence has an influence on the
absorption. The second effect in the simulated
case is that the angle of incidence of the light
striking the absorber directly, without being
reflected is increasing with decreasing @t . Both
effects contribute to increase the reflection
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losses from the absorber at low projected solar
heights.

Roof- MaReCo
Mo

sao 45°
oo WO

[ 2 E] [ E]
Incidence angle ']

Figure 30 Comparison of angular dependence of
beam efficiency 1y in the longitudinal plane f(®,)
for the Roof-MaReCo for two days when the
collector was tilted 30° and 45° respectively. The
Or-angles are 30° and 15° respectively.

Absorptance []

Optical efficiency [-]

—=—Absorber

o 0 2 % 4w s e 70 s % 10
Angle of incidence at glazing [°]

Figure 31 Comparison of angular dependence of
beam efficiency n0b derived from ray tracing on
the geometry in figure 8 in the longitudinal plane
f(®). The Or-angles are 20°, 30° and 45°
respectively. In the figure is also the given angular
dependence of the absorber only.

This effect of @t on the angular dependence in
®-direction can however not easily be seen in
the collector measurement, figure 30, and should
therefore be investigated in detail. Optical
imperfections and a rough and non-flat absorber
surface will suppress the effects. The effect is
also supposed to be smaller in the MaReCo-
geometries with the absorber parallel to the
glazing.
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5. COMPARISON OF THE SOLAR
FRACTION OF THREE DIFFERENT
COLLECTOR SYSTEMS WITH
DIFFERENT TILTS

In order to study the solar fraction of three
domestic hot water systems a method described
below was used. The studied systems were a
flat-plate system, a Roof-MaReCo system and a
system with a Spring/Fall-MaReCo. Due to the
reflector, the MaReCo and the flat-plate
collectors have different performance for
different tilt angles. This was investigated by
combining Minsun simulations with a very
simple system model. The optical efficiency
was, for this case, modelled in the same way as
described in connection with figures 20, 21 and
24 above, with the biaxial incidence angle
dependence given as a table with intervals of 5°.

The first step in the analysis was to determine
the area of the three systems to exactly cover the
heat load (here hot water) during July. This was
done by studying the simulated energy output
(E) (at Top = 50°C) from 1 m? of the collectors
and the heat load (L), including storage losses, in
kWh during the month. In this case, the hot
water load was supposed to be 4 800 kWh/year,
equally distributed over the year with a monthly
load of 400 kWh. The maximum collector area
for avoiding overproduction in July is then
estimated as:

Ly
Acy =5 [m?]

E

(12)

July

The total yearly production of the different
collectors is then calculated by multiplying the
collector area with the total energy output per m?
during a year. The solar fraction (Sg) is then
calculated by dividing the total production by
the total load during the year:

- total production _ Ay *E,, _|Luy | Byw [(13)
total load L L, |E

yr yr July

The first bracket includes a parameter only
depending on the load, and the second a
parameter only depending on the solar collector.
This means that the solar fraction, in a simplified
way, can be expressed as a product of a load
factor and a collector factor. For a given system,
the load factor is constant. In the case studied
here, this factor is 1/12, since the hot water load
is assumed to be constant during the year. The
collector factor varies, however, with the tilt
angle.

Figure 32 shows the solar fraction of the three
tested systems as a function of the tilt angle. The
results show that, for low tilt angles, the
Spring/Fall-MaReCo gives the highest solar
fraction of the three studied systems. For angles
in the interval of 40° and 70°, the Roof-MaReCo
gives the highest solar fraction. For near vertical
collectors, the flat-plate collector gives the
highest solar fraction.

The corresponding areas is visible in figure 33.
It is seen that the maximum areas for the
MaReCo collectors increases quickly when the
optical axis is lower than the irradiance
maximum at around 52° in figures 12 and 14.
The collector area for maximum solar fraction
for both the Roof-MaReCo and for the
Spring/Fall-MaReCo systems is 14.8 m?. The
maximum solar fractions for these systems are
0.71 and 0.62 respectively. The flat-plate
collector has a maximum solar fraction of 0.80
for a tilt of 90°. The area of this collector is then
15.4 m2.

