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ABSTRACT: 

Photovoltaic (PV) power system may become a competitive energy 
source for a single family residence with a I oof top solar cell array. A proposed 
approach is introduced to identitjr and re? olve engineering problems that may 
result fiom the use of residential PV systems. This approach is stated as a step- 
by-step to develop the construction and technical p~ifomance considering the 
y eak power of the system, the p e r f o m c e  of PV module used and installation 
site characteristics. Also, the electric system description, instruments, 
protection, maintenance and reliability verification are assessed. 

The proposed approach is applied to a PV system of 1 kW peak 
power for residences at different Egyptian sites. Also, one year's solar data at 
the considered sites are used to show the operation performance. 

Results of this work may be of significant value in regard to the 
construction and operation of residential PV system in the near future in m y  
of the world countries as well as in Egypt. Also, the proposed approach may be 
generalized to install residential PV system with Mtxent ratings (peak powers) 
at any site under various meteorological and operating conditions. 

1- INTRODUCTION: 

The solar energy option for energizing load demand in the regions 
above and below the Equator, extending f?om about 30" appears to be viable 
and worth consideration. This energy is non depletable and non polluting 
source. Photovoltaic power (PV) system is the main tool for conversion of 
solar energy into electricity. This is due to its low cost, high efficiency with 
respect to other alternatives, and require short time fir construction [I]. 
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PV systems are more suitable for stand-alone operation, especially for 
remote applications, and can be conn'ected to distribution or subtransmission 

systems. The utility power grid solves two major problems of PV generation. 
These are a guaranteed supply of power and the storage of excess energy 
generated. However, with no utility grid, a storage battery or / and back up 
diesel generator are commonly employed [2].  

Because PV technology shows promise of commercial readiness for 
residential use before the end of this decade, it is incumbent upon authors to 
address the very practical and d.iflicult issues before the technology is actively 
marketed. Some of these specific issues are: 

- PV system analysis and performance verification. 
- PV subsystems integration. 
- PV system installation. 
- Maintenance, durability and reliability. 
- Residential PV system design. 
- PV-utility interfacing. 
- Residential PV system economics. 

In 1979, the Florida Solar Energy Center began a feasibility study to 
determine the appropriateness and cost of designing and operating an 
experimental photovoltaic residence on its site at Cap Canaveral, florida [3]. 
Also, a prototype PV system was built comprising the fbU-size PV array as 
would be used in a lived residence at the southwest in Las Cruces, New Maxico, 
by BDM Corporation [4,5]. 

For possible wide application of PV systzms, the performance of a 
commercial PV module exposed to local field conditions has been investigated 
[6,7]. Also, residential PV system has been designed and its economy has been 
evaluated [8]. However, construction, subs$em integration, performance 
verification and maintenance of this system has not been developed. This paper 
presents an approach to solve the engineering problems associated with 
constructed and operating performance of residential PV system in Egypt. 

2- PROPOSED APPROACH: 

The approach introduced here is for constructing and evaluating the 
operating performance of a residential PV system. This approach is summarized 
as follows: 

2.1- Construction of PV System: 

The PV array size (S,) required to identlfL the peak power of a PV 
system (P,), considering the installation site characteristics and the performance 
of PV module used, is given as: 

s,=P,/Htprlof, (1) 

where; Ht, is the peak value of solar radiatioa received on tilted wrfkce, q, is the 
overall efficiency of PV system, and f ,  is the packing factor, and q, is given as: 

l l o  = l l m  r lpc  r l d  



where; qm is the module efficiency at normal operating cell temperature 
(NOCT), q, is the efficiency of power conditioner and q d  is the distribution and 
interconnection efficiency. 

Corresponding to the standard area of the module used (L) and &, 
the number of PV modules (Nm) is determined. Then, Nm is manged in series 
and in parallel to produce the voltage required by foe power conditioner. Also, 
these modules are codigure into an array composed of strings and branches 
with by pass diodes to obtain the construction of PV array required. 

2.2- Performance of PV System: 

The solar data at PV installation site is used to determine the average 
dady solar radiation received on the PV array through the year months [9]. 
Then, the monthly (I&,) and yearly (&) solar radiation received on PV array 
are obtained as: 

12 

H,=CH, 
m=l 

(3) 

where; fi, is the average daily solar radiation received on PV array in kWh/ m2 
for month m, and n is the number of days of this month. 

