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SUMMARY 

The technology of photovoltaics is constantly progressing and likewise its market. It is 

envisaged that by the turn of this century, photovoltaic (PV) power production will be cost 

effective for many applications. It is well known that Malta has an abundance of sunshine, 

however, measurement of solar radiation has long been abandoned. At the same time, there is 

lack of information on the possible outcome of the use of PV systems for electricity 

production. 

Jn this work, the measurement of solar radiation has been re launclrn<l together with a 

study of the performance of a 1.2 kWp stanrl-11lone photovoltnic, (PV) system, with h<1ttery 

stornge Sixteen months of data has been collected and analysed in accordance with the 

guidelines set by the Joint Research Centre - Ispra Establishment. For this period, the mean 

global horizontal radiation was found to be 4. 7 kWh/m2/day and the mean global radiation on 

the plane of the modules (36° to the horizontal), was 5.24 kWh/m2/day. 

In order to study a PV system properly, a full knowledge of the characteristics of solar 

radiation and solar cells become essential. These have been described in the appen<lices An 

overview of the instruments used for sola1 1 a<liation meas11rements w::is ::ilso presented and a 

comparison was made between the different types of PV cells and silicon cells. A.conclusion 

has been reached to use silicon cell-based pyranometers (solarimeters) for measuring solar 

radiation in studies related to photovoltaic systems. 

A description of the design of the stand-alone PV system was presented together with the · 

precautions that are to be taken during installation. The monitoring system was described in 

c!etail imcl soh1tions were orrerecl lo the problems encoimterecl cl11ring <fatn collection. 

The analysis of data yielded a wealth of information on the performance of the PV system 

in Malta. Load management was identifiecl ns 11 key fac,tor to the optimmn 11tilisation of such a 

system. 
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The mean annual output of the PV system was found to be 750 kWh/kWp/annum with an 

annual mean performance ratio of 0.38, that had a peak of more than 0.5 in December 1993. A 

linear function was determined that correlated the array yield (Ya, in kWh/kWp/day) to the 

mean solar radiation incident on the array (Gi, in kWh/m2/day) as: 

Ya ~ 0.60JOG1 0 004 

From the results obtained, it could be inferred that the modules were slightly cooled in 

summer, by winds that had speeds higher than 2 mis. The loss in PV array efficiency that could 

be attributed to the accumulation of dust over the modules was determined to be 2%. 

By performing the life cycle cost analysis for a system life-time of 20 yei:irs, it wFts fonnd 

that the cost of one unit of elect1icity is Lrn O 77/kWh This WflS compflrerl to the cost of 

proclnction of elec:tricity by i:i simihir gricl-ronnectecl PV system Ftncl it WAS found that the price 

could be lower by as much as 70%. 
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PREFACE 

Malta (latitude 35° 50' N, longitude 14° 26' E) depends solely on the importation of fossil 

fhels to prnvicfo for tho islands' needs for energy. Due to the expansion of the industrial scctm 

and the increase in the quality of life of the Maltese society, the need for electricity is 

increasing at the rate of 8.7% per annum, which is more than three times the wotld average 

and it is predicted to continue increasing at this rate for the next twenty years [88]. 

Besides the well-known advantages of photovoltaic (PV) solar modules for electricity 

generation - non-polluting, silent, reJi:.1hh\ morlnli:ir, lrnving i:i st::ihilisecl open1tion clnring their 

long lifetime of more than twenty years, having no moving parts ancl requiring minimal and 

technologically simple maintenance ~ the use of such systems as a subsiJia1y somce of 

electricity in Malta, could lower the national energy bill, reduce pollution, prolong the life of 

the existing power stations, and relieve the summer peak demand on the electric utilities. 

Certain applications are already well suited for direct coupling to PV modules such as water 

pumping and air-conditioning, whose use increase with higher solar radiation. Also, the 

international policies and commitments for the protection of the environment prompts the 

count1 y to p1 omote the use of renewable energy 

Encouraged by the fact that the amount of solar radiation incident in Malta is abundant, 

averaging to about 5 kWh/m2 per day on a horizontal surface and that the total amount of flat 

roof area, that is suitable to place the PV modules is at least 10 000 000 ml, an interest in 

tapping this energy becomes obvious. 

This thesis describes the first research work being done in Malta, aiming at testing and 

optimising the performance of a photovoltai~ system 11ncleir the local weather. As a start, it was 

thought to design and install a stand-alone PV system with battery storage. Though a grid

connected system could have been more adaptable to Malta, however, such <1 system required 

changes in the national energy legislations which was not possible at the time. 
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Nevertheless, the application of PV stand-alone systems could be useful in Malta for 

street lighting, to provide energy to boats and for emergencies. It was realised that before 

applying such a relatively expensive technology on a large scale, a proper scientific evaluation 

of the performance of such systems and their cost had to be carried out based on the local 

ronrlitions 

Another important aim of this study is to restart the 0ollection of solar radiation <lata to 

serve as a data base for future applications of solar technology. 

This study is divided into five chapters: 

The first chapter describes the design and installation of the PV system. A full description 

of the monitoring system is also given as well as the experience gaincci cinring inst;;illation In 

the second chapter, the operation of the system is ciesr.riherl together with the maintenance 

carried out on the different balance of system components. 

The analysis of the collected data and the presentation of results are described in Chapter 

Three, while a cost evaluation and a sensitivity analysis are presented in Chapter Four. Finally, 

Chapter Five describes the conclusions and recommendations of this study. 

Four appendices have been included that describe the natm e of solar radiation and 

methods of measurement, the characteristics of sol;;ir cells, the tables and programmes 

prepared during this study and the relevant information collected for the project, respectively. 

x 



CHAPTER ONE 

DESIGN AND INSTALLATION 

INTRODUCTION 

A 1.2 kWp PV stand-alone system was designed and installed at the Institute for Energy 

Technology with the aim to test, evaluate and optimise the system's performance under the 

local climatic conditions. A portable weathet station was also erected to provide the essential 

weathet data fot the site. Figure 1.1, shows a schematic layout of the PV system and figure 

1 . ?., shows the parameters that were monitored and the mode of transfer and storage of data. 

The stored energy of this system was used to energise fluorescent lights during the night. 

In this chapter, the sizing of the PV system, the designs of the PV array supporting 

stmcture, the battery compartment and the casing for the monitoring equipment are shown. 

full details on the monitoring techniques and instrnm~~nts rtrf': di~cnssf':d, followed by a 

description of the installation phase. The precautions taken during installation are also 

described. 

1.1 SIZING OF THE PV SYSTEM 

The sizing of a stand-alone PV system implies the proper dimensioning of the PV array 

and the battery storage, to meet the load requirements under the local climatic conditions and 

the desired degree of reliability. 

As the nominal 1.2 kWp PV array power was already known, due to a donation by the 

Amoco Company, it was necessary to size the hnttery and the load that would ensure the best 

utilisation of the generated energy. A simple sizing method was employed, since the available 

solar radiation data was limited to the mean monthly values of the global radiation on a 
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PV array BCU 

FIGURE 1.1: Schematic layout of the PV system 
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FIGURE 1.2: The weather data, being monitored by a data-logger. Data was transferred 

daily to the PC and then from the PC to the floppy disk every fotinight. The PV system 

parameters, were monitored by the data-logger as well as some back-up integrators. 
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Section 1.1: Sizing of the PV System 

horizontal surface and also because there were no simulation programmes available at the 

time. 

The sizing of the system necessitates the following: 

(a) The climate at the site, especially regarding solar radiation and ambient temperature; 

(b) The load demand; 

( c) The days of no-sunshine (days of autonomy) required for the battery storage. 

