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ABSTRACT

The traditional high concentrating photovoltaic systems have proved to be
expensive as they use high gradé silicon solar cells, highly specular reflecting
materials and require tracking arrangements which are equally expensive. The
problem of un-even illumination creates heat-sinks which have not been solved in
high concentrating systems. This thesis addresses the problem of un-even
illumination in low concentrating photovoltaic systems using low cost reflecting
matefials for low-cost electricity. The large module cells are re£)laced by small
string modules and the highly specular materials are replaced with low-cost diffuse

materials.

Concentrating sunlight onto a solar module has an effect of hot-spot formation
which reduces the fill factor and hence the efficiency of the photovoltaic system. To
address this problem, diffuse reflectors with rolling marks either parallel or
perpendicular to the plane of the module were tested in low concentrating
photovoltaic systems. The changes in the fill factor were monitored as different
reflector materials were replaced within concentrator geometries.
¢
-’
It was experimentally shown that diffuse reflectors gave better fill-factor than

specular reflectors. It was further demonstrated that diffuse reflectors with rolling

grooves aligned parallel to the plane. of the module gave better fill-factor than

v



diffuse reflectors with rolling grooves aligned perpendicular to the plane of the
module surface. In particular, the power increased by a factor of 2 in all reflector
materials studied but the drop in the fill factor was 28% for rolling marks parallel to
the plane of the module as compafed to 30% for rolling marks perpendicular to the
plane of the module. The parallel rolling marks (horizontal grooves) gave improved
fill factor. Probably the rolling marks scattered the solar flux within the
concentrator geometry at large angles and hence evenly illuminated the solar cell
module area. The vertical grooves on the other hand had low angle scattering of the
solar .ﬂux and could not spread the solar flux along the plane of the module. The
vertical orientation of the grooves had similar performance as specular reflectors.
Furthermore, the performance of the CPC geometry with semi-diffuse aluminium
foil was under estimated due to construction errors as compared with anodized

aluminium which gave a better performance as it was used as the base material.

It was also verified that anodized aluminium, miro and rolled aluminium foil
respectively, were the best reflector materials that withstood the environmental
conditions. However, due to its low cost, the rolled aluminium foil was preferred

for use in low concentrating photovoltaic systems.
&
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Chapter 1

HYPOTHESES AND OBJECTIVES

The Wérld’s energy demand has been increasing mainly due to the increase in
population, industrialization, agricultural production and the general increase
in the standard of living. The global challenge is to produce enough energy at
relatively low cost and with minimum environmental damage. The World’s
‘energy today comes mainly from the burning of fossil fuels such as coal, oil
and gas which are exhaustible and cause serious environmental hazards.
Nuclear power plants have radioactive waste disp(;sal problem. Hydroelectric
power is probably the cheapest energy source but the creation of large water
reservoirs (dams) for large water heads forces migration of inhabitants and the

subsequent changes in the general ecosystem.

To meet this energy demand, there is need to use alternative energy sources
called renewables such as solar energy, biomass, wind energy, geothermal,
tidal and wave energy. The most promising renewable energy source is
probably solar energy. The only m%ajor' setback is that solar energy is not
evenly distributed over the earth’s surface; it is highly intermittent and needs

to be converted into useful energy. Similarly, other renewable energy sources

are highly site specific and scantly distributed.



The Sun is the ultimate source of solar energy whose average surface
temperature is about 5762K. The core of the Sun is at a temperature of several
millionis of degrees Celsius and acts as a blackbody, emitting radiation in all
directions. The amount of radiation received per unit area by a surface
perpendicular to the sun’s rays outside the earth’s atmosphere is 1367W/m?
called the solar constant'. However, the amount of solar radiation reaching the
earth’s surface after attenuation through reflection, absorption. and scattering
averages about 1000W/m? at noon on a clear day. This energy is in the form of
electromagnetic radiation which could be convertéd into heat energy and as

well as light energy.

Despite the abundance of silicon and the maturity of solar cell technology, the
cost of solar cell modules dominates the total cost on the solar system.
Concentrating photovoltaic systems use less amount of silicon material by
simply increasing the amount of radiation thréugh concentration. However,
the use of highly specular reflective materials causes hot-spot formation due to
increase in temperature’. The additibn of aﬁtive cooling mechanisms on the
solar cell module reduces the temperature but has an added cost to the total
cost of the system. In low concentrating photovoltaic systems, string solar cells

are used to reduce the amount of solar material and simply increase solar



radiation by using relatively low-cost diffuse reflector materials. The overall
cost reduction comes in by replacing the most expensive solar cells with less

expensive materials as booster reflectors?.

The study attempts to test the following hypotheses:
[0) Optimal tilt of a solar photovoltaic module will improve its output.
(ii) The use of semi-diffuse and/or specular reflectors will solve the
problem of uneven illumination on photovoltaic modules in low
concentrating compound parabolic concentrators.
(iii) The use of semi-diffuse and/or specular reflectors will improve the
fill-factor of photovoltaic modules in low concentrating compound

parabolic concentrators.

The central aim of this thesis was to study the performance of the photovoltaic
systems under low concentration using low-cost diffuse reflectors. The

specific objectives of this thesis were to

(i) estimate the collectable global (total) energy on a tilted surface
located in Lusaka, ¢
&
(ii) estimate the projected beam energy for Lusaka using Winsun
software,



(iii) compare the integrated reflectance of structured aluminium
samples using the integrating sphere,

(iv) compare the performance of a symmetrical CPC with different
reflector materials and estimate their effective specular reflectance,

(v) test the Copper Indium diselenide (CIS) module under low
concentration and monitor the fill-factor changes under structured
reflectors,

(vi) test the performance of a large parabolic reflector and estimate its
optical efficiency,

(viy  compare the degradation effects of some commercial reflectors to

environmental conditions.

To achieve these objectives, we estimate the solar resource available on a tilted
surface at low latitudes in chapter 2. In chapter 3, we make a brief review of
the historical perspective of solar concentrator technology and their subsequent
parameters. We survey in chapter 4 the characieristics of solar materials used
in concentrator geometry and in particular the reflectance measurements of
specular and diffuse materials. We take a gifleral overview of the performance
characteristics of a photovoltaic system in chapter 5. In chapter 6, we present

the major instruments, apparatus, techniques and the proposed models used in

the thesis. In chapter 7 we give the major findings and plausible scientific



explanations to the results. In chapter 8 we outline the main conclusions and

recommendations for future work.,



Chapter 2

SOLAR RESOURCE

2.1 Introduction

The operation of a photovoltaic system at a given geographic location requires
a detailed characterization of the solar resource available at the site. The
annual insolation over the surface of the earth varies by a factor of 3 from a
maximum of about 2500k Wh/m?/year in dry desert areas™ to an average of
about 800k Wh/m?/year in Canada and Northern Scandinavian countries™*. The
total annual solar power available on the surface of the earth exceeds the total
human power consumption by roughly a factor of 1,500°*. Calculated per
person, the average sole;r power available is 3SMW, while the average power
use varies from 100W in least developed countries to 10kW in USA**. These
figures provide a global potential of solar energy, however, the technical and
economic potentials are regionally dependent upon the solar energy
availability, energy infrastructure, population dénsity, geographical conditions,
financing schemes and not least, the political environment of a region or
¢

country. »

The factors that affect solar radiation on a receiver surface on earth include the

geographical location, the receiver inclination and orientation, the time of the



day, the time of the year, and the atmospheric conditions'. In this chapter, we
focus on the type of receiver and its orientation in solar energy collection.
Suffice to mention that tracked systems collect more solar energy than
stationary ones, and surfaces tilted towards the equator intercept more of solar

radiation than horizontal collectors>.

2.2 Earth — Sun Geometry

The position of the Sun in the sky may be located by its altitude « and
‘azimuth y,. The solar altitude is defined as the angle between lfhe Sun’s rays
and the horizontal plane while solar azimuth is the aflgle between the projected
Sun’s rays on a horizontal plane and the South direction. The Sun’s azimuth
due South is 0° and North is 180° as shown in figure 2.1. As the Sun sweeps
across the sky from East to West, its altitude (solar height) increases and
becomes a maximum at solar noon, and decreases to zero at sunset. Thus, the
differences in the amount of solar radiation received on earth during any time
of the day of the year are due to the variation in the altitude and azimuth

angles.



Observer’s
harizon

o,
o,
o,
0
o,
.0
o,

Projection of the
Sun’s path Projection” of the Sun ray on

observer’s horizon

E
Figure 2.1: The apparent motion of the Sun Jor an observer in the southern

hemisphere®.

The trigonometric relationship between the Sun> (centre of the solar disk) and a
horizontal surface on earth is given by"%’

sing :siné‘sin¢+cos§cos¢cosa)l'= cos 6. 2.1

The declination of the Sun , is the angular .displacement of the Sun from the
equatorial plane, 6, is the zenith angle in degrees, defined as the angular

position of the Sun with the vertical, w is the hour angle in degrees, defined as



the angle with which the earth should rotate to bring the observer’s meridian
under the Sun, and ¢ is the geographic latitude of a place in degrees. The
corresponding solar azimuth angle may be obtained from®’

_ sinasing —sinS

Cosy, = . 22
cosacos¢

2.3 North Projected Solar Height Angles

A general rule of thumb has been to orient a collector at a tilt equal to the
latitude and zero azimuth. However, quantitative analysis of the total beam
energy received on a collector may be understood from the projected solar
radiation on the North-South vertical plane. This entails evaluating the

projected solar height angle (6,) on the North-South plane. The Sun ray

vector may be projected either on the horizontal plane or on the vertical North-
South plane as shown in figure 2.2. The horizontal projected ray vector may be
further resolved into two perpendicular components to define the horizontal

and vertical azimuth as shown in figure 2.2.



cosa sinys

Figure 2.2: Projections of the solar vector on the horizontal plane (observer’s

horizon) and on the vertical North-South plane.

From figure 2.2, it is easy to show that

sing = —cosasiny, and 23
cosgcos, = cosacosy,, ; 24

where & is the angle subtended by the Sun ray vector and its projection on the

North-South vertical plane. From which, the projected solar height angle ( 6,)
' &
may be calculated from

_ COSQCOSY,

acosy, 25
V1-sin’e

cos 6’p

10



The right hand side of equations 2.3 and 2.4 are known from cosSsinw and
cos@sin S —singcosd cosw respectively®™'°. It is also easy to show that

tana

tan t9p = 2.6

_cosy,
The projected angle of incidence (90 — 6,) which defines the amount of solar

radiation accepted or rejected by a 2D stationary concentrator may be

expressed as in equation 2.7 and must be less than the acceptance half angle.

037 | 27
tan o

tan g, =

2.4 Solar Time

Solar noon is the time of the day when the Sun crosses the observer’s

meridian. The difference in hours between solar time and standard time (clock

time) is"’

Solar time — Standard time = (Ly— L;,,)/15 + E/60, 2.8

where Ly, is the standard meridian for the local time zone in degrees, East

negative (Lusaka = -30°), Ly, is the longitude of the location in degrees

(Lusaka = -28°), and E is the equation of time (in minutes) and may be
‘

expressed as'’ Y

E =229.2(0.000075 +0.001868cos B — 0.032077sin B — 0.014615cos 2B —
0.04089sin 2B),

2.9

11



where B = (n-1) 360/365 and n is the day of the year.

Since the earth rotates 15 degrees every hour, the hour angle in degrees may

be calculated from
a):IS[(HH—12)+A—;[giJ, 2.10

HH:MM is the solar time, HH hours and MM minutes.

2.5 Extraterrestrial Solar Radiation
The Sun behaves almost like a blackbody radiating energy in all directions.
The amount of solar radiation outside the earth’s atmosphere is called the

extraterrestrial solar radiation and may be estimated as’

I, =1,]1.0+0.033cos 28971 2.11
365

where # is the day of the year and I, is the solar constant.

2.6 Terrestrial Solar Radiation

Before reaching the earth’s surface, so/lar radiation is attenuated by absorption,
scattering and reflection. The absorption ishmainly due to the presence of
ozone, oxygen, nitrogen, carbon dioxide, carbon monoxide, and water vapour

in the atmosphere. The scattering is due to air molecules, dust particles, water

12



droplets, and other small particles. The reflection is due to clouds and large
particles in the atmosphere. The spectral attenuation of the atmosphere is

shown in figure 2.3,

s Cloarsky

Lo0o 1.200
Waveglength [hm]

Figure 2.3 Spectral distribution of solar radiation Jor cloudy sky, clear sky

and extraterrestrial sky ',

The atmospheric attenuation of radiation is determined by the air mass. The air
mass is defined as the ratio of the optical thickness of the atmosphere through
¢

which beam radiation passes to the optical thickness if the Sun were at

zenith”'>"3 as shown in figure 2.4

13



AMI AM(Sec$,) Earth’s surface

Figure 2.4: Different air masses traversed as the Sun rays penetrate the

earth’s atmosphere at different angles.

The angle of incidence 6, of the Sun rays on an inclined plane is given by'®

cosd; = (cosgcos B +sin gsin Scos ¥) cosS cos m + cos S sin wsin psiny
+sin &(sin g cos B~ cos gsin Bcos y).

2.12
p is the angle of tilt of surface to the horizontal. Clearly, for a horizontal

surface facing south, (y=0, =0, 6, =6,) equation 2.12 reduces to the usual

equation 2.1. Similarly, for a surface facing ﬁorth, y = 180, equation 2.12

reduces to the familiar equation 2.13.
cosd, =sindsin(g + B) +coss cos(¢'-‘+ 5 cosw 2.13

The sunset hour angle w, on a tilted surface may be obtained from equation

2.13 by replacing 8, by 90° and w by w, as

14



o, =cos™ (~tan(g + f)tan §). 2.14
The total number of sunshine hours N may be expressed as

o) ,
N=29% 2.15
15

2.7 Available Solar Radiation on a Tilted Surface

The total solar radiation incident on a tilted surface consists of beam radiation
Iy, diffuse radiation I, and the reflected radiation I,. Usually, solar radiation is
measured on a horizontal surface and converted into radiations on a tilted
surface. Equation 2.16, converts solar radiations on a horizontal surface to that
on a tilted surface and was proposed by Jordan and Liu (1961)"* and used by
Garg and Prakash (2000)". Thus, the global radiation on a tilted surface 7, is
calculated from the measured values of the global radiation 7, and diffuse

radiation I; on a horizontal surface as

IL=1 1-1s Rbr+£(1_+c°_5ﬁ_j+p(l;°$j 2.16
1, A 2

cos(p + B)cosSsinw +—— o sin(g + B)sin
180 2.17

where R, = 7
cosgcosdsinw +m.wsin¢sin5

And @ = min[cos™(tan gtan §),cos ™ (—tan(g + B)tan 5] 2.18

15



Ry, is the conversion factor for converting beam radiation on horizontal surface

to beam radiation on a tilted surface and p is the albedo.

