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wAN ENTIRB ANALYSIS OF DRASTIC PARAMETERS
INFLUENCING THE PERFORMANCE OF PHOTOVOLTAIC
SOLAR ENERGY CONVERSION®

BY

Sayed A, Hassan and Mohamed H, ll-Haghrlby"

ABSTRACT

-y -

This paper investigatez the drastic parameters affecting
the performance of the photovoltaic solar energy conversion.
Temperature and collection efficiency of the silicon solar cell
opted for research are some of these parameters. The theory of
the photovoltaic effect is utilized to anticipate the performa-
nce~especially the maximum efficiency. It exists from the
interaction between the optical properties of the semiconductor
under consideration which determine the utilized fraction of the
solar spactrum, and its electrical characteristics. Graphical

representation and discussion of the results are exhibited at
the end of the research.

l. INTRODUCTION

The photovoltaic effect can be defined as the generation
of a potential when radiation ionizes the region in or near the
built - in potential barrier of & semiconductor. It is chara-

cterized by a self-generated e.n.f. and the ability to deliver
power to & load.

A potentia)l barrier can bs formed in & semiconductor by

severa) means. The two techniques of most interest by photovo-
ltaic cells are:

1) The deposition of a suitable transparent metallic film by

evaporation or sputtering onto a semiconductor as in the
selenium cell, and .

2) The p-n junction formed by introduction of a suitable type
impurity into the opposite impurity type semiconductor.

The electrical characteristic of a photovoltaic cell can
be understood by the accompanied figure which displays the
exact equivalent circuit of certain cell in whie> **~ ~ffacts
of series and shunt capacit.and resistances
considerationl. It consists of a constant «

a non~-linear Jjunction impedance, and a load e
¥ Head of Blectrical Engineering Deprt., T 7
El=Mopofia Univ, Shebeen El-Koom, EGYPT.
%% Lecturer at Elect. Engineering Depart.,
El=-Mansoura University, El-Mansoura, EGY

Mansoura Bulletin, December 1978.




'

d

’f

7~

-
”

E.28., S.A.Hassan & M.H.El-Maghraby

. -

Light causes a current I, to flow

in the load; the magnitude of which is

the

difference between the generated

short-circuit current (Ig) and the

current flowing in the non=linear
junction (l4). The latter which is
known as the usual Jjunction current
is given byl:

Ig

|

—1
[ PR |
7
.

I

Lt

Ij = IO ( o N 1)

Sinmple equivalent
circuit of {illumi-
nated cell.

oooooooooo(l)

This expression yieilds the i-v characteristic of the p-n junc-
tion photovoltaic cell.

voare 1° is the reverse saturation current.

(in

and

The

V is the voltage applied to junction
N is given bys

h= e/kT

practice, \= e/AkT vhere A > 1)
k being the Boltzmann constant is

= 1.3805 x 10‘23 Joules.

T the absolute temperature.
Since I, = Ij + 1

1 = IB - IJ

= Is - Io (o AN 1)

maximum voltage (V

I
V== 1n (—%+ 1)

ma x A Io

nax

The maximum power delivered (P

) occurs when I = O

Dogree-lj

--oocc--oo(a)

ooooa.oooo(})

1Y

.........l(‘*)

) is represented by the

ax
largest rectangle that can be fitteg into the fourth quadrant

of the i-v characteriatic of the celle.

The squarer the curre-

nt-voltage characteristic, the higher the efficiencyl. 1In the
previous work of anticipating the maximum efficiency, authors
has neglected the effect of reflection losses in addition to

take the collection efficiency to have & unity. The collect~
ion efficiency is the measure of the carriers passing through
the circult (Is) to the total number of carriers generated in
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the solid perunit time. The purpose of our paper is to investie
gate the drastic parameters which &ffect the performance of one
of avital important type of solar cells (i.e, Silicon) under the
condition of numerous practical constraints, A complete &naly-
sis and discussion of the results obtained are exhibited and
introduced.

2. MAXIMUM EFFICIENCY

It is defined as the ratio of the maximum electrical power
output to the solar power arriving on unit area., It is given

byzl

Ny
= (l-r)(l-o"*l)en (B.) —BP .
a
mp
Vap
Non Bav
2.ls Collection efficienc
yC )
It has the following definition:
7 . -Carriers passing through the circuit(l
c

Total no of carriers generated in the solid per
unit time.

