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This paper presents a new approach for optimum design and implement of rooftop 
grid connected PV system installation on an institutional building at Minia 
University, Egypt as a case study. The new approach proposed in this paper based on 
optimal configuration of PV modules and inverters according to not only MPP 
voltage range but also maximum DC input currents of the inverter. The system can 
be installed on the roof of Faculty of Engineering buildings’ B and C. Four different 
types of commercially available PV modules and inverters have been used in this 
study. Many different configurations have been investigated and a comparative study 
among these configurations has been carried out taking into account PV modules and 
inverters specifications. Energy production capabilities, cost of energy, simple 
payback time and GHG emissions have been estimated for each configuration using 
proposed MATLAB computer program. 
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1. INTRODUCTION 

 
Increasing environmental concerns and global dependence on electricity have 

directed attention to the importance of producing electric power in a sustainable 
manner with low emissions of GHGs, particularly CO2.In Egypt, total GHG emissions 
were estimated at 137.11 Mt of CO2 equivalent, out of which more than 70% was 
emitted from energy sector including about 35% attributed to the electricity sector [1]. 
In the context of addressing environmental issues and climate change phenomena, 
Egypt signed Kyoto Protocol in 1997 and ratified it in 2005. According to the Kyoto 
Protocol, the developed and industrialized countries are obliged to reduce their GHG 
emissions by 5.2% in the period of 2008-2012 [2]. To  achieve  this,  many  
industrialized  countries  seek  to  decarbonize electricity  generation  by  replacing  
conventional  coal  and  fossil  fuel  fired  plants  with renewable technology 
alternatives. The  favorable  climate  conditions  of  Upper Egypt  and  recent  
legislation  for  utilizing  renewable energy sources give a real incentive for 
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installation of PV systems in Egypt. The long-term security requirement of Egypt is to 
reduce the dependence on imported oil and natural gas and proceed towards the use of 
renewable energy alternatives. 

The  endless  supply  of  sunlight and wind  and  their  zero  emission  power 
generation  become  a  driving  force  in  the  fast  growth  of  PV and  Wind systems 
technology. Unlike the dynamic wind turbine, PV installation is static, does not need 
strong high towers, produces no vibration, and does not need cooling systems. In 
addition, it is environmentally friendly, safe, and has no gas emissions [3]. They vary 
in complexity, some are called “stand-alone or off-grid” PV systems, which means 
they are the only available source of power to supply building loads. Further 
complicating the design of PV systems is the possibility to connect the PV system 
generation to the utility “grid connected or on-grid” PV systems, where electrical 
power can either be drawn from grid to supplement system loads when insufficient 
power is generated or can be sold back to the utility company when an energy surplus 
is generated. This approach typically does not include the expensive storage battery 
systems. Besides the large scale solar PV farms, the market of residential PV power 
generations has grown rapidly in recent years by the encouragement of local 
governments and utility companies. An interesting problem related to PV systems is 
the optimal determination of their size. The sizing procedures of stand-alone or grid 
connected PV systems is a complex problem which aims to obtain acceptable energy 
and economic cost for the consumer [4]. E.D. Mehleri et al.[5] presented an 
optimization based approach for evaluation of renewable energy resources on a Greek 
residential sector taking into account site energy loads, local climate data, utility tariff 
structure, characteristics of renewable energy technologies (technical and financial) as 
well as geographical aspects. H. H. El-Tamaly and A. A. Elbaset [6] proposed a 
computer program to determine optimal design of PV system to be installed at 
Zafarana site to feed the load demand. The proposed computer program based on 
minimization of energy purchased from grid. A. Fernandez-Infantes et al.[7] 
developed a specific computer application for automated calculation of all relevant 
parameters of the installation, physical, electrical, economical as well as ecological 
for  designing a PV system installation that may be either used for internal electric 
consumption or for sale using the premium subsidy awarded by the Spanish 
Government. R. Haas et al.[8] investigated the socio-economic aspects about an 
Austrian 200 kWp-rooftop program (100 PV systems with an average capacity of 2.28 
kWp) to promote small grid-connected PV systems in Austria. N. K. Bansal and S. 
Goel [9] discussed integration of 25 kWp solar PV system in an existing building of 
cafeteria on the campus of Indian Institute of Technology, Delhi by creating a solar 
roof covering an area of about 250 m2. The system was found to be optimum if 
integrated with an angle of 15o tilt with relation to north-south axis, in Delhi's 
climatic conditions, therefore giving it higher efficiency. Kornelakis and Koutroulis 
[10] analyzed optimization of grid-connected PV systems using a list of commercially 
available system devices, they select optimal number and type PV module 
installation, in such a way that the total net economic benefit achieved during the 
system’s operational lifetime period is maximized. 