2.8 Peak Sun Hours (PSH)

The term peak sun hours (PSH) or equivalent hours of full sunlight (EHFS),
expresses the incident solar energy on a unit area and is defined as the number
of hours of incident sunlight at a place if the sunlight intensity were at its
constant value of 1kW/m’. The area under the curve of the incident solar
radiation in W/m? as a function of time of the day in hours gives the total solar
energy received by the unit surface on that particular ﬂday. The concept of peak
sun hour is used in sizing solar photovoltaic systems>. The approximate energy
output from a photovoltaié module at a place could be computed from the peak
sun hours at that place and the rating of the module. Two widely separated
places with the same latitude but with different longitudes could have the same

value of sunshine hours but different PSH values.

16



Chapter 3

SOLAR CONCENTRATORS

3.1 Introduction

A device that is capable of concentrating solar energy incident over a
relatively large surface onto a smaller surface is called a Solar Concentrator.
Concentration is achieved by the use of suitable reflecting or refracting
elements which increases the flux on the absorber surface as compared to that
on the concentrator aperture. Ideally, the concentrating system should track the
Sun so that the Sun rays always remain focused onto the absorber. Thus, a
solar concentrator system will consist mainly of an absorber/receiver with or
without a glazing, a focusing device and a tracking device. Solar concentrators

can be used both for thermal and photovoltaic applications.

Solar concentrators for thermal applications have advantages such as'®!7!8
(i) échieving a thermodynamic match betwéen the temperature level and
the task in question for high temperature operation,
(i) reducing cost by replacing an expengive large receiver area with less
expensive reflecting or refracting elements.
Besides being an optical system with optical losses, solar concentrators have a

problem of non-uniform illumination on absorbers which become prominent
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especially for high concentrations'>**?!, The problems of non-uniform
illumination cause hot spot formation on the absorber and lead to the decrease
in the efficiency of the system. In this thesis, we address the problem of non-
uniform illumination by using structured diffuse reflective elements in low
concentrating systems. Diffuse reflectors with grooves parallel to the plane of
the module have the possibility of improving the fill factor of the module as

they are capable of scattering the solar flux at larger angles.

3.2 Classification of Solar Concentrators

Solar concentrators maybe classified as tracking type or static type'>'6. A
concentrator may be mounted on a single-axis or on a double-axis tracker and
be moved continuously or intermittently to follow the sun. Concentrators may
also be classified on the basis of their optical components. Thus, they may be
(1) reflecting or refracting (ii) imaging or non-imaging, and (iii) line focusing
or point focusing type. The reflecting or refracting surface may be one piece
or a composite surface; it may be a single stagé or two stage system and may
be symmetric or asymmetric. Figure 3.1 shows some of the low- concentrating

solar concentrator systems that have ‘been in}sjtalled at high latitudes.
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Figure 3.1: Solar concentrators (a) symmetric compound parabolic
concentrator (CPC), (b) asymmetric maximum reflecting concentrator

(MaReCo) and (c) asymmetric CPC, {courtesy of Bjorn Karlsson, 2007).
’ LI

In practical situations, the concentration provided by existing solar
concentrators may range from as low as 1.5 to 10 for static or intermittently

tracked concentrators to as high as several thousands for perfectly tracked
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systems'S. Generally, solar concentrators with concentration ratios 1.5 to 10
are referred to as low concentrators as those shown in figure 3.1 and those with
concentration ratios 10 to 100 are referred to as moderate or medium
concentrators. Solar concentrators with concentration ratios greater than 100

are called high concentrators such as paraboloids!”.

3.3 Solar Concentrator Parameters
Figure 3.2 shows some parameters that characterize a CPC system. We further
give some of the definitions of the parameters.

Optic axis

L—» Aperture (A,)

Axis of

Parabola B parabola B

Focus of parabola A

Absorber (A,)

£
Figure 3.2: Some characteristic paramefers of a compound parabolic

concentrator geometry.
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The opening of the concentrator which intercepts the incident solar flux is
called the aperture area (4,). The total area of the absorber surface that
receives the concentrated solar flux and delivers the useful energy to the

system is called the absorber area (Aas). The geometrical concentration

ratio (Cy) is the ratio of the aperture area to the area of the absorber and is

given by
C, = 4, . 3.1
: ¢ Aab L

The local concentration ratio (Cy) is the ratio of the solar radiation at any point
on the absorber surface to the incident radiation atﬂ the aperture of the solar
concentrator. It is also known as the brightness concentration factor and is a
more meaningful term t;> describe the non-uniformity of illumination. The
local concentration ratio may be calculated from the measurements of the flux
distribution apparatus described in section 6.6.3 or from the ray tracing

techniques described in section 6.6.4.

The acceptance angle (26,) is is the limiting angle over which incident ray path
may deviate from normal to thé: apergure plane and still reach the
absorber/receiver. A concentrator with large acceptance angle needs only
seasonal adjustment in a year while a concentrator with small acceptance angle

must be moved continuously to track the Sun. The optical efficiency (%,) is the
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ratio of the energy absorbed by the absorber to the energy incident on the
concentrator aperture. It includes the effect of reflector/refractor surface, shape
and reflection/refraction losses, tracking accuracy, shading, receiver-cover
transmittance and the absorptance of the absorber. The thermal efficiency (n4)
is the ratio of the useful energy delivered to the system to the energy incident
at the concentrating aperture. In a thermal conversion system, a working fluid
is used to extract energy from the absorber. The thermal performance of a

solar concentrator is described by its thermal efficiency.

The electrical efficiency (,) is the electrical performance of a solar
concentrator is described by its electrical efficiency which is defined as the

ratio of the maximum po(:ver to the total solar power received by the absorber.

., 32

3.4 Collection of Solar Irradiation by SOIar Concentrators

In chapter one we mentioned that solar radiation was scattered by aerosols,
dust particles, ozone and water vapbur mo}lecules in the earth’s atmosphere.
Since diffuse radiation comes from all directions, some of it falls beyond the
acceptance angle of the concentrator and is lost. If the diffuse radiation is

assumed to be isotropic, it can be shown'®"? that the amount of solar radiation

22



reaching the absorber or solar module inside the CPC of concentration ratio C
is given by"

Le =11+ R,™] | 33

where "Re/f is the specular reflectance of the reflector used, <n> is the average

number of reflections within the CPC and the solar radiation within the CPC is

given by"
l,.=1 —(1—%)101. 34

Where /; is the total solar radiation falling on the CPC aperture and I is the

diffuse radiation falling on the CPC aperture.

3.5 Static and Tracked Solar Concentrators

Most stand alone photovoltaic systems have their modules fixed at an angle
equal to the latitude of the location. However, their structures may allow
adjustments in the tilt angle as well as in the azimuth angle. Fixed tilt
structures do not capture as much solar radiation"as tracked systems®. In single
axis tracking, the frame may rotate from East to West (vertical axis) or may
rotate North-South on an East-West axis. In two axis tracking, the module
frame has an additional rotation about the East-West axis and the module tilt
angle changes daily as the sun moves. Although double axis trackers absorb

more solar radiation than single axis trackers, they are rather complicated and
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expensive. Figure 3.3 shows a hypothetical output from a fixed tilt, single axis

tracking and from a double axis tracking system.

Single-axis
Tracking

Figure 3.3: A hypothetical variation of daily solar radiation for fixed tilt,
single axis tracked and double axis tracked modules (after T Bhattacharya’,

1998).

3.6 Vector Formulation of the Law of Reflection

Geometrical optics plays an important role in the design of almost all solar

concentrator types. The major part of the design process involves following
‘

the paths of the Sun rays through a system df reflecting or refracting surfaces.

This procedure is known-as the ray—traciné. When light is reflected from a

smooth surface it obeys the laws of reflection and when transmitted, the light
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ray direction is changed according to the Snell’s law. In order to formulate ray
tracing procedure suitable for all cases, it is convenient to put the laws of
reflection in vector form'%®, We denote the incident unit vector as i , the
normal unit vector as 7 and the reflected unit vector as 7. In figure 3.4, we

make a representation of ray-tracing from a specular surface.

incident ray

reflecting sutface
reflected ray

Figure 3.4: Vector formulation of reflection. (after Welford and Winston®,

1989)

The law of reflection states that the angle of incidence equals the angle of

reflection and may be written in vector form as

; . ;l = ;' . ﬁ 4 35
¥
The second law of reflection states that the incident ray, the reflected ray, and

the normal all lie in the same plane and may be written in vector form as
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(ix7). =0 3.6
If any two of these vectors are given, the third one may be uniquely
determined and the direction of the reflected ray may be written as!%2°
F=i-2(i.7)h. 3.7
Thus, to ray trace through a reflecting surface, one needs to know the direction
of the incoming ray, the point of incidence and the normal at the point of
incidence using the known shape of the surface. Finally, the direction of the
_reflected ray may be calculated from equation 3.7. This process is repeated for

any number of rays intercepting the concentrator as will be seen in section

6.6.4.

3.7 Compound Parabolic Concentrators (CPCs)

A compound parabolic concentrator is a non-imaging concentrator and has the
highest permissible theoretical thermodynamic limit for a given acceptance
angle. Since it has large angle of acceptance, it requires only intermittent
adjustment towards the Sun. The first designs were proposed independently by
Baranov and Winston in 1966. The present designs are well described in
Welford and Winston’s book®®. A /'2-D‘cog;1pound parabolic concentrator is
shown in figure 3.5. It consists of two distinct parabolic segments placed such

that the focus of one parabola is at the foot of the other. The slope of the
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E> Aperture (A,)

T R

CPC axis

Parabola B

Focus of parabola A

Figure 3.5: Schematic diagram of the compound parabolic concentrator

geometry.

reflector surface at the aperture is parallel to the CPC axis. Thus, any ray
within the acceptance angle end up at the focus of the parabola after reflection.

From figure 3.5, it is easy to show that the height of the CPC may be given

by15
- Ara 3.8
2tané,
The theoretical concentration ratio of the CPC is given by*°
A 1 | ¥
C=—=— , . 3.9
a sing,
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Combining equations 3.8 and 3.9, the height of the CPC may be expressed as

He A(l+5inb,) ‘

3.10
2tané,

Equation 3.10 may be expréssed as a ratio of the height H and exit aperture

side g as'®

E—I(CH)\/CZ—I. 3.11

a 2
For non-tracking solar concentrators with maximum concentration, one uses
CPC troughs aligned in the East-West direction. At least 7 hours of operating

time at solstices are possible with a maximum concentration factor of ten'®.

3.7.1 Angular Acceptance Characteristics of CPCs
The angular characteristics of a compound parabolic concentrator may be
studied using the conventional ray-tracing procedures'®?%?!, F igure 3.6 shows

the angular acceptance of a compound parabolic concentrator. For a full CPC

all rays incident on the aperture within the acceptance angle, [9,] <@,, reach

the absorber, whereas all rays with |6,| > 6,, bounce back and forth between

the reflector sides and finally re-emerge through the aperture. In most
T %

applications, a CPC is truncated by cutting the upper part of the concentrator.

The truncation process reduces both CPC material and the reflector material

with very little changes in the optical performance'®.
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Figure 3.6: Shows fraction of incident radiation that reaches the absorber
within an acceptance half angle of 6, . A full CPC with perfect reflectors is

shown by a truncated CPC by and a CPC with

optical losses by

If a CPC is truncated, some rays outside the acceptance angle (|6’i[ >4,) could

still reach the absorber. Figure 3.6 also shows the effect of angular acceptance

as a function of truncation.
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Chapter 4

SOLAR CONCENTRATOR MATERIALS

4.1 Introduction

In chapter three, we mentioned that a reflective solar concentrator consists
mainly of a reflecting surface, a receiver (module cells), and a self supporting
structure or a well adjusted tracking arrangement. In this section of the thesis,
~We concentrate on the long term degradation of reflector materials used in
solar photovoltaic concentrators for low concentrations such as miro, rolled
aluminium foil laminated on plastic, anodized ﬂaluminium, evaporated
aluminum laminated on plastic, and evaporated aluminium laminated on steel.
Although silver is an eﬁicellent reflector material, its cost and stability
problems inhibit its usage. Aluminium has a solar reflectance of 92% as
compared to 96% for silver. Aluminium has a characteristic high parallel band

absorption at 826nm*? and has long term stability when treated.

4.2 Materials for Reflective Solar Concentrators

Traditionally, solar concentrators wiéh reflegfive elements have been designed
and used for high temperature applications. This requires high quality mirrors
with good specular reflectance'®. The oyerall aim is to focus the Sun rays onto

a point or a line. Other important reflector material considerations include the
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effect of dust accumulation and other environmental factors, the stability of
reflective metallization, the cleaning problems and the projected price of the
entire concentrator structure. However, very little is known about the long
term effect of such environmental factors of dust, sand, and miscellaneous
contamination on reflective surfaces'®*. These effects would certainly vary
with the type of material, duration of exposure, site location, type of coating

(s) and the cleaning techniques involved.

The use of reflective elements in low concentrating systems has shown
problems in large area applications for high réﬂectancezs, and outdoor
durability*®. Specular reflectors lower the fill-factor of the solar cell modules
due to increased temper:;lture; Diffuse reflectors®” and Fresnel lens®®*% have
been tried in low concentrating systems so as to scatter solar flux and hence
reduce the problem of non-even illumination. Thin film selective reflective

coatings which reflect light of specific wavelength have been tried°.