This is ascribed by the fact that all the minority carriers
which are generated in the solid by the radiation do not cont-
ributed to the power developed in the load2, This is because
some of them recombine with majority carriers either inside the
volume or at the surface.

I *

.04 L
qk (1-r)(1=-e" “l)onph(le)

[¢]

where r 1s the index of refraction. There 1s another index
(n) the relation between both is

r=(o~1)/(+ 1)%

These indices estimate the reflection losses n has not
been measured for many of the materials of possible interest.
It nust be therefore estimated from the empirical relation due
to Moss namely:

4
EG n = 173

o it the absorption consiant for the radiation., To main-
tain high (*Tc). « may locate in the range of:
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10" GBS 108 em”!

for radiation near the absorption edge, 1 is the neregion
extension.
For efficient absorption, it is necessary that

1 < d-l 1.0,

6

10"*(1 < 10 cm

2 el e nE h(EG)

It is the following summation:

A= )
max
(5 = a ()

n ph

Ph
e 8
h

where nph(J/) was chosen to be the no of photons of energy
LM in the intervals

B (—he

( Y )

= 10_5 cm-l

and max 18 the maximum frequency in the solar spectrunm.
This no of photons is derived and plotted versus Eg according
to the atmospheric conditiona2.

243+ Solar power arriving on unit area (U)

It 48 the product of nph EAV wheret

th is the total number of photons in the rolar spectrum
and

'3 v is the average energy of such.photons. This solar
powver 4% a function of the absorption conditions and is demons-
trated from a standard table.

la l‘+ L ] VIE
v is the voliage at maximum power transfer which can bde
P yerified from the relationl:

\ -1 W
mp _ 8 ; max
a (1 « hvmp) I, + 1 = e
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where >\= o/kT
vmax is the open circuit vol tage

To demonstrate Vnp' it is indispensible to @stermine Io
and I.- The former can be calculated from

I° = A e IG/kT

The A was computed for silicon which results ini
8 . -IG/kT

10 = 1.4 x 10

1'. on tha hand, ca&an be computed from the relation

I, = c(l-r)(l-—o-‘(l) .nph(EG)

2+5. Representation of the conditions of atmosphere.

Two parameters have often been used 0 represent of the
complex and varying conditions of the atmosphere and its effect

on the intensity and spectrum of the anorgy. These parameters
ares

a) Optical air mass{(m), which can be defined as 1/cos Z where 2
is the angle between a line vertical to the observer and a
line through the observer and the sun (i.e. ¢hen the sun is
60° from vertical, m = 2).

b) W, the perceptible water in a vertical column in the atmos-

phere mpeasured in cme W = O corresponds to & relative humi-
dity of about 50 percent. .,

3. TEF%EtiéitibnFGfmiﬁgmﬁigﬁiié-pﬁramoters influencing perfor~
wance of is solar csll.

3 1. Problen Conﬂtraintl.ZJWaw

et we e
G

The problem of 1avestigating the essentia)l parametcrs
affacting the performenca of solar c2il of silicon type, is
tackled under ths constrg*n g3 oft

a) Vurious'absorption "bﬁﬁi*ionl

(aol) m=0; H=0 cotside: atmosphsre.

(a02) m =1, ¥ = 0 Sea level, Sup &t Zonith.

(a.3) m =2, ¥=20 Set Tevol, Snd at 60° from Zenithk.
(a.4) m =1. ¥ = 0 Clendy day.,

b) Two conditions cf celjisuion
_(bsl) Collectipn. afficiancy & ]
(b.2) Collecticn affisliaacy "ﬂp

P S |
D
N
tn
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¢) PDifferent operating temperatures of the solar cell under
consideration initiating from 273 °K till 548¢°K.

3¢2« Tackling t

he problem.

The maximum efficiency, the maximum voltage (0.C.Voltage),
the voltage correspoading to maximum power transfer, the shorti-
s the reverse saturation current and the load
impedance at maximum power transfer, all these parameters are
copmputed and deduced under the influence of prementioned constra-

circuit current

ints.

The calculations are executed for all cases &nd wve satis-

fy here with the demonstration of a single case out of these

DuUBGTrOUB CABEB.
vicur of each p
for the constra

All
arameter,
ints of

‘rlcz

Table (1)

the results are plotted to reveal the beha-
Table 1 displays the results attained

=1, W= O outside atmosphere and

1’ Is= 4.4856 X 10-2.