The mean monthly global radiation incident on a horizontal plane fo1 the peiiod I 9Yl 1o 

1972 is shown in figure 1.3, as measured by the Meteorological Office, using a Kipp 

pynmometer, pli:iced nt Qrendi (latitude 35° 50' N, longitude 14° 26' E and height of 135 m 

above mean sea level). The mean annual global radiation on a horizontal plane is found to be 

5.0'JJ k.Wli/m2/day. As fo1 temperntuie measuiements at the same site, the mean and mean 

maximum monthly temperatures, for the period between 1947 and 1990, are given in table 

D.4, of appendix D. 

The load demand was subject to a fixed nominal PV array power of 1.2 kWp. Hence, the 

amount of energy that can be generated had to be estimated using the available nominal 

power. This is similar to tho case when there is a limited space to sil.e the PV modules. 

Knowing that the gcneraterl eler,tridty will not suftlce the total demand, the interest of the 

designer would shift from deciding for the required number of modules to estimating the 

possible output power that can be produced by the installed PV peak Watts. 

The output power will be utilised for lighting and for this purpose an autonomy of three 

days for the battery storage was assumed. 

The sizing equation used here requires one solar radiation input value. Now, in order to 

decide which value to use, the following factors were considered: 

1. The PV array was inclined at an angle of 36° to the horizontal. The data collected between 

July 1993 and October 1994, showed that the solar energy incident on this plane in winter was 

about 50% more on average, than the corresponding global radiation incident on a horizontal 

plane, while it was less by an average of 10%, in summer. Similar results were derived by 

interpolation from the graphs of the tilt factors presented in the PV Systems Design Manual 

[74]. 
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Section 1.1: Sizing of the PV System 

The tilt factor is defined as the ratio of the global radiation incident on the inclined plane 

to the global radiation incident on the same plane when it is placed horizontally, excluding the 

effect of the albedo of the place. The results are presented in table 1.1 and compared to the 

actual ratio calculated from the readings that were collected during the operation of the 

system. It was noted that in winter, the measured values were less than the calculated ones It 

is to be noted that the measured data included the effect of albedo, that could vary between 

summer nnd winter. Also, clouding could have an dfec,t on the 1esults obtained. 

Figure 1.4, shows the mean monthly global radiation incident on the horizontal and on the 

plane-of-array for the period from July 1993 to October 1994, calculated from measured data. 

The annual mean was 4.7 kWh/m2/day on a horizontnl snrfa~A find 1.?.4 kWh/m2/day on the 

array plane. 

2. The operating temperature of the PV modules is widely known to attain 50 cc during 

summer [6, 72], but it decreases in winter and this would have a positive effect on their power 

production capabilities. Figure 1.5, shows the average bottom surface module temperature, the 

mean monthly maximum temperature and the maximum monthly temperature of the module 

attained during the day when the solar radiation was above 80 W/m2
, for the period July 1993 

to October 1994. Below this value, the output of the a11ay was always Jess than :5% of the 

nominnl 1 ?. kWp. From the graphs, it can he seen that the met1n m::ixim11m temperntnre of the 

surface of the module did not exceed 52 °C. 

3. For Malta, a 3-day period of no sunshine is expected, so an autonomy of three days was 

considered as sufficient for PV lighti~g systems with a moderate degree of reliability. 

4. The electric load would be decreased in winter due to lower solar intensity but in summer it 

can be increased again. This would allow the optimum utilisation of the generated electricity 

according to its seasonal availability. 

The above results were determined during the operation of the system, long after a 

tentative sizing of the system was done. They are presented here, to show that the parameters 

used for the design equations were appropriate, namely, an average annual global horizontal 

radiation of 5 kWh/m2/day, a mean PV cell temperature of 50 cc and an autonomy of 3 days 

for the battery storage. 
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MONTH 30° 45° 36° BY INTER- 36° 

POLATION MEASURED 

JAN. 1.64 1.75 1.7 Jan '94 1.51 

FEB. 1.42 1.5 1.47 Feb '94 1.33 

MAR. 1.23 1.24 1.23 Mar '94 1.19 

APR. 1.07 1 1.04 Apr '94 I.OJ 

MAY 0.98 0.88 0.94 May '94 0.95 

JUN. 0.92 0.8 0.87 Jun '94 0.92 
,,, 

JUL. 0.94 0.82 0.89 Jul 93/94 0.94 

AUG. 1.01 0.94 0.98 Au~ 93/94 1.01 
-- -

~---

SEP. 1.17 1.13 1 15 s~p 91/94 1 18 
----~ 

,.,';' h, > ~~~- N' <<> 0 

OCT. 1.36 1.42 1.39 Oct 93/94 1.3 

NOV. 1.54 1.68 1.62 Nov '93 1.52 

DEC. 1.61 1.8 1.72 Dec '93 1.64 

TABLE 1.1: The tilt factors as calculated from the graphs of ref [74]. The last column 

shows the tilt factors calculated from actually measured values taken between July 1993 and 

October 1994. For the months of July to October, the values shown are the mean of the 

corresponding months in the year 1993 and 1994. 
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Section 1.1: Sizing of the PV System 

For silicon cells, the drop in efficiency is 0.4%/°C rise in temperature above the standard 

testing temperature of 25 °C. Therefore, the total drop in efficiency can be calculated from the 

following equation: 

Drop in efficiency = 0.4(Tc - Ts) 

= 0 4(~0 - '2~) 

---------------(I.I) 

- I0%1 

where, 1~ =cell temperature; 

1:~ = standard temperature. 

This drop in efficiency will be taken as an oversizing factor of O. I in the following design 

equation [72]: 

where, 

Hence, 

J>,, (STC) = 1.1 (W/vWr) x I kW/1112 --------------- (1.2) 

PP = reference Hrrny rower <11 st<1ncfarrl testing conditions (kWp ); 

WI =useful output power (kWh per day); 

v =boss (gross) efficiency 

= battery eff. x BCU eff. x matching eff. x conditioner eff. 

~ 0.8 x. 0.95 x. 0.95 x. 0.9 

= 0.65 

Wr = global horizontal solar radiation (kWh/m2 per day). 

WI = 1.2 x 5 x 0.65/1.1 

= 3.54 kWh per day. 

The array matching efficiency caters for the loss in power due to the different output 

voltages of the solar modules. 

The battery size can now be determined from the following equation [39]: 

where, 

Eb = W/Vz) xDIDOD 

Eb = battery rating (Ah); 

WI = input power (Wh per day); 

Vb = battery voltage (V); 

D =number of storage days (days of autonomy); 

DOD = maximum depth of discharge. 

8 
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Section 1.1: Sizing of the PV System 

Hence, Eb = 3540/12 x 3/0.45 

~ 2000 Ah 

The electric load was comprised of 25 fluorescent lights, each rated at 0.9 A and operated 

for an average of 9 hours every night. For the months, November to February, only 18 lights 

would he switcheci on The rnnson wns thnt in winter, the nverngc rarliation on a horizontal 

plane drops to 2.6 kWh/m2 and them woul<l not he suttkicmt gencrntcrl energy for all the 

lights. 

Assuming that the temperature effect on the PY modules is reduced from 10% to YYo 

during winter, then the average output is calculated from equation (1.2) as 1.93 kWh/day, 

while the a1,t1rnl energy mnsumption of the lights would be: 

where, 

E=nxpxt 

= 18 x 11 x 9 

= 1. 782 kWh/day 

n = number of fluorescent lights; 

p =power of one light (11 W); 

t = number of operating hours per night. 

--------------- ( 1. 4) 

Since, the consumption was less than the genen11ed ern~rgy, then the loarl was expected to 

he folly satistforl Also, the following hnd to be con:>idercd: 

(a) As the batteries used for this project were not specifically designed for PV applications, a 

shallow depth of discharge was preforred to extend the battery life. Considering the actual 

consumption of the 25 fluorescent lights <Jnd using equation (1.3), the maximum DOD 

becomes: 

DOD = 2475/12 x 3/2000 

=30% 

This value was considered quite safe for these batteries. 

