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Due to the increasing demand of high performance solar cells with low cost.
A comparative study between the materials gallium arsenide (GaAs) and
silicon (Si) takes place in this work. We show that (GaAs) responds
differently than (Si) at the same conditions, the GaAs module produced more
power at increasing temperature. Two approaches are applied, photovoltaic
system (PV) without tracking system (Fixed System) and PV with manual
tracking systems to show the differences between using (Si) and (GaAs)
solar cells. Results show that energy produced by GaAs PV system generates
more energy than that produced by silicon PV system. Knowing that the cost
per produced KWH is less in case of using fixed panels. A comparison is

*Corresponding Author done between the cost of both systems shows that the system that use (Si)
"""""""""""""" has low cost than the system that use (GaAs).
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Introduction

Solar cells or photovoltaic energy converters has had a many years of successful development and application .It
was born in the early days of solid-state electronics and reached maturity during 1960's when there was a demand
for electric power in a space environment. With the recent increase in activity in the photovoltaic field like
agriculture and industry, it seemed quite appropriate to have studies about everything related to solar energy and
solar cells [1]. Sunlight strikes the Earth in one hour (4.3 x 10720 J) is more than all the energy consumed on the
planet in a year (4.1 x 10720 J), Sunlight is abundant sources of energy in the future [2]. An estimated 8.2% of
global energy consumption in 2010 was supplied by renewable energy (Biomass, hot water, heating, geothermal and
solar). However in 2011 nearly half of the new electric power capacity installed was from renewables alone. The
percentage of energy from renewables especially solar cells has increased every year for the past several years, and
is predicted to continue with this trend in the future [3]. The economic comparison with conventional energy sources
is certain to receive a further boost as the environmental and social costs of power generation are included fully in
the picture [4], [5].

1.2 Important Definitions

a) Sun: is the star at the center of the Solar System. It is almost perfectly spherical and consists of hot plasma
interwoven with magnetic fields, about half the incoming solar energy reaches the Earth's surface , Earth receives
174 petawatt (PW) (10"°.+ watts) of incoming solar radiation at the upper atmosphere. Approximately 30% is
reflected back to space while the rest is absorbed by clouds, oceans and land masses.

b) Semiconductor: is a substance, usually a solid chemical element or compound, that can conduct electricity under
some conditions but not others, making it a good medium for the control of electrical current.

c¢) Photovoltaic (PV device): A device used to convert short radiation into direct current (dc) electricity etc.
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d) Air Mass: is a volume of air defined by its temperature and watervapour content, For a path length L through the
atmosphere, for solar radiation incident at angle © relative to the normal to the Earth's surface, the air mass

coefficient is

e) Band Gap: is an energy range in a solid where no electron states can exist as shown in Fig 3. [6]
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Fig 1. The Path length of the solar radiation through the
Earth’s atmosphere in units of Air Mass (AM).
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Fig 2. Radiation from a black body at 6000K, and typical power
distribution emitted from the sun at AMO and AM1.5.
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with temperature is show that as temperature increase the band gap decrease as in the figure 6

[7].

Fig 6. Energy band gaps of Si and GaAs as a
function of temperature.
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f) The Room temperature properties of Si and GaAs shown in Figure 7. [8]

Room temperature properties of Si and Gads

Quanity Symbol si Gars (nin
Crystal structure D z -

Gap: Direct (D) / Indirect (1) 1 D -
Lattice constant a 543095 56533 A
Bandgap energy Ey 2 142 ev
Intinsic carrier concentration = 10x10 20%10° an’
Effective DOS at CB edg Ne= 28x10° 44x10” em
Effective DOS at VB edge N 10x10 x27410" em
Electron mobility B 1500 8500 em/(vs)
Hole mobility b 450 400 e/ (Vs)
Electron diffusion constant D, 39 220 cmis
Hole diffusion constant D, 12 10 emis
Electron affinity [ 405 a07 v
Minority carer lifetime < 10° 10" s
Electron effecive mass et = 098 me 0.067 m.

Heavy hole effective mass. e = 049 m 045m

Relative dielectric constant o 19 131

Refractive index near £, [ 33 34

Absorption coefficient near £, @ 10" 10t em’

D= Diamond. Z - Zincblende. W ~ Wurtzite. DOS ~ Density of states. VB = Valence band. CB - Conduction band

+ The Einseinreation rlaes the diffusion constant and mabiliy in  non- dcgcnun(cly doped semiconductor: D = p(kTie)

« Minority carcer diffusion lengths are given by L = (Dy%)"* and L, = (Dy%,

* The mobilities and diffusion constants 2pply to low doping concentrations. (= 10" cm”). As the doping concentration increases,
‘mobilities and diffusion constants decrease.

