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Chapter 2
Optical Performance Predictions for Asymmetric

Compound Parabolic Photovoltaic Concentrators:
A Ray Trace Analysis
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2.1 Introduction

Ray tracing (Welford and Winston, 1989, Glassne391) can be used to determine the optical
performance of solar energy systems. Ray tracenigebs have been used to model the energy
distribution of solar energy collectors with tulbnllanverted absorber for solar thermal applications
(Eames and Norton, 1993a, Eames et al.,, 2001) aypohraetric CPC for photovoltaic applications
(Zaropoulos et al., 2000, Mallick et al., 2001, 28D It is assumed that all rays of interest aszgjar i.e.

the angle of incidence equals the angle of refdectrhe incident direct solar flux at the apertuse i
assumed to be a number of parallel rays each ogregual amounts of energy. Vector forms of reibect
and refraction laws are applied to the ray tracthénsolar energy system (Welford, 1978). Fromlaine

of reflection
refl :Finc _Z(n.Finc) n (211)

and from the law of refraction

-

nrrrefr =nF +(anrefr .n_qrinc.n) n (212)

I inc

-

and incident ray, reflected ray and the normalthe surface are all in the same plane. This can be
represented in mathematical terms as:
I. no phase space change between the scalar prodhetiotident ray and the reflected ray
ii. the vector product of the incident and reflecteg wath the dot product of the normal vector
becomes zero.
Rays entering a concentrating collector intersettt the aperture cover and then as shown in figutel,
either (Eames, 1990)
i. strike the absorber (PV) with no previous refletsio
ii. reflect afinite number of times before intersegtivith the absorber
iii. reflect a finite number of times before exitingrfrahe collector reflected back out through the
aperture.

rays leaving
the oabsorbker (PV)

/Aperture caover

roys striking the
obsorber (PV) directly

roys striking the
obsorker (PV) after

Absorber reflection

PV \\

rays not striking
the oksorbker (PV)

772
rrttr
Iz rrrrrrrrrr T

Figure 2.1.1 A ray which enters an ACPC collectahwa flat absorber (PV) either: (i) strikes the
absorber (PV) with no reflections, (ii) strikes thiesorber (PV) after a number of reflections (iii)
leaves the collector without reaching the absofB®f) after a number of reflections.

44

1127127



Tapas Kumar Mallick

In this chapter a two-dimensional ray trace techaids applied to line-axis asymmetric compound
parabolic photovoltaic concentrators. The ray traeehnique is applied to calculate the energy
distributions at the aperture cover, reflector &nel PV absorber. The calculated energy distribstion
provide the boundary conditions for the heat transfiodel. Ray tracing is also used to determine the

optical efficiency for selected asymmetric compopadabolic photovoltaic concentrators.

2.2 Generalised Two-Dimensional Ray Trace Technique forLine Axis

Photovoltaic Concentrators

221 Rays Intersection at the Aperture Cover

A ray which is incident at the glass surface may be
i. reflected back from the aperture surface
il. absorbed by the aperture cover
iii. transmitted through the aperture cover.

Figure 2.2.1.1 illustrates these possibilitiesrbors incident on a glass aperture cover.

air

o Ry
I NS 1

M M’

Figure 2.2.1.1 A solar ray incident on the glassriape carries energy
Ei. A part of the ray is reflected back from the glasrface, a part is
absorbed and the rest is reflected from the outéace.

The direction of the incoming and the outgoing rafter intersection with the aperture cover can be

calculated using Snell’s law (Norton, 1992)
sin(¢,) _ sin(6,) _n

Sin(etr12) Sin(etrll) n,

(2.2.1.1)
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The ray incident at the aperture cover glass Gaeiergy E, the reflected component can be calculate

using the following equation (Duffie and Beckmaf91)

E, =1k, (2.2.1.2)
where for unpolarized radiation the reflective ¢oefnt can be expressed as

A Sin2 (etrll B eln)

2.2.1.3
" sint(@,,, +6,) @219
2 - A
vy tanz(etf“ 6n) (2.2.1.4)
tan (Btrll + eln)
and
1
% =§(I/D +v,) (2.2.1.5)
For normal incidence the reflective coefficient bees
n -n ?
Vo =| —— (2.2.1.6)
n +n,

Internal absorption in a glass aperture can beutaibd from the path length of the ray through
the aperture cover. For an extinction coefficiaritand thickness ‘t' of the aperture glass, the gper

absorbed by the aperture cover becomes (Nortor2)199

E, =E.e™” (2.2.1.7)

In solar energy applications, transmission of aadn through a transparent glass cover can be
considered as two films of same material that caugernal reflection loss. At off-normal incidentte
radiation reflected at an interface is differentéach component of polarization and thereforestratted

and reflected radiation become partially polariz&éking this into account the transmittance for

perpendicular and parallel component of polarizatice (Norton, 1992)

ro=iVe (2.2.1.8)
1+v,
and
7, =2 (2.2.1.9)
1+,
therefore the transmittance becomes
1-v, 1-v
T, -1 d 4+ . (2.2.1.10)
2{1+v, 1+v,
This transmitted energy can be written as
E, =1(E,) (2.2.1.11)
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A closer approximation can be determined usingwheelength dependent transmittance. If there is no
significant angular dependence of monochromatiestrattance, the transmittance for incident radiatio

of a spectral distribution is calculated by (Duffied Beckman, 1991)