 
2. PROBLEM FORMULATION 

 
Egypt is experiencing one of its most serious energy crises for decades. Power 

cuts in Egypt has escalated in recent years due to the shortage of fuel necessary to run 
power plants and overconsumption of loads especially in summer season, which 



 

-73- 
 

negatively affect various levels of social and economic activities. On the other hand, 
Egypt has some of the highest GHG emissions in the world. To solve problems of 
power cuts and emissions, Egypt is taking impressive steps to rationalize consumption 
and optimize the use of electricity in addition to develop and encourage PV system 
projects that can be deployed on rooftop of institutional and governmental buildings. 
As a result, Egypt government intends to implement about 1000 of grid-connected PV 
systems on the roof of governmental buildings. As a case study, this paper presents a 
new approach for optimum design of 100 kW rooftop grid connected PV system for 
Faculty of Engineering buildings. 
 

3. SELECTED LOCATION 
 
To ensure acceptable operation at minimum cost, it is necessary to determine the 

correct size of rooftop PV system taking into account meteorological data, solar 
radiation and exact load profile of consumers over long periods. These factors will be 
discussed in the following sections.  
 

3.1 Location Description 
 

100 kW grid connected PV system install on rooftop of educational buildings B 
and C of Faculty of Engineering, Minia University is considered. Faculty of 
engineering which located in Upper Egypt was established in the late 1976s. It 
composed of three buildings A, B and C. Net roof areas available for buildings B and 
C are 2100 m2 and 3100 m2 respectively. Coordinate of selected site is 28.1014 (28o 
6’ 5’’) oN, 30.7294 (30o 43’ 46’’) oW. Electrification of faculty of engineering is often 
realized through an electric distribution network via three transformers with rated 
1000, 500 and 500 kVA from Middle Egypt for Electricity Distribution Company. 
Fig. 1 shows a Google Earth™ image of the selected site. 

 

 
 

Figure 1. Google Earth™ image of Faculty of Engineering buildings’ layout. 
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3.2 Load Data 
 

At the beginning, the load demand of faculty of engineering has been gathered. 
Table 1 provides most electrical appliances used in the faculty, while Table 2 provides 
energy consumption during a recent year, 2013 which have been taken from Upper 
Egypt Electricity Distribution Company. These values actually gotten from electricity 
bills paid by the university, where university is the largest customer of its energy 
supplier. According to energy bills, it was noticed that energy consumed continues to 
increase due to the increasing loads that faculty added during the recent period. Also 
it was found that the faculty pays 25 piaster/kWh (3.57 cent/kWh) up to 2012 year as 
an energy tariff, it is considered as power service on low voltage according to the 
tariff structure of the Egyptian Electricity Holding Company. Starting from January, 
2013 the energy tariff increased by about 13.8 % to be 29 piaster/kWh (4.14 
cent/kWh). It is expected that, tariff structure continues to increase to reduce 
governmental subsides. 

 
Table 1. Typical electrical appliances. 

 

Floor 
Load type 

Total power / 
floor Lights  

40 W 
Fans  
80 W 

Air-conditions  
3 HP 

N
o

. 
o

f u
n

its
 Ground 565 36 4 34432 

First 510 37 11 47978 
Second 435 33 3 26754 
Third 426 32 4 28552 
Fourth 416 20 2 22716 
Sum 2352 158 24 - 

Total power 94080 W 12640 W 53712 W 160432 W 
 
 

Table 2. Typical energy consumption in the faculty for a recent year. 
 

Month Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. Yearly 

2013 
Energy 
(MWh) 

71.88 54.78 50.04 67.44 62.04 76.26 80.40 97.44 110.278 98.46 113.76 105.04 980.33 

 
 

3.3 Climate Information 
 

Strength of irradiation is the primary consideration in selecting site for PV 
installation. Hourly data of solar direct irradiance and ambient temperatures are 
available for one year. Table 3 shows monthly average radiation on the horizontal 
surface obtained from Egyptian Metrological Authority for El-Minia site, Egypt.  