‘The minority carie lfetme © applis o doping concentations of 10" o l'orolhcrdnpmgmnecnvnunm the lferime i given

byt=8"(n+p) ", where Bs= 5 x 10 " em’ss, Boe = 5 x 10 ** em'/s, and Boan, = 10

Fig 7.

j) Optical absorption for Si and GaAs :In indirect-gap semiconductors is considerably weaker than in direct gap
semiconductors, as shown in Fig 8 . [9] .
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Fig 8.A comparison of the difference in strength of
the optical absorption in direct and indirect
semiconductors, illustrated on the examples of
silicon and gallium arsenide.
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1.3 Solar Declination (&)

The angle that the Sun’s rays make with the equatorial plane is known as the declination angle (Fig. 9).
This angle is the solar declination. On any day, is taken as a constant which changes on the next day.
Cooper’s empirical relation for calculating the solar declination angle (in degrees) is [10], [11], and [12]

360

8§ = 23.45 sin [(284 +n)x 280
365

J

Where that: n = day of the year (1 < n <365).

Fig 9.Solar declination angle.

Solar declination can also be defined as the angle between the line joining the centers of the Sun and the
Earth and its projection on the equatorial plane. The solar declination changes mainly due to the rotation of
Earth about an axis. Its maximum value is 23.45° on 21 December and the minimum is — 23.45° on 21
June.

1.3.1 Latitude (¢) and Longitude LongitudeL,

Latitude ¢ gives the location of a place on Earth, i.e. north or south of the equator. Latitude is an angular
measurement ranging from 0° at the equator to 90° at the poles (90°N or 90°S) for the north and south
poles.

Latitude Longitude

Equator W{ ) V‘J"‘V,':-\'ﬂi‘mn , %
M\ & ) iest. |

30 30
South

Prime
Microsoft llustration meridian

Fig 10.Latitude (¢) and Longitude Longitude (L;)

On the Earth, a meridian ( is an imaginary north—south line between the North Pole and the South Pole that
connects all locations with a given longitude. The position on the meridian is given by the latitude, each
being perpendicular to all circles of latitude at the intersection points. The meridian that passes through
Greenwich (England) is considered as the prime meridian, all the places on that meridian have the same
longitude. The Earth can be divided in two parts with reference to the prime meridian, viz. eastern and
western hemispheres. The maximum distant meridian on both sides can be at 0° to 180° from the principal
meridian [10], [2], [13].
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1.3.2 Hour Angle (®)

The hour angle is the measure of the angular displacement of the Sun through which the Earth has to rotate
to bring the meridian of the place directly under the Sun, At sunrise, the value of ® will be maximum, then
it will slowly and steadily reduce and keep reducing with time until solar noon. At this point @ becomes
zero. It starts increasing the moment after solar noon and will be maximum at sunset. The values at sunrise
and sunset are numerically the same but have opposite signs. Which gives the time elapsed since the
celestial body’s last transit at the observer’s meridian for a positive hour angle or the time expected for the
next transit for a negative hour angle (1 hour =15°) [10],[14].[2].
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Fig 11.Hour angle.

1.3.3 Angle of Incidence

The angle of incidence is the angle between a beam incident on a surface and the line perpendicular to the
surface. B is the inclination of the plane (a surface on which beam radiation is falling) with the horizontal
surface and Y is the wall azimuth angle (due south) that specifies the orientation of the surface. This angle
decides the distance of a tilted plane from the south orientation. If its value is 0° then the surface is facing
towards south.

If the plane under consideration is horizontal, i.e. =0 and also Y=0, then the angle of incidence =0, then
the angle of incidence 6h becomes equal to the zenith angle [10], [15]

1.4 Measurement of Solar Radiation on Earth’s Surface

The solar radiation reaching the Earth’s surface through the atmosphere can be classified into two
components: beam (direct) and diffuse radiation [10].