7= 1,0 (2.2.1.12)
i=1

For an angular dependence of transmittance wittgrdtal angl® equation (2.2.1.10) can be written as

7,60 (6)

r(6) = (2.2.1.13)

]o 1, (8)dA

222 Rays Intersecting with the Reflector

For a ray intersecting with the reflector a partref energy carried by the ray is reflected backtae rest

is absorbed by the reflector as shown in figure2212 The absorbed energy increases the reflector
temperature and is diffused through the reflecgprconduction. The energy absorbed by the reflector
varies depending on the absorptance of the refledioe ray trace model assumes that all rays are

specular (Eames and Norton, 1993a)

6,=0, (2.2.2.1)
The energy absorbed by the reflector is determinyed

E, =(1-p)E, (2.2.2.2)

aluminium substrate

Heat loss

Figure 2.2.2.1 Rays intersect at the reflectora fart is absorbed and (ii) the rest is refleavetly the
absorber (PV) or re-emitted at the aperture.

a7



Tapas Kumar Mallick

223 Rays Intersecting with the PV Absorber

In a line axis photovoltaic concentrator PV soleliscform the absorber, it is assumed that the el\s c
are a perfect black body. Therefore, all incideregrgy will be absorbed by the photovoltaic soldl &ed

either converted in to electrical or thermal energy

2.3 Influence of Angular Skyward Solar Radiation Distribution

Direct solar radiation can be modified by scatigpnocesses. The major possibilities for solar tmfsre
intersecting with an absorber (PV) surface (Dudiiiel Beckman, 1991) are that rays can either
» directly intersect with the collector surface witth@ny change in their atmospheric path length
* be scattered diffusely by micro particles in thm@dphere like cloud, dust etc
e be directly incident onto the ground and reflectedo the absorbe(PV) or back into the
atmosphere and after reflection by atmospheridghestreach the absorb@?V).
In a comprehensive optical trace analysis it isdrtgnt to simulate both direct and diffuse insalati
components. To accomplish this, the aperture coefiector and PV absorber are divided into stops
equal width. The energy incident on the aperturgivgled into the number of strips which followey b
multiplication by its width gives the energy cadiey each strip. It is assumed, the solar rays {hasagh
the centre of each strip, when the number of stepsis to infinity this represents the actual iagoh
input.
To model the diffuse solar radiation incident arelaxis photovoltaic concentrators, the three
alternative angular skywards diffuse distributigmgen in equation 2.3.1 were considered (Prapad. et
1987a);

Isotropic: lpgy=1
Cosine: by =7—27cosgo (2.3.1)

_ﬁ]
Hybrid Gaussian: 1, = 0 + Knorm (L po)Li 20°

a2

These distributions are shown in figure 2.3.1. g@ar incidence angles between —90° to +90° (.¢0 0

180°) at 2° intervals, 100,000 rays spaced equadhg traced over the aperture surface. The endugy f
incident at each component of the system is thenleged by the sum of energy absorbed from eadh an

every individual ray incident at that component.
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Figure 2.3.1 Three alternative skyward angularithstions of diffuse solar radiation (Prapas et H87a).

24  Ray Trace Analysis Assumptions

The following assumptions were made for the rageranalysis:

» All rays were specular i.e. whenever any reflectioours, the incident ray, the reflected ray and
the normal at the point of intersection are in saiaee (i.e(ch XF,ef )- n=0).

« All rays follow Fermat's principle i.e. a ray trdsefrom one point (point A) to another point

(point B) in the minimum distance and time (Lipsamd Lipson, 1981). If a ray travels from a
B

source point A to the intersecting point B this (twwrittenj L(x, y)dt =0, where the path
A

length L(x,y) between points A and B is a functafrtheir co-ordinates.
» The second order statistics of the shape factoregected. Most rays have single or double
reflection before they reach the absorber. As altrélse gradient change between intermediate

reflections is negligible.
2.5 Definition of Incidence Angle for the Ray Trace Andysis

Angles of incidence are measured in a clockwisection from the vertical as shown in figure 2.9tr

direct solar radiation, solar rays can be incideititin the angular range of 0° to 180°.