(Performance of S, Solarcell for m=l, W¥=0, 1@:1)

toC 0 25 75
T°K 2173 298 348
A 432 4507 38.941 334346
1, 10713 x 3.0369 107 x1.e483 1077 x 8.6849
Voax 0.6050 0.5581 0.4635
vmp 0.5307 0.4813 0.3848
fx 21 « 5044 193355 15.1042
Table (1) Continued
125 175 225 2175
398 44 8 498 54 8
29.157 25.902 23.302 21.176
1077 x 9.473 107°x3.623 107 x 6.670 10™0x 7.2144
0.3692 0.,2749 0.1812 0.0933
0.2919 0.2040 0.1232 0.0563
11.0557 7.2589 3.8649 1.2953




Hansoura Bulletin Dejamber 1978. 33

There are some feo: .ures t0 be uneguivocals

1) The parameter - is independent of the absorption conditions
and the cvlle:tion efficiency. However, it is a function
only of tempe ature.

2) The reverse raturation current (I,), similarly depends only
on the energy gap potential (BG) and the temperature, that
is, their values are used for any atmospheric & collection
conditious.

3) Bowaver, the short-circuit current (Ig) has & unified value

for certain restrictions of m & w and . -2
(i'ormz.:l,u:O&”?c:l, IB=4.435 x 10 ¢).
Fig., "]" reveals the relatiom between the maximum efficiency

and temperature when there is no reflection or transmission
losses (’7c s 1) for different atmospheric conditions. One
can conclude that increasing the temperature causes a conside-
rable drop in the max, efficiency. This phenomenon is correct
for al)l atmospheric conditions. Moreover, we remark a coinci=-
dence of these characteristics for various constraints of m &
w. However, this is not satisfied for the case of = 0,65 as
displayed in Fig,uaw, ¢

There is & divergence in the maximum efficincy for all tempera-
tures taken except for t = 275°C (548°K) which has nearly the
same maximum efficiency. The maximum divergence is attained
for t = 0 (273 °K).

Fig. "2n demonstrates an important phenomenon of having the
highest possible maximum efficiency for any temperature at m=l,
w = 0 (Sea level & sun at Zenith).

On the other hand the characteristics of m = 0, w = Q and mn = 2,
w = O are considered the same which means that under these res-
trictions of aimospheric conditions, we have the same maxipmum
@affeciency for certain temperatura.

One can conclude &lso that the max. efficiency for the case
of m =1, w = O (Sealevel & Sun at Zenith) heas twice that cor-
responding t¢ the cages of m = 0, w=0& mz=2, w= 20,
Investigating the case of m = 0, w = 0 (outside atmosphers)
through Fig."3¥, we verify that the condition ofn7c = 1 leads
to approximately twice the max., efficiency of the case of
Me=0.65 for any temperature in the range opted (273 - 548 °K).
However, the rate of decay of the latter is not pronounced like
the characteristic of /¢ = 1. The largest percentage of the
max. efficiency at the constraint of 7% = 1 has about 21.5.

Pig.n4" explains the variation of max, efficiency versus tempe-
ra%urc for the case of m = 1, v = 0O, Sea level, sun at Zenith.

A slight differonce between the characteristics ot %, =1 &

Jc = 0.65 18 attained in the max, efficiency for any temperature.
owever, the case of /. = 1, has naturally, the upper curve.

Also the rate of reduction in the max. efficiency is consider-

able on increasing the temperature,
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"hs analysis of the characteristics plotted through
fig.n57 for the constiraint m = 2, w = O, Sea level, sun at
TCY Trom Zenith verifies a promnounced divergence between the
curves of M, = 1 & = 0.65. However this divergence decays
in the direction of higher temperatures and arrives to its
inimum at the temperature of 275 °C,

The behaviour of the max. voltage against temperature is
raprGBEDted graphically in Fig. "6" under the conditions of
10 = 0.65and n = 0, w=0, m=z1l, vw=0&mn=2, w=20,
Une can note that the open circuit voltage at any temperaturse
Las neerly the same value although we have various atmospheric
conditions, Also, the mix., voltage has & negative slope i,.,e.
its characteristic decaye with increasing the temperaturs,

Fig."7" shows the change of the voltage corresponding to the
pax, powar transfer with the temperature under the preceding
constraints of Fig."6n, We conclude the same notes prement-
ioned with respect to the max. voltage (V .,). Looking for

ogn, the comparison of (Vyax) versus temperature on hav=-
{E%"""- 1 & = O.65reveals a moderate divergence between
tnese characteristics in addition to the decay phenomenon
vitn increasing the temperature,