Beam radiation Beam radiation (Hp): The solar radiation propagating: The solar radiation propagating
along the line joining the receiving surface and the Sun. It is also referred to as direct radiation. Diffuse
radiation (H,;): The solar radiation scattered by aerosols, dust and molecules. It does not have any unique
direction. Total radiation Total radiation (Hgz): The sum of the beam and diffuse radiation, sometimes
known as global radiation on horizontal surface. Solar radiation is energy received per (m2/day) and it
measured always on horizontal surface it donated by Hz (KWh/ m2 /day). The extraterrestrial solar
irradiance (KW/m2) on surface normal to solar beams is constant and equal to solar constant Gg, (=1.35
KWh/ m2) is given by [16]

Hext = % Ggc[cos & cos ¢ sin og + mg sin & sin 9](2)
Kr = Hithlearness index 3)
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1.4.1 Solar Radiation on a Horizontal Surface
The combination of both forms of solar energy (beam and diffuse) incident on a horizontal plane at the Earth’s

surface is referred to as global solar energy and these three quantities (specifically their rate or irradiance) are linked
mathematically as [10], [17]

Hg = HpcosB; + Hy(4)

Where HB is the global irradiance on a horizontal surface, surface, Hd the diffuse irradiance, HDthe direct
beam irradiance on a surface perpendicular to the direct beam and 6Zthe Sun’s zenith angle.

Irradiation of a Horizontal Surface

N

Direct

i * ¥ Diffuse

Horizontal
Surface

Fig 12.Solar radiation on a horizontal surface.

Direct radiation on horizontal surface H, is given by [16]

Hp = %Gn[cos 8 cos ¢ sin w + wg sin @ sin §](5)
1.4.2 Solar Radiation on an Inclined Surface

Direct radiation on tilted surface is given by [16]

Hp, = %Gn[cos S cos(p — B) sinwg' + wg' sin(p — B) sin §1(6)

Ratio between direct radiations on tilted surface to on horizontal surface Ref. [16], [18]

H
R, = Dt
Hp

cos 3§ cos(¢—P) sin 0s'+os’ sin(p—B) sind,

Rb = \7)

cos dcos ¢ sin wg+wg sinpsind
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The total radiation for any inclined (inclination = B) with any orientation of solar thermal device (for east,

south, west and north) Y = — 90°, 0°, +90° and +180° for a given latitude ¢ can be evaluated using the
formula Ref. [16]

Hy = Hg[1.13K: Ry + 0.5(1 + cos B)(1 — 1.13K;) + 0.5p(1 — cos B)I(8)

When Reflectivity of ground ( p = 0.2 for normal ground and p = 0.7 for snow) .

Irradiation of a Sloping Surface

\ Normal to Panel

Direct

Horizontal Surface /

Fig 13.Solar Radiations on an Inclined Surface.

Instantaneous global radiation on tilted surface defined as [16]

T cos w—cos wg"
Gr = ;Hp ——————(9)

247 T sinwg'-wg' cos wg"

1.5 Parameters of Solar Cells

1.5.1 I-V Characteristics

The standard solar cell I-V characteristics is given by Eq.(10), Rs, should be small and the shunt (parallel)
resistance,Rp, should be large [10], [19], and [20].

I = 1[I, — L(eV+R/Ve — 1) (10

Rsh
AV,
licT / ;.\lsc
Imax Ny
Pmax] \\
= \ Avoc
o
(3 /Aloc
'Y
¥ »
Voltage Vinax Voc

Fig 14. . I-V Characteristic for solar cell.
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The short circuit current ISC defined as [10], [13], and [19]. The array current I when V =0
Then ISC= IL... (IL =current generated from 1

I =1, — L - 1) (11

Atl=1

pmax

I = IL - IO(emeax/Vt - 1) (12)

pmax
And at I, = I e Voc/Vt (13)

The open circuit voltage when I = 0 and defined as [10], [19], [20]
Voe = Veln(L+1) (14)

Thepower delivered by the solar cell output is defined as [10]

P=I,—LV("" -1) (15)

1.5.2 Maximum Power (P,,,,,)
No power is generated under short or open circuit. The power output is defined as [10], [19], and [21].
Pout: VoutXIout(16)

The maximum power Pmax provided by the device is achieved at a point on the characteristics, where the product
IV is maximum. ThusPmaxis defined as[10], [19], and [22].

Pmax = VPmax ><IPmax(1 7)

1.6 PV Standard Modules

Our design is based on 200 W, 24 V PV module, TC= 25Depth of discharge (DOD) =0.7, Charge efficiency=0.8,
Discharge efficiency=0.9, Battery Voltage ( VB) = 25 and Parameters of Silicon and Gallium Arsenide shown in
Table 1 [23].

Table 1.1 Parameters of Silicon and Gallium Arsenide

Voc Isc Jsc Fill Imax | Vmax Pmax
Fact
or

Ga 089V [3.7mA |[214 75.85 | 3.44m | 0.72V 2.5m
As mA/c | % A \\%
m2

Si 062V |25mA |35 75% | 0.75 042V 0.32
mA/c mA mwW
m2
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1.7 Simulation Program

MATLAB Simulation software is used to simulate the dynamic behavior of a system that is represented by a
mathematical model. While the model is being simulated, the state of eachpart of the system is calculated at each
step of the simulation using either time-based. A detailed simulation program is developed considering climatic
conditions of Egypt.