At a tilt of 45° the roof-MaReCo has a solar
fraction of 0.70 for a required area of 13.3 m?
while the flat plate collector has a solar fraction
0.54 for an area of 6.5 m? This means that
generally the MaReCo collectors requires larger
areas.
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Solar fraction

0 10 2 3 a0 50 P ) 5 0
Tilt Angle (°)

Figure 32 Solar fraction as a function of tilt angle
for three different systems.

Spring-Fall
MaReCo

Collector Area (m?)

Tilt Angle (°)

Figure 33 The areas corresponding to the
collectors in figure 32.

6. DISCUSSION AND CONCLUSIONS

In the paper a new method for characterisation
of the incidence angle dependence of the optical
efficiency of asymmetric collectors is suggested
and tested. The suggested method is an
alternative when a more thorough analysis of the
incidence angle dependence is needed.

One drawback with the method is that it
requires relatively complicated measurements
and evaluation.

The impact of the angular dependence of the
absorber should be further investigated by
measurements and ray tracing. The impact on F’
of uneven irradiance distribution on the absorber
need to be further analysed in order to analyze
the differences between measurements and ray
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tracing. The model should also be applied for
use for describing the optical performance of
vacuum tubes.

The biaxial function for a vacuum tube with a
plane absorber is suggested as:

P ACTACH)

KTﬂ’
F(0,

14

F1(®r) is measured in the transversal plane
across the tubes and gives the influence of the
absorber only. fi(®p) is measured in the
longitudinal plane along the tubes and gives
influence of tubes and the absorber. This means
that the ratio f (®p)/Fr(®y) will give the
longitudinal influence of the tubes.

The biaxial function for a vacuum tube with a
tubular absorber is simply suggested as:

K @) =F(0,)/.(0,)

F1(@L) is however supposed to be 1 for a single
tube.
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NOMENCLATURE
A Collector area m?
by Incidence angle modifier coefficient -
E Energy output kWh/m?
F1(®r1) Total dependence (including glazing and reflector effects) in the T-direction
£i(),
2r(Or) functions for the incidence angle of the glazing and the reflector respectively
Herr Effective solar height °
I Total, beam (b) or diffuse (d) radiation W/m?
K:(®) Incidence angle modifier --
k Heat loss factor W/m?,°C
L Heat load kWh
(mC), effective collector thermal capacitance J/m2,°C
q collector output W/m?
Sk Solar fraction --
Top Operating temperature °C
AT Temperature difference between collector and ambient °C
dTy/dt time variation of fluid temperature °Cls
o optical efficiency for beam (b) or diffuse (d) radiation --
(€] Incidence angle (T = transversal and L = longitudinal) °
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A NEW MODEL AND METHOD FOR DETERMINATION OF THE INCIDENCE ANGLE DEPENDENT
G-VALUE OF WINDOWS AND SUNSHADES

Tobias Rosencrantz, Johan Nilsson, Bjorn Karlsson
Energy and Building Design, Lund University, P.O. Box 118, Lund, SE-221 00, Sweden,
Phone Number +46 46 22 48 51, Fax +46 46 222 47 19, e-mail: tobias.rosencrantz@ebd.Ith.se