The monthly7 &(DC), and yearly, Ea(DC), DC energy output of the 
PV array constructed in section 2.1 are coanputed as: 

where; E and fi are the soiling and degradation factors respectively, and qtb is 
the efficiency of temperature correction factor to adjust module efficiency. The 
value of qth is deduced monthly which is dependent on Hi, and the average 
monthly ambient temperature (Tm) at the considered site. It is determined as: 

where; Tom is (Tcm - 45) and T, is the average cell operating temperature during 
the month m and is given by [lo]: 

Tcm = Tm -t 2.70 H, (7) 
The montbly, E&(AC), and yearly, E,(AC:), AC energy output of the 

employed PV system are calculated as: 



Thus, The average PV array efficiency is developed as hc t ion  of & and 
While the average PV system efficiency is &educed as a hc t ion  of Ht, and 
L(AC). 

The PV System Capacity Factor ( C.F.,) is defined for the year months 
as follows: 

C.F.v = Krn (AC) / P,, n t, (10) 

where; t, is the average daily sun rise hours of the considered month. 

The electrical system description, instruments, protection, maintenance, 
and system reliability verification and diagnostics are assessed for the proposed 
residential PV system as follows: 

a- Electric system description: Each module utilizes a by-bass diode, and 
each string is isolated from the active array for current, voltage or other 
diagnostic measurements without disturbing the overall system operation. I l e  
control panel allows connection to inverters. IntLividual string currents are 
displayed on an ammeter panel located adjacent to the array controlpinel 
These meters serve as gross indicators of individual string performance and 
facilitate module electrical degradation or failure. 

b- Instruments: The instrumentation system of a PV residential hcility 
can be classified into four subsystems. These are meteorological, DC, AC and 
house / array conditions. Meteorological subsystems are usually installed by 
Meteorological Authority (MA) over world countries. From these MAS, 
temperature, incident solar radiation on horbontal stdace, wind speed/direction, 
raidi& barometric pressure and ambient relative humidity are provided for 
different sites and days of the year. The DC subsystem incorporates voltage, 
current and energy Sormation of the PV array. The AC power components 
monitored are the residential load and inverter output. A redundant energy 
monitoring system employing kWh meters which are used to record house usage 
and inverter supply energies. 

c- System protection and grounding: Series blocking diodes are necessary 
to prevent the backed of energy fiom the power conditioner to the solar array. 
Also, the inclusion of bypass diodes across each module in the PV array 
minimises the effect of a module open-circuit fkilure on the total PV system 
performance, power output and efficiency. , . , 

Full-line-voltage restored and fhes  are used to protect inverters. Two 
zink oxide resistor are connected between the positive and negative buses and 
grounded to absorb induced transient current. Also, fidl syst'ein is grounded. On 
the DC side of the system all metal parts associated with the array are connected 
to a single ground wire near the center of the array, then connected to earth 
ground. This grounding minimises the peak DC voltage stress to ground. The 
metal cabinet of power conditioner and all other metal enclosure within the 
building are also grounded [5].  If the inverter output to residential-AC service 
contains a neutral wire, it is required that the neutral be earth grounded at the 
residential load center. This connection establishes the AC ground. 



d- Maintenance of PV array: During the systc:m life-time, three areas of 
routine system maintenance are carried out. These are module fiilure 
detection, module's Mure removal I replacement, and array washing [3]. 

Open-circuiting is the most common &lure mode found with PV 
modules. The procedure for finding a module hilure begins with disconnecting 
the inverter fiom PV array. Then, the open-circuit voltage of each string is 
measured during medium to high irradiance conditiois. The string which has low 
voltage than other string has shadow module 01- modules. This module is 
identified as having open-circuit failure if it shows zero short-circuit current 
across the bypass diode of the module. 

The second maintenance task is to replace a module or modules. 

The h a 1  task of system maintenance is .routine washing of PV array 
[ 5 ] .  It is accomplished easily by a professional window washer using standard 
equipment and procedure. 

e- System reliability verification and diagnostics: General performance 
and reliability is verified though the daily visual inspection of various meters. 
The array is also viewed to note any damaged or dirty modules. 

At least once a month, detailed diagnostic checks are made on the 
system performance and reliability. These diaguosiic checks include the power 
output and efficiency 

3 - APPLICATION: 

The proposed approach in sectilm 2, and meteorological data are 
utilized to constnuct a 1 kW- PV system to :,upply residences at difFerent sites of 
Egypt. These sites are Alexandria (3 1 " 30' N), Shebin El-Kom (30" 27' N), 
Cairo (30" 5' N) and Aswan (23" 52' N). Polycrystalline photovoltaic modules 
are used here to complete the 1 kW peak roof array at the aforementioned sites. 
Each module has a gross area of 0.744 m2 and a peak output of 60 w&s [6]. 
Appendix (I) gives specifications ofthese modules. 