4.3 Properties of Reflective Solar Surfaces and Coatings
4
Besides being an abundant metal, aluminius is the 3™ most abundant element

in the earth’s crust after oxygen and silicon’. Aluminium has good
mechanical properties, is relatively inexpensive and easy to recycle. Anodized

aluminium shows longer life due to the AlL,O; layer which protects the metal
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from further reaction®?, Miro is a commercial name for a sheet of aluminium
coated with TiOz/SnOZ/A1203. Titanium oxide coat gives it a high reflectance
in the visible compared with anodized aluminium but is rather weak

environmentally.

Solar reflective materials must have the following requirements:

6} They must reflect as much as possible the incident solar radiation
onto the receiver. Photons with lower energy than the band gap of the
solar cells material do not contribute to photoelectric conversion but
only to the heating of solar cells,

(ii) They must maintain ?igh reflectance (specular or diffuse) for the
entire life of the system (20 to 25 years). Optical degradation results
from soiling agents on the surface and some reaction of reflector

surface with compounds in the atmosphere?3,

4.4 Diffuse and Specular Reflecting Materials

When an incident ray of light strikesia surface, its reflectance might be mirror-
like (specular) or might scatter in all dirécti'c‘ﬁls (diffuse). In the specular case,
the incident polar angle is equal to the reflected polar angle, and the azimuth

angles differ by 180°. In the diffuse case, the reflected radiation is distributed
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uniformly in all directions. In practice however, the reflection from a surface is

neither all specular nor all diffuse'”>. The two general cases along with the

two limiting situations are shown in figure 4.2.

\m Normal

e
(a)
Normal ) thrjjal
(c) : “ (d)

Figure 4.2: (a) specular reflection, (b) diffuse reflection with significant

specular component, (c) general diffuse reflection, and (d) uniform diffuse

reflection, (after Duffie and Beckman', 1991 ).
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4.5 Measurements of Reflectance

The spectrophotometer measures light intensities with respect to the
wavelength. In figure 4.3, we show a picture of the Perkin Elmer Lambda 900
that was used in reflectance measurements. A beam of light from the source,
usually halogen lamp (HL) and deuteron lamp (DL) is reflected by focusing
mirrors to the gratings. The chopper helps to remove the background

contribution to the signal.

Figure 4.3: Picture of the Perkin Elmer Lambda 900 spectrophotometer at the

Angstrém Laboratory, Uppsala University, (Picture by Bengt Gotesson, 2007).
¢

This technique increases the signal to noisé ratio but effectively reduces the
contributions of stray light and the background. The grating reduces the white

light to monochromatic light which is sent to the filter and transmits light only
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in certain wavelength range to the detectors. Modern commercial

spectrophotometer instruments are mostly double-beam.

4.5.1 The Integrating Sphere

It is hard to design an instrument that correctly and accurately measures either
diffuse and specular reflectance or transmittance due to the inherent errors in
the instruments and also due to some sample dependent errors®*3>36, Ap
integrating sphere (also known as the Ulbricht-sphere) and a Total Integrating
Sphere TIS (also known as the Oblentz sphere are the two commonly used
instruments in optical measurements. The integrati;ag sphere measures an
average of the scattered light after it has been homogeneously scattered inside
a white sphere coated witﬁ Barium sulphate (BaS0,) or Teflon. Thus, light is
repeatedly reflected inside the sphere and a homogeneous intensity is achieved
which the detector then detects. A completely diffuse surface is called a
lambertian surface and has a homogeneous reﬂeptance of unit over a wide
range of wavelengths. In the total integrating sphere (71S), the light from the
sample is reflected by focusing mirrors onto a detector. This results into higher
intensity and hence a detector must be s;nsj}ive to incident light from high
angles of incidence. An integrating sphere shown in figure 4.4 is best used for
isotropic scattering samples. A reference measurement is taken when the

sample is replaced by a reference sample coated with BaS0,.
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Figure 4.4: (a) Schematic arrangement of the integrating sphere in the
reflectance measurement mode (courtesy T.B Chibuye™ 2004) and (b) picture

of the integrating sphere (picture by Bengt Gotesson, 2007).

The reference reading is thus®.

5= 21, i
rth .

Where I; and I, are the intensities of the sample and reference beams

respectively. R, is the reflectance of the reference BaS0, and the sphere wall
¢
and 4yis the amplification factor of the instmment. When the reference BaS0,

is replaced by the actual sample, the signal reéding becomes
I R
S, =| =2 g 42
IR,
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The reflectance of the sample is obtained from the ratios of equations 4.1 and

4.2 as

S, |
Rsamp,e':- (S—JRI, . 43

o

The reflectance of the BaS0,, Ryis usually known.

4.5.2 Signal Analysis in an Integrating Sphere
In figure 4.5, we show the behaviour of the reflected signal in the reflectance

mode of the integrating sphere.

Total

Jz('gmz{ N

Sample

Integrating
sphere

Figure 4.5: Schematic diagram of an integrating sphere showing the

reflectance mode of the specular and’-diﬂuse ‘Ceﬂection Jrom a sample.

Generally, two signals are measured from an integrating sphere. The total

reflectance is obtained when the specular reflectance hole is closed and the
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diffuse reflectance is measured when the specular reflectance port is open. The
total reflected signal Rr,, comprise the diffuse reflectance (Rpyp and the
specular reflectance (Rgy.) written as

Rroar = Rpi + Rspec , 4.4

where Rpiy= Ryer X Rpg(signal) and R, is the reference signal measured by

the instrument.
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Chapter 5

PHOTOVOLTAIC SYSTEMS

5.1 Introduction

Photovoltaic power generation is achieved through the use of solar cells made
from suitable semi-conductor materials like silicon, germanium, gallium
arsenide and copper indium diselenide. A group of solar cells form a module, a
| group of modules form an array and a group of arrays make a ﬁe;ld. Solar cell
modules are connected in series to increase the voltage and connected in
parallel to increase the current. Silicon solar cells have shown efficiencies of
about 18% and compounds of gallium® have efficiencies of about 27%.
Efficiencies as high as 50% hz;ve been reported~38 for more advanced systems.
The efficiency of the silicon solar cell decreases by about 0.5% per degree rise
in temperature®®. In a module string, it is the solar cell with the lowest junction
current that determines the power output of the todule. Hence, only identical
solar cells need be connected together to produce a module with high

efficiency.
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3.2 The Photovoltaic Effect and Solar Cell Transport

Semiconductor materials such as silicon (Si), gallium arsenide (GaAs) and
cadmium telluride (CdTe) are efficient absorbers of Sun’s energy. Most
comméi'cially available photovoltaic devices today are fabricated from silicon.
Silicon, with band-gap of 1.12eV (intrinsic) can effectively use only the
wavelengths range of about 400-1100nm®>®. It has been shown** that
silicon with this band-gap energy is not optimal. When a small amount of
phosphorus (group V) is doped with silicon, a region of excess eléctrons called
n-type is formed and when doped with boron (group III), a region deficient of
free electrons (holes) called the p-type is formed. Wflen the p-type and the n-
type regions are joined together, we form a p-n junction as shown in figure 5.1.
The energy required to r:aise“a charge carrier from the valence band with
energy Ey to the conduction band at energy Ec is called the band-gap energy
Eg. The doping process effectively reduces the amount of energy required to
raise an electron from the valence band to the conduction band due to the
presence of donor states below the conduction band and the presence of

acceptor states above the valence band.

¢
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Figure 5.1: Photo-current is generated when a photon of sufficient energy

creates electron-hole pairs in a semi-conductor material.

A lot of research has been done to explore materials with band-gap energies
comparable to the solar spectrum®®*"*?  Semi-conductor materials such as
GaAs and CdTe with band-éaps nearer to 1~.5eV, have higher theoretical
efficiencies than silicon with intrinsic band-gap energy of 1.12eV* because
they are direct band-gap semi-conductors. Thus, a photon alone creates an
electron-hole pair unlike in silicon where an extra phonon is required to create
an electron-hole pair. When photons of suitable energy (band-gap energy) fall
onto the semi-conductor, electron-ho}e pairs are created. If the electron-hole
pairs are formed near to the p-n junction,‘ thg charge carriers are separated by
the presence of the internal electric field. The electrons drift into the

conduction band (n-side) where they are the majority carriers and holes are
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swept into the valence band where they are also majority carriers. If the
concentration of electrons in the n-type is increased, the concentration of holes
in the p-type also increases, Thus, an electrical voltage builds up. If the n-type
and p-type are biased or conhected say by an ohmic resistor, electrons flow
through the connection to constitute a current. This current will continue as

long as the incident light is available,

5.3 The Equivalent Solar Cell Circuit

The photon generated current 11 (photocurrent) is linearly dependent upon the
light flux falling on the solar cell and is a measure of the short circuit current
L. It is easy from figure 5.2 and using Kirchhoff’s junction law to see that the

overall cell current 7 may be written as

I I ,
L oyl R, T |
A\
R, Ry
f l
o &

Figure 5.2: The equivalent solar cell circuit
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I=1,-1,-1,, 5.1

where,
I,=1|exp M)—l , 5.2
. BkT

is the diode current characteristics, B is the ideality factor, & is the Boltzmann
constant, 7'is the absolute temperature, ¢ is the electronic charge, 1, is the dark
or diode saturation current and V is the applied voltage. In the short-circuit
| mode, the load resistance (R, = 0) is zero and the output voltage is also zero.
This means that no current flows through the diode (Ip = 0) and hence all the
generated current flows to the output. Thus

I=1 =1 5.3

However, for an infinitely large load resistance (open circuit mode), the output
current (/ = 0) is zero and the entire generated current flows though the

internal diode. The open circuit voltage may be obtained from equation 5.2

above as**
V. :ﬂln[!i+l} 54
q 1,

We observe from equation 5.4 that the open circuit voltage is temperature
Y
dependent and the dependence of the open circuit voltage on temperature is

shown in figure 5.3.
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Figure 5.3: Effect of temperature on the module output. (after S.R Wenham®,
1994)

5.4 Characteristic_ Resistances of Solar Cell Modules

The electric current generated in the semiconductor flows through the contacts
at the front and at the rear of the solar cell. The solar cell is covered by a thin
layer of dielectric material and the anti-reflecting coating to reduce reflections
from the top surface. The overall series resistance of the cell R, is composed
mainly of the bulk p-type and n-type materials (Ry, and R;,), and that of the

contact resistance of the p-type and n-type materials (R;, and R.,) respectively.
¢

We may write for the overall series resistanc as'?

R =R,+R,+R, +R,, 55
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The value of the series resistance must be as low as possible (R; = 0,

theoretically) as shown in figure 5.4.

I4)

t

Figure 5.4: The effect of series resistance on the Sill factor, (after SR

Wenham™, 1994).

The other characteristic resistance of the solar cell is the shunt resistance Ry, .
This is due to the leakage current at the Junction and is dependent upon the
junction fabrication technologies. T}Ee value of the shunt resistance needs to be
very high (R, = o, theoretically) as shown’in figure 5.5. The overall effect of

the characteristic resistances is to reduce the fill factor of the solar cell module.
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Figure 5.5: The effect of shunt resistance on the Sl facto, (after SR

Wenham™, 1994).

5.5 Fill Factor Dependence of Effective Series Resistance
It can be shown that there is always a potential drop across the module due to
inherent series resistance of the module as shown in figure 5.6. The voltage

drop is given by I,,x R and hence the corresponding fill factor may be written
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Figure 5.6: I'V curve for a S0W,, module (BP Solar model 140) with five

oulput parameters.

To close approximation (I, ~ I, c.f Jigure 5.6), the fill factor of a module

may be approximated as

FF=1-r, 5.7

5

where r, =

is the effective series resistance of the module, Rcx is the
CR ¢
&
characteristic resistance equal to the ratio of the open circuit voltage and the

short-circuit current™.
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5.6 Effect of Radiation Intensity on Module Output
The operating temperature of the solar cell above ambient is roughly
proportional to the intensity of the incident radiation, provided that wind speed

is not éxcessive®® as shown in figure 5.7.
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Figure 5.7: I-V characteristics Jor different levels of solar radiation

intensities, (after Duffie and Beckman', 1991 ).

5.7 The Economics of Photovoltaic System

To be widely used, photovoltaic electricity must be competitive with those of
¢

conventional forms of electricity such as hydroelectricity' ", In 1978, the
total cost of photovoltaic system was in the range of 30 — 50 Euros per

47,48

watt". Today the price of hydroelectricity is about 6-7 cents per kilowatt-
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hour and that of photovoltaic electricity is about 20-30 cents per kilowatt-
hour; therefore the prices must come down by about a factor of 5 to compete
favourably with bulk electrjcity market. Large scale solar electrical energy
generation will become more competitive when the prices of photovoltaic
cells reduce to 10 cents per kilo-watt-hour*® and in the range of 6-8 cents per
kilo-watt-hour for concentrator PV systems'’. It is also projected that by
2020, the costs for concentrator systems are likely to drop to 6-7 cents per

kilo-watt-hour®.

The major challenge in solar concentrator systems i§ to efficiently reduce the
costly solar cell material by using low cost reflecting or refracting elements.
This could be achieved by finding an optical and ingenious collector design
that could cost less than the solar cell area it réplaces. Presently, the solar cell
module cost dominates the photovoltaic system cost'’. Since the reflector or
lens material is often far less expensive than the semi-conductor material used
in fabricating solar cells, the cost of module: electricity could be greatly

reduced.
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Chapter 6

METHODOLOGIES AND EXPERIMENTAL

TECHNIQUES

6.1 Introduction

The amount of solar radiation on a tilted surface depends upon the intensity of
the solar radiation, the angle of tilt, the orientation of the surface, the type of
collector used, the time of the day, the time of the year, and theﬁ geographical
location of a place. In this chapter, we measure thf: collectable energy on a
tilted surface and also investigate the performance of a photovoltaic system
under low concentration by using structured aluminium reflectors. We further
compare the effective reflectance of sampies from short-circuit current
measurements and ray-tracing. Finally, we study the performance of a large
parabolic reflector in terms of its fill-factor profile and the associated

degradation effects of six commercial reflectors to natural environment.