Array Ene
Day | ArmayEnergy
Matched
Declination Angle o5
Energy Radiance Max Array
on slop surface Energy
Radlance
Instance Load Current
©)
Array Current Load Energy
";“ Array, Energ Production
ower bor day
Max Array Power Exceed Energy

Fig 15.Flow chart for simulated program.

2 . Design
This design has been building the system and the work of the technical and economic analysis on the basis that the

photovoltaic Array Production energy (110 KWh/day) in Cairo, Egypt. We will measure the output Energy for both
materials (Silicon and Gallium Arsenide) at the same conditions. Declination angle:

360
8§ =23.45sin[ (284 + n)x —

365
The instantaneous global radiation on tilted surface [16].
T COS W — COS Wy "
GT = —— Nt — 0y N w
24 sin wg' — wg €OS Wg

Current output from PV array [13].
v
IA = ISCXGT - (one /Vt)
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Table 1.2 The monthly average values of Hb, Ta and KT for Cairo[24].

Hb Ta KT
January 33 18 0.6
February 4.5 22 0.61
March 5.7 23 0.62
April 6.6 28 0.63
May 7.5 30 0.65
June 7.8 35 0.7
July 7.7 36 0.7
August 7.2 34 0.7
September 6.2 32 0.65
October 5 30 0.65
November 35 24 0.62
December 3 20 0.6

2.1 Design without Tracking (fixed panels system)

Obtain the array size for each solution at fixed Tilt angle f=30.Calculate energy production per array size using
Matlab simulation program. Compare energy production cost from each solution.

DCIAC Main Service

PV Array Panel

Inverter

Utility
-II 1 )
Diode

Grid-Interactive PV System w/o Battery Backup

—p Utility

Fig 16. Block diagram of fixed panelssystem atp=30 without storage batteries and on grid.
2.2 Design with Manual Tracking

Obtain the size for each solution at Tilt angle changing every day. Calculate energy production per array size using
Matlab simulation program. Compare energy production cost from each solution.
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PV
\%ay
\ Inverter Energy Electric
DC/AC Distribution Utility

Manual
Tracking
System

Fig 17. Block diagram of Manual Tracking System without storage batteries and on grid when Tilt angle changing
every day f=(o¢ -9).

3 RESULTS
3 .1 Design without Tracking (Fixed panels System)

For ¢=30°(Cairo, Egypt), Tilt angle B=30°. Monthly daily average energy produced by IKWp Silicon array installed
in Cairo (30°N) in KWh per day is shown below: -

Table 1.3 Monthly daily average energy produced by 1 KWp Silicon array for fixed system.

Month | Jan Feb Mar Apr May Jun

Energ

y
KWh/ 3.78 5.10 5.63 541 5.49 5.37

day
Mont

Jul Aug Sep Oct Nov Dec

Energ

y
KWh/ 5.38 5.62 5.44 5.16 3.86 3.44

day

Energy Kmhiday

1 2 3 < 5 =] 7 8 g9 10 11 12

During a year

Fig 18. Monthly daily average produced by 1IKWp in Cairo (30°N) with fixed system at =30 (Silicon).
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For GaAs array fixed system: -

Table 1.4 Monthly daily average energy produced by IKWp
GaAs array for fixed system

Month
on Jan Feb Mar Apr May Jun

Energy
KWh/day | 423 6.27 6.53 6.27 6.37 6.23

Month Jul Aug Sep Oct Nov Dec

Energy
KWh/day | 6.236 6.52 6.31 5.98 4.48 3.99

7
: ~ O O O
- O an C’ 9 ) a2 N ®)
B L ez d exn axe en |
= a9
£ 525
£ ~
= ¢ O
X . N a4 D)
= ap
5y £ 35 afs
)
©
g
2
H3
3 175
€
f © Energy Kwhiday
E
=
0

1 2 3 4 5 6 7 8 9 10 n 12

DQuring a year

Fig 19. Monthly daily average produced by 1IKWp in Cairo (30°N) with fixed system at =30 (GaAs).

The difference between Monthly daily average energy for Silicon and GaAs fixed panels System: -

Energy Kwhiday (Si}
Energy Kwh/day (GaAs)

7

3 O . ) .

& oY —0—0—o0-—0"Y0o_,

2 Q

g 525
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£ P O

=3 L. O
& &
4 35

2

a

3

= 175

3

)

£

1 2 3 4 5 6 7 ] 9 10 n 12

During a year .