Abstract — The development of a new method for modelling the incidence angle dependent g-value of
asymmetric sunshades is described. The new model is tested by monitoring the g-value of four different
sunshades and also by performing ray tracing. For asymmetric components, an overall biaxial incidence angle
modifier can be used in order to model the optical efficiency properly. One example of this is a product model,
where the incident angle modifier is approximated by factoring it into two components
2(01,01)=g1(01, 0)gr(0, O1). In the equation above, the index T denotes the transverse and L the longitudinal
planes. The longitudinal plane is the plane including the surface normal and a line along the window extension,
and the transverse plane is the plane including the surface normal and perpendicular to the longitudinal plane.
This means that the model described by equation 1 is strictly correct only when radiation is incident in either of
the analysis planes. In order to better characterise the incidence angle dependence of asymmetric components, an
alternative method is suggested in this paper. In this model, the influence of the glazing and of the sunshade on
the system is studied separately: g (0;,01) = g.(0))gu(07). In this equation, the factor g,(6;) basically gives the
influence of the glazing and gg(6r) gives the influence of the sunshade. This equation is, in principle, different
from the product above since 0y, is not used. gy (61) is obtained as a ratio between g(0,01) and g,(0,61): gw(6r1)
= 24s(6.=0,07)/g,(6,=0,07). This equation is also valid for plane windows having gu(61) = I resulting in g being
a function only of 6, just as expected. In the T plane, the incoming radiation is first transmitted through the
sunshade and then transmitted through the glass. Geometric effects and multiple reflections in the sunshade
affect the system g-value. In the L direction, the properties of the glass are important. This means that the
incidence angle dependence in the L direction of a window with a sunshade device should be similar to the

dependence in the overall direction for a plane window.

1. INTRODUCTION
1.1 Background

Solar shading devices are used in buildings to lower the
energy consumption for cooling and to increase the
indoor comfort by preventing overheating (Biilow-Hiibe,
2001). Today there is no standard procedure for the
characterisation of exterior sunshades which are not
parallel to the glazing surface. The standard ISO 15099
only accounts for internal and interpane solar shadings
situated parallel to the panes with intimate thermal-
optical contact. We suggest a method for this
characterization by applying a new biaxial incidence
angle model for both a window and solar shading. This
could also lead to improvement in understanding the
optimized design and geometry of the solar shading. This
could make it easier to choose the right solar shading
device for a specific building.

1.2 Measurements of g-value

The g-value or the total solar energy transmittance is
defined as the direct transmittance through the glazing
system plus the energy absorbed in the system which is
transmitted towards the room (ISO 15099). The g-value
is thus a measure of the efficiency of the solar shading
device.

The g-values of several shading devices on the market
have been measured using both outdoor guarded twin-
boxes and an indoor solar simulator in the Solar Shading
project (Wall & Biilow-Hiibe, 2001 & 2003). However,
the g-value was for the most part not evaluated against
the incidence angle of the solar radiation.

1.3 Objectives

The objectives of this paper are to apply an angle
dependence model for external asymmetric solar shadings
in combination with a window. Characterization of
different external solar shadings and ray tracing
simulations are performed in order to verify this new
model.

1.4 Biaxial model for incidence angle dependence

For asymmetric components, an overall biaxial
incidence angle modifier can be used in order to model
the optical efficiency properly. Mclntire presented a
biaxial incidence angle modifier for the optical efficiency
of asymmetric concentrating solar collectors. The
incidence angle modifier was obtained from
measurements in the perpendicular transverse and
longitudinal directions (Mclntire, 1982). Equation 1
defines this model.
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G(6y, 01) = G1(01.0)G(0, O1) O

In the equation above, Oy and 0, denotes the angular of
incidence projected in the transverse and the longitudinal
planes. The longitudinal plane is the plane including the
surface normal and a line along the window extension,
and the transverse plane is the plane including the surface
normal and perpendicular to the longitudinal plane,
according to fig 1. In equation 1, the angular dependence
of the window is determined from measurements made in

two orthogonal planes, figure 1.
{
E—

Figure 1. The projected traversal and longitudinal planes and
the angles 6 and 0y, projected in these planes.

tan® 0; = tan” O + tan’ O 2)

Figure 1 and equation 2 shows the relation between the
incidence angle (0;) and the two projected angles 6y and
0;. The model described by equation 1 is strictly correct
only when radiation is incident in either of the analysis
planes (Nilsson et al., 2005).