(b) An allowance had to be provided for the seasonal charging of the batteries; 

( c) The effective capacity of the batteries decreased in winter due to lower temperatures. 

Table 1.2 shows the estimated mean monthly output and the load consumption, based on 

equations (1.2), (1.4) and figure 1.3. Whether these outputs would take place in reality 

9 



MONTH ESTIMATED LOAD 

OUTPUT CONSUMPTION 

(kWh) (kWh) 

JANUARY 1.90* 1.78 

FEBRl JARY '2 )7* 1.78 

MARCH 3.~7 2.47 

APRlL 4.18 2.47 

MAY 5.07 2.47 

JUNE 5.43 2.47 

.Jl JI ,Y ) ) l 2.~7 

ATJGTJST 4 9? ?.47 ... , .. ~ ~ .. 

SEPTUMJJER 3.90 2.47 

OCTOBER 2.87 2.47 

NOVEMBER 2.12 1.78 

DECEMBER 1.72* 1.78 .. _ 

* For these months the temperature effect on the efficiency was taken as a drop of 5% instead 

of 10%. 

T ABT ,F 1 2· The estinrnterl me(ln monthly system 011tp11t (Incl the (lct1rnl loarl requirements, 

calculated from equations (1.2) anci (1 4), in kWh. 
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Section 1.2: Choice of tlze PV Modules 

cannot be determined at this stage, because although solar radiation varies, the load was 

almost constant for extended periods of time. It might occur that on certain consecutive sunny 

days the batteries would get fully charged quickly, then the BCU would disconnect the PV 

array for the rest of the day and the actual generated power would be less than the estimated 

average. 

From table 1.2, there seems to be a slight energy deficiency in December, but one has to 

keep in mind that the global 1aJiati011 values 0n a h0iimntal plmie of figmc 1.3, wc1c m1cd m 

the calculation. Knowing that the radiation incident on the array <luring winter is greater than 

the corresponding global horizontal radiation, it could be safely assumed that the load would 

be satisfied. lt was not pl)ssible tu use the values of 01e 1adrnfJon on the PY plane, presented in 

table 1.2, because they were not available at the time. 

1.2 CHOICE OF THE PV MODULES 

The choice of a module for a specific application requires a prior knowledge of the 

following information: 

(Ft) Whether a battery control unit is used; 

A Jis~hai gcJ battc1 y 1 cqui1 cs an initial high 0hm ging 0u11c11t. As it appwad1cs its full 

capacity, the charging voltage should increase from about 13 V to 14.SV, while the current 

has to be lowered. 

These requirements are satisfied by the I-V characteristic curves of PV modules, where 

the current decreases with increasing voltage between 13V to 15V. Hence, PV modules can be 

sized to charge batteries without the need for a battery control unit. In such cases, one has to 

ensure that the maximum current produced by the array is not so high as to cause gassing of 

the batteries when they are nearly fully charged. However, in doing so, it is inevitable that the 

current at the beginning of the day would also be low due to the weak solar intensity and this 

implies that the batteries would take a longer time to get fully charged. To increase the 

charging current, more modules have to be used. 
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Section 1.2: Choice of the PV Modules 

However, the charging current would remain appreciably high even at. noon-time, when 

the batteries have reached a high level of charge and here comes the need for a battery control 

unit, that will regulate the input current to the batteries for the rest of the day. 

(b) Whether blocking diodes are in use; 

The use of modules that have a high open-circuit voltage is desirable to compensate for 

the voltage losses caused by the presence of hlocking cliorlf;S Thongh germaninm cl1ocles cm1se 

a voltag0 drop of only 0.3 V, compared to 0.7 V for Schottky silicon diodes, nevertheless the 

latter types are commonly used because they can withstand higher reverse voltages. 

(c) The ambient temperature of the site, 

During the months when the mean te111pe1 nturc 1:.; above 20 °C, the temperature of a PV 

module could reach 50 °C at noon on a ~mmy day, which 1..;auscs a drop in the open chcuit 

voltage. To balance this eifoct, some extra cells in series are a<lcteci to the mocl11lf; 

Unfortunately, the voltage drops when it is mostly needed to remain high, i.e. at noon-time, 

when the batteries are approaching their full charge. 

(d) The cost of the different types of modules; 

The modules that arc normally available in the local market aro mono crystalline, poly

crystalline and amorphous silicon mociules Amorph011s silic:on morlnles still suffer from low 

ettkien<"'.y ::incl clegrnrl::ition, thongh they are cheaper than the other two types. The cost of 

mono-crystalline modules is slightly greater than the semi-crystalline ones, but their efficiency 

is also higher. At the end, the choice seems to depend more on availability and the space 

required to place the PY array. 

The PV array used in this project comprises of 20 Solarex MSX60 poly-crystalline silicon 

PV modules, each 60 Wp, that were donated by the Amoco Company. Each module can 

operate at 6 or 12 V. 

Reforring to appendix D, table D.5 gives the range of specifications for the PV modules 

used in this project. Detailed characteristics of each module are given in table D.6 and the 

main manufacturing stages, encapsulation and testing are described in table D.7, as supplied by 

the manufacturer. Typical I-V characteristic curves for the MSX60 modules and their 

mechanical characteristics are shown in figures D.2 and b.3. 
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Section 1.3: Design of the PV Supporting Structure 

1.3 DESIGN OF THE PV SUPPORTING STRUCTURE 

Different types of materials can be used to build up the supporting frame such as 

aluminium, stainless steel and galvanised steel. Aluminium is light and does not rust but it is 

also more expensive than galvanised steel. 

For the purpose of this demonstration project, a steel structure was designed. The fnune 

was made into flve identical pieces, that Gan bt:i t:iasily t1 ansporte<l an<l fixed together by means 

of bolts and nuts. The design drawing of one piece is shown in figure C.1, of appendix C. Each 

piece can hold four modules, two on the top and two at the bottom, laid lengthwise and 

adjacent to one another. 

Figure 1.6, shows a photograph of the structure with the PV modules fixed on it. The 

BCU is seen to the left, while the box containing the back·up monitoring integrntorn h plnr,r.rl 

to the right. The battery compartment was situated under the PV array. 

The structure was inclined at an angle of 36° to the horizontal and was fixed on the roof 

of the Department of Chemistry at an elevation of 51.4 m above mean sea-level, facing the 

geographical South. Knowing the declination of the Sun for that time of the yea1 fi om "The 

Star Almanac", which is published annually and finding the direction of the magnetic South, 

thEI tme South could be easily determined to a fair degree of accuracy [77]. Othc1 methods arc 

available such as making use of the north pole star (Polaris) at night or observing the meridian 

transition of the Sun at noon 

The lower edge of the strnctme wns made 40 cm above the roof level, to reduce the 

warming up of the back of the modules by the heat radiating from the roof 

1.4 CHOICE OF THE STORAGE BA rn:rnRS 

Batteries that are specifically designed for PV systems are expensive. Hence, the choice 

was limited to normal starting-lighting-ignition (SLI) batteries or traction batteries. The latter 

have higher cycle life for deep discharges and are more reliable than SLI batteries. The 

common disadvantages of these batteries are: 
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FIGURE 1.6: A photograph showing the PV system, comprising of the PV array, the battery 

storage underneath, the BCU to the left and the back-up integrators to the right. 
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Section 1.4: Choice of the Storage Batteries 

(a) They require a control unit to limit the depth of discharge; 

(b) Their self discharge increases with time; 

( c) Acid fumes are given off while in use; 

( d) High loss of distilled water from the vents; 

(e) Regular inspection and maintenance arc required. 