 
Table 3. Monthly average climate data (kW/m2/day)for El-Minia, Egypt 

 

Month Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. 

Radiation(kWh/m2) 
4.7 5.78 6.58 7.87 8.03 8.25 7.9 7.70 7.20 6.50 5.59 4.77 

Temp., T  (Co )    14.3 16.9 17.95 34.3 23.7 30.15 33.3 30.6 31.1 26.7 21.55 18.2 
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4. SYSTEM MTHODOLOGY 
 

4.1 Monthly Best Tilt Angle 
 

The new approach presented based on monthly best tilt angle tracking system of 
PV modules. The monthly best tilt angle can be calculated according to the following 
equations [11]: 

          (1) 

where, ,tilt angle of solar cell modules, degrees; , Site latitude, degrees 
The declination angle, , can be calculated for the Northern hemisphere in terms of an 
integer representing the recommended day of the year, n, by: 

       (2) 

 
4.2 Calculation of Radiation on the Tilted Surfaces 

 
Average daily solar radiation on horizontal surface, , for each calendar month 

can be expressed by defining, , the fraction of the mean daily extraterrestrial 
radiation, , as: 

          (3) 

The average daily radiation on the tilted surface, , can be expressed as follows: 

        (4) 

 can be estimated individually by considering the beam, diffuse and reflected 
components of the radiation incident on the tilted surfaces toward the equator. 
Assuming diffuse and reflected radiation can be isotropic then  can be expressed as 
follows [11]: 

   (5) 

    (6) 

where is the ratio of the monthly average beam radiation on the tilted surface to 
that on a horizontal surface for each month. It is a function of the transmittance of the 
atmosphere, which depends on the atmospheric cloudiness, water vapor and particular 
consideration. However,  can be estimated to be the ratio of the extraterrestrial 
radiation on the tilted surface to that on horizontal surface for the month, thus [11]: 

 

     (7) 
where,       (8) 
     (9) 

 
4.3 Calculation of Average Power for One PV Module 

 
The equivalent electrical circuit describing the solar cells array used in the 

analysis is shown in Fig. 2. The mathematical equation describing the IV 
characteristics of a PV solar cells array is given by: 
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              (10) 

where, I(t) is the output current, Amp, V(t), is the output voltage, Volt, Amp., is the 
ideality factor for p-n junction, T(t),is the temperature, Kelvin, K, is the Boltzmann’s 
constant in Joules per Kelvin, and, q, is the electron charge in Coulombs. Rsh and Rs 
are the shunt and series resistance of the cell. Io(t): The hourly reverse saturation 
current, Amp. This current varies with temperature as follow: 

                 (11) 

: The hourly generated current of solar cells module. This current varies with 
temperature according to the following equation: 

                (12) 

where, Tr is the reference temperature, oK, Ego, is the band-gap energy of the 
semiconductor used in solar cell array, KI is the short circuit current temperature 
coefficient, and,   is the saturation current at Tr, Amp. .is the average hourly 
radiation on the tilted surface, . Isc is the PV cell short-circuit current at STC. 
The output of the solar .cell module can be calculated by the following equation: 

                  (13) 
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Figure 2. Equivalent circuit of PV array 

 
Table 4. Technical Characteristics of the selected PV solar modules 

 
                    Solar cell type 
Item 

Mitsubishi  
PV-UD190MF5  

Suntech  
STP270S-24/Vb 

ET MODULE 
 ET-P672305WB/WW 

1Sol Tech 
1STH-350-WH 

Nominal Peak Power (Pmax) 190 W 270 W 305 W 350 W 
Open circuit voltage, (Voc) 30.8 V 44.8 V 45.12 V 51.5 V 
short circuit current, (Isc) 8.23 A 8.14 A 8.78 A 8.93 A 
Voltage at Pmax , (Vmpp) 24.7 V 35.0 V 37.18 V 43.0 V 
Current at Pmax , (Impp) 7.71 A 7.71 A 8.21 A 8.13 A 
Dimensions, m 1.658*0.834 1.956*0.992 1.956*0.992 1.652*1.306 
Area, m2 1.382772 m2 1.940352 m2 1.940352 m2 2.157512 m2 
Efficiency 13.7 % 15 % 15.72 % 16.2 % 
Number of cells 50 cell 72 cell 72 cell 80 cell 
Cell type (Silicon) Polycrystalline Mono-crystalline Polycrystalline Mon-crystalline 
Price/unit $340 $753 $305 $525 