The number of modules and the gross area of PV array are determined 
at merent sites of Egypt and given as: 

Site Alexandria Shebin El-Kom Cairo Aswan 
No. of modules 20 20 18 16 

Gross area of PV array 14.88 14.8:3 13.39 11.90 

Figure 1 depicts the construction of the PV array at Cairo site. It 
consists of two parallel branches each contains 9 series modules. This 
construction is two parallel branches each con1;ains 10 series modules at 
Alexandria and Shebin El-Kom sites, and two parallel branches each contains 8 
series modules at Aswan site. 



However, multi power conditioning units (PCUs) may result in lower 
values of lost production because only PCU portio~. of the field is shut down if 
one PCU fails [11,12], two PCUs each of them has: a rated power of 500 W is 
used in this work. Figure 2 shows the electrical sircuit ofthe proposed PV 
system for supplying residential loads. While Figure 3 illustrates the AC 
distniution panel and metering devices. 

The hourly solar radiation and average monthly temperature at Cairo 
site measured by Meteorological Authority of Egypt are utilized here to develop 
the operating performance of the proposed PV system. Figure 4 shows the 
hourly solar radiation received on the array of this system [13]. This figure gives 
the average daily solar radiation received on unit area of PV array through the 
year months. The results of this figure are listed CI Table 1. These results are 
tabulated m kwh for different year months (Hb). These I&, are used with 
Equation (4) to estimate monthIy DC output of IPV array study and listed m 
column 3 of Table 1. Column 4 of this table gives thr: average monthly PV array 
efficiency. The average monthly cells temperature is deduced by Equation (7) 
and given in last c o h  of Table 1. 

The monthly AC output of inverters in Figure 2 are determined, at an 
average inverter efficiency of 90 % [12], and listed in column 3 of Table 2. The 
monthly system efficiency is deduced and given in column 4 of Table 2. Equation 
(10) is used to estimate the monthly system capacity factor, and shown m last 
column of this table. 

The results of operating perfoimce of the proposed PV system at the 
considered site are obtained ftom Table 1 md 2 as: 

Annual solar radiation received on PV array 2640 1 kwh 
Annual DC output 2216 kwh 
PV array average eflciency 8.42 % 
Annual AC output 1996 kwh 
System average efJicciency 7.58 % 
System average capacity factor 0.42 p.u. 

Also, the operating performance of the proposed PV system is 
determined at other Egyptian sites study and revealed the annual AC output as 
1685, 1870 and 2290 kWh at Alexandria, Shebin El-Kom and Aswan 
respectively. 

The economical model m Ref [14] is used here to develop the economy 
of the proposed PV system. This economy is deduced considering the following 
assumptions: 
1-The capital investment of PV system (PV array, inverter, wire, etc.) is 2 $/W,,. 
2- The &time of PV system is 25 years. 
3- The interest rate is 8%. 
4- The running cost is 2 % of the captial investment. + . 



Figure 5 gives the unit energy cost (UEC) of the.proposed PV system 
at the study sites of Egypt. This figure concluded the UEC as 11.1, 10.0,9.4 and 
8.2 @Wh (37.4, 34.0, 3 1.7 and 27.9 p&Wh) at Alexandria, Shebin El-Kom, 
Cairo and Aswan sites respectively. 

CONCLUSIONS: 

A proposed approach has been introduced in this paper to evaluate 
overall residential PV system construction, electric system description, 
instruments, protection, and maintenance. Also, the operating performance of 
this system is assessed considering the peak power of the system, the 
performance of PV module used and instal la ti or^ site characteristics. This 
approach is applied to evaluate a standard 1 kW peak PV system for residences 
at merent sites of Egypt. The remarkable results of this application are: 

1-The PV array area varies from 11.9 m2 at A:jwan site to 14.88 m2 at 
Alexandria site, and the number of modules varies fiom 16 to 20 at the 
aforementioned sites. 

2-PV array efficiency varies fkom 8.46 - 8.53 % in winter months and fkom 8.23 
- 8.32 % in summer months. 

3-PV system energy output varies fiom 66 - 233 kWk through the year months. 

4-PV system efficiency varies fiom 7.41 - 7.67 % through the year months. 

5-The capacity factor of the PV system varies from 0.18 - 0.52 through the year 
months. 

6-The substrate temperature of array is dpproximately 6-23" C above the 
ambient temperature. 