6.2 Collectable Energy on Tiltgd Surface

¥
One way of increasing solar radiation on a collector is to tilt the collector
towards the Sun. The annual collectable solar energy on a tilted surface for

Lusaka was measured using solar sensor model Si-420TC shown in figure
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6.2(a) during the period August 1% 2002 to December 31% 2003. The
calibration factor of the instrument was 20mA to represent 1200 W/m2. The
sensor was mounted on an adjustable frame and tilted at 25° to the horizontal.
The instantaneous solar radiations were recorded for the whole day at one

second interval and averaged over thirty minutes by a data-logger program.

1000 n L
L ]
§ 8001 /. \l \\l i
Solar sensor < . \ "t
S = /|
g 6004 ] I
N
5 0] I
s
200 / \ ' B
! ®) N\
0 l/. \-—- L
s 8 10 2w B w2

Time of the day in hours

Figure 6.1: The solar sensor (@) mounted at a fixed tilt of 25° to the horizontal
and (b) a day’s output for 4" February 2003. The area under the curve gives
the total collectable energy on this particular day.

4
The daily solar radiations were downloaded’ Figure 6.1(b) shows a typical

day’s output for February 4, 2003. The daily data collection period lasted for
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seventeen (17) months. The area under the irradiance-time graph gave the total

solar energy received on a unit-area per day in Whm™day".

The daily average in a month gave the monthly mean solar energy in

kWhm™day ™ and the peak sun hours (PSH) were computed from the ratio of
the total area under the curve to the solar intensity of 1000W/m?. The monthly
mean energies on a tilted surface were compared with National Aeronautics

and Space Administration NASA)* results.

6.3 Evaluation of the Projected Beam Solar Energy

Meteonorm is a meteorological database of the globally simulated solar
radiations on any orienteéi sutface based on more than 10 year averages. The
simulation calculations were performed by TRNSYS (TRaNsient Systems
Simulation) program developed at the Solar Energy Laboratory — University
of Wisconsin, Madison®'. However, in this: thesis we used WINSUN
program®® which is an extraction from the TRNSYS program. If H; (obtained
from Meteonorm) is the incident beam radiation from the Sun onto a
concentrator, the component of thé solar gadiation 4Hp, incident from the
North at a projected angular height 6, above the horizontal during time interval
At is given by

AH,, = H, coseAt. 6.1
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The term cos ¢ , is obtained from equations 2.3 and 2.4 of chapter 2 and ¢ is
the angle between the Sun ray vector and its projection on the North-South

plane. The projected solar height angle 6, is calculated from equation 2.5.

6.4 Simulated Output from Different Tracking Modes

Winsun software® was used to calculate the monthly global solar radiation for
Lusaka station under different tracking modes of a solar collector based on the
meteonorm database. We further simulated the yearly global solar radiations
for the selected Zambian stations at different tracking modes. The different
tracking modes were horizontal tilt (horizontal surface), latitude tilt, North-
South tracking (East-West axis), East-West tracking (North-South axis), and
two axis tracking. The sélected Zambian stations, latitude in brackets, were
Nakonde (9.3°), Kasama (10.2“° " Mansa (11.2°), Mwinilunga (11.8°), Solwezi
(12.2°), Ndola (13.0°), Chlmta (13.6%, Mongu (15.2°), Lusaka (15.4°), Monze

(16.2°), and Choma (16.8%). 4 . 13;;:::‘“"

<8l

6.5 Surface Reflectance of Rolled Aluminium Samples
¢
6.5.1 Optical Properties I
The Perkin Elmer Lambda.900 spectrophotometer at Angstrom Laboratory in

Uppsala, Sweden (Figure 4.3) was used for sample characterization. The
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instrument was calibrated by scanning a reference sample each time a new
set of measurements were made. The sample was put at the exit port of the
integrating sphere. The total reflectance (7R) was measured when the
specular port of the integrating sphere was closed and the diffuse reflectance
(DR) was measured when the specular port was open. The specular
reflectance (SR) component was obtained by subtracting diffuse from total

reflectance. The analyzed samples are shown in figure 6.2.

Figure 6.2: Different diffuse aluminium sheets. SI is the diffuse aluminium
with small rolling marks, S2 is a plane diﬁ’usé aluminium with no rolling

marks, and S3 is the diffuse aluminium with large rolling marks.

&

Sample I (S1) was a diffuse aluminium sample with small rolling grooves on
one side. Sample II (S2) was a plane aluminium sample (diffuse) without

rolling grooves on both sides. Sample III (S3) was a diffuse aluminium
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sample with large rolling grooves on one side. The samples were cleaned
using ultrasonic bath in ethanol solution to remove any grease. The dust
particles were removed by blowing in dry nitrogen gas. The total reflectance
and the diffuse reflectance were measured at groove orientations of 45°,
horizontal (90°) and vertical (0°) to the plane of the exit hole of the

integrating sphere.

6.5.2 Computation of Weighted Spectral Reflectance

If R() is the wavelength-dependent property of a material such as
responsivity, transmittance, reflectance, absorptancc;, and G(4) represents the
solar spectral irradiance, the mean value R,, of the property R(4) may be

calculated by the following equation’.

) f R(A)G(L)dA
B [ewar

Since the spectral property and the spectral irradiance are usually known at

6.2

discrete values of the wavelength, the integration is performed as a

summation, so that equation 6.2 becczmes

&
2500mm

D R(AG(A)AA
R =0om 6.3

m 2500nm

D .G(A)AL

300nm
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Hence, the quantitative differences among samples were calculated in terms
of their total integrated reflectance (7. IR), their diffuse integrated reflectance

(DIR) and their specular integrated reflectance (SIR) using equation 6.3.

6.6 Effective Specular Reflectance and Ray-Tracing

6.6.1 Tailor-made CPC for Material Testing

The standard polar co-ordinate system proposed by Welford and Winston®
was used in the design of the compound parabolic concentrator. 0The x and y

co-ordinates were respectively derived from?°

(o 2sin@,-0) 64
1-cosg,

y=2fc0s(4, =6, : “ 6.5
1-cosg,

where f = a(l+sind,)is the focal length of the CPC, a (= 4,/2) is the half
width of the exit aperture (50 mm in our case, half width of module) and 8, is

the acceptance half angle of the CPC (15° in our case, local latitude).

¢
Figure 6.3 (b) shows the actual constructed Gompound Parabolic Concentrator
used for the current-voltage and flux distribution profile measurements. For
the purposes of ray-tracing, an identical CPC was generated from the standard

parabola equation
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2

.
_4f ¥ 6.6

The initial x-value of the CPC in the rotated x-y' co-ordinate system was 2a

and the initial y-value was determined when x = 2. The x-value at the top of

the CPC was ﬁand the top y-value was obtained by substituting in
—c0s26,

equation 6.6.

(a)

Figure 6.3: (a) The CPC designed from polar co-ordinates into the x-y
co-ordinates system and (b) the actual constructed CPC geometry.

4
&

The new CPC in the rotated x-y' co-ordinate system was transformed through

an angle 6, to bring it into the x-y co-ordinate system as shown in figure 6.4(a).
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Figure 6.4 (a) Design of the CPC from the parabola equation in the x-y
system and transformed into the x-y co-ordinate system, (b) a ray-traced
portion of a truncated CPC at.the half acceptance angle. (only 23 rays were

sent through the entrance aperture of the CPC for clarity).

Rays were sent from the known co-ordinates in the x-y co-ordinate system but
hit the intersection with the parabola in the x-y S};stem and finally transformed
back into the x-y co-ordinate system. The final and truncated symmetric CPC
had an exit aperture 2a = 100mm and 4n entril;l_ce aperture of 358mm as shown

in figure 6.3 (b). The theoretical maximum concentration ratio was C = 3.86.
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6.6.2 Current-Voltage Measurements through a Relay

An Operational Amplifier (Op-Amp) was used to compare the voltage across
an electronic load connected to the solar cell module and a control voltage
from the data logger. When the voltage over the electronic load was higher
than required, the current through the power transistor increased and caused
reduction on the voltage over the electronic load and finally the measuring
point on the I-V curve shifts towards lower voltage. The schematic drawing of
the electronic load is shown in figure 6.5. The logger producéd excitation
voltages up to 2.5V to measure high voltages by using a potential divider
(1:10). Lower voltages were measured by movir;g the potential divider
towards smaller voltage values. The current was measured by a four terminal
shunt resistance of 0.01Q As shown in the figure. The tolerance of the resistor
was + 1% so that the voltage drop across the two conducting wires did not
affect the voltage across the other two wires. The maximum power was about
2W and allowed a 14A continuous current through the resistor. During short-
circuit measurements; the reduction in the resistance was achieved by using a
relay. When the relay closed, most of the current went through the switch. The
internal resistance was further reduced by Ehortening the connecting wires

between the relay and the shunt resistance.
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Figure 6.5: Schematic circuit of an electronic load for I-V curve measurement,

(courtesy of Johan Nilssonﬁ, 2005).

6.6.3 Flux Distribution Profile Measurements

The flux distribution apparatus® measures the amount of solar flux on the base
of the CPC. It was made and used at the Lund University laboratory and later
carried to the Physics Department of the University of Zambia. It consists of a
12V d.c motor connected to a potent{omc':ter‘gnd attached to the central wiper

with a photo-diode as shown in figure 6.6. The actual set-up of the flux
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Figure 6.6: Schematic arrangement of the flux distribution apparatus

constructed at Lund University.

distribution apparatus is shown in figure 6.7. The motor was calibrated to
convert its angular rotations in’c.;) linear motion across the width of the module.
The photo-diode, the solarimeter and the reference diode were all connected to
the data-logger. The data-logger was programmed to record 240 data points in
one minute. The good resolution on each reading was achieved by using a
Imm diameter photo-diode (arrow in figure 6.7). The reflector material used
as the base in the CPC was anodizeci aluminium (Al,03) and simply replaced
the miro (TiO»/SnOy/Al) and the élurriiniﬁ'm foil in the flux distribution

measurements. The local concentration ratio (C1) was measured as function of

61



the module width. The simulated results from commercial Zemax Software>®

and the experimental short-circuit current results were compared.

1mm dia. photo-diode

#

Figure 6.7: Set-up of the flux distribution profile apparatus on the module

inside the CPC.

6.6.4 Ray-Tracing Technigues

The purpose of ray-tracing is to analyze the optical characteristics of an optical
system in terms of the rays that are intercepted by the entrance aperture and
those that reach the exit aperture of the CPC. Since the incoming flux are
represented by finite number of equally spaced rays in geometrical optics, we
define the local concentration ratio (é‘u as the ratio of flux density reaching
the absorber to those intercepted by the entrance aperture of the CPC. Rays

were sent from known points on the x-y co-ordinate system and found their
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intersection on the x-y co-ordinate system through a transformation equation
(anticlockwise) given by

x = xcos6, — ysing,

y = xsin 6. +ycosh, . 6.7

The intersection was found from solving the equation of a straight line and the
equation of a parabola. The co-ordinates of the intersection were transformed
back into the x-y co-ordinate system. At this stage, we checked whether the ray
hit the reflector or hit the absorber or missed. If the ray hit the reflector, it had
to be reflected according to the standard reflection equation'®? a5
F=i-2(i.7)h. 6.8

The process was repeated by sending a large number of rays into the CPC and
finally took statistics of rays that hit the absorber directly or after reflection
and those that missed. From the statistics, the effective specular reflectance Ry
was calculated from the proposed equation 6.9. Note that equation 6.9 was

tested only at normal incidence.

C
EL =Jo+ iRy + FiRy" + e, , 6.9

4
where f; was the fraction of the solar flux thathit the absorber directly, f; was
the fraction of the solar flux that hit the absdrber after a single reflection, f;
was the fraction of the solar flux that hit the absorber after second reflection

and R.; was the effective specular reflectance of the reflector used. The left-
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hand side of equation 6.9 was obtained from the flux distribution

measurements.

6.7 Testing of Copper Indium Selenide (CIS) Modules under

Low Concentration

6.7.1 CPC Specifications

The truncated CPC with a half acceptance angle of 15° was constructed as in
section 6.6.1 above. The length and the height of the truncated CPC were
60cm and 58.8cm respectively. The exit and entrance; aperture width of CPC
were 15cm (total width of the CIS module) and 50.2cm respectively, giving
the geometrical concentration ratio of 3.35. The CPC was made long enough
to minimize edge effects as shown in figure 6.8. The length and the width of
the CIS module were 30cm and 15¢m respectively. The total area of the CIS
module was 0.045m’ and the active area of the module was 0.036m’. Two
reflector materials (a) specular and (b) diffuse (Fig. 6.8) were inserted

alternately in the CPC and a series of [-V curves were obtained in each case.

¢
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e material
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Figure 6.8: CIS module inside the CPC. (a) specular and (b) diffuse reflector

materials used in the CPC.

6.7.2 Current-Voltage (I-V) Tracker Instrument

A current-voltage tracker instrument was obtained from Vattenfall, Sweden,
through the financial assistance of the International Science Program (ISP) of
the Uppsala University. It consists mainly of a power supply, an I-V plotter,
and data-logger components. It was powered by a 9V dc and the physical
features are shown in figure 6.9. The ftwo.req“terminals were connected to the
positive terminal of the module and the two black terminals were connected to
the negative terminal of the module. The instrument recorded one hundred

data points of current and voltage in three to four seconds and these
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instantaneous measurements were downloaded onto the computer through the

HyperTerminal software provided by the manufacturer. The short-circuit

(a) (b)
Figure 6.9: (a) The front panel and (b) the back panel of the I-V tracker.

current g, the open-circuit voltage V., the maximum power P, the current [,
and the voltage V,, at maximum power point respectively were extracted from

each I-V curve. Finally thé fill-factor (FF) was evaluated from equation 6.10.

FF=—=2_|, 6.10
1.V

sc” oc

The efficiency of the solar cell module could be also calculated from

1.V, FF

.- 6.11

ne IN Am >
where Iy is the instantaneous solar radiation incident on the solar cell module
¢

of active area A4,,. Hence, for each type of fiaterial, specular and diffuse, I-V

curves were obtained at each angle of incidence.