 
Depending on the manufacturing process, most of PV modules can be of three 

types Mono-crystalline Silicon, Poly-crystalline Silicon and Amorphous Silicon. Two 
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different Silicon solar cell technologies (Mon-crystalline and Polycrystalline) with 
four different selected types of commercially available PV modules (i.e.190W, 270W, 
305W and 350W) have been used in the proposed approach as shown in Table 4. 
 

4.4 Proposed Approach for Calculating PV modules 
 

The number of subsystems depends on the inverter rating and size of PV system. 
To determine the number of subsystems, , inverter rating and module data must 
be known,  

                   (14) 

Series and parallel combination of each PV subsystem can be adjusted according 
to not only the MPP voltage range but also maximum DC input current of the inverter. 
Estimation of the initial total number of PV modules, , for each subsystem 
can be calculated as follow: 

                   (15) 

where, , nominal DC peak power of module, kWp. Most manufacturers of  
inverters  for photovoltaic  systems make a  wide  range  between the maximum and  
minimum  values of  MPP voltage range (Vmpp_max, Vmpp_min),  where inverters act 
properly and  has  no  problem to  find  the maximum  power  point in  where  the  
module  is working. Minimum and the maximum number of PV modules that can be 
connected in series in each branch, Ns_min and Ns_max respectively, are calculated 
according to the MPP voltage range as follows: 

                  (16) 

                  (17) 

where optimal number of series modules Ns_sub  is located in the range of 

 
Minimum and the maximum number of PV modules that can be connected in parallel 
in each subsystem, Np_min and Np_max respectively, are calculated as follow: 

                  (18) 

                  (19) 

where optimal number of parallel modules Np_sub is located in the range of 

 
Number of PV modules connected in parallel Np_sub may be set to Np_min but cannot be 
set to Np_max, because the DC current results from all parallel strings may be higher 
than the maximum DC input of the inverter which may damage the inverter. 
For each number of series modules, Ns_sub in the series range calculated previously, 
estimation of the corresponding parallel modules, , for each subsystem can be 
calculated as follow: 

                  (20) 
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Then, recalculate the total number of PV module according to each resulted series and 
parallel combination: 

                  (21) 

Assuming that inverter is operating in the MPP voltage range, the operating input 
voltage, , and current of the inverter, , can be calculated as follows: 

                  (22) 
                  (23) 

From previous calculations, a database containing probable series and parallel 
combinations, PV modules, DC input voltage and current for each subsystem is 
formed. Optimal total number of PV modules, , for each subsystem is selected 
according to minimum number of PV modules which satisfy not only the MPP 
voltage range, but also the maximum DC input current of the inverter: 

                   (24) 

4.5 Inverter Selection 

Inverters are a necessary component in a PV system generation used to convert 
direct current output of a PV array into an alternating current that can be utilized by 
electrical loads. There are two categories of inverters, the first category is 
synchronous or line-tied inverters which are used with utility connected PV systems. 
While the second category is stand alone or static inverters which are designed for 
independent utility free power systems and are appropriate for remote PV installation. 
Three different types of commercially available line-tied inverters (i.e. 20 kW, 50 kW 
and 100 kW) have been used associated with capital costs as revealed in Table 5. 
 

Table 5: Characteristics of the different inverter ratings 
 

        Inverter type 
Specification 

Sunny Tripower 
20000TL 

HS50K3 HS100K3 

Manufacturer 
SMA Solar  
Technology 

Han’s Inverter & 
Grid Tech. co. Ltd. 

Han’s Inverter & 
Grid Tech. co. Ltd. 