Fig.n9" explains the manner of variation of (V  )against the
Tamperature for ma = O, w = O, outside atnosphorg when 7. = 1
and 0.65, The difference between the two characteristics
148 not exceed 0.02 volt at any temperature,

Pig."10" demonstirates the effect of temperature on the logari-
“nm of the reverse saturation current (Io)« This characteri-

3ic shows & continuous rise of 1ln I, towards the positive
direction of the logarithm.

riﬂ_"ll" reveals the behaviour of the shortoircuit current

or varlous restrictions of atmospheric and collection restri-
.tioas of atmospheric and collection which leads to the fol=-
lowing conclusionss ’

i)‘1c = 1 curve is the upper characteristic comparable with
hat of 72 = 0,65,

) m = Q, w= 0 constraints have the highest short-circuit
currant for certain collection efficiency., However, the

conditions of m =1, w e 0, cloudy day, have the lowest
one.

'} For both cases of 7. =1 & ? = 0.65, the consiraint of
m =1, w=0, sea Jevel, sun Cat zenith has a greater short-
circiut current than that of m =2, v =2 0, sea level, sun
at 60° from zenith,

!agarding Fig."12", the load impedance at maximum power trans-
er (Rpp)/temperature characteristics are represented graphic-
11y ungor the effect of the prementioned restrictions. The
>llowing important features are noted:

]
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1)

2)

3)

&)

Rpp drops gradually as the temperature increases &nd &rrives
the minimum on having T = 548°K, the upper 1limit of the tempe-
rature range, The max. rate of this drop belongs the const-
raints of m = 1, v = 0, cloudy day and 7, = 0.65 while the
min. one is of the case of m = 0, w=0 &7 = 1. This can
be ascribed by looking for the mathematical ‘expression of Rnp‘
The effect of temperature on the numerator NI, exceeds its
effect on the denominator (i .- NVp ). Consequently this infl-
uence is considerable on I, whera ﬁnp decreases as Iy lncrea-
ses with temperature,

All the characteristics of Rmp/T °K at 7c = 0,65 locate up to
that belonging m, = 1. :

At any collection efficiency, the characteristic of m = I,

w = 0, cloudy day represents the highest Ryp,/T °K one compara-
ble with other constraints.

AT 548 °K, the maximum temperature of our optiom, Rpp has the
same ohmic value approximately for certain?c. Moreover, this
value for both cases of collection efficiency is comnsidersd,
as & rough approximation, the same. This leads to the fact
that as the temperature of operating condition of Sy solar

cell increases, & great convergence is attained betwesn Hmp
values for various conditions of m & w.

However, a great separation is obtained when the temperature
arrives 273 °K,

4o

CONCLUSIONS:

From the preceding analysis of the variables affecting the

theoritical performance of silicon solar oell, we have the fol-
lowing conclusionss

1)

2)

3)

&)

5)

Increasing the temperature leads to a considerable drop in
the maximum efficiency.

Various atmospheric conditions does not influence the maximum
efficlency/temperature characteristic when the collection
efficliancy (7c) equals to one i.e. there is no reflection or

recombination losses. This phenom enon is not fulfiljed for
the case of 7c = 0.65,

The maximum efficlency at the upper limit of temperature

opted (548 °K) is independent of the atmospheric conditions
(n & w). .

The highest possible maximum efficiency occurs when m = |}
and w = O (Sea level and sun at Zenith) relative to other

atmospheric conditions., This phenomenon is correct for any
temperature.

The restriction of Z' = 1 results iap max, efficlency haviag
twice that correspo &ing to"]c = 0.65 for any temperaturs.
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5) The open circuit voltage (Voo,. ) &t any temperature has
nearly the same value for deferent atmospheric conditions,
that is, Vmax, has a weak response with respect to the
atmospheric conditions. Moreover, Vpax, decays as the
temperature increases.

7} For, Vmyp, the voltage corresponding to the maximum power
transfer, we have the same previcus conclusion belonging to
VIIIB.X.

3) The short-circult current has higher values at'?c = ] than
that of 77, = 0.65. Also the restrictions of m 2 0, w = 0

yield the highest short-circuit current at certain collec-
tion efficiency.

9) The load impedance at max. power transfer (R ) decays as
the temperature iancreases.

0) As the temperature increases, 2 great convergence is attained
between (R ) values for various atmospheric conditions
(. & W)o =P
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