1.5 Sunshades studied

Four different solar shadings were studied; Venetian
blind, Awning, Diffuse film, and Screen. The Venetian
blind was characterized outdoors, while the others were
measured indoor in the Solar Simulator of Energy and
Building Design, Lund University. The awning and the
Venetian blind are asymmetric shadings while the screen
and the diffuse film are symmetric shadings.

2. THE NEW MODEL AND METHOD OF
VALIDATION

2.1 New model

In order to systematically characterize the incidence
angle dependence of asymmetric components, a new
method and model is suggested in this paper. In this
model, the influence of the glazing and of the solar
shading on the system g-value is studied separately. If the
sunshade has no edge effects and do not introduce any
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light scattering an optical model given by equation 3 is
proposed.

8uys(0:.01)=gu(0:) g (61) (3a)
8u(0)=gw(0L,61) (3b)
on(01)=84ys(0.=0,01)/gy (O1) (30)

Zys 18 the measured g-value of the sunshade in
combination with the window. g is the measured g-
value of the bare window.

In this equation, the factor g(6;) basically gives the
influence of the glazing and gy,(07) gives the influence of
the solar shading. Equation 3 is, in principle, different
from equation 1 since O is not included. gu(6r) is
obtained as a ratio between g, and g,(61). Equation 3 is
also valid for plane windows having gg(67) = 1 resulting
in g being a function of only 6;, just as expected. In the
T plane, the incoming radiation is first transmitted
through the solar shading and then transmitted through
the glass. Geometric effects and multiple reflections in
the sunshade affect the g-value. In the L direction, the
properties of the glass are important. This means that the
incidence angle dependence in the L direction of a
window with a transparent solar shading device should be
similar to the dependence in the overall direction for a
plane window.

84ys(6L.01=C) = g(6) “4)

Most sunshades introduce scattering. This means that the
g-value functions will be affected and the function
gan(01,61=C) is expected to show a weaker angular
dependence than gy(0;). Many sunshades like awnings
exhibit edge effects. This means that equation 3 has to be
extended with an end effect function h (6,)

4ys(03,01.01) = gu(07)2an(O1)h(OL) 5)

2.2 Outdoor measurements of external solar shadings

Four different types of external solar shading devices
were characterized indoors and outdoors. The Venetian
blind was measured outdoor in the hot box arrangement
at Energy and Building Design, Lund University (M.Wall
and H Biilow-Hiibe, 2001). Two well insulated vertical
boxes with constant temperatures measured the energy
flow through windows and solar shading devices. Both
boxes faced south direction. One box with a window only
served as a reference box and the other box had both
window and solar shading. The g-value of the solar
shading was then defined as:

8sh = Bsys/Bw (6)

The windows were double glazing units with 4 mm
clear glass and 12 mm space between the panes. The
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measurement methodology and techniques are described
in details elsewhere (Wall and Biilow-Hiibe, 2001).

The Venetian blind was measured in both horizontal and
vertical position. The angle of the lamellas of the
Venetian blind was 0° for both the horizontal and vertical
placement, seen in figure 2.

Al

Figure 2. Drawing of the studied Venetian blind. a. Horizontal.
b. Vertical.

The Venetian blind was measured near spring equinox
when the transverse projected incidence angle (1) is
constant 34° at latitude 56°, see figure 3. When the blind
was aligned vertical, fig 2b, the measurements gave the
incidence angle dependence in the transverse plane at a
constant longitudinal angle of 34°. By measuring both
vertical and horizontal, it was possible to obtain the
dependence in both longitudinal and transverse direction.