66



6.7.3 Optical Properties of Specular and Diffuse Reflectors

The optical properties of the diffuse (rolled aluminium foil) and specular
(evaporated aluminium, laminated on plastic) reflectors were obtained from
the Perkin Elmer spectrophotometer lambda 900 at Angstrom laboratory. In
particular, the total reflectance and the diffuse reflectance for the diffuse
material were obtained from the instrument and the specular reflectance was
obtained by subtraction. The same was done for the specular material and for
the horizontal grooves (HG) and for the vertical grooves (VG) of the diffuse
material. The total integrated reflectance (TIR), diffuse integrated reflectance
(DIR) and specular integrated reflectance (SIR) V;ere all calculated from

equation 6.3.

6.8 Construction and Testing of a Large Parabolic Reflector
6.8.1 Construction Procedures

A parabola is a locus of points in a plane that are equidistant from a given
fixed point called the focus F and a fixed line called the directrix D" shown in
figure 6.10. If the focus does not lie on the directrix, then we may choose a co-
ordinate system that result in a simpleéequatim for the parabola. If the distance
between F and D is 21, we may assign F co-ofdinates as (0, f) and the equation

of D asy = - f Hence, a point P will lie on the parabola if and only if the

distances PF and PQ are equal. Thus, from figure 6.10 we have
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PF =\/x*+(y- f)? and  PQO=,/(y+1)*. 6.12

Simplification of the above expressions gives

4 y
F(0,H
P(xy)
_’ X
Vettex
Directrix y = -D Q,-f)

Figure 6.10: Co-ordinates of a parabola equidistant from a point F and a
directrix D.

X2 =4f. 6.13

The usual mathematical form of equation 6.13, whose vertex is at the origin, is

2
X

= ﬁ ) 6.14

The focal length fof our large parabolic reflector was 40cm, the total extended
length along the North-South directign was 200cm, and aperture length from
the focus was 97.1cm. The parabolic feﬂéi:tor shown in figure 6.11 was

constructed in Sweden. However, the bottom support and the rails were

assembled at the metal workshop of the University of Zambia. The parabolic
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reflector was manually tracked by turning the shaft clockwise or

counterclockwise to bring the line focus to a desirable position on the solar cell

module.

Figure 6.11: Picture of the parabolic reflector showing the eight cell module

covered in protective polythene to avoid excess heating when not in use.

6.8.2 Short-Circuit Current and Fill-Factor Measurements

The short-circuit current of a photovoltaic module in a concentrated system
depends only on the irradiance on the module at‘a constant temperature and is
determined by the optical efficiency of the concentrator system>*>>*°, The flux

concentration ratio®"®?

was estimated from the high resistance solarimeter.
o
The parabolic reflector was manually tracked along the North-South axis by

means of a lever-arm shaft. The reflected rays formed a line focus which swept

across the module as shown in figure 6.12. A current-voltage curve was
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obtained at each position of the line focus using the standard I-V tracker

instrument mentioned in section 6.7.2.

Figure 6.12: Part of the eight cell module string showing the line focus
passing the 6cm mark from one end of solar cell n;odule (line focus moved

Jrom top to bottom as indicated by an arrow).

Firstly, we had to estimate the concentration ratio and the optical efficiency of
the large parabolic reflector. This was done by obtaining I-V curves when the
solar cell module was outside the parabolic reflector and placed perpendicular
to the sun rays (normal incidence). These were the reference measurements.
The other I-V curves were obtained when the solar cell module was in focus
with the reflected rays from the’ pa'rabglic reflector (solar cell fully
illuminated). The ratio of the short-circuit current under concentration to the

short-circuit current without concentration was estimated from equation 6.15,
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— ]SC

opt — ]ref ’
sC

6.15

where I7™ is the short-circuit current under concentration and I'7 is the

short-circuit current without concentration. The optical efficiency of the

system may be calculated from equation 6.16, where C . the geometrical

concentration ratio of the concentrator system is defined as the ratio of the

concentrator aperture area to the module area.

) Copl
770,,; = _C_ . 6.16

g

The second set of measurements were for the distriimtion profiles of short-
circuit current and fill factor as a function of the distance moved by the line
focus across the width of the solar cell module. At each position of the line
focus from Ocm to 12.5cm (width of solar cell), a series of I-V curves were
obtained at 0.5cm intervals. A total of 26 data points each of which
represented an I-V curve were plotted and similar I-V curves were also

obtained when the line focus was moved from bottom to top. The two sets of

results were compared.

&
6.8.3 The Effective Specular Reflectance Model

Since the theoretical optical efficiency of a CPC trough is well known®, it is

easy to show that effective specular reflectance (R;;") of the reflector material
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used on the large parabolic concentrator system may be obtained from

equation 6.17.

o = L = flvcr], 6.17
}/l

where <p> is the average number of reflections (taken as unit for our system),

and y, is the intercept factor defined as the ratio of the average intensity

intercepted by the module inside the parabolic reflector to the average intensity
intercepted by the reflector aperture. The intercept factor was obtained from
the average intensities of irradiation on the module and on the parabolic
reflector aperture using a solarimeter. Hence, the specular reflectance was

calculated and compared with the spectrophotometer measurements.

6.9 Degradation Effects of Commercial Reflectors

6.9.1 Reflector Materials

An attempt was made to study the degradation effects of available commercial
reflector materials used in solar concentrator systems. The main aim of the
study was to identify a relatively durable reflector material(s) to withstand
natural environmental conditions. In{particgar, we wanted to compare the

specularity of the reflector materials before and after long-term exposure to

natural environment. The six reflector materials were as follows:
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Sample 1: Evaporated silver on aluminium, simply known as silver on
aluminium.

Sample 2: Anodized aluminium; an oxide layer (Al,03) forms on aluminium
during anodization to improve the metal’s corrosion resistance.

Sample 3: Miro; a commercially available thin film (Ti02/Si0,/Al) coated on
aluminium sheet without surface protection.

Sample 4: Rolled aluminium; this is a lacquered rolled aluminium foil,
laminated on plastic (polyethyleneterephthalate, PET) or mylar.

Sample 5: Evaporated aluminium on plastic and laminated on plastic.

Sample 6: Evaporated aluminium on steel.

6.9.2 Sample exposure

Each set of six materials measuring 6¢cm x Scm were put into a transparent
plastic box where only solar radiation was mainly received as shown in figure
6.13(a). The other set of six were exposed to the natural environment so that
they experienced harsh conditions such as dust, humidity, contamination, etc
as shown in figure 6.13(b). The thirq set of six were kept in an envelope as
reference samples. The samples were initiéll}'/& éxposed for about one year, thus

from 22™ December 2005 to 31 December 2006. Typically, reflectance
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measurements were to be done every after three months but the lambda 19

spectrophotometer at the home institution was broken down. Hence, the first

@ | ®)

Figure 6.13: (a) Samples kept into a transparent plastic box, dust collection on
top of the box is evident, (b) part of the exposed samples to the natural

environment, more collection of dust particles is seen,

round of measurements was done in Uppsala (Sweden) from 21* to 27"
February 2007. The analyzed samples were re-exposed for another ten months
in Lusaka from 23 June 2007 to 21% April=2008. The second round of
analysis of the samples was done in Uppsala from 25% to 30% April 2008 in
Sweden. Thus, all the reflectance r:‘neasurements were done on the Perkin
Elmer spectrophotometer lambda 900 at'Arfgstrém laboratory of the Uppsala

University in Sweden. The analysis of the reflectance results was done using

the usual equation 6.3 and is presented in section 7.8.1.
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Chapter 7

EXPERIMENTAL RESULTS AND DISCUSSION

7.1 Collectable Energy on Tilted Surface

Table 7.1 shows the measured global radiations on a horizontal surface 1/,
(column 2) from the Meteorological Department®® in Lusaka, the measured
global radiations on a tilted surface I; (column 3); the calcylated global
radiations on horizontal surface (column 4) from NASA™ and the calculated
global solar radiation on a tilted surface I; (column 5) also from NASA. The
peak-sun hours (PSH) on a tilted surface are shown in column 6 of table 7.1,
and were estimated from the measured solar radiation on tilted surface shown
in column 3. The peak-sun hour parameter can be used to estimate the energy
output from a photovoltaic module oriented at an optimal tilt. For example, if
the optimum tilt angle for the month of April is 25° and the peak-sun hours is
6.1hrs, the harvestable energy from a 50Wp moc{ule would be 305Wh/m? per

day or 1.098MJ/m” per day.
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Table 7.1: Measured global solar radiations on a horizontal surface
Iy ((Whm™ day”) and measured global solar radiations on a tilted surface

I (:Whm™day™) and the corresponding peak-sun hours for each month.

Month JA I I L (NASA™) | psH
Tilt 25° 50

(Met. Dept) | (Measured) (NASA™) Tilt 30° (hrs)
Jan 4.94 5.11 5.07 4.76 5.1
Feb 4.36 4.53 5.09 4.51 4.5
Mar 5.11 4.69 5.37 5.13 4.7
Apr 4.89 6.06 5.69 6.07 6.1
May 4.94 6.22 5.05 593 - 6.2
Jun 4.72 5.25 4.92 6.11 5.2
Jul 4.72 5.67 5.14 6.26 5.7
Aug 5.58 6.03 5.87 6.60 6.0
Sep 5.92 5.94 6.67 6.70 5.9
Oct 5.89 5.81 6.80 6.10 5.8
Nov 5.39 5.58 6.08 5.67 5.6
Dec 494 . 4,61 4.99 4.72 4.6

7.2 North Projected Beam Irradiations for Lusaka

In figure 7.1, we show a typical annual cumulative time as a function of the
North projection angle 0,,61’64. Thus, in the angular interval between 46° and
60° (around winter solstice) th§: Sun spends about 873hrs/yr and so is the
period between 91° and 105° (around summer solstice). However, during the
period between 68° and 83° (equinO);es) the,Sun spends about 446hrs/yr. It
may be concluded that the Sun spends more time at its winter and summer
solstices as compared to the equinoxes. Note that figure 7.1 is typical of any

other location on the globe.
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Figure 7.1: The cumulative time distribution as a funétion of the North

projection angle for Lusaka at 5 degree angular interval,

In figure 7.2 we show the ye:arly beam energy for Lusaka projected in the
North-South vertical plane as a function of the North projection angle 0p64.
From the figure, we see that most of the beam irradiation occurs during the
winter months of May, June and July. The winter'peak (June 23") has a yearly
collectable beam energy of about 170kWh/m%/yr in the angular interval 51-
53°. The summer peak (Decembefr 23"") has a contribution of about
76kWh/m*/yr of the North projected Bear'n éf‘iergy in the angular interval 96-

98°. During the equinoxes, (March 21% and September 21*) the contributions
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of the North projected beam energy in the angular intervals 75-77° and 72-74°

are about 59 and 47k Wh/m*/yr respectively.
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Figure 7.2: The yearly North projection beam energy distribution as a

Junction of North projection angle for Lusaka at 3° angular interval,

7.3 Simulated Results from Different Tracking Modes
Figure 7.3 shows the simulated monthly output from different tracking
modes for Lusaka station. We see that double axis tracking gives larger

¢ .
outputs as expected than the other tracking nodes. The results were typical

of the other stations.
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Figure 7.3: Monthly mean global solar radiation as a Junction of the month of

the year for Lusaka station.

3400 1 2 i 1 L L 1 a 1 " 1 A ] i ] A 1 1 L i

—&— Horitilt I
3200 ~ —e— | atitiit -
. —+— NStracking
—#— EWtracking
—*— Fulltracking

Yearly global solar radiations (kWh/mzlyr)

T T LI A S B RN B B A | T LN A B | T
Nako Kasa Mans Mwin Solw Ndol Chip Mong Lusa Monz Chom

Selected Zambian stations
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In figure 7.4, we show the yearly simulated global solar radiation for the
selected Zambian stations for the different tracking modes. The stations are

arranged in increasing latitude.

7.4 Optical Properties of Structured Samples

7.4.1 Comparison of Reflectance on Grooved Samples

Figures 7.5(a) and (b) show results of total reflectance and diffuse
reflectance respectively for sample I (small grooves) with grooves oriented at

45°, horizontal and vertical. Horizontal and 45° gave more total and diffuse

reflectance.

Reflectance {%)
Reflectance [%]

X0 oo o 200 s 10 50 20w 2500
Wavelength [ ‘ Wavelength [

T
Fig. 7.5 : (a) Total reflectance, (b) diffuse reflectance curves for sample I
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In figures 7.5(c) and (d) we show the total and the diffuse reflectance

measurements as a function of the wavelength for sample I (no grooves).
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Fig. 7.5 : (c) Total reflectance, (d) diffuse reflectance curves for sample II.
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Fig. 7.5 : (e) Total reflectance, (f) diffuse reflectance curves for sample III.
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The results for total and diffuse reflectance curves for sample III (large
grooves) at different groove orientations are shown in figure 7.5(e) and (f)

respectively.

7.4.2 Weighted Spectral Reflectance Results
Table 7.2 gives a quantitative summary of the total integrated reflectance
(TIR) and the diffuse integrated reflectance (DIR) of the results in section

7.4.1 above as obtained from equation 6.2 of chapter 6.

Table 7.2: Comparison of the total integrated reflectance and diffuse

integrated reflectance for different samples of aluminium.

Sample /
Grooves orientation | Sample I (S1) | Sample II (S2) | Sample III (S3)
Total Integrated Reflectance (TIR)

At 45° 0.81 0.76 0.82

Horizontal 0.83 0.76 0.84

Vertical 0.77 0.76 0.75
Diffuse Integrated Reflectance (DIR)

At 45° 0.49 | 0.45 0.69

Horizontal 052 | & 047 0.71

Vertical - 049 ~ 045 0.63
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It is clear from table 7.2 that sample II (S2) had no grooves because the same
value of the total integrated reflectance (TIR) was obtained at all sample
orientations. Furthermore, thc rolling marks on samples I and III tend to
enhance both total and diffuse reflectance. Furthermore, the larger the rolling
marks the better the diffuse reflectance as seen from results of sample III.
The general conclusion from table 7.2 is that the horizontal orientations of
the rolling marks give larger scattering angle and hence, give a high
probability of reaching the detector after a few reflections. -The vertical
orientations of the rolling marks give low scattering angle, and owing to the
geometry of the sphere, some of the reflections leave the sphere through the
reference port and the sample port, rendering a lower reflectance value. From
symmetry considerationsL the different orientations should yield the same

reflectance value.