7- The unit energy cost varies fiom 8.2 - 1 1.1 C/kWh. 

These results which are obtained fiom the construction of 1 kW peak 
residential PV system is invaluable and widely applicable to the design and 
construction of other PV system of comparable size. The operating performance 
obtained is also invaluable. 

REFERENCES : 

Martin A. Green; "Solar Cells Operating Principles Technology and System 
Applications" Prentice Inc. Englewood CWs, New Jersey 07632, 1982. 
Chenming Hu and Richard M. White; "Solar cell fkom Basic to Advanced 
Systems" McGraw - Hill Book Company, 1983. 

[3] Atmaram, G. H. and Litka, A. H. ; 'The Florida Solar Energy Center: Final 
Report on Innovative Photovoltaic Application for Residences 
Experimental" Report No. DOE / ET / 20279-21 0, June, 1982. 

[4] BDM Corporation Final Report; "Design and Fabrication of a Prototype 
System for Photovoltaic Residences in he Southwest" Report No. DOE 1 
ET/ 20279-225, August, 1982. 



[5] Pittman, P. F. and Dressier, R T.; " Westinghouse Final Report: Design 
and Fabrication of a Prototype System for Photovoltaic Residencesin 
Southwest" Report No. DOE I ET I 20279 -236, December, 1982. 

[6] Son, A. K. and Al. A l a e  S. M.; "Characterization and Evaluation of 
Efficiency and Degradation of Mono and Polycrystalline Photovoltaic 
Modules" 1st World Renewable Energy Congress, Vol. 1, 1990. 

[7] Ismad, G. E. A.; "Impact of Local Meteorological Conditions on the 
Operation and Performance of PV '3anels" M. Sc. Thesis, FacuIty of 
Engineering, Ain Shams University, 1992. 

[8] Sayed-Ahmed, M. A.; "Residential Photovoltaic Power System Design and 
Economy" M. Sc. Thesis, Faculty of Engineering, Menoufiya University, 
1994. 

[9] Mohamed, A.A., El-ZeRawy, A.A. and Sayed-Almed, M. A; "Computation 
of Solar Radiation for Electrical Generation" Proceedings of Al-Azhar 
Engineering Third International Conference, Cairo, Egypt, December 18-21, 
1993, Vol. 5, pp. 640-651. 

[lO]El-Metwally, A. I. M.; 'Theoretical and Experimental Investigation of 
Photovoltaic Cells- Motor-Water Pump Aggregation Sited at El-Mansowa 
City, Egypt" M. Sc. Thesis, Faculty of Engineering, El-Mansoura 
University, 1994. 

[ll]Conver, K; Thotovoltaic Operation and Maintenance Evaluation" E E E  
Transactions on Energy Conversion, Vol. 5, No. 2, June 1990, pp. 279- 
283. 

[12]Sims, T. R, Jones, R A. and Imece, A. F.; "Investigation ofpotential 
Islanding Problems of a Line- Conmutated Static Power Conversion 
Photovoltaic Systems" IEEE Transactions on Energy Conversion, VoL 5, 
No. 3, September 1990, pp. 429-435. 

[13]EEZefiawy, A.A., El-Hefkawy, A.A., My, G. E. M. and Eraky, S. A; 
'Technical Assessment of Operating Stand-Alone Residential Photovoltais; 
Power System in Egypt" Under Publication. 

[14]El-Zefiawy, A. A; "Conversion of Solar Energy into Electricity in Egypt" 
Proceedings of Second International conference on Engineering Research, 
ICER-95, Port-Said, Egypt, December 19-21, 1995, pp. 383-393. 

The specification of polycrystalline PV m~dule at an insolation of 
1 k ~ /  mZ and 45" C [6]: 

Peak paver, watt : 60 
Voltage at peak power, volt : 17.1 
Current at peak power, ampere : 3.5 1 
Gross area, m2 : 0.744 



Table (2): The Operating Performance of PV System Stud at Cairo site. 
PV Away I SolarlZadiafim / P W r a y  

Data Received on AC EJfiCienqv, Capacity 

Februa 1790 7.65 0.41 
March 263 1 7.67 0.54 

October 221 1 
November 1732 132 7.62 0.40 
December 926 7.67 0.21 

April 
May 
June 
July 

2620 
3116 
2942 
2650 

200 
233 
218 
198 

7.63, 
7.48 
7.41 
7.47 

0.48 
0.54 
0.52 
0.46 



Figure (I) :  PV array construction at Cairo site. 
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