Vertical

»Horizontal

Figure 2.5.1 Incident angle definition used for tA€PPVC. The
incidence angle is measured in a clock-wise dioadiiom the vertical.
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2.6 Ray Trace Analysis for Selected Asymmetric Compoun&arabolic

Photovoltaic Concentrators

Equation (2.3.1) was incorporated into the raydraoalysis program to determine the effects of the
diffuse solar radiation incident on the system. @iata generated included the energy distributiornbea
aperture, reflector and the absorber along witlctiterdinates of each of the rays incident on fiextare
cover. Using a graphic software tool (Anon, 200kg) trace diagrams could be drawn for any incidence
angle and solar radiation distribution. Detailediag analysis was undertaken considering 100,698 r
incident on the glass aperture between andlés @80 at 2 intervals. For illustration, ray traces for 50

incident rays are presented.
2.6.1 Comparative Ray Trace Diagram for an ACPPVC-50 ancan ACPPVC-60
A ray trace analysis has been performed for bothad 60 effective acceptance-half angle asymmetric

compound parabolic concentrators. The geometritatacteristics of two systems considered in the ray

trace analysis are shown in table 2.6.1.

System geometry System 1 (ACPPVC-50) System 2 (ACPPVC-60)
Full CPC | Truncated CP( Full CPC Truncated CPC

Acceptance-half angles 50° & 0° - 0° & 60° -

Absorber width (mm) 50.0 50.0 50.0 50.0
Aperture width (mm) 116 100.4 100.0 87.0
Length of Reflector 1 (mm 84.4 84.4 62.2 62.2
Length of Reflector 2 (mm 202.8 93.3 157.8 73.8
Concentration ratio 2.32 2.01 2.0 1.74
Truncation (%) R1, R2 - 0,54 - 0,53

Table 2.6.1 Geometrical characteristics employedHfe ray trace analysis.

Both photovoltaic concentrators have one accepthatfeangle of © and the same PV absorber widths
but both concentrators have different aperturehsidind thus different concentration ratios. Thetrage
diagrams for the ACPPVC-50 and ACPPVC-60 are shimwfigure 2.6.1.1. Figure 2.6.1.1(a) and figure
2.6.1.1(b) shows the ray trace diagram for an metted and truncated version of the ACPPVC-50 when
the incident rays are at an angle of &0 the glass aperture cover. It can be seen franray trace
diagram that all rays incident at the glass aperawe either directly incident at the PV or absdrbg the

PV after a finite number of reflections at the eefbr. It can be seen from figure 2.6.1.1 thatrtheber

of reflections at the lower reflector is higher the ACPPVC-50 compared to the ACPPVC-60 although

the solar incidence angle at the aperture ifé0both concentrators. This is because the cdration
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ratio of ACPPVC-50 is higher than that of the ACRRE0. This signifies the angular acceptance range

for both concentrators is different, this is dismd further in section 2.7.1.

Aperture Aperture

R
s

S

<

S . e XSRS

S R RTSE
eflector S

(a) Aperture (b)
Reflector. Apertur
cell

PV solar cel
‘:‘t\\\ < \
SRS A
SN Reflector S

(c)

Figure 2.6.1.1 Ray trace diagrams for (a) untried&CPPVC-50, (b) truncated ACPP\BD;
(c) untruncated ACPPVC-60 and (d) truncated ACPRB@CNo of incoming rays were Shd

the solar radiation intensity incident at an araflé0°.

2.6.2 Ray Trace Diagram for the Untruncated Systems

Ray trace diagrams for the S6ffective acceptance-half angle untruncated ACPRMG range of solar
incidence angles are shown in figure 2.6.2.1. TWecéhcentrator has a concentration ratio of 2.3t wi
50 illustrative rays presented. Each ray carrieegumal amount of energy, determined by dividing the
number of rays incident on the aperture by thel tioteident insolation. It can be seen from figure
2.6.2.1(a) that when the solar incidence angless than 45(to the vertical), some rays are reflected
back out of the system. As direct solar incidenugl@increases, the number of rays reflected abtler
reflector becomes less than the number of rayeateftl at the upper reflector. It can be seen figord
2.6.2.1(b) and figure 2.6.2.1(c) that althoughnhbelber of rays reflected on both reflectors aresaote
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for solar incidence angles of 6@nd 78 all rays reach the PV surface. When the solademe angle is
90° i.e. solar rays are incident perpendicular to \Ykeical, rays miss the absorber surface and are
reflected back out of the system. Based on thistnage analysis the angular acceptance range can be

predicted, this is discussed further in section12.7

Aperture
Aperture
Rays exiting

the system PV

(a) (b) Aperture "
Rays exiting

the system

/
PVsolar __Z——

cell

PV solar
cell

\Reflector/

(c) (d)

Figure 2.6.2.1 Ray trace diagram for untruncated?RZC50 system for solar incidence angle:
(a) 45° (b) 60° (c) 75° and (d) 89.5° (to the aat) on the glass aperture cover. 50 rays arededu
for each ray trace diagram.