7.5 Effective Reflectance and Ray-Tracing Results

7.5.1 Solar Module Output from each Reflector Material
The dependence of open-circuit voltage and short-circuit current on the angle
of incidence for each reflector material ‘are&shown in figure 7.6(a) and (b)
respectively. The increase in the short-circuit current was a measure of the

total irradiance on the cells. The anodized aluminium material gave high short-
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circuit current because it was used as the base (part of the frame) reflector. The

short-circuit current curves for Miro and aluminium foil had narrower angles

Short-circuit current {A]

540 T T T 1 M LS A B pan |
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Angular tilt from nonmal incidence f . Angular titt from normal incidence m

Fig. 7.6:(a) Dependence of open circuit voltage, (b) dependence of short

circuit current on the angular tilt from normal incidence.
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Fig. 7.6:(c) Dependence of maximum power, (d) dependence of fill factor on

the angular tilt from normal incidence.
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of acceptance because of the loose binding to the base reflector. The fall in
short-circuit current at large angles of incidence were due to the reduction in

solar radiation, optical imperfections and the presence of gaps between the
module cells and the reflector. The dependence of maximum power and fill-
factor for different reflectors as a function of angle of incidence are shown in
figures 7.6(c) and 7.6(d) respectively. The fill factor for anodized aluminium
reflector dropped drastically within 14 + 2° because all the rays fell on the

edge of the cells and hence increased the resistive losses. The fill-factor values

outside these angles of incidence (i.e 214°) increased due to decrease in the
currents generated. However, there was general siability of the fill factor
within +£10° of angular tilt for all the materials. At normal incidence (0%, the
anodized reflector had higher fill factor followed by the aluminjum foil

reflector.

7.5.2 Effective Reflectance Sfrom Short-Circuit Current
The evaluation of the effective specular reflectance Ry for each reflector
material from short-circuit current measurements was performed from the

proposed equation 7.1. d

:
1+(C, -DR
1=l (c, -nr, Pepy o DRy Ly 7.1
I c, I,
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I is the measured short-circuit current under concentration, 1’7 is the

reference short-circuit current measured when the module was placed on the
entrance aperture of the CPC, I, is the beam radiation, I; is the diffuse

radiation and I; is the total radiation. The ratios of the beam radiation to the

t

total (%”—J and diffuse radiation to the total [—i—d—) on a typical blue sky day

‘
were taken as 0.9 and 0.1 respectively”. The first term on the right gives the
current contribution from beam radiation with losses and the second term
gives the current contribution from diffuse radiation with losses. The measured
values of the short-circuit current and the calculatea values of the maximum

power and fill factor are shown in table 7.3.

Table 7.3. Summary results for three reflector materials as measured within

angular tilt of +10°
Material | I (4) L/Ic(ref) | Pm (W) P,,.,‘/Pm(reﬁ FF Ry
Miro 8.9 2.7 334 25 0.65 | 0.74
Foil 8.1 24 30.5 22 0.65 | 0.61
Anodized | 87 | 26 | 329 | 24 | 065 | 069
Reference | 3.3 1.0 13.6 1.0 0.72

86



Although the fill factor of the three reflector materials was the same, their
power increased by a factor of 2 as seen in table 7.3, However, rolled foil

could have done better due to presence of rolling marks for even illumination.

7.5.3 Effective Reflectance from Flux Distribution Results

The simulated and the experimental flux distribution results for anodized
aluminium reflector were in good agreement as shown in figure 7.7(a). The
curve for the measured (Meas_Anod) shows a narrow width due to the non-

ideal constructed CPC and losses due to truncation. The non-identical peaks

-
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Fig.7.7:(a) Simulated concentration, (b) measured concentration Jrom the

center of the module.
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also confirm the uneven geometry of the CPC. The local concentration factors
as a function of position from the centre of the module for the three reflector
materials is shown in figure 7.7(b). The concentration ratio curves for
anodized and miro are identical because of being highly specular but the width
for miro is smaller due to slight change in the shape of CPC when inserting the
reflector. The corresponding curve for rolled foil was far from ideal because of
loose fitting inside the CPC and as a result there were multiple reflections and

interference within the CPC geometry. Table 7.4 compares the effective

Table 7.4 shows a summary of the local concentration ratios Jrom flux
measurements, the effective reflectance values Jrom ray-tracing and the

effective reflectance results Jrom IV measurements.

Reflector Loc. Conc. Ratio | Eff, Refl. | Eff.  Refl.
material (Flux Rep) (Flux and | (Ryp
measurements) | g, tracin g | (-V plots)

Miro 2.72 0.73 0.74

Rolled Foil 2.59 0.68 0.61

Anodized

Aluminium 2.70 ¢ 0.72 0.69
.

specular reflectance as obtained from the flux distribution and current-voltage

measurements. The effective reflectance values from I-V measurements are
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low because they show the results of the worst cell in series. The effective
reflectance from the flux distribution and ray-tracing and those from I-V

measurements were in good agreement.

7.5.4 Qualitative Results from Ray-T racing

Figure 7.8(a) and (c) show a simple grating with specific number of rays
entering the CPC at normal incidence. Similarly, figure 7.8(b) and (d) show
the same CPC results from ray-tracing as obtained from the Zemax software.
We observe that at normal incidence (Fig. 7.8(a) and (b)), some rays reach the
absorber directly and others hit the absorber after s;me reflection. In figures
7.8(c) and (d), the rays are incidence at the acceptance half angle of 15° and
reach the focal point only after a single reflection as expected. The rays that

reach the absorber directly are due to truncation of the CPC.

(a)
Figure 7.8: (a) ray-tracing from a simple grating, and (b) ray-tracing from

Zemax software at normal incidence.
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Figure 7.8: (c) ray-tracing from a simple grating, and (d) ray-tracing from

Zemax software at 15° angle of incidence.

7.6 Performance of CIS Modules under Low Concentration

7.6.1: I-V Characteristics_of CIS Modules

At normal incidence, the reference short-circuit current Isc(ref) and the

reference open-circuit voltage Voc(ref) (measured outside CPC) were 0.187A

and 25.77V respectively. However, the values under concentration (measured

inside CPC) were 0.555A and 26.93V. The basc; reflector (part of the frame)

was the specular material. The dependence of maximum power and fill factor

as a function of the angle of incidence for each material and grooves
&

orientations are shown in figure 7.9. There were no large differences between

the maximum power measured at normal incidence as well as between + 5°
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from normal incidence since the illumination was almost constant in these

angular intervals.
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Figure 7.9 :(a) Maximum power and fill-factor for specular and diffuse
materials, (b) Maximum power and fill-factor for the diffuse material with

rolling marks.

However, the diffuse material gave a better fill-factor than specular material.

The diffuse material with rolling grooves aligned parallel to the plane of the

module also gave better fill factor as éompared to the rolling grooves aligned
. &

perpendicular (vertical) to the plane of the module as seen in figure 7.9(b).
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7.6.2 Optical Behaviour of Grooved Reflectors

Figure 7.10 shows the comparison of the optical measurement curves between
specular and diffuse reflectors (a) and between diffuse reflector (b) with
rolling marks horizontal (HG) and vertical (VG) as a function of wavelength in
nm. We also show in table 7.5 the total integrated reflectance (7. 1R), the diffuse
integrated reflectance (DIR) and the specular integrated reflectance (SIR) for
the specular (Spec), the diffuse material with horizontal grooves (Diff-HG) and

with vertical grooves (Diff-V'G) as obtained from equation 6.3.
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Figure 7.10: (a)Optical behaviour of diffuse and specular reflectors and (b)

the optical behaviour of groove orientgtion of diffuse reflector.
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Table 7.5: Quantitative optical behaviour of reflectors materials in terms of

their weighted integrated reflectance values.

Material TIR DIR SIR
Diff-VG 0.85 0.19 0.66
Diff-HG 0.86 0.22 0.64

Spec 0.84 0.04 0.80

7.7 Performance of the Large Parabolic Reflector
7.7.1 Effective Reflectance of the Reflector Mdterial

The instantaneous short-circuit current outside and under concentration were

plotted as shown in figure 7.11 and tabulated in table 7.6. The temperature

12 T —

10  Irrad. (ref) = 1080 W/m?
Jlrrad. (conc) = 3440 W/

< N o
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Figure 7.11: I-V and the power curves for reference (outside concentration)

and under concentration for the 8-string cell module.
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Table 7.6: Comparison of solar cell module parameters under concentration

and outside concentration (Cy = 7.8 for the large reflector).

Parameters Reference Conc. Opt. Conc. Ratio ( Cop)
Voo (V) 4.51 4.47
I (A) 4.36 11.06 2.54 (with losses)
Pn (W) 13.71 29.22 2.13
Fill-Factor 0.69 0.59

| Trrad. (Wim?) | 1080 3440 ¥ =3.18

effect was neglected since the I-V tracker instrument made a complete [-V
curve within three seconds consisting of one hundred data points. Furthermore,
the module was covered at all times unless during a measurement. However,
even under such circumstances, the fill-factor dropped by about 14.5% and the
overall increase in short-circuit current was by a factor of 2.53. The solar
radiation measurements on the module surface inside the parabolic reflector
and on the entrance aperture of the parabolic reflector increased by a factor of
3.18. Hence, the amount of radiation was proportional to the short-circuit

. . s & .
current. The optical efficiency of the system was calculated from equation

6.16 as 0.32.
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The short-circuit current and the fill-factor profiles as functions of the position
of line focus across the solar cell module are shown in figure 7.12. We observe
that the highest short-circuit current and maximum power were attained when
80% (10/12.5) of the total module area was under illumination. It is therefore

advisable to operate the module string with most of its area illuminated.
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Figure 7.12: (a) Current and voltage as a function of the position of the line

SJocus and (b) power and fill-factor as a function of the position of the line

Jfocus on the module.

¢
The average effective specular reflectance k/eﬁ" for the reflector material was

calculated from equation 5.8.6 as 0.80, consistent with the spectrophotometer

measured value of 0.87%. The percentage error of about 8% was mainly due to
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the imperfections in the large parabolic concentrator geometry and that the

diffuse radiation in equation 7.16 was neglected.

7.8 Long-Term Degradation of Commercial Reflectors

7.8.1 The Reflectance Degradation Curves

In figure 7.13 we show the results of reflectance curves after one year’s
exposure. The term TRRef stands for total reflectance for the reference
samples, TRBx stands for total reflectance for box samples and TREx stands
for total reflectance for exposed samples. We also show the diffuse reflectance
for the reference samples (DRRef), for the box sar;lples (DRBx) and for the
exposed samples (DREx). Furthermore, we show the specular reflectance for
the reference samples (SRRéf), for the boxed samples (SRBx) and for the
exposed samples (SREx). The quantitative differences in terms of their

weighted integrated reflectance after one year’s exposure are shown in table

7.7.

In figure 7.14 we show summary results of reflectance curves after twenty two
¢

(22) months of sample exposure. The quantitative differences in terms of their

weighted integrated reflectance after one year and ten months of exposure are

shown in table 7.8. The relative cost of the commercial reflector materials are

also given in table 7.9.
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Figure 7.14: The reflectance curves as a function of wavelength for six

samples after 22 months of exposure (Reference, Box and Exposed)

The total reflectance value for silver on aluminium sample was less after
I %

washing than before washing. The reason - being that some of the silver

deposed on aluminium were removed during cleaning. The other samples had

the usual higher reflectance after cleaning than before cleaning. However, all
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the results analyzed and reported were those for cleaned samples. In particular,
15% degradation was observed in total reflectance for samples kept in the box
and about 34% degradation for samples exposed to natural environment after
one year’s exposure. However, 27% degradation was observed for samples in
the box and about 40% degradation for exposed samples after twenty two
months of sample exposure. The overall conclusion was that samples exposed

to natural environment had more degradation effects than those kept in the

box.

Table 7.7: Summary results for boxed and exposed samples as compared to

the reference samples after one year’s exposure.

Specular
Total Reflectance Diffuse Reflectance | Reflectance

Sample | Ref Box | Exp |Ref |Box |Exp |Ref |Box |Exp

1 0.96 0.82 10.63 1001 |0.03 {012 {095 |0.79 |0.51

2 0.86 0.86 |0.86 | 0.05 |0.06 |0.05 |0.81 |0.80 |0.81

3 090 1090 ]0.89 {0.01 {001 [0.03 |0.89 |089 |0.86

4 082 |0.83 |0.81 |024 0.22,.10.24 [ 0.58 | 0.61 |0.57

5 0.84 084 | - 0.06 | 0.05 - 0.78 10.79 -

6 0.82 0.81 [0.80 {0.05 |0.06 |0.16 |0.77 | 0.75 | 0.64

- Exposed sample 5 was blown off by wind twice but was replaced 23/04/06,
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The anodized aluminium samples did not show much degradation effects

either in the box or when exposed to natural environment. The 31%

degradation for the box sample was due to soiling as it drastically changed its

colour and was observed in the last ten months of exposure. The general

observation was that anodized aluminium was a very stable sample for the

period under review.

Table 7.8: Summary results for box and exposed samples as compared to the

reference samples after 22 months exposure.