Angel (°)

06:00  08:00 1000 1200 1400  16:00  18:00
Time of day at equinox

Figure 3. The projected transverse and longitudinal angles (07)
(0,) and the incidence angle (0,) at the equinox, when 0;=(90-
latitude)

2.3 Indoor measurements of external solar shadings

The measurements were performed with the solar
simulator in the solar laboratory Energy and Building
Design, Lund University see (Wall and Biilow-Hiibe,
2003). The solar simulator makes indoor measuring
possible for sunshades, windows and solar heating

components in a standardized way. The irradiance
incident on the window and calorimetric box was 950
W/m? at normal incidence. The measurements were
performed for incidence angles corresponding to the
equinox thereby making the comparison with the outdoor
measurements convenient. The indoor measurements
were performed for awning, diffuse film and screen,
where the diffuse film and screen were mounted closely
to the window.

Figure 4. Principal drawing of the awning.

The calorimeter window was a double glazed unit
(DGU) with 4 mm glass panes and 12 mm space between
the panes, i.e. the same configuration as for the outdoor
measurements.

2.4 Ray tracing simulations

The optical simulations were performed in a
commercial ray tracing program, ZEMAX (ZEMAX,
2005).

The light incidents on the window system and the
fraction of the light transmitted through the system were
detected. The blind material was simulated by the optical
properties of aluminium at a wavelength of 550 nm with
a refractive indices of n=0.96093 and k=-6.6856. The
reflectance at normal incidence was 85%. Five percent of
the reflected light was reflected specularly and the
remaining was supposed to be diffusely reflected with a
Lambertian distribution. The simulated window consisted
of two panes with 4 mm glass, with a total transmittance
of 69% at normal incidence.

The source of 2 500 rays was placed vertically outside
the external light detector and the angle of incidence was
varied in each simulation. In one set of simulations, the
longitudinal angle was kept at 34° and the transverse
angle was varied from 0° to 88° in steps of 2°. This should
be identical to the measurements performed at the spring
equinox with the blind rotated 90°, fig 2b. The other set
was performed at a constant transverse angle of 34°,
equal to the transverse angle at the equinox in Lund,
Sweden, fig 2a. The longitudinal angle was then varied
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from 0° to 88° in steps of 2°. This gave a total of 88
simulations.

The estimated error in the derived transmittance of the
system was 2% for each angle of incidence.

3. RESULTS, ANALYSIS AND MODELS

3.1 Results of outdoor measurements on a Venetian blind
The Venetian blind characterized outdoors is seen in
figure 2. It was monitored in both horizontal and vertical
position. In figure 5 results of measurements of the
Venetian blind in the horizontal position is shown. The
slat angle of the individual blinds is horizontal 0°. The g-
values of the system, window and sunshade are plotted in
the graph, where the g-value of the sunshade is calculated
from equation 3c.

1

—e—g-window

094~ — + — g-venetian blind

084 —cmom o g-system

0.7 4
0.6
0.5

g-value
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02f ——mmmmmmmmmmm e
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o

Figure 5. Outdoor measurements of g-values of system, window
and Venetian blind as functions of longitudinal angle 0, for a
Venetian blind in horizontal position and 0°slat angle. 6=34°.

The measurement as function of the longitudinal angle
(61) ends at 75° since the measurement errors increases
rapidly for high angles of incidence.
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Figure 6 gg-value of Venetian blind as a
longitudinal angle (6;, ). 0r=34°.

function of

In figure 6 the gg-value of the Venetian blind is shown
separately as a function of longitudinal angles. As seen,
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the gy,-values are nearly constant at angles up to 70°. This
means that g, and g,, have a similar angular dependence
in the longitudinal direction. Thus, equation 3 is valid for
the blind. The g-value for a vertically placed Venetian
blind, fig 2b, is shown in figure 7 as a function of the
transverse incidence angle (67).

1
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09 F-mmm oo oo | — 4 — g-venetian blind
08 dotegp oo g-system
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05 f— -t o=

g-value
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0.2
04 F-mmmmmmmmmmmm - - A -

0

or

Figure 7. The g-value of the Venetian blind in vertical position
as a function of transverse angle (0r). 0;=34

In figure 7 there is as expected a considerably larger
variation of the g-values compared to the measurements
in the longitudinal direction position. Figure 8 shows
only the gg-value of the Venetian blind as a function of
the transverse angle. The gg-values decreases with
increasing 67 until complete shadowing occur and then it
remains at a constant level, when the scattered light
reaches the absorber.