2.6.3 Ray Trace Diagram for a Truncated ACPPVC-50 System

Ray trace diagrams for a truncated ACPPVC-50 witlarsincidence angles of 42°,60°, 75° and 89.5°
from the vertical are shown in figure 2.6.3.1. Teation provides a vertical aperture to facilitate
integration in a plane building facade, each redleis truncated by different amounts. Truncatieduces
the quantity of reflector material and thus weightl cost. Figure 2.6.3.1 shows that 54% truncaifon
the ACPPVC-50 reduces the concentration ratio .12 also can be seen from figures 2.6.3.1 (a) to
2.6.3.1 (d) that the number of reflections at thwedr reflector increases as the solar incidencéeang
increased. For solar incidence angles below 42bove 90°, some of the solar rays are reflectekl taic

of the system and miss the PV. This reduces thalangcceptance range for this system. However for
any intermediate solar incidence angle (i.e. alt®febut below 90°) all rays reach the absorbepatih

the number of reflections at both reflectors varthwncidence angle.
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Figure 2.6.3.1 Examples of ray trace diagram fond¢ated ACPPVG&GO for sola

incidence angles on the aperture cover glass @23)(b) 60°, (c) 75° and (d) 89.5° to
the vertical. 50 rays are included for each ragerdiagram.

264

to Form the Reflector Profile

Ray Trace Diagrams for Systems Using Different Numéxs of Planar Elements

Varying the number of planar elements that compttieereflector surfaces allows the effects of cost-

reducing simplifications in reflector geometry t® $een. Ray trace diagrams for an ACPPVC-50 inlwhic

the reflectors are approximated by three and filangr mirror sections along with their truncated

counterparts are shown in figure 2.6.4.1. For elhattrative ray trace diagram the solar incidenogle

was 60° to the vertical. It can be seen from tharé 2.6.4.1 (a) that of 50 incoming rays showrdiert
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at the aperture only a single ray does not reaeghabisorber, for the truncated version of this sysié
rays shown reached the absorber. For both the #meédive planar element system, truncation allaws

increase in the angular acceptance range to acliewellection efficiency of 100%. The ray trace

diagrams for truncated three and five planar rédleelements of ACPPVC-50 are shown in figures
2.6.4.1 (c) and 2.6.4.1 (d) respectively.

Reflector =
(b) Reflector
(a)
Reflector
-
PV solar_~ Aperture
cell /// /
y

Aperture
/7’}
5’/‘/

(c) (d)

Figure 2.6.4.1 Ray trace diagrams for an ACPP0Qwith the reflector profile approximated
different numbers of planar reflector elements3@Jements, (b) 5 element, (c) truncaBeelement
and (d) truncate8 element system. For each illustrative ray traagrdm the solar incidence an
was 60° to the vertical.

2.65 Ray Trace Diagram for an ACPPVC-50 with Different P/ Inclination Angles

The asymmetric compound parabolic photovoltaic eotrator can be mounted at any inclination. The
results of simulations undertaken for the ACPPVCH€lined at 0°, 5° and 10° to the vertical are
presented in figure 2.6.5.1. In all ray trace diags, 50 rays are presented for a solar incidengie af
44° to the vertical. From figure 2.6.5.1 it can dmen that the average number of reflections the ray
undergo before reaching the PV decreases for timéial systems. It can be seen from figure 2.6(&)1
that the upper reflector is truncated by an idehtaimount to the previous vertically oriented syste
whereas the lower reflector has been truncatedtadditional 8%.
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Figure 2.6.5.1 Ray trace diagrams for (a) 0° (B)(&f 10° inclined untruncated ACPPVC-&ad
(d) a 10° inclined truncated ACPPVC-50. 50 raysiactided for each ray trace diagram.

2.7 The Comparative Optical Performance of the Two Mod#ed Photovoltaic

Concentrators

The optical performance of untruncated, truncatedl iaclined ACPPVC-50 and untruncated ACPPVC-
60 were determined for a range of solar incidemgges. 100,000 rays equally spaced across theuapert

cover were traced for all solar incidence anglemf° to 180° at 1° intervals.

271 Angular Acceptance Functions and Optical Efficiena@s of the ACPPVC-50 and
ACPPVC-60

Rays incident on a solar concentrator from a rasfgdirections are reflected by an imperfect refyect
surface leading to further angular dispersion. &oeal reflector with a design slope erdpthe reflected
rays reach the reflector with an angke &vay from the original direction. Optical erromsnabined with
the real radiation source yield an effective radiasource (Winston and Welford, 1982). The effexti
source By(0) is the angular distribution that describes howimtadiation is incident from the directién
on the aperture of a perfect reflector. The radmtntercepted by the receiver is defined by thguéar

acceptance functionsl) as the fraction of a uniform beam of parallelsr@ycident on the aperture at an
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angle® from the symmetry axis that would reach the rezmei the optics were perfect (Rabl, 1985).
Therefore the intensity of radiation on the apertirom the directior® reaching the receiver becomes
Bew(0)f(6). The optical efficiency of a system is definedtlzes fraction of solar radiation incident on the
aperture which reaches and is absorbed by thelzdrsios.