Total Reflectance

Diffuse Reflectance

Specular Reflectance

Sample

Ref | Box |Exp

Ref | Box -| Exp

Ref | Box |Exp

0.96 |0.70 |0.58

0.01 |0.38 |0.07

0.95 10.32 |0.51

0.86 |0.59 |0.86

0.04 |0.39 |0.04

0.82 10.20 |0.82

0.90 10.89 10.85

0.01 | 0.07 |0.04

0.89 [0.82 |0.81

0.85 10.85 | 0.84

0.26 |0.28 |0.28

0.59 10.57 10.56

0.84 | 0.83 |0.84

0.05 | 0.17 |0.06

0.79 10.66 |0.78

0.81 |0.79 |0.78

/

0.04 | 028, | 032

0.77 1 0.51 |0.46

Ref - Reference, Box - Box stored and Exp - Exposed to natural environment
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The total reflectance for miro sample remained fairly the same for box samples
but degraded by about 1% for those exposed to natural environment after one
year’s exposure and a further degradation of about 5% after twenty two
months of exposure to the natural environment. The general observation was
that miro samples were stable in the box but rather weak when exposed to the

natural environment.

Table 7.9: The relative cost per square meter of the commercial reflectors

(courtesy of Bjorn Karlsson, 2007).

Sample | Type of reflector Cost per sq. meter (US$)
1 Silver on aluminium 30-40
2 Anodized alumi;ium 10-20
3 Miro 30
4 Rolled aluminium foil, laminated

on plastic 3-5
5 Evaporated aluminium on plastic,
laminated on plastic ‘ 10
'y
6 Evaporated aluminium on plastic,
laminated on steel 40
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The total reflectance for rolled aluminium samples remained fairly unchanged.
The degradation of 1% was observed for exposed samples after twenty two
months’ sample exposure. However, the rolled aluminium sample results must
be consistent with the same orientation of the grooves since horizontal
orientation improves the reflectance. The general conclusion from this sample
was that it was durable and relatively better diffuse. Although it was still
specular, it could be preferred to be used in low concentration because of its

relatively low-cost.

The total reflectance of the evaporated aluminium on plastic, laminated on
plastic remained fairly constant for the period under review. The only problem
was that it was about 25%.more specular than sample number 4 (rolled
aluminium). The general observations were that evaporated aluminum on
plastic and laminated on plastic could be used as a reflector material but rather

expensive.

The total reflectance of evaporated aluminium on steel also remained fairly

constant especially for the sample’in the box. There was an average
'y

degradation of about 4% for samples exposed to natural environment. The

general observations were that evaporated aluminium on steel samples had

high diffuse reflectance and low specular reflectance. This condition was ideal
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for solar reflector materials. The biggest drawback is that it could only be used
as a planar reflector because it is not easy to bend steel. Furthermore, the cost

of steel per square meter is eight times more than the cost of rolled aluminium.
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Chapter 8

CONCLUSIONS AND RECOMMENDATIONS FOR

FUTURE WORK

8.1 CONCLUSIONS

The reflectance measurements in the integrating sphere for grooved
aluminium samples show marked differences because of the preferential
reflections from the grooves based on the sample orientations. :I‘he horizontal
direction of the rolling marks to the plane of the exit port of the integrating
sphere tend to give higher diffuse and total reflectance than vertical or
oblique orientations of the rolling grooves due to large angle scattering of
light within the integrating sbhere and henceqincrease the probability of light
reaching the detector after less number of reflections. The vertical grooves
on the other hand tend to underestimate the performance of the integrating
sphere and the sample beam reaches the detector after a large number of
reflections. Furthermore, the detector (PbSy) in the integrating sphere has a
wider field of view (view angle) when flux scattering is from horizontal

i
rolling marks as compared to a | narrover field of view for vertical

orientations of the rolling grooves.
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Measurements of the fill-factor (FF) from the compound parabolic
concentrator using diffuse and specular materials show that diffuse materials
give higher fill-factor than specular materials. Furthermore, diffuse materials
with rolling grooves aligned parallel to the plane of the module give higher
fill-factor than rolling marks oriented perpendicular to the plane of the module.
In particular, the overall percentage decrease in the fill-factor was about 28%
for the parallel grooves and about 30% for the perpendicular grooves at normal
incidence. However, the power output from the module increased by a factor
of 2 both types of orientations. The smaller decrease in the fill-factor (larger
fill-factor) for the parallel grooves was due to the fact that the solar flux was
scattered at larger angles over the module surface and hence distributing the
currents uniformly within the module. The spread in the solar flux over the
module further reduced the resistive losses and therefore addressing the

problem of hot-spot formation.

A compound parabolic concentrator system With a geometrical concentration
ratio of 3.58, truncated 44% of its original height and half acceptance angle of
15° showed a short-circuit current inérease %f about 2.5 at normal incidence
when anodized aluminium, miro and rolled aluminium foil were used as
reflectors. This increase in short circuit current also increased the resistive

losses in the module cells and hence decreased the fill factor by about 10% for
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anodized aluminium, miro and rolled aluminium reflectors contrary to our
expectations. The rolled aluminium reflector could have performed better due
to the presence of the rolling marks which could have scattered the solar flux.
The proper alignment of the grooves and the size of the rolling marks could

have suppressed the performance of the rolled aluminium.

The percentage difference between the effective specular reflectance (Rep for
miro, rolled aluminium and anodized aluminium reflectors as .obtained from
short-circuit current measurements and from ray-tracing analysis were 1%,
10% and 4% respectively. It could therefore’ be concluded that the

experimental measurements were in good agreement with theory to within

10%.

The experimental results for the large parabolic concentrator showed that the

effective specular reflectance (R, for anodized aluminium was 0.80 as

compared to the standard value of 0.87. The 8‘%; difference was due to the poor

geometry of the parabolic reflector and the optical (reflection) losses.

However, the output power increased by 74% while the fill factor dropped
Y

only by about 4.2%. The optical efficiency of the system was about 32% and

this value could have been improved if active or passive cooling mechanisms

were employed on the string module.
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The silver on aluminium sample showed the worst degradation effect to
environmental factors as the ;oated silver peeled off with time. The evaporated
aluminium on plastic and laminated on steel sample showed an increase in
diffuse reflectance because of the ultraviolet radiation which reacted with the
plastic layer. Anodized aluminium and miro reflector samples proved to be
robust in that very little change in their reflectance was observed. The
evaporated aluminium on plastic and laminated on plastic -had performed
better but remained relatively specular. However, rolled aluminium foil
laminated on plastic could be the best candidate in low concentrating systems
because of its long life and relatively low-cost material. Compared to rolled
aluminium foil, miro is 10.times more expensive, anodized is 5 times more
expensive, silver is 12 times more expensive, evaporated aluminium on steel is
13 times more expensive and evaporated aluminium on plastice is 3 times
more expensive. Thus, the three best reflector materials ranked according to
their resistance to environmental conditions aré anodized aluminium, miro and

rolled aluminium foil.
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8.2 Recommendations for Future Work
» Although it was verified that the horizontal grooves could solve the
problem of uneven illumination, there is need to optimize the groove
sizes for optimal performance. The scattering of the solar flux as a
function of groove height and groove separation ought to be analyzed

further for optimal performance.

> Although polarized light tend to improve total reflectance of
structured samples in the integrating sphere, both the polarizer and
the analyzer need to be used in the study of total and diffuse
reflectance from the orientations of the rolling marks. Interpretation

of reflectance results needs to be understood.

> An automated perf(;rmance of the lérge parabolic concentrator need
to be carried out. Passive cooling mechanisms need to be
incorporated such as aluminium cooling fins to decrease temperature
gradients. Alternatively, re-design the parabolic concentrator for

static conditions to reduce cost on tracking.

> Since the life of a solar congentrator system is about 20 to 25 years,
C W
the degradation effects of the reflector materials need to be tested for

longer periods as compared to only twenty two months of study.
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The most expensive component in a conventional solar photovoltaic (PV) system is the solar module
cell. The module cost could be reduced if low-cost reflector materials are used to concentrate solar
energy flux across a small module area. Three reflector materials were studied for fill-factor
improvements in low concentrating system. These were anodized aluminium, rolled aluminium foil
and miro reflectors. From the short-circuit current measurements within +10° from normal incidence,
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the effective specular reflectance was predicted for each reflector material. The effective specular
reflectance was predicted from the flux distribution profile measurements and the ray-tracing results at
normal incidence. The ray-tracing and the short-circuit current results were in good agreement within
10% but rather different from spectrophotometer measured results.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Imaging and non-imaging concentrators are used to raise the
amount of incident solar radiation over a relatively small area of
the absorber. Increasing the concentration ratio also means
increasing the temperature at which energy is delivered to the
absorber. This is undesirable in low concentrating photovoltaic
(PV) systems with conventional solar cells as the increase in
temperature decreases the efficiency of the system. Low concen-
trating systems with low concentration ratios have received great
attention since the birth of non-imaging optics in the late 1970s
[1]. Non-imaging static concentrators have been fabricated and
tested using converging (Fresnel) lenses as refractive elements
[2-4].

Optical concentration ratios of 1.75 with acceptance angles of
30° have been reported for two-dimensional (2D) concentrators
[2]. The problem of non-uniform illumination and the dependence
of fill-factor on the series resistance of the solar cell have been
highlighted in both 2-D and 3-D lenses [3].

On the other hand, non-imaging static concentrators with
reflective elements for low concentration have been fabricated
and tested for high latitudes [5-7]. Specular reflectors have shown
to have a long life time but the problem of non-uniformity of
illumination has been prominent [6]. Low cost partly diffuse
reflectors have a great potential for overall cost reduction in PV-
thermal hybrids provided the problem of non-uniform irradiance
could be solved or greatly minimized [8,9].

* Corresponding author. Tel.: +260211293343; fax: +260211 253952,
E-mail addresses: shatwamb@gmail.com, shatwaam@unza.zm (S. Hatwaambo).

0927-0248/$ - see front matter © 2008 Elsevier B.V. All rights reserved,
doi:10.1016/j.s0lmat.2008.05.008

L1. Specific objectives

In this paper, we investigate the performance of a low-
concentrator PV system with two highly specular materials (miro
and anodized aluminium) and a diffuse material with rolling
marks (rolled aluminium foil) used as reflective elements. The
overall objective was to investigate how a reflector with low-angle
anisotropic scattering in one direction and specular in the other
can be characterized for use in low concentrators.

2. Method
2.1. The compound parabolic concentrator (CPC) geometry

A standard symmetrical CPC was constructed and truncated as
shown in Fig. 1. The acceptance half angle, 8., and the geometrical
concentrafion ratio, Gy, were 15° and 3.6°, respectively. The optical
properties of the reflector materials in terms of their integrated
specular reflectance were analyzed [10] from the Lambda 900
spectrophotometer at Uppsala University.

2.2. Current- Voltage curve measurements

The characteristic current-voltage (I-V) curves were measured
using an electronic load instrument [11]. The voltage could be
measured through a logging system of potentiometers, opera-
tional amplifiers and power transistors. Current up to 14 A could
be measured through a four-terminal shunt resistance with low
internal resistance (0.01Q).
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Fig. 1. The truncated compound parabolic concentrator showing removable
reflectors and a 10-cell module string.

The CPC was manually tilted below and above normal
incidence (0°) in 1° interval to +20°, Angular tilts below normal
incidence were taken as negative and those above normal
incidence were taken as positive. At every angle of incidence, an
I-V curve was plotted for each reflector material. The current
values were compensated for irradiance at 950W/m? and the
voltage values were compensated for temperature increase on the
module at 25°C. From each plotted I-V curve, the short-circuit
current I, the open circuit voltage V,, the maximum current j .
and the maximum voltage Vinax were extracted. Subsequently, the
maximum power Pn.x and the fill-factor, FF, were calculated at
each angle of incidence.

The effective specular reflectances (Refr) for each material was
estimated from the short-circuit current Eq. (1) at normal
incidence.

o (1)

e eff
B =11+ (G — DR 21+ (LG = DRT Ly
’ Cg It

t

The first expression on the right gives the current contribution
from beam radiation with reflectance losses and the second
expression accounts for the current contribution from diffuse
radiation, again with losses. The parameter IS2" js the short-
circujt current measured under concentration, I¢f is the short-
circuit current measured on a reference module placed at the
entrance aperture of the CPC, I, is the beam radiation, I4 is the
diffuse radiation and I, is the total radiation, The parameter
Cg = 3.6, is the geometrical concentration ratio of the used CPC.
The ratio of the beam radiation to the total and the ratio of the

diffuse radiation to the total on a typical blue-sky day are 0.9 and
0.1, respectively [12].

2.3. Flux distribution profile measurements

The flux distribution profile apparatus used in the measure-
ments is shown in Fig. 2. The rotation of the motor rotates the
potentiometer which in turn moves the wiper and the attached
photo diode in the clockwise direction. A small hole of 1mm
diameter was used to increase the resolution of the photodiode
measurements. The flux distribution profile measurements were
averaged at four regular intervals along the length of the CPC to
minimize errors due to non-linearity of the CPC geometry. The
non-uniform illumination was compared for the three reflectors in
terms of their local concentration ratios (CL) from the flux
distribution measurements. The local concentration ratio was
obtained from the ratio of the flux density reaching the absorber
to the flux density intercepted at the entrance aperture of the
concentrator.

2.4. Ray-tracing techniques

The ray tracing was performed using a commercial Zemax
software [11] and the Matlab programme [13]. If we denote the
incident unit vector i, the normal unit vector fl and the reflected
unit vector 7, we may make a representation of ray-tracing profile
for a specular surface as shown in Fig. 3. If the incident ray is
known, the reflected ray may be calculated [1] from the standard
reflection equation (2).

F=i-20a)n (2)

A known number of rays were sent through the aperture of the
CPC and monitored the statistics of the fraction of rays that hit the
absorber directly, f, and the fraction of those that hit the absorber
after the first reflection, f1. and the fraction of those that hit the
absorber after the second reflection, f,, etc. From these statistics,
the effective specular reflectance (Refr) for each reflector material
was estimated from Eq. (3). Note that Eq. (3) was evaluated only at
normal incidence as was the case for Eq: (1).

(&
C—;=fo + f1Rest +f2~R§rr+~~- (3)

Fig. 2. Flux distribution profile apparatus resting on the 10-cell module string
outside the CPC geometry.
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Fig. 3. Vector representation of light reflection for a specular surface (after
Welford and Winston, 1978).
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Fig. 4. I-V curves for anodized aluminium reflector at different angles of incidence.