When comparing these characteristics to the re<Jniremenl"s of a good solnr bnttery that 

wm e listed in scetlon B .13 of uppcn<ltx ll, one realises that there is still a need for au 

improvement in the design of batteries, but having no option except to choose hetween the 

available types of batteries, the traction batteries were used and some safety precautions were 

implemented to protect them. 

Firstly, a BCU was used to limit the input and output charge. Secondly, the batteries were 

placed under the PV array where the temperatures are eqirnl to th~ nir tempenitme, thflt rloes 

not normally exceed 33 °C in summer and 9 °C, in winter. Other advantages of placing the 

batteries under the array were the use of shorter cables which reduced power losses. Thirdly, 

regular maintenance was ensured: topping up the cells with distilled water, inspecting and 

cleaning the poles of the battciics and monil0ii11g the voltage of the cells, the sped1k giavhy 

and temperature of 1he acid Fourthly, H boosting charge was given to the batteries, whenever 

changes in the cells' voltages or specific gravity were detected. 

Batteries are found in different rated capacities, sizes and weights. The reasons for 

choosing one size of battery to another were to minimise the space needed for the 

Rccommocfrttion of the hatteries, to reduce maintenance work and to enable handling the 

batteries manually, without excessive effort or need of lifting cranes. 

To satisfy the required design capacity of 2000 Ah, ten, 12 V batteries, type SB (locally 

assembled) were purchased. Each battery was made up of 6 cells in series with a rated capacity 

of 200 Ah. The terminals of each cell were bare to be able to check its voltage. No 

performance characteristics of these hatteries were available. 

The batteries were placed in an open structure and covered with a galvanised steel cover 

to protect the surface of the batteries from dew and rain. Moreover, the box was designed in 
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Section 1.5: Choice of the Battery Control Unit (BCU) 

such a way that when the cover was opened there would be ample space to inspect, test and 

maintain the batteries. Bars were 'welded to the sides of the box to protect the batteries from 

vandalism. The material of the box and cover strncture was mild steel, painted with a 

protective paint. Figure C.2, of appendix C, shows the design of the box and its cover, while 

figure l .'l shows a photograph of the box with the battenes placed in it under the PY array. 

1.5 CHOICE 011' THE BATTERY CONTROL UNIT (llCU) 

The choice of the BCU depends on the degree of reliability required, the availability and 

cost of the unit In ser.tion R 16 of nppr:ndix B, the main types of charge controllers had been 

discussed. A BCU that uses transistors as switching units is more reliable than one which is 

r,ontrolled by relays. In more soph1st1cated systems, the use of a two-step regulator gives the 

chance for the operator to utilise the extra array energy to operate a secondary load in the 

mormng. 

In all cases, care must be taken not to exceed the maximum current that the BCU can 

handle and for larger systems, it would be better to divide tho load into a number of smaller 

units, rather than to use one large BC1 T. By der.entralising the power, the system would work 

even if part of it is out of or<ltff ;\)so, nll the units would be working near their.optimum load, 

which entails higher operating efficiency. 

For this project, a Photowatt (France) PWR5421AS BCU with 4 separate mercury relays 

and blocking diodes, LED battery-state indicators, high voltage protection unit, low-voltage 

cut-off control and surge protection, was chosen. Each relay can handle a maximum of 20 A, 

which allowed a string of five Solarex MSX60 modules in parallel to be connected to it. The 

output relay was rated at 3 5 A. 

Table D.8, of appendix D, gives the electric and mechanical characteristics of the BCU. 

1.6 DESIGN OF THE \VffiING CONNECTIONS 

One of the factors that affect the overall efficiency of PV systems and which might pass 
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FIGURE 1.7: A photograph showing the battery storage placed under the PV array. 
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Section 1. 7: Load Control and Management 

unnoticed is the improper design of wiring. Cables of insufficient size result in power losses 

and overheating which could cause fire. 

To ensure minimum voltage drop along the cables, the proper sizes of the wires were 

determined for each route separately. Table 1.3, lists the sizes of the wires and their design 

specifications, based on a voltage drop of 0.5 V across the ends of the cables. 

Following the s::ime strntegy of decentrallsatlon used for the module connections, the 

11um cs0c11t lights were divided into parnlld grnup:s ead1 wnsisting of three lights in paiallel. 

Other advantages of the use of parallel circuits were the use of smaller diameter wires, less 

need for special tools and fixtures and better control and management of the electric load. 

Single PVC-insulated wires were used throughout, while special hattery single cables 

wnnected the BCU to the batteries and the batteries to one another. 

1. 7 LOAD CONTROL AND MANAGKMENT 

Power was delivered from the batteries tluough the BCU, via a 35 A fuse, to three light 

sensitive relays that were normally open, in the morning. At night, the relays closed and 

supplied the power to three timers, which energised the fluorescent lights R::ir.h one of these 

relays and timers crnlld 1.imy n maximum r.urrent of 10 A. 

The type of the light sensors was FINDER (Italy), type 10.11. The electronic circuitry 

was modified to make the sensors work on 12 V d.c. supply rather than 220 V a.c. supply. 

Technical data is given in table D.9, of appendix D. 

The brand of the timers was SERAT (Italy). They had six functions including a delay in 

operation and a flashing mode, but fur this project only one mode of operation was used, 

namely, the control of the number of hours that the lights operate from the moment the light 

sensors supply power to the timers. The technical data is found in table D.10, of appendix D. 

Depending on the state of charge of the batteries and on the available radiation during an 

extended period of time, the load consumption was varied to make optimum use of the 

available energy. Naturally, it was much easier to manage the load during summer. 
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WIRING ROUTE MAX. CURRENT MAX. CABLE MIN. SIZE OF 

(A) LENGTH(m) CABLE (1111112) 

MODULES-BCD 19 4 6 (SWG* 10) 

BCU - BATTERIES 76 ~ 10 (SWG 8) j 

DCU LIGHTS 2.7 10 4 (SWG 12) 
" 

*SWG =standard wire gauge. 

TABLE 1.3: Calculated minimum cable sizes for the PV system and their design limits. 
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Section 1.8: Design of the Monitoring System 

1.8 DESIGN OF THE MONITORING SYSTEM 

Following the instructions set in the Guidelines for the Assessment of Photovoltaic Plants, 

Document A, that was prepared by the Joint Research Centre, Ispra Establishment [3 7], two 

independent monitoring systems were constmcte<l. A Campbell 21 X micrologger serveci as the 

backbone of the monitoring system, while three mechanical integrators made the back-up 

system. The back.~up mcd1a11ie;al intcgrntor:s wcie supplied by SUNl:>OWER (Ge1ma11y) and 

they consisted of an insolation integrator, a two-channel current integrator and a power 

integrator. 

The immlat.ion i11teg1 atm was used in conjunction wil h H M ATRl X (l J S A ) silicon cP.ll 

pyranometer to monitor the solar radiation incident on the array plane, in kWh/m2
. The two 

channels of the current integrator monitored the output current capacity from the PV array 

and from the batteries in Ah, while the power integrator read the output energy of the array in 

kWh. 

The Campbell 21X rnicrologger is a portable battery-powered data-logger, that can be 

programmed by a special machine language, to sample data at regular intervals, together with 

the p•Jssibility of c.onJitional logging, 011-Iinc c.mnputafam and conl.l ul of ext.e1 nal ci1 euits. 

There are 16 single-en<led inpnt d1annels !h;it ran he nsed fl8 8 <lifferenfo1l ;infllogne inputs, 4 

switched excitation outputs, 4 pulse counters, 6 digital control ports and 2 programmable 

continuous analogue outputs. Detailed specifications are given in table D.11, of appendix D. 