M, :qi—abs (2.7.1.1)
For the asymmetric compound parabolic photovoltaincentrator most rays have a single reflection
before intersecting the photovoltaic absorber. Bysidering multiple reflections on the reflectdngt

transmittance reflectance product becomes (RaBE)19

O[(l—a)pd ]n
(2.7.1.2)

a

T1-(-d)p,

wherea is the absorptance of the photovoltaic matertids, the transmittance of the glass aperture@nd

(ra) = mn

M8

is the reflectance of the reflector. Equations.2%) and (2.2.1.10) were taken into account toutate
optical efficiencies and the parameters employdtieroptical analysis given in table 2.7.1.1.

Angular acceptance was determined for full and dated versions of ACPPVC-50 and
ACPPVC-60. The angular acceptance function ancalpdifficiency of the untruncated ACPPVC-50 are
shown in figure 2.7.1.1. All rays reached the Paber for solar incidence angles of 38 8%. The
highest predicted optical efficiency for this PVncentrator is 85.25%. Since the lower reflector &as
half-acceptance angle of Qas shown in the ray trace diagram in figure 216(8)), no rays reach the PV
above an incidence angle of°9@t this solar incidence angle all rays are inniden the upper reflector
and are reflected back and exit the aperture withoy absorption at the PV. Since the reflectoesrat
identical, it can be seen from figure 2.7.1.1 tiat angular acceptance functions are not symmétoic.

lower solar incidence angles i.e. below 1@ rays reach the PV absorber.

Reflectance of mirror reflectop) 0.98
Absorptance of reflecton 0.02
Refractive index of glass {n 1.523
Refractive index of air (h 1
Glass extinction coefficient (f 4
Absorptance of PV cells 1

Table 2.7.1.1 Optical properties employed in thespnt analysis.
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Figure 2.7.1.1 Angular acceptance and opticaliefiicy for an untruncated ACPPVC-50.

The angular acceptance and optical efficiencyteruntruncated ACPPVC-60 is shown in figure 2.7.1.2
Due to the different reflector geometries the aagw@cceptance functions are not the same for both
concentrators. In a similar way to that observedtiie ACPPVC-50, since the lower reflector has an
acceptance-half angle of (as shown in ray trace diagram, figure 2.6.2.}, (i rays are absorbed when
rays are incident above the°98olar incidence angle. The maximum optical efficke of 85.25% is
achieved for solar incidence angles in the ranged®n 57 to 9C. 100% collection of all rays entering

can be achieved between’38 9C solar incidence angles.
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Figure 2.7.1.2 Variation of angular acceptance aptcal efficiency for an untruncat
ACPPVC-60.
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Figure 2.7.1.3 illustrates the variation of angudaceptance and optical efficiency with solar iecick
angle when the ACPPVC-50 is truncated by 54%. Thgukar acceptance functions are increased
compared to the untruncated system as shown inefigr.1.1. However the highest optical efficiefay
both the untruncated and truncated systems ren8&ir26%. It can be seen from figure 2.7.1.3 that all
rays incident at the aperture cover reach the photitic surface at the absorber above the solddénce
angle of 43 and below 90 Therefore 54% truncation of an ACPPVC-50 increaffee angular
acceptance range by 22%. It is clear from figue123 that no rays can reach the absorber belavaa s

incidence angle of 5or above an incidence angle of 130

100 - -+ 100
90 - -+ 90
Angular acceptance
80 9 P / + 80
Optical efficiency -

g 70- +70
IS
2 60- t60 &
8 o
& 504 -+ 50 g
= (]
% 40 +40 ®
g g
< 30- +30 &

20 - -+ 20

10 A + 10

0 T T T T T T T T T T T T ! O

0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Solar incidence angle (°)

Figure 2.7.1.3 Variation of angular acceptance aptical efficiency for a truncate
ACPPVC-50.

Photovoltaic concentrators using different numb#rglanar elements to comprise the reflector peofil
were investigated. The angular acceptance and abptitficiency of the untruncated version of an
ACPPVC-50 using 5-planar elements for the refleptafile is presented in figure 2.7.1.4. Althoudpie t
highest optical efficiency achieved was 85.25%tfos system, the angular acceptance range decreases
compared to that for a curved reflector. Similatite untruncated ACPPVC-50 and ACPPVC-60, no rays
can reach the absorber when the solar incidencke asgabove 90 This is because, the effective

acceptance-half angle of the lower parabol&.is 0
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Figure 2.7.1.4 Variation of angular acceptance@ptttal efficiency of an untruncat
ACPPVC-50 with reflectors comprised of 5-planamed@ts.
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Figure 2.7.1.5 Variation of angular acceptance aptical efficiency ofan untruncate
ACPPVC-50 with reflectors comprised of 3-planamadats.

A further decrease in the number of planar elemasési to make the reflector profile to 3 leads to a
further reduction in the angular acceptance rakgevever the angular acceptance and optical effigien
variation can be seen to be similar for the 3-plat@ment reflector as shown in figure 2.7.1.5. Same
numbers of planar elements (80) were consideredake the upper parabola, as can be seen from ray
trace diagram shown in figure 2.6.4.1.