3. Results and discussion
3.1. I-V characteristic curves

The characteristic current-voltage (I-V) curves were obtained
at each angle of incidence for each reflector material. However,
only the typical I~V curve for anodized aluminium which was
used as a base reflector is shown in Fig. 4. Only even negative
atigles of incidence (below normal incidence) are plotted for
clarity and an I-V curve for an angle of incidence of ~15° js
included for completeness.

The dependence of the short-circuit current as a function of
angle of incidence are shown in Fig. 5 for the three materials,
Similarly, the dependence of fill-factor as a function of angle of
incidence is shown in Fig. 6 for the three materials, The power
dependence of the angle incidence and voltage dependence of the
angle of incidence were also evaluated. The increase in the short-
circuit current was proportional to the irradiance on the cells as
seen in Fig. 5. The short-circuit current curve for anodized
material followed the ideal optical behaviour because it was used
as the base reflector. The miro and the rolled foil short-circuit
current curves show narrower angles of acceptance due to loose
binding to the base reflector, The reduction in short-circuit
current at angles of incidence less than the acceptance half angle
were due to optical imperfections of the reflector,

The fill factor for each material seemed to be fairly constant
within +10° of tilt. The fill factor for the anodized reflector
dropped sharply at +14° (Fig. 6) because all the rays fell on the
edge of the cells and hence increased resistive losses (used as base
reflector). The increase in fill factor outside these angles of
incidence was due to the decrease in current. The fll factors
within +10° of tilt for all the materials are shown in Table 1

column 6. In column 7 of Table 1 we show the estimated effective
specular reflectance for each material as calculated from Eq. (1),

3.2. Flux distribution profile results

The simulated and the measured flux distribution results for
anodized aluminium reflector are shown in Fig. 7. The two results
are in good agreement. However, the curve for the measured
values shows a narrower width due to imperfections of the CPC.
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Fig. 5. The angular dependence of short-circuit current for the three different
reflectors.
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Fig. 6. The dependence of fill factor as a function of the angle of incidence for the
three different reflectors.

Table 1
Summary results from short-circuit current measurements for different reflector
materials within angular tilt of +10°
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The non-identical peaks also confirm the non-ideal geometry of
the CPC.

The local concentration ratios (Cp) as a function of position are
as shown in Fig. 8. The concentration ratio curves for anodized
and miro reflectors are identical because of being highly specular
but the width for miro is smaller due to slight change in the shape
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Fig. 7. Comparison of the simulated and measured data for the anodized
aluminium reflector used as a base. .
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Fig. 8. Averaged local concentration ratios as a function of distance from centre of
the module.

Table 2

The local concentration ratios, the effective specular reflectance, and the integrated specular reflectance (column 5) for the three reflector materials at normal incidence

of the CPC when inserting the miro reflector. The corresponding
rolled foil curve was far from ideal because it did not follow the
shape of the CPC profile perfectly. The area under the concentra-
tion factor-position graph was a measure of the total solar
intensity on the module and a summary of the normalized results
are shown in Table 2 column 2. It may be observed that the high
peaks for anodized and miro in Fig. 8 imply high local heating
effects which were rather reduced for diffuse rolled aluminium.

3.3. The ray-tracing results

Eq. (3) was used to calculate the effective specular reflectance
Regr at normal incidence and the results are shown in Table 2,
column 3. In Fig. 9, the visual experimental outcome of the ray-
traced rays at normal incidence from a simple grating apparatus is
shown and in Fig. 10, a corresponding simulated outcome from
the ZEMAX software also at normal incidence is shown. Although,
few rays are shown in Figs. 9 and 10, more than 100 rays were
used in the actual ray-tracing programme to give good statistical
parameters in Eq. (3).

4. Conclusions

The CPC element with a geometrical concentration ratio of 3.6
has been analysed with different reflector materials. The short-
circuit current increased within a factor of 2.4 and 2.7. The fill
factors decreased from 0.72 for the reference module to 0.65
under concentration, giving a percentage decrease of about 10%.
The decreased fill factor during concentration was a result of high
and non-homogenous irradiance that increased the resistive
losses during concentration. The rolled aluminium reflector did
not perform as expected in the fill factor improvements although
behaved relatively well with the flux distribution measurements.

Fig. 9. Simple grating apparatus the rays at normal incidence i.e. at 0° tilt.
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Fig. 10. ZIMAX plotted rays on an identical CPC showing a known number of rays
at normal incidence i.e. at 0° tilt,

From the flux distribution measurements, the rolled aluminium
could performance better with an improved CPC geometry. A
concentrator geometry with a uniform intensity distribution
would be desirable since the cell with the lowest irradiance
limits the power output from a module. .

The effective specular reflectance values from the short-circuit
current and those from the ray-tracing techniques were compar-
able to within 10% at normal incidence.

However, the rolled aluminium reflector has a potential for use
as PV-CPC reflector for cost reduction. The cost of rolled
aluminium is two to three times less than the cost of anodized
aluminium and six times less than the cost of the miro reflector
per square metre. It is recommended that further work be done on

different groove sizes and different groove orientations in
improved geometries. It is expected that reflectors with grooves
parallel to the trough would give stronger scattering across the
module and better performance in terms of fill factor.
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The quantitative analysis of beam radiation received on a solar concentrator may be understood by eval-
uating the projected solar height angle or profile angle along the north-south vertical plane. This means that
all the sunrays projected along the north-south vertical plane will be intercepted by a collector provided the
projection angle lies within the acceptance angle. The Meteonorm method of calculating solar radiation on
any arbitrary oriented surface uses the globally simulated meteorological databases. Meteonorm has
become a valuable tool for estimating solar radiation where measured solar radiation data is missing or
irregular. In this paper we present the projected beam solar radiation at low latitudes based on the standard
Meteonorm calculations. The conclusion is that there is potential in using solar concentrators at these
latitudes since the projected beam radiation is more"during winter periods than in summer months. This

conclusion is in conformity with the design principle of solar collectors for worst case conditions.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

TRNSYS (TRaNsient Systems Simulation) is a simulation
program designed to make transient system simulation in which
selected input parameters are computed and the output informa-
tion may be viewed and/or plotted as required. TRNSED is an editor
program for TRNSYS version 1.97 developed at the Solar Energy
Laboratory - University of Wisconsin, Madison [1]. However, all the
calculations in this paper were based on the WINSUN program
version 14.2 developed at Lund University [2]. Meteonorm calcu-
lations are based on the 10-year averages and give maximum
radiation values under clear sky conditions. According to Meteo-
norm, comparisons of the measured solar radiations for longer
periods show a discrepancy of less than 2% for all weather stations
but computational models show less inaccuracy than the variation
in measured total radiation between one year and the other. The
low latitude sites selected south of the equator were Lusaka 15.4°
(Zambia), Kasama 10.2° (Zambia), Harare 17.8° (Zimbabwe),
Maputo 25.9° (Mozambique) and Nairobi 1.3° (Kenya).

2. The projected solar height concept

The quantitative analysis of the total energy received on a solar
collector may be understood from the projected solar radiation on

* Corresponding author. Tel./fax: +260 211 293343,
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Hatwaambo).
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0960-1481/$ - see front matter © 2008 Elsevier Ltd. All rights reserved.
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the north-south vertical plane. The sun vector may be projected
along the horizontal plane (cos ) or along the north-south vertical
plane (cos £) as shown in Fig. 1 below. For an east-west axis aligned
solar collector, it is the component of the projected solar vector
parallel to the north-south vertical plane that will be normal to the
stationary concentrator trough and will contribute to the total
energy inside the concentrator. Thus, the projected angle of inci-
dence (90 — 6},) defines the amount of solar radiation accepted or
rejected by a 2D stationary concentrator [3-5]. The noon projected
solar height angle is the projected solar height when the sun is on
the local meridian and is evaluated from equation (7). Similarly, the
noon projected angle of incidence is the projected angle of inci-
dence when the sun is on the local meridian and equation (8) was
used to compute the noon projected angles of incidence.
It has been shown [6-8] that the following expressions hold.

sina = sin ¢ sin é + cos ¢ cos 6 cos w (1)
LI %

cosasiny = cosd sin w (2)

COS @ COS Y = COs ¢ sin d — sin ¢ cos 6 cos w (3)

From Fig. 1 above and using equations (2) and (3), we easily obtain

tanfp = - (4)

The projected angle of incidence (90 — 0p) defines the amount of
the solar radiation accepted or rejected by a 2D stationary
concentrator and may be expressed as
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Fig. 1. Relative angles of the projected sunray vector on the horizontal plane and on
the north-south vertical plane,

_cosy

tan 0,‘ = t—aﬁ

(5)

It may also be shown from Fig. 1 that the projected component
of the beam ray vector along the north-south vertical plane is Hy
cos ¢, where Hy, is the magnitude of the beam ray vector from the
sun and that

COS a COS ¥

cos € =
cos flp

(6)
3. Results
3.1. Evaluation of the standard solar heights

The standard solar height or solar elevations angles as a func-
tion of solar time for specific date(s) of the month [3] were

-obtained from equation (1) for Lusaka and are shown in Fig. 2
below.
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Fig. 2, Standard solar height angles as a function of solar time for Lusaka.
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Fig. 3. Profile angles for Lusaka as a function of solar time measured from north
horizon,

3.2. Evaluation of the projected solar height angles and the
projected angles of incidence

The daily projected solar height angles as a function of solar
time were evaluated for Lusaka site from equation (4) and results
are shown in Fig. 3. The solar noon profile angles or the noon
projected solar height angles were computed {9] from equation (7)
and were in agreement with values obtained from equation (4).
However, equation (7) could not be extrapolated for other times of
the day.

0pn=90+¢'—6 (7)

Similarly, the projected angles of incidence were calculated from
equation (5) and results shown in Fig. 4. The noon projected angles
of incidence in the southern hemisphere were computed [9] from
equation (8) and were in good agreement with those computed
from equation (5). The only limitation to equation (8) was that it
could not be used for other times of the day. Note that the negative
angles of incidence imply that the angles are located north of the
local latitude and positive angles of incidence means south of the
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Fig. 4. Daily projected angles of incidence for Lusaka as a function of solar time.
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local latitude. In Fig. 5, we show the noon profile angles for all the
selected sites for each month [3]. These were calculated from
equation (7).

On = —¢+0 (8)

3.3. Evaluation of the standard solar irradiances for the five sites

The Meteonorm database version 5.1 and the TRNSED
program obtained from Lund University, Sweden, were used to
compute the standard (not projected) annual solar radiation
collected on a latitude tilt of each site. The results are shown in
Fig. 6 below. Maputo and Nairobi show relatively low beam
irradiance probably because of the ocean influence. The global
irradiances were equally low for Maputo and Nairobi.
However, the diffuse irradiances were fairly the same for all
the sites.

In Fig. 7, we show a comparison of the monthly beam solar
radiation for the five sites. The monthly beam irradiances were high
in the months of June, July, August and September for Lusaka,
Kasama and Harare. The monthly beam irradiances were high in
December, January, February and March for Nairobi. The monthly
beam irradiances for Maputo seems to be evenly distributed except

1 " 1 i 1 i 1 e 1

B Global
EEE Beam
2000 I Diffuse

Distribution of solar irradiance (kW/m?2/yr)

Lusaka Kasama Harare Maputo Nairobi
Selected towns at low latitudes

Fig. 6. The amount of solar irradiances at latitude tilt for the selected sites.
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for the months of June, July, August and September which show
higher beam irradiances.

3.4. Comparison of the standard beam energy and the projected
beam energy for the five locations

The standard beam energy normal to the surface and the pro-
jected beam energy in the north-south vertical plane are compared
in Fig. 8 below. The projected beam energy was evaluated using
equation (6).

3.5. Evaluation of the projected beam energy as a function of the
projected solar height angles

The annual projected beam energy as a function of the north
projected solar height angle was calculated from equations (4)
and (6) using the WINSUN program. The results are shown in
Fig. 9 for Lusaka. Only the projected beam energies that
contributed more than 94% of the total beam energy were
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Fig. 11. Annual projected beam energy as a function of the projected solar height
angles for Harare.
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plotted in Fig. 9 and that corrésponded to the projected solar
heights in the range between 33-35 and 105-107°. This means
that the contributions of the beam energy 33° below the
horizon in the mornings and 107° in the afternoons were
neglected. This makes sense for concentrators as the sun is very
low above the horizon.

The annual projected beam energies as a function of the
north projected solar height angles are shown in Fig. 10 for
Kasama. We only show 93% of the projected beam energies that
contributed towards the total projected beam energy and that
corresponded to projected solar height angles in the range of
39-41 to 111-113°.

The annual projected beam energies as a function of the
north projected solar height angles are shown in Fig. 11 for
Harare. We have shown the projected beam energies that
contributed 93% of the total projected beam energy and that
corresponded to projected solar height angles in the range of
33-35 to 102-104°.
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Fig. 13. Annual projected beam energy as a function of the projected solar height
angles for Nairobi.
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In Figs. 12 and 13 we show the annual projected beam energies
as a function of the projected solar height angles for Maputo and
Nairobi, respectively. In Fig. 12, we have only shown the projected
beam energies that were greater than 13 kWh/m?/yr and that had
a contribution of about 94% of the total projected beam energy per
year for Maputo. In Fig. 13, we show the projected beam energy in
the range of 54-56 to 126-128° and that contributed about 92% of
the total projected beam energy.

4. Conclusions

From the Meteonorm databases and WINSUN calculations, we
have shown that the north projected beam energies are more
during winter periods for all the selected sites except for Nairobi
which shows more of the projected beam energy in summer
periods. Hence, there is potential for using solar concentrators at
these locations. A total of 1464 kWh/m?/yr north projected beam
energy could be harvested for Lusaka (¢ = 15° south), 1542 kWh/
m?/yr for Kasama (¢=10° south), 1563 kWh/m?jyr for Harare
(¢=18° south), 1176 kWh/m?/yr for Maputo (¢ =26° south) and
1173 for Nairobi (¢ = 1.3° south).

Since the declination of the sun is defined at solar noon, the
noon projection solar height angles in equation (7) and so the noon
projected angles of incidence in equation (8) may not be extrapo-
lated to off noon values.
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