Figure 1.8, shows a photograph of the data-logger and the weather station with the probes 

fixed to it. The PV system appears in the background. 

Being the main monitoring equipment, the micrologger was programmed to monitor all 

the required data as follows: 

(a) Humidity (%): measured using an 1v1P100 ROTRONIC C-80 HYGROMER solid state 

humidity sensor, that changes its electrical characteristics with variations in humidity. These 

changes were detected, linearised and amplified by electronic circuitry within the probe and the 

resulting signal was fed to the data-logger, via a single-ended analogue input channel. 
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FIGURE 1. 8: A photograph of the data-logger and some probes fixed on the weather station. 

The PY system is seen in the background. 
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Section 1.8: Design of the Monitoring System 

(b) Ambient temperature (°C): measured with a resistance thermometer that is integrated in 

the same probe as the humidity sensor. The probe was put inside an unaspirated radiation 

shield, to measure the shade temperature and to protect the probe from direct contact with 

rain which could cause erroneous readings. The signai was fed to another single-ended 

analogue input c:hmmel in thf': mic:rologger 

(c) Upper surface temperature of a PV morlnle (°f} me11snrP-rl nsing an OMFGJ\ self

adhcsive coppe1-wnstanlan. the1 mocouple. The thermocouple was stuck to the upper smface 

of a PV module, to measure the temperature of one cell, selected at random. The output 

voltage was directly fed into an analogue differential channel. The micro-logger had an in-built 

h.1111.:-titm that. can he p)()g1 am med 1 o wnvell I he 1 he1 mocouple voltHge output to a temperature 

reading. 

(d) Bottom surface temperature of a PY cell (°C): measured using another OMEGA 

thermocouple. The reason for measuring the upper and the lower surface temperatures was to 

see if there would be any difference between them. It was noted in the literature that some 

authors had measured the bottom surface temperature [67], while others measured the top 

surface temperature (73]. The output was fed into a separate differential analogue channel. 

Both thermocouples were referenced to the ambient temperature. 

(e) Glob<JI horizontal radiation (W/m2): measured using an LI200SZ LI-COR solar cell 

pyranometer that was calibrated by the manufacturers, against an Eppley precision spectral 

pyranometer, as stated on the calibration certificate. The LI-COR pyranometer is a compact, 

high-output, thermally stable silicon photocell that is sensitive to light between 400 and 1100 

nm. 

The output voltage was fed as a single-ended signal to one of the data-logger analogue 

inputs. The sensor was put at a height of53.8 m above mean sea-level, at latitude 35° 54' 13" 

and longitude 14° 29' 05", and 13 m away from the PV array. 

(f) Radiation at the plane of the PV array (36° to the horizontal, in W/m2): measured using a 

MATRIX solarimeter, calibrated by the manufacturers against a thermopile radiometer. The 

sensor. incorporates a silicon PV cell as a sensor, that has a response from 0.35 to 1.15 

microns. 
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Section 1.8: Design of the Monitoring System 

The pyranometer was bolted to a plate that was fixed to the upper end of a PV module, 

almost half-way on the array, at a height of 53 m above mean sea-level. The output voltage of 

the sensor was directly fed to a differential channel in the data-logger. This pyranometer was 

also linked in parallel to the back-up insolation integrator. 

(g) 'Vind speed (rn/s): measured using an AlOOR VECTOR switching anemometer, which 

contains a magnet that turns with the 10tor spindle and produces a varying field. The variation 

in the field causes a mercury wetted rooJ switoh to make am.I lnoak oontaot once for every 

revolution of the rotor. The anemometer was connected to a pulse·-counting channel of the 

data-logger. 

(h) Wind direction (bearing from the North): measured usrng a W200P VECTOR 

potentiometer windvanc. To measure the wind direction, a supply voltage was p1ovided by the 

datalogger at fixed intervals, as set by the programme. A delay of fow milli-seconds was 

allowed to give sufficient time for the reading to settle down and then it was sensed through a 

single-ended analogue input channel. The computer programme also determined the standard 

deviation of direction. 

(i) Rainfall (mm)· measured nsing an ARGIOO tipping bucket raingauge. Rain was collected in 

a bucket that tips from one side to the other and forces a magnet to pass a reed switch, which 

makes mnt;:ir,t for ;:i few millisec:onrls The rningm1ge w::is connecte<l to R p11Jse-connt inpnt 

channel in the data-logger. Each tip of the bucket corresponded to 0.198 mm of rainfall. 

G) Output current from the PV array (A): The .current generated by the array can reach 60 A, 

so it cannot be directly fed into the data-logger and not even to the back-up two-channel 

current integrator. To solve this problem, the wires were passed through a hall sensor that 

produced a lower current signal that was proportionally equal to 1/1000 of the current passing 

through it. This signal was fed into the integrator, which had a mechanical counter and a 

separate analogue output terminal. The counter served as the back-up monitoring system while 

the signal from the analogue terminals was fed to a differential channel in the data-logger. The 

output from these terminals could reach 10 V which· corresponded to a current of 100 A 

passing through the hall sensor. Again, this signal was too high to be fed into the logger, 
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Section 1.8: Design of the Monitoring System 

which did not tolerate higher than 5 V. So a voltage divider was incorporated to reduce the 

voltage by 50% and a multiplying factor was introduced in the programme of the data-logger 

to convert the reading back to the true value. 

(k) Output current from the batteries (A): The wires that delivered power to the fluorescent 

lights, the integrators and the data-logger, were passed through a hall sensor, whose output 

was directly connected to a single-ended te1minal in the two-channel current integrntor 

Similar to (j) above, the mechamcal counter counts the numbm of Ampere· hours consumed, 

while the outputs from the analogue terminal ai:id earth were fed into a diftercntial channel in 

the data-logger. Here,. no voltage divider was used because the current consumption of the 

lights and the monitoring equipment did not ex.ceed 26 A, wluch corresponded to an analogue 

output of 2.6 V. This VL)ltagc was well below the 5 V input limit to the Jata-logge1. 

(1) Output power from the PV array (W): The sigm1l WAS tt1hn from the analogue terminals of 

the back-up power integrator and fed to an analogue differential channel in the data-logger. A 

voltage divider was used as in G) above to reduce the voltage to a value less than 5 V. 

The specifications of all the monitoring equipment are shown in tables D.12 - D.17, of 

appendix D. The signals from the integrators were connected to differential channels in the 

data-logger, to eliminate noise or dist01tion <luring data sampling. 

Readmgs were taken automt1tir.:.illy iwery five minutes for purnmctcr!! (a) to ( d), stored in 

an intermediate stage memory, averaged every fifteen minutes and the result was stored in the 

final memory. As for the other parameters, readings were taken every twenty seconds and 

averaged over a 15-minute interval, except for rainfall, which was summed up. The resnlts 

were stored with the other previous p<1n1meters, in ASCII characters. Hourly and daily 

ave1 ages we1 e then p1 ocesse<l irom the basic 15-mlnute interval data. Rainfall data was 

continuously summed up for the whole day. 

Some logical conditional commands were added to purify the data from any parasitic 

results. For example, at night a small current was seen to leak through the blocking diodes 

back into the array .. The result was that a negative reading was recorded for (j) and (1), above. 

Lightning, light reflection from clouds or hanging dust and temperature effects made the 
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Section 1.8: Design of the Monitoring System 

pyranometers record some radiation at night. Since the system was not sensitive to these small 

variations, it was decided to eliminate them, to assist in data analysis and to make a definite 

division between day and night. At night, the solar radiation and the array output must be 

zero. These refinements were gained from experience between February 1993 and June 1993. 