Fig 20. Monthly daily average produced by 1IKWp in Cairo (30°N) with fixed system at =30 For Silicon and GaAs.
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3.2. Design with Manual Tracking System

For ¢ =30°(Cairo, Egypt), the optimum tilt angle B is (¢ —0). This value makes solar beam perpendicular on PV
modules at noon. Monthly daily average energy produced by 1KWp Silicon array installed in Cairo (30°N) in KWh

per day is shown below:-

Table 1.5 Monthly daily average energy produced by IKWp Silicon array for fixed system.

Month Jan Feb Mar Apr May Jun
Energy
KWh/d 4.22 5.40 5.63 541 6.10 6.28
ay
Month Jul Aug Sep Oct Nov Dec
Energy
KWh/d 6.14 5.82 5.44 5.30 4.26 3.92
ay
7
% _ & 528 2 14 h
3 = sa =53 54 = sa =3
g 5.3
E: 3.5 +p=2 4.26
Z'i 75
2
0 Enaergy Kavhvday (52)
1 2 3 -+ 5 6 7 5 9 10 N

Durnng a year

12

Fig 21. Monthly daily average produced by 1IKWp in Cairo (30°N) with manual tracking at change Tilt angle every
month (Silicon).

For GaAs array manual tracking system: -

Table 1.6 Monthly daily average energy produced by 1IKWp
GaAs array for manual tracking system.

Month
Jan Feb Mar Apr May Jun

Energy
KWh/day | 4.89 6.26 6.53 6.28 7.07 7.28
Month Jul Aug Sep Oct Nov Dec

Energy
KWh/day [ 7.12 6.75 6.31 6.30 495 4.55
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Fig 22. Monthly daily average produced by 1IKWp in Cairo (30°N) with manual tracking at change Tilt angle every

month.

The difference between Monthly daily average energy for Silicon and GaAs with Manual Tracking System:

Mendhly dally avarage energy (Kehim2day) for manual
tracking
-

,}--O—O"*--/\
’}"-(}"‘(:»/,: e \)"‘--(') O
A ~ QP
o Energy Kavhday (5]
© Energy Kavhiday (Safa)
1 2 3 -+ 5 6 7 8 9 10 n

12
During a year

Fig 23. Monthly daily average produced by 1IKWp in Cairo (30°N) with manual tracking at change Tilt angle every

month for Si and GaAs.
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4 ECONOMIC ANALYSIS

Compare between initial cost (EGP) per KWh and interest rate for all system when it is implemented in Egypt and
sold to the Egyptian government [25], [22].

Table 1.7 Comparing between initial cost, cost (EGP) per KWh and interest rate for each solution with all systems.

. . Manual Manual
Fixed Fixed R .
Compare System System Tracking Tracking
p ¥ ¥ System System

(Silicon) | (GaAs) (Silicon) (GaAs)

Initial Cost (EGP) 1,272,000 1,526,400 | 1,453,326.2 | 1,707,326
Cost / KWh
(EGP) 0.75 1.05 0.81 1.13
Without
Loan

Interest rate

(%) 11.50 12.75 10.60 11.20
Cost/ KWh
(EGP) 0.73 1.022 0.78 1.092
Loan
4%
I“‘e(r.;f;ra‘e 19.80 25.30 18.30 23.08
Cost/ KWh
(EGP) 0.88 1.23 0.94 1316
Loan 14%
Interestrate | ¢ g9 11.84 7.56 8.56

(%)
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Fig 24. Compare between Cost [(EGP) / KWh] when used payment method [without loan and loan 4% and loan
14%] for all systems.

5 CONCLUSION

This research considered comparison among PV systems (Fixed —Manual) using on grid system for producing 110
KWp. The criterion used in this research to determine the optimum solution is the cost of produced one-kilo watt-
hour. PV fixed panels system is Optimum economically among PV systems for both silicon and GaAs, where it is
less expensive to produce energy and more profitable. If exceeded energy is sold to Egyptian government (according
to new laws approved by Egyptian government), according to governmental facilities approved, it is allowed borrow
up to 70% of the initial cost of the project. Economic analysis showed that borrowing at 4% interest gives minimum
system cost. The profit in this case return on this project is expected to be 19.8 % for silicon and 25.30 for GaAs,
also in this system total cost to produce 1IKWh is about 0.73 EGP/KWh for silicon and 1.022 EGP/KWh For GaAs ,
It is less the cost price of production 1IKWh by conventional methods. We approved that GaAs have more efficiency
than Silicon but cost of silicon is less than GaAs.
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