Max. DC power (Pinverter) 20.45 kW 55 kW 110 kW 
Max. DC voltage 1000 V 880 V 880 V 
Min. DC voltage to start feed in 200 V 200 V 200 V 
Max. DC current 36 A 122 A 245 A 
MPP voltage range 580~800 V 450~800 V 450~820 V 
Max. AC power 20 kW 50 kW 100 kW 
Output voltage 230, 400 V 400 V 400 V 
Max. AC current 29 A 80 A 160 A 
Frequency 50 Hz 50 Hz 50 Hz 
Price/unit $3870 $8060 $14500 

 
4.6 Economic Analysis 

 
The most critical factors in determining the value of energy generated by PV 

system are the initial cost of the hardware and installation, and the amount of energy 
produced annually [12]. Commonly calculated quantities are simple payback and cost 
of energy (COE). A grid connected PV system is economically feasible only if its 
overall earnings exceed its overall costs within a time period up to the lifetime of the 
system. The time at which earnings equal cost is called the payback time (SPBT). 
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4.6.1 Cost of Electricity (COE) 

The economical aspects are crucial for PV systems because of their high capital 
cost, which have influence on cost of kWh generated by them. COE is a measure of 
economic feasibility, and when it is compared to the price of energy from other 
sources (primarily the utility company) or to the price for which that energy can be 
sold, it indicates feasibility. 
Initial capital investment cost, , is the sum of the investment cost of parts of PV 
system, i.e., PV array, ; DC/AC inverter,  and miscellaneous cost, 
(Wiring, conduit, connectors, PV array support and grid interconnection). 

                  (25) 

Miscellaneous cost,  can be determined as follow: 

                (26) 

where, , labor installation cost, $/unit; , installation materials cost 
(wiring, conduit and connectors), US$; , hardware mounting cost, US$; , 
grid interconnection cost, US$. 
The COE ($/kWh) is primarily driven by the installed cost and annual energy 
production of system which can be calculated form the following equation: 

                   (27) 

where, , maintenance cost, US$; AEP, Annual Energy Production of the PV 
system, MWh/year. 

4.6.2 Simple Payback Time (SPBT) 

A PV system is economically feasible only if its overall earnings exceed its 
overall costs within a time period up to the lifetime of the system. The time at which 
earnings equal cost is called the payback time. In general a short payback is preferred 
and a payback of 5–7 years is often acceptable. SPBT provides a preliminary 
judgment of economic feasibility, where SPBT calculation includes the value of 
money, borrowed or lost interest, and annual operation and maintenance costs can be 
calculated as follows[12]: 

                             (28) 

where, , Price of energy displaced, US $/kWh. 

Economic parameters considered in the proposed rooftop grid connected PV 
system are shown in Table 6. 

Table 6. Economic parameters considered for the proposed system. 
 

Description Value Notes 
Installation labor cost ($/hour) [13]  16.66 0.43 hr./unit 
Installation Materials cost [Wiring, 
conduit, connectors] ($/module) [13] 

3.60  

Mounting structure cost ($/Wp) [14] 0.080  
O&M costs, ($/year) [15] 425.60  
Grid Interconnect cost ($) [13] 2,000  
Life time, N (years) 25  
Tracking system Monthly  
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5. APPLICATIONS AND RESULTS 

A new computer program has been developed based on above methodology for 
design and economic analyses of grid connected PV system. The total load demand of 
the faculty is about 160.432 kW as shown from Table 2. However, these loads do not 
work all at one time, on the contrary working for a short time. Assuming demand load 
of 60% of the total load demand, so a capacity of Psystem = 100 kW rooftop grid 
connected PV system is proposed. According to the Egyptian legalization, the feed-in 
rates vary depending on usage. Households will receive EGP 0.848 ($0.118) per 
(kWh), commercial producers EGP 0.901 (under 200 kW) and EGP 0.973 for 
producers of 200 kW to 500 kW[16]. The emission factor is set to be 0.699 kg CO2-

eq/kWh [17]. 