Table C. 1, of appenclix C:, shows 1fa~ r.ompntcr programme th::it w::is <levise<l to 1.::irry 011t 

the monitoring jobs. It was divided into two main tables The first, mntHined all the commands 

that were initialised eve1y ) minutes and the second gathered all those that occurred at 20 

seconds intervals. These were followed by the processing commands such as averaging and 

totalling. 

A .3A fhse and a voliage limiting integrated circuit no. 78Tl2CT (3 A) were incorpornterl 

and were placed together with the dividmg resistors inside the micrologger weather proof 

compartment. The data-logger was connected lo the serial p011 of a pc:.i-sonul computer (PC) 

via an SC932 9-pin, an RS232-DCE interface, two RAD SRM asynchronous short range 

modems and two RAD SP surge protectors. Specifications of the interface modems are given 

in tables D. 18 and D .19, of appendix D. Figure 1. 9, shows a block diagram of the order of 

conne.ctions. 

Data was transferred from the micro logger to tho hard disk of the PC, with the aid of a 

special support software programme supplied by Campbell Scientific and called "TELCOM". 

Other software programmes included "TERJ.\111 that enabled the transfer of programmes, the 

monitoring of the input stations and the adjustment of the micro-logger clock, "SPLIT" which 

allowed the manipulation of data and lhe creation of now files that contain data of a specific 

criteria, "EDLOG" which aided in the programming of the data-logger and "SMCOM" which 

could be used to transfer data that was collected in the field by solid state storage modules to 

the PC. 

The back-up integrators were grouped together in a galvanised steel box, fixed to the 

Rrrny. Voltage limiting integrated circuits no. 7812CSP (1 A), joined to aluminium hent sinks 

were incorporated to protect them. 
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PERSONAL COMPUTE 

TWIN TWISTED-PAIR CABLE 

MICROJ 
LOGGER 

FIGURE 1.9: A block diagram showing the connections made between the data-logger and 

the personal computer. 
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Section 1.8: Design of the Monitoring System 

WIRING OF THE INTEGRATORS 

The voltage signal was directly fed from the MATRIX solarimeter into the signal 

terminals of the insolation integrator, while d.c. power from the batteries was supplied to the 

proper terminals. 

As for the other two integrators, the input signal could not be directly fed into them, 

because they carried high currents. Hall sensors were used instead, that proportionally 

converted the current passing through them to a lower current suitable to be fed into the 

integrators. The hall sensors received their supply of+ 15 V and ·· 15 V, from the dedicated 

tcrminufa of each integrator 

When current passed through the power cables, a proportional current was prnrl11cerl by 

the hall sensors which was 111000 of the main current. It was fed into the integrator via a 

single-ended wire of each channel. 

CALIBRATION OF THE INTEGRATORS 

(n) The insolation integrator: 

This intcgrntor was used with a IvIATRIX (U.S.A.) Mk 1-G solarhneter that had an 

output of 38.4478 mV at an irradiation of 1000 W/m2, as provided in the certificate of 

calibration. The integrator had now to be calibrated accordingly. 

The calibration was done as follows· A constant voltage power supply type: THANDAR 

TS 1541 S (UK.), was connected to the signal terminals. The voltage was adjusted to read 

38.45 mV. The integrator was energised by a 12 V d.c. source. 

Then, the adjusting screw on the front of the integrator was rotated until the reading on 

the LCD screen of the integrator showed 1000 W/m2. For double checking, the reading at the 

analogue output terminals of the integrator was found to be 10 V and at the pulse output 

terminals was 10 kHz. 
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Section 1.9: Design of the Case for the Integrators 

(b) The power integrator: 

This integrator had no adjusting screw, but a test was carried out to ensure its proper 

operation. For this integrator there were tv,ro inputs namely, the voltage and the current. After 

connecting a 12 V d.c. power supply to the integrator, a constant d.c. source of 12 V was fed 

into the volt<1ge tt'rmirrnls, :mci 11 v<iri11ble rnrrcnt som-ce was used at the current input 

I e1 mi1rn ls. Ry vm ying the curn:nt between 0 and 100 mA, in steps of 10 mA, the readings that 

appeared on the LCD screen of tho integrator wore compared to the product of the 

corresponding input voltage and current. As they were found to agree, the integrator could be 

accepted as properly calibrated. 

( c) The two-channel current integrator: 

The integrntor w;:is r.onner.teci to Fl 12 V <i r. snpply and a calibration test was carried out 

for each channel separately as follows: A constant voltage source of 5V and 100 mA, that 

corresponds to a current of 100 A passing through the hall sensor was connected to sensor 

te1 minals. The adjusting screw on the front of the integrator was adjusted so that the analogue 

output reading was 10 V and Lhe pulse output 1 cad 10 k.H1,. 

These methods of calibration were not clearly defined m the user's manuals of the 

integrators, but were acquired after direct communi\'..ation with tho munufuetm c1 s. 

The power mtegrator did not function properly when operated with the hall sensor, 

because one of the terminals was not referenced to the ground. ft took <1lmost six months of 

communication and tests to <liscover the cause of the malfunction. The reason that the terminal 

was not originally roforenood to the ground, like the other integrators, was not known but it 

could be presumed to be an unintentional manufacturing error. 

1.9 DESIGN OF' THE CASE FOR THE INTEGRATORS 

Using the available material and funds, a casing had to be designed that would protect the 

integrators from direct precipitation of dew, rain and solar radiation. The best material to be 
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Section 1.10: Installation of the PV System 

used should be glass reinforced polyester similar to the one supplied to protect the 

micrologger and the BCU, but this material and the necessaiy moulding machines were not 

available. At the end galvanised steel sheets were used. 

To shadow the casing and its contents from the sun, it was installed on the PV array and 

facing North To mtlke snre thFlt no min wRter seeperl in, the erlges were extencferl hy J 0 rm, 

as shown in tinmc C.1, of appendix C. As for humidity, the integrators were individually 

properly sealed with a silicon sealant. Figure 1.10, shows a photograph of the mstalled box 

with the integrators fixed in place. 

Three small 12 V bulbs were installed inside the compartment to provide light during the 

taking of readings at night. The power consumption of the hghts and the integrators were 

accounted for as part of the total load, by passmg all the wires through the hall sensor of the 

second channel of the current integrntor, hefore connecting them to theirterminals. 

1.10 INSTALLATION OF THE PV SYSTEM 

Five separate PV array stmcturcs, were taken up on the roof of the Depai tment of 

Chemistry, at the TJniversity of M;:il1a, (latitud<;> 35° 54' 13", longitude 14° 29' 05") and at a 

height of S 1 4 m, above mean sea level. They were joined together by means of stainless steel 

bolts and nuts, and on each stmcture four PY modules were fixed. 

Next, the battery case was manufactured, covered with an anti-rnst paint and put under 

the PV array. Then, the batteries were put in place. There was a <lelay in transporting this 

equipment up the stairs, which are the only accessible means to reach the roof, owing to its 

heavy weight. 

The BCU was bolted to the PV array stmcture and put close to the batteries, about 1 

metre above roof level and facing North. The casing for the integrators was also bolted to the 

array stmcture, but not near the BCU, because together with the BCU, they might hinder the 

free circulation of air under the modules which need to be cooled. 
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FIGURE I. I 0: A photograph of the box with the integrators fixed in place. 
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Section 1.11: Precautions Taken During Installation 

Every five modules were connected in parallel and joined to a separate relay and blocking 

diode in the BCU, with single wires of size G mm2 (SWG l 0). Two thick cables were then 

connected between the BCV and the batteries, which were wired in parallel with each other. 

Sixteen, 4 mm2 (SWG 12) single wires were then connected to the load terminals of the BCU, 

eight to the positive and eight to the negative tcrmina.ls, to ~11pply power to gwups of tlucc 

fluorescent lights connected in parallel. The la3t group had 4 fluorescent lights to make a total 

of 25 lights. 