Simulations for the truncated systems using diffemumbers of planar elements to make the
reflector profile were undertaken. The variatioraofular acceptance and optical efficiency foretirs

comprised of 5-planar elements are shown figurel7The range of acceptance angles to maintain th
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highest optical efficiency decreased for lower namsbof planar reflector elements compared to higher

numbers of planar reflector elements.
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Figure 2.7.1.6 Variation of angular acceptance @ptital efficiency of a truncate
ACPPVC-50 with reflectors comprised of 5-planamed@ts.

The variation of angular acceptance and opticatieffcy of a truncated version of the ACPPVC-50hwit
the lower reflector comprised of 3 planar elementhown in figure 2.7.1.7. When the numbers ohata
elements decrease from five to three the angutsapdance range decreases by 13%, however the highes

predicted optical efficiency remains the same fathlzoncentrators as shown in figure 2.7.1.8.
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Figure 2.7.1.7 Variation of angular acceptancea@pittal efficiency of a truncated ACPPVC-50
with reflectors comprised of 3-planar elements.
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Figure 2.7.1.9 Variation of angular acceptance aptcal efficiency for te
degree inclined untruncated ACPPVC-50 for differsaitar incidence angle.

The angular acceptance and optical efficiency @0%inclined ACPPVC-50 is shown in figure 2.7.1.9.
As can be seen from the ray trace diagram (i.erdi@.6.5.1), increasing the inclination angle éases

the number of reflections on the lower reflectofobe rays reach the PV absorber. The number of
reflections on the upper reflector increases insin@lar angular range but maintained the highesital
efficiency of 85.25%. It can be seen from figur@.2.9 that no rays can reach the absorber below an

incidence angle of 10° or above an incidence anigB2°.
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The variation of angular acceptance and opticatieficy of a truncated ACPPVC-50 when inclined at
ten degrees is shown in figure 2.7.1.10. As expethe angular acceptance range increases for the
truncated version of the ACPPVC-50 inclined at.1¥o rays can reach the absorber below an incidence
angle of 20° or above an incidence angle of 118%m be seen from figure 2.7.1.9 that no rayshsan
absorbed by the PV absorber above a solar incidengke of 82° for the untruncated ACPPVC-50 but

some rays can reach the absorber for truncateideacsystem.
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Figure 2.7.1.10 Variation of angular acceptanceapiital efficiency of a ten degree inclined
truncated ACPPVC-50.

2.8  Energy Distribution Across the Different Componentsof an ACPPVC-50

The energy absorbed at the different componentiseoACPPVC-50 system are calculated during the ray

trace analysis using the equations detailed inmse2t2.

281 Determination of Direct Solar Radiation Distributions onto System Components

Radiation can be incident at any angles between @80° (i.e. -90° to +90°) on to the aperture @lan
100,000 equal spaced rays incident on the aperueach with an equal amount of energy were traced

and the energy absorbed at the different compomahtalated.

2811 Reflection Losses and Absorbed Energy DistributionAcross the Glass Aperture

Cover

The energy distribution at the aperture cover gtdss truncated ACPPVC-50 for solar incidence amgle
of 42°, 60° and 89.5° are shown in figure 2.8.1.THe incident solar radiation flux was considet@the

1000 Wn¥. It can be seen from figure 2.8.1.1.1 that, aetqu, the energy absorbed at higher incidence

62



Tapas Kumar Mallick

angles increased as indicated in the ray traceatizgy The absorbed energy flux is increased by B#W
when the solar incidence angle is changed fromtd29.5°. As expected from the ray trace diagram,
figure 2.6.3.1, a high energy flux can be seen tdwahe lower reflector, this is because at 42&rsol
incidence angle, few rays are reflected back aiitdfrexn the aperture. As the incidence angle insesa
the overall energy flux becomes more uniform. Wtlensolar incidence angle is above 42° or less than
90°, the collection efficiency became 100% as redehy the ray trace analysis and thus energyfihux
these incidence angles are more uniform. Howewenall peak can be seen for each incidence angge, th
is because near the edge of the aperture some ofiyb miss the absorber and exit from the aperfge
the solar incidence angle is increased to 89.%fhdni absorption of energy occurs near to the upper
reflector as expected from the ray trace diagramn.aF90° solar incidence angle, some of the salgs r
are re-reflected back from the upper reflector exitdthe absorber.
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Figure 2.8.1.1.1 Energy distribution across thertape of a truncated ACPPVED for sola
incidence angles of 42°, 60° and 89t6 the vertical. The incident solar radiationeimsity wa
1000 Wnf.