The electric characteristics of the PV module depend mainly on the irradiance 
received by the module and the module temperature. Figs. 3 and 4 demonstrate the 
electrical characteristics of selected module at specific hour over the day at different 
levels of irradiance and constant temperature for two days, one during a day in March 
and the other during a day in December. The amount of energy generated by the solar 
PV panel depends on peak sun hours available where peak sun hours vary throughout 
the year. It can be seen that, the peak power generation during a day in March is about 
298.57 Watt which occurs between 12:00 PM. and 1:00 PM, while that for a day in 
December is about 222.13 Watt and occurs between 1:00 PM and 2:00 PM. The 
difference depends on the intensity of Sun radiation incident on the PV modules. 
Also, noticed that, the characteristics of PV module appear every hour in March due 
to presence of irradiance, unlike in December due to the weather clouds that 
occasionally scatter some of the sun’s energy preventing it from reaching the ground. 
Clearly the change in irradiance has a strong effect on the output power of the 
module, but negligible effect on the open-circuit voltage.  

 
 Figure 3. P-V characteristics of ET-305 W PV module during a day in March 
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Fig. 4: P-V characteristics of ET- 305 W PV module during a day in December 

Table 7 shows configuration details for each subsystem. AEP resulting from 
proposed PV system are calculated in Table 8. From this table, although, the 
combination between ET-P672305WB PV module and HS100K3 inverter has the 
minimum price for kWh generated (0.6725 $/kW), this is not the best combination 
due to system reliability. Also, it can be seen that, the maximum generated energy 
from HS50K3 with two subsystem is equal to 208.83 MWh, meanwhile the optimal 
system configuration consists of ET-P672305WB PV module and HS50K3 inverter 
based on lowest cost of kWh generated (0.6792$/kWh) and system reliability. 

Table 7. Specifications for each subsystem 
 

Inverter 
type 

 Solar cell type 
Details 

Mitsubishi  
PV-UD190MF5 

Suntech 
STP270S-24/Vb 

ET MODULE 
 ET-P672305WB/WW 

1Sol Tech 
1STH-350-WH 

S
u

nn
y 

T
rip

o
w

er
 

2
0

00
0T

L 

5
 s

ub
sy

st
em

 

NS_sub 27 19 17 15 
NP_sub 4 4 4 4 
NPV_sub 108 76 68 60 

Vsub 666.9 V 665.0 V 632.06 V 645.0 V 
Isub 30.84 A 30.84 A 32.84 A 32.52 A 

H
S

5
0

K
3

 

2
 s

ub
sy

st
em

 

NS_sub 29 17 13 16 
NP_sub 10 12 14 10 
NPV_sub 290 204 182 160 

Vsub 716.3 V 595.0 V 483.34 V 688.0 V 
Isub 77.1 A 92.52 A 114.94 A 81.30 A 

H
S

1
0

0
K

3 

1
 s

u
b

sy
st

em
 

NS_sub 20 17 19 15 
NP_sub 29 24 19 21 
NPV_sub 580 408 361 315 

Vsub 494.0 V 595.0 V 706.42 V 645.0 V 
Isub 223.59 A 185.04 A 155.99 A 170.73 A 

 
Table 8. AEP and COE result 

 
Parameter 

              Solar cell type 
Inverter type 

Mitsubishi  
PV-UD190MF5 

Suntech 
STP270S-24/Vb 

ET MODULE 
 ET-P672305WB/WW 

1Sol Tech 
1STH-350-WH 

AEP 
(MWh/yr.) 

 

Sunny Tripower 
20000TL 

228.8893 228.5928 195.0641 238.2875 

HS50K3 245.8443 245.4365 208.8333 254.1732 
HS100K3 245.8443 245.4365 207.1121 250.2018 

COE 
($/kWh) 

 

Sunny Tripower 
20000TL 

0.9565 1.3988 0.7017 0.7984 

HS50K3 0.9370 1.3793 0.6792 0.7804 
HS100K3 0.9304 1.3727 0.6725 0.7756 
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6. CONCLUSION 
 

This paper presents a new approach for optimum design of rooftop grid-
connected PV system based on optimal configuration of PV modules and inverters 
according to not only MPP voltage range but also maximum DC input current of the 
inverter and system reliability. The optimal configuration with two subsystems 
(HS50K3 inverter) consists of 182Polycrystalline silicon PV modules (ET-
P672305WB). The  PV  modules  are  arranged  in  14  parallel  strings ,  with  13  
series modules  in  each. The annual energy production is estimated to be 208.83 
MWh with $0.6792 for each kWh generated. Also, the model estimates that, 145.97 
tons of CO2-eq annually will be avoided as the rooftop grid connected PV system 
replaces the need of some electricity from the existing utility grid. 
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