The array-BCU cables and the BCD-lights wires were first passed through the hall sensors 

of the integrators, to monitor the performance of the PV system, in this manner: First, the 

array-RCU wires were passed through the hall sensor of the first channel nf 1he fwo-dumnel 

current mtegrator and then passed through the hall sensor of the power integrator. Second, the 

wires carrying the power to the lluornsc:r.nt lights were p;:issecl from the RCU, through the hall 

sensor of the second channel of the current integrator, back to the light sensing relays and 

timers and then to the loads, while the wires that supply power to the monitoring equipment 

were passed through the last hall sensor and then directly to their respective terminals. 

Earthing of the data-logger an cl the DCU was ()auied out. 

After progrnmming the data-logger, the system was commissioned on 19th Fcbrnary 

1991 During the next four months, experience was gained on the process of data collection 

and several problems were corrected as described in the next chapter. 

The beginning of the official collection of data was on July I st, 1993. 

1.ll PRECAUTIONS TAKEN DURING INSTALLATION 

Some precautions were implemented during installation to ensure the safety of the 

personnel and the proper operation of the system: 

(a) works were carried out in late afternoons to avoid risk of electric shock or short-circuit; 

(b) work was suspended during or immediately after a rainfall; 

(c) there was a continuous checking of the polarity of all terminals to avoid wrong 

connections; 
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Section 1.11: Precautions Taken During Installation 

( d) proper levelling of the pyranometers; 

(e) close inspection of the contractor's work; 

(t) earthing of all electronic equipment. 

The ordering of the equipment and installation of the PV system and the weather station 

took six months to be completed. 
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CHAPTER TWO 

OPERATION AND MAINTENANCE 

INTRODUCTION 

In this chapter, the performance of the PV array and the balance of system components 

are presented, followed by a description of the maintenance procedures applied to ensure best 

results. At the end, a table of' 1 he necessary maintenance jobs is outlined. 

2.1 EXPERIENCE GAINED AT TIIE BEGINNING OF OPF:RATJON 

In February 1993, the PV system started producing power while the monitoring system 

was being set up until the whole project was ready for operation at the beginning of July 1993. 

In the mean time, experience was gained and several problems we1 e solved. Eighteen out of 

the twenty five fluorest;ent lights were In use during the first year of operation due to a delay 

in the supply of the n~quired quantity. 

As mentioned in section 1.8, the data that was monitored by the back-up integrators was 

also monitored by the data-logger. However, the multiplying factors that had to be included in 

the monitoring programme to convert the sigm1Js to their tme values, had to be determined by: 

(a) assuming approximate values; 

(b) writing them in the programme; 

( c) loading the ch1tR-logger with the programme; 

(d) perceiving the total after 24 hours, and 

( e) comparing the results to the integrated values registered by the corresponding integrators. 

Better approximations were determined by multiplying the originally assumed values by 

the ratio of the two monitored readings. This was repeated until the two readings were very 
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Section 2.2: Maintenance oftlze PVArray 

similar. It was noted that the factor used in the micro-logger programme could not be greater 

than 5 digits. This might have limited the accuracy of the results but did not really affect it. 

Table 2.1 and figure 2.1, show the comparison made between the readings taken with 

both the data-logger and the integrators. It is to be noted that the data-logger took 

instantaneous readings every :20 seconds and averaged them every 15 minutes, while the 

mechanical integrators continuously monitored and integrated the results insti111t:meo11sly 

A test was 0a11icd out on the two µy1anumete1s used to demonstiate their proper 

calibration. They were placed horizontally side by side and connected to the data-logger. The 

results obtained showed that the difference between the two readmgs did not exceed 5% both 

on cloudy and sunny days. 

The main pt ublems that were remedied were: 

(a) the occurrence of out of range data; 

(b) bad collection of data, due to the poor quality of the floppy disks; and 

(c) interference during data collection in the morning. 

Out of range data occurred when the readings were too high for the data-logger to read at 

low resolution. Low resolution mode was chosen because it 1 equi1 eu less memory per 

d1mrtcter th;:in high resolution. The solution to the problem was acluevcd by including a 

m111tiplier in the programme which converted the values to higher units, e.g. W/m7. to kW/m7
. 

As for data collection, new high quality diskettes were used and the retrieval of data from 

the data-logger was conducted at night, when most of the surrounding electric exhaust fans of 

the Chemistry laboratories were not in use. 

2.2 MAINTENANCE OF THE PV ARRAY 

During the past two years, while the array was exposed to the Sun, some discoloration of 

the cells was noticed, as shown in figure 2.2, but no physical deterioration or humidity 

penetration was noted in the modules. At the back of the modules, the outer white tedlar layer 

had slightly deformed, due to temperature variation. No corrosion had occurred at the 
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TABLE 2. I: Comparison between the monthly totals of the readings taken by the datalogger 

and the back-up integrators. 

~=difference between two readings expressed HS H perc:entar,e of the integrator's reading. 

Inplane Radiation (kWh/m2
) Input Current to Batt (Ah) 

Data-logge1 Intcg1ator ~% Data-logger Integrator ~% 
... .. ·•· 

Jul-9J 203.5 202.34 0.573 Jul-93 rrn?.7 7328 -0.277 

Aug-93 204.4 203.31 0.536 Aug-93 8311.4 8348 -0.438 
.. I··-

Scp-93 177.5 176.39 0.629 Sep-9j 7976.2 8002 -0.322 

Oct-93 142.4 141.2'.S 0.814 Oct-93 7582.7 7585 -0.030 

Nov-93 113.16 112.1 0.946 Nov-91 5495.9 5474 OAOO 
"~""'"' 

Dec-93 104.87 103.25 1.569 Dec-93 6048.2 6004 0.736 

Jan-94 108.91 108.12 0 711 Jim-94 6121.l 0092 0.'179 
- ··~-- -·-

Fcb-94 126.5 7 l).'i ()'j o:rn r'cb-94 S76S.6 :in~ () 884i 

Mar-94 180.58 179 18 0 781 Mflr-94 9445 9449 0.042 
.... 
Apr-94 161.22 159.74 0.927 Apr-94 8574 8572 0 0?.1 

-- -~~~' 

May-94 202.12 200.23 0.944 May-94 10374 10406 -0.308 

Jun-94 197.52 193.88 1.877 Jun-94 9764.3 9704 0.621 

Jul-94 205.13 203.34 0.880 Jul-94 9692.8 9730 -0.382 

Aug-94 202.9 201.43 0.730 Aug-94 9660.9 9720 -0.608 

Sep-94 167.53 166.07 0.879 Sep-94 8156.7 8178 -0.260 

Oc.t-94 143.85 142.21 1.153 Oct-94 7772.5 7753 0.2.52 

,.,,~~ ·~ ' ......... 
Battery Output Current (Ah) Array Output Energy (kWh) 

W«<-' 

Ju1-93 5458 .'i 5554 1.7195 Jul-93 101.529 101.71 -0.178 
~--

Aug-93 6125.3 6197 -1.157 Aug-91 116.561 116.43 0.11251 

Sep-93 6552.2 6641 -1.3371 Scp-93 113.03 112.96 0.06197 

Oct-93 6281.8 6368 -1.3222 Oct-91 106.89 106.77 0.11239 
... 

Nov-93 4363.3 4387 0.5402 Nov-93 78.352 78.27 0.10477 
...... 