1

—— Venetian blind
09 f————mmmm oo

0 10 20 30 40 50 60 70 80 90

Figure 8 gy-value of the Venetian blind as function of
transverse angle (07). 0r=34.

3.2 Comparison of measurements and ray tracing

Figure 9 shows the gy-value as a function of the
transverse angle (0r) for a Venetian blind where the
individual blinds is horizontal. The blinds are made of
aluminum and the light reflected from the blinds is highly
diffuse. Both the ray tracing and the measurements are
included in the figure.
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Figure 9. g -value of both ray tracing and measurements for a
Venetian blind with the window as function of the transverse
incidence angle (07).

The graphs differ at large transverse angles due to the
reflecting surface of the blind. The simulation assumes a
large diffuse component with a Lambertian distribution,
but the graphs indicate that the near specular component
of the reflected light is higher. The overall agreement
between measurements and ray tracing is satisfying.
When the light is incident from the horizon, all of the
light is transmitted directly through the blind, and almost
nothing is reflected. As the transverse angle increases,
more and more light is reflected from the blind, and less
is transmitted directly. This can be seen from the almost
linear decrease in transmittance with increasing angle of
incidence. At approximately 42°, no light is transmitted
directly and all light is reflected from the blinds. Since
the surface is assumed to be nearly Lambertian, the
incidence angle has an influence only on the small
specularly reflected component. This is also seen in the
figure 9, where g, is almost constant above 42°.

Figure 10 shows the transmission as a function of the
longitudinal angle of incidence at a constant transverse
angle of 34°. For small and medium angles, the gy, values
are constant. At large longitudinal angles, the scattering
of the reflected light decreases the reflectance of the
window slightly and this results in an increasing
transmittance of the system. The scattered light will
suppress the angular dependence of the window.

At longitudinal angles below 60°, gy, is constant and
Equation 3a is valid. The ray tracing in figure 10 shows
good agreement with the measurements in figure 6 for
angles below 60°. For higher angles the ray tracing
predict a higher gg,. This is explained by larger scattering
for high angles of incidence in the ray tracing simulation.

—a—Ray Trace Sunshade
0.9

g-sunshade

Figure 10. ggy-value from ray tracing of Venetian blind as a

Jfunction of the longitudinal angle (0;). 6;=34°.

Figures 5-10 show that measurements of the transverse
incidence angle dependence are enough to characterize
the behavior of a Venetian blind for small and medium
longitudinal angles. For very large longitudinal angles of
incidence g, increases due to scattering. The irradiance
for these high angles is however low. Figure 11 shows a
comparison between the model defined by Equation 3a
and ray tracing simulations of the system for angles
where 01=0.. Equation 3¢ has been used to obtain gg,(01).
The model approximates the g-value of the system well
for small and large angles. For incidence angles in the
range of 30°-60° the model tends to overestimate the g-
value. This is due to the diffusing effect of the blinds, an
effect that can not be described completely by incidence
angle dependence in the transverse direction. The
diffusivity tends to decrease the incidence angle at the
glazing and this increases the transmittance of the glass
for large angles of incidence.

1

—=— Model
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Figure 11. Comparison of g from the model and ray tracing of
the Venetian blind as a function of the angle of incidence in the
plane where 0;=0),.
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3.3 Results of indoor measurements on an awning.

The measurements of the awning are described in this
section. Figure 12 illustrates the results of the
measurements of g, as a function of & for a light and a
dark short awning characterized in the solar simulator.

g-sunshade

0 10 20 30 40 5 60 70 80 90
or
Figure 12. gy-values measured in the simulator of relatively
short awnings as function of the transverse angle 6r.