28.1.2 Absorbed Energy Distribution Across the Reflectors

The variation of energy absorbed on the lower céfieby a truncated ACPPVC-50 for solar incidence
angles of 42°, 60° 75° and 89.5° are shown inrégl.8.1.2.1. Figure 2.8.1.2.2 shows the energy
absorbed by the upper reflector for solar incidesmgles of 60°, 75° and 89.5°. The incident enevgy
considered to be 1000 WimAs expected from the ray trace diagrams the uggdksctor absorbs a higher
energy flux compared to the lower reflectors athbigincidence angles such as 75° and 89.5° (figure
2.8.1.2.1 and figure 2.8.1.2.2). This is due torthmber of reflections at the upper reflector bdirgher
before intersection with the PV absorber when casgbao the number of reflections at the lower

reflectors before intersection with the PV absarber
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Figure 2.8.1.2.1 Energy absorbed along the lowkeater of a truncated ACPPVED for sola
incidence angles of 42°, 60°, 75° and 89.5°. Tleedant solar radiation intensity was 1000 Wm
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Figure 2.8.1.2.2 Energy absorbed along the upglecter of a truncated ACPPVE0 for sola
incidence angles of 60°, 75° and 89.5°. The indidetar radiation intensity was 1000 \Wm

For a truncated ACPPVC-50 when inclined at 10° weedical facade the absorbed energy flux at the

individual reflectors increases for a solar incickerangle of 60°. The energy distributions alondhbot

reflectors of a truncated ACPPVC-50 inclined at 408 0° to the vertical are shown in figure 2.83.2

The incident solar radiation was considered to B801Wni* with an incidence angle of 60° to the

vertical. For both reflectors, the energy intensiigreases near the absorber, this is due to tireasing

number of reflections at the reflector before reaglat the absorber.
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Figure 2.8.1.2.3 Predicted energy absorbed at ¢fflectors of a truncated ACPPVAD
inclined at 10° and 0° to the vertical. The incidealar radiation intensity was 1000 Wm
incident at an angle of 60° to the vertical.

2.8.1.3 Absorbed Energy Distribution at the PV Absorber

Figure 2.8.1.3.1 illustrates the energy distributi the photovoltaic absorber of a truncated ACEBJ

for solar incidence angles of 42°, 60°, 75° and 8% the vertical. For all predictions the soladiation
intensity assumed was 1000 WnAs it can be seen in figure 2.8.1.3.1, peaks onear to either end of

the PV absorber. It can also be seen that as the iscidence angle increases the major peaks shift
towards the upper side of the absorber i.e. anway fower reflector. This trend can be identifiedasly

in the corresponding ray trace diagrams shownguaré 2.6.3.1. The secondary peak occurs because of
the reflections from the upper reflector. Howeumcause of exiting rays at lower incidence angles (
below 42°) and when the incidence angle is aboVetl® energy absorbed at the PV surface reduces

compared to that in the angular acceptance ranga°ab 90°.
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Figure 2.8.1.3.1 Energy distribution across thetpataic absorber of a truncated ACPPBC-
for solar incidence angles of 42°, 60°, 75° ancb8% the vertical. The incident solar radiat
intensity was 1000 Wth

The reflector can be approximated by different nemabof planar reflector elements. The energy
distributions at the PV absorber when the lowdeotdr is made of 3 and 5-planar elements are shiown
figure 2.8.1.3.2. Due to the discretization usethtke the lower reflector of different planar elensethe
energy absorbed by the PV surface is not uniforime Total amount of energy absorbed at the PV
absorber is different when the reflector is madefupigher numbers of planar elements.
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Figure 2.8.1.3.2 Absorbed energy at the PV absoobex truncated ACPPVGEO with
reflectors comprised of three and five planar el#iie The incident solar radiati
intensity was 1000 Wrhincident at an angle of 60° to the vertical.

Figure 2.8.1.3.3 shows that the energy distributibthe absorber when the untruncated ACPPVC-50 is

inclined at 10° to the vertical and with no inctioa for the untruncated version of an ACPPVC-5@ an

the energy absorbed at the absorber for the tredoatrsion is shown in figure 2.8.1.3.4. The innide
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solar radiation intensity was 1000 Wrand the solar incidence angle was 60° to thecaértit can be
observed from figure 2.8.1.3.3 that in additioriv@ major peaks, a third minor peak can be seentoea
the lower reflector for the untruncated system.sTihibecause the number of reflections increastseat
lower reflector as the system is inclined at ait®Rnation angle. The amount of energy absorbethiey
truncated ACPPVC-50 is increased by 10% compardtig¢aintruncated counterpart due to the angular

acceptance increasing for the truncated systerall iconfigurations the two major peaks can be geen
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coincide with the ray trace diagrams.
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Figure 2.8.1.3.3 Absorbed energy at the absorban eintruncated ACPPVC-50clined at 10° and (
to the vertical. The incident solar radiation irgiéyy was 1000 WrAincident at an angle of 65° to

vertical.
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Figure 2.8.1.3.4 Absorbed energy at the PV absabartruncated ACPPVC-5@clined at 10° an
0° to the vertical. The incident solar radiatioteimsity was 1000 Wihincident at an angle of 65°
the vertical.
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2.8.2 Distribution of Diffuse Solar Radiation to Different Components of an
ACPPVC-50 System

To determine the effect of the diffuse insolationtbe energy distributions at the different compugsef
the developed line axis solar photovoltaic systaimge different angular skyward diffuse distrious
were considered as described in equation (2.3/BpéR et al., 1987a). For each solar incidenceeang|
between 0° to 180° (i.e. -90° to +90°) at 2° iratksx;v100,000 rays incident at the aperture coveewe
traced. The calculated energy flux at each compoaed the total energy flux for each segment of the
system were determined from the sum of the endugge$ for each angle of incident radiation.

No solar rays can be absorbed by the photovodthsorber for the systems modelled when the
solar incidence angle is below°l@ above 130 Therefore the total energy absorbed at the absérim

the diffuse solar radiation can be calculated from

13¢°

Eq =1, [1(6)0 (2.8.1)
12°

It can be seen from figure 2.3.1 (page 49) thatketiergy contained between the angles 6ft@2130 is

higher for the cosine and hybrid Gaussian distrdmst compared to the isotropic distribution.

2821 Energy Distribution of Diffuse Solar Radiation Absabed at the Aperture Cover of
the ACPPVC-50 System

The distribution of energy flux at the aperture eowf the truncated ACPPVC-50 for the three diffiére
skyward angular diffuse distributions modelled h®wn in figure 2.8.2.1.1. The incident solar raidiat
flux was considered to be 100 WniThe highest energy absorbed can be seen to betfre isotropic
distribution although the trend for the three dlgttions is the same. The concentrator absorbsagd
incident between 420 89 as revealed from the angular acceptance funcatmulations. Figure 2.7.1.3
reveals that no rays can be absorbed by the alidoetmv a solar incidence angle of°1agr above 130
The peak energy intensity of 9.4 Wroccurs for the cosine distributions when the ianitddiffuse solar
radiation was 100 Wih
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Figure 2.8.2.1.1 Energy distribution of the truscaACPPVC50 along the aperture coy
for diffuse solar radiation. The incident diffusslas radiation intensity was 100 Wm

28.2.2 Energy Distribution of Diffuse Solar Radiation Absabed at the Reflectors of an
ACPPVC-50 System

The predicted energy distributions for the lowed arpper reflectors of an ACPPVC-50 for the three
different skyward angular diffuse distributions alestrated in figure 2.8.2.2.1 and figure 2.8.2.2
respectively. As illustrated in figure 2.8.2.2.hietenergy absorbed for an isotropic distributiohiggher
than that compared to cosine and hybrid Gaussignlandistributions for both reflectors. For these
predictions 80 reflector element segments were @ige@ach individual component and 100,000 rays
incident at the aperture cover were traced’ain®rvals. The maximum energy absorbed at the dowe

reflector was 3.6 Wiiwhen the incident diffuse radiation was 100 Wm
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Figure 2.8.2.2.1 Predicted energy absorbed at diwerl reflector for three diffuse solar radiat
distributions. The incident diffuse solar radiatiatensity was 100 Wh
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Figure 2.8.2.2.2 Predicted energy absorbed at piperureflector for three differenliffuse sola
radiation distributions. The incident diffuse saiadiation intensity was 100 W

o

2.8.2.3 Energy Distribution of Diffuse Solar Radiation Absabed at the PV Absorber of an
ACPPVC-50 System

Figure 2.8.2.3.1 illustrates the diffuse energyriiations of a truncated ACPPVC-50 at the PV absor
for three skyward angular distributions. The inaideolar radiation intensity was 100 WnFor each
angular distribution, 100,000 rays incident at dperture were traced at thtervals for solar incidence
angles from 0to 180C. For the cosine angular distribution more enesggtisorbed over a wide section of
the PV absorber, however near to the lower refteamichybrid Gaussian angular distribution show$iig

peak energy levels. The highest energy intensitys56fWni* occurs adjacent to the lower reflector.
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Figure 2.8.2.3.PPredicted energy absorbed at the photovoltaic Bbsdor three diffuse sol
radiation distributions. The incident diffuse saiadiation intensity was 100 Wm
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29 Conclusions

Extensive optical analysis of 6@nd 50 effective acceptance half-angle asymmetric comggarabolic
photovoltaic concentrators showed that both comatrs achieved maximum optical efficiencies otaip
85.25%. Truncating the reflector by 54% increadesangular acceptance range by 22%, maintaining a
higher optical efficiency over the collection rarfge the ACPPVC-50 system. Higher numbers of planar
element reflectors increased the angular acceptamge implying a perfect parabolic geometry to be
seen. An ACPPVC-50 inclined af @nd 10 with the vertical increases the angular acceptaange
compared to that of an ACPPVC-50 with no inclinatio

The energy distribution of direct solar radiatian Hifferent components of the system showed
that energy absorbed at the aperture for normadence to the vertical leads to lowest energy diesbr
because of lowest optical path length, however tduewys exiting the collector the absorbed enesgy i
higher than that of inclination angle of°435ince both systems are asymmetric, energy disimits are
different near to the reflector for normal incidenmplies number of rays undergoes by the refleater
different for both reflectors. The energy flux tbree skywards diffuse solar radiation showed tioatne

angular distribution achieved higher energy peakalf system components.
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