Dec-93 5087 5135 -0.9348 Dcc-91 86.485 86.03 0.52889 

Jan-94 5122.2 5125 -0.0546 Jan-94 86.933 86.9 0.03797 

Feb-94 4483.7 4513 -0.6492 Feb-94 80.828 80.62 0.258 

Mar-94 7455.7 7587 -1.7306 Mar-94 134.535. 134.01 0.39176 

Apr-94 6817.6 6905 -1.2657 Apr-94 1? l.06 120.82 0.19864 

May-94 7682.6 7808 -1.606 May-94 146.272 145.97 0.20689 

Jun-94 7719. 7798 -1.0131 Jun-94 135.584 134.19 1.03883 

Jul-911 7466. 762~ ·2.0724 Jul-94 114.213 134.17 0.0320) 

Aug-94 6417.8. 6518 -1.5373 Aug-94 134.23 134.19 0.02981 

Sep-94 4733.2 4777 -0.9169 Sep-94 114.886 114.87 0.01393 

Oct-94 5596.9 5647 -0.8872 Oct-94 109.027 108.96 0.06149 
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FIGURE 2.1: Graphical presentation of the comparison between the data-logger readings 

and the back-up mechanical integrators. 

FIGURE 2.2: A photograph showing the browning of the PV modules_ 
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Section 2.2: Maintenance of the PV Array 

terminals of the modules. 

A tree on the western side of the array partially shadowed the modules after 4 

p.m. (G.M. T. + 1 hour). Though this would not cause damage to the cells due to the low solar 

intensity, the radiation data recorded on the array plane might be lower than expected. Also 

the array efficiency is expected to suffer heavily. The pyranometer nserl for this pnrpose co11l<l 

not he moved hecause it was necessa1y to determine the m~tm1l amount of energy incident on 

the m1ay. 

The modules were washed in summer, using water and a soft sponge, as detailed in table 

2.2. Washing was always done in late afternoons, starting from the top modules and 

prnceeding downwai ds. lt took fifteen minutes to wash the array ( 11.11 'J m2
). The type of dirt 

that accumulated was typically fine dust broken by streaks of dried rivulets caused hy dew 

during the night. Bird droppings were rarely dotoot0.d on the snrfoo(' 

In summer, the array output was reduced at noon, due to high cell temperatures which 

exceeded 50 °C on some days. However, excluding this effect, the best total output current of 

the 20 modules was recorded in spring as 52.4 A, during the 15-minute interval between 12: 15 

and J.2:30 p.m., on 6th April 1994. The insolation on the array was 1.064 kW/m2 and the cell 

tempeiatm e was 26 °C. This value represented 88% of the estnnatcd reforence output at 

m;;iximnm power point 11nd STC, given by the manufacturer (see table D.5, of appendix D). 

The reasons that caused this drop could be inferred to the browning of the PV cells [75], 

which could amount to 9% [76], the imperfect matching between the batteries and the array 

that causes the I-V characteristics of the PV cells to deviate from the maximum power curve, 

the mismatch losses between the modules, the difference in the spectral distribution of the light 

source used to test the modules in the laboratory and the true solar light, where these modules 

actually perform and keeping in mind the fact that the internal temperature of the PV cells is 

actually 2 to 3 °C higher than the measured surface temperature of the module [83]. 
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DATE COMMENTS 

18.04.93 Washed the array after a dusty day followed by droplets of rain (30 minutes). 

Browning of the PV modules was noted. 

0,1_05.93 Washed the array Acc11nml11tion of dust and formatil?ngf dew ut night. 

08.08.9J Washed the anay and checked fot corrosion of cells or terminals. 

12.03.94 Washed the array and checked for corrosion and humidity penetration into 

cells. 
"'"'--=" 

22.04.94 Washed the array. In April aerosols in the air reach their peak concentration. 

This required more frequent washing 
<• ~·~--

30.06.94 Washed the modules and checked terminals for corrosion. 
- - - - - - -· - - - - --- - - - - - -· - - - ····-- -··· - ---·- - --··· .. ---···--·-- - - - - <'•"M~--· 

29.08.94 Washed the modules. 

TABLE 2.2: The log book for the PV array. 
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Section 2.3: Operation and Maintenance of the Battery 

2.3 OPERATION AND MAINTENANCE OF THE BATTERIES 

The batteries were supplied dry-charged and were topped with sulphuric acid in January 

1993. A chemical test was carried out to check whether these batteries contained antimony 

additives. The presence of antimony improves the low-state clrnrge diaracteristics of the 

battery. Some aci<l wns tnlrnn from one cell nnd analysed using the principle of atumi0 

absu1ptiun spe0t10metry. This method was used after failing to get an indication of the 

presence of antimony with the aid of cation testing due to interference caused by the presence 

of other substances. 

Atomic, absl>1 ption is an analytical method based on the absorption of ultraviolet or visible 

light by gaseous atoms. The sample was partly converted into atomic vapour by spraying the 

solution into a flame. A hollow-cathode lamp containing antimony wiis nsc<l 113 the light 

source. The atoms of antimony in the flame, absorb at precisely the wavelength emitted by the 

light source. The wavelength is extremely narrow, for both the emission line of the antimony 

light source and the absorption line or the antimony gas in the flame. For this reason, 

interference from the spectral lines of other clements is alrno~t nil. The instmmeut used fo1 this 

testing was VARTAN AA-127~ atomic absorption spectrometer. The results showed that 

antimony was present in the batteries. 

In February 1993, the batteries were connected to the PV array via the BCU and were 

monitored once every month. The voltage and specific gravity of each cell were recorded at 

dusk and at the <lawn of the next rlny Also, the temperature of some pilot cells was sampled. 

As far as possible, monitoring was done after a series of sunny days to ensure that the batteries 

were charged. 

The batteries were isolated for one hour, after which measurements commenced manually 

for the 60 cells, using a mercury-in-glass thermometer, a hydrometer that measured to an 

accuracy of five units in the third decimal place (e.g. 1.235) and a digital voltmeter that 

measured to an accuracy of two decimal places. An alcohol thermometer would have been 

preferred since it would not contaminate the acid in the batteries in case it accidentally breaks. 
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Section 2.3: Operation and Maintenance of the Battery 

The order of the readings started with battery no. 1, the nearest to the BCU and 

proceeded to the adjacent battery no. 2 till battery no. 10. The monitoring of the cells of each 

battery started with cell no. I, being the nearest to the positive pole ~m<l following in order till 

cell no. 6, being the nearest to the negative pole. The time requited fo1 monitoring was one 

hour. The temperntnre of the first cell of e~c:h hC1tte1y was also taken. 

Visual checks were ma<lP- for any crac.ks on the surfaces or the sides of the batteries. 

Topping of the cells with di-ionised water and washing the surface with a neutralising solution 

of sodium hydrogen carbonate (lOOg dissolved in 1 litre of water) were carried out when 

necessary. The data-logger also recorded the overall voltage of the battery bank every day at 

midnight.. 

Though the battery poles were covered with Vaselme, corrosion was frequently detecte<l 

(especially on the positive poles), after six months of opcrnt'ion Ji'igme 7.1, shows the 

corrosion on one of the poles. The residue was chemically analysed and the following results 

were obtained: 

Test for anions: Sulphate radical was detected and, to a lesser extent, carbonate and chloride 

radicals. 

Test for cations: Copper and sodium ions were detected. 

Clearly, the sulphate radical originated from the acid fumes given off from the vents 

during charging. The carbonate radical was a residue of the neutralising solution used to wash 

the surface of the batteries while the chloride radical was a result of the condensation of the 

salty air at night. As for the cations, copper originated from the pole clamps which we1e made 

of galvanised copper, while sodium was the other ion present in the salty air of the island. 

An effective solution to the corrosion of the battery poles was found by replacing 

Vaseline with rm rmti-corrosive gel made of a mixture of products and produced hy Holt I ,Joyd 

I ,td. (UK.), with the brand name NO CRODE. Table D.21