Figure 13 shows the measurements at constant
transverse angle of 34°, corresponding to equinox for a
fully extended awning with its arm turned 120° from the
original upper position in figure 4. The measurements
were performed for 0° to 80° in the longitudinal direction.

The awning has a more complex behavior than for
example the Venetian blind since the awning exhibits
edge effects at non zero angles in the longitudinal
direction. As shown in figure 13 the g-value of the
awning increases with increasing longitudinal angle, due
to edge effects.

grvalue

Figure 13 g-values of system, window and awning as functions
of longitudinal angle 0;. 07=34°.

For a very long awning compared to the window the
shadow should have covered the window for all 6,
without any un-shaded edge effects. The gy.-value would
then have been 0.08 for all 6, as indicated in figure 13.
The gy-value of the awning is dependent on both the
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longitudinal and transverse angles. The model of the
awning is given by the extended equation 5, where h(6,)
gives the edge effect of the shading. The window
dependency g,(0;) is very small compared to the edge
effect h(6;) and can be included in the h(6;)-function.
This means that the angular dependence of the awning
can be written:

24ys(0:,01) = gsn(01)h(OL) (W]

3.4 Results of indoor measurements on a diffuse film and
a screen.

The diffuse film and the screen are symmetric and have
the same optical geometry in all directions. Figure 14
shows the g-values of the diffuse film, window and

system as function of the longitudinal angle 6.
1
Window
09 F—---------—-------—- Diffuse film
08 System

grvalue

Figure 14. g-values of system, window and diffuse film as
Sfunction of longitudinal angle 6;. 0r=34°.

The gg, -values for the diffuse film is nearly constant.
This means that g, for the diffuse film is similar to the
window g, for angles between 0° and 80°. The
measurements of higher angles increase the measurement
errors and the inaccuracy, therefore they are not shown
here.

A screen fabric was measured in the same mode as the
diffuse film with a constant transverse angle of 6:=34°.
The screen was very dense with only 3 % direct
transmittance. Thus, most of the transmitted rays were
diffusely scattered. In figure 15 the g-values of the
system, window and screen are shown as a function of the
longitudinal angle. The g-values of the screen gy, are
nearly constant and follow the angular dependence of the
window g-value, g,,.
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Figure 15. g-values of system, window and screen as a function
of the longitudinal angle 6,. 0;=34°.

It can be concluded that the g-value of the diffuse film
and the screen is almost independent of the longitudinal
incidence angle. This means that angular dependence of
the diffuse film and the screen can be written

8 5ys(0:.01) = 2u(0)gun(6r) ®)

and the shadow function ggu(07) is
independent constant.

an angular

In table 1 the models are summarized.

Table 1 Summary of equations presented in the paper.

Parameters | g (B, 2n(01)= h(6,)
Shades
1. Windows 2.(0) 1 1
2. Sha(.ies without 2.(0) 2a(07) 1
scattering
3.Vcnct.ian blind 2.(0) 20(07) 1
4. Awning 1 Zan(01) h(6,)
5; Screen / Diffuse 2.(0) 20(67)=C 1
film
4 CONCLUSION

We have shown that the proposed model can be used
for Venetian blinds, Awnings, Screens and Diffuse films.
The model describes the incidence angle dependence of
the Venetian blind well. In the case of the Awning, the
model has to be extended to account for the effect of the
edges at non zero longitudinal angles. For the symmetric
Screen and Diffuse film, the shading devices can be
modeled by a constant as the gy of the shading is
independent of the angle of incidence.

Another effect that was observed was the increased g-
value of the window at high angles of incidence when the
solar shading devices tend to diffuse the irradiance. A
window normally has low g-value at large angles of
incidence, but since most of the shading devices diffuse
the light as it is transmitted, some of the transmitted light

is incident on the window at angles where the g-value of
the window is higher. This means that the product model
under estimate the g-value of the system, g, and the g-
value of the shading device, gy, for high angles of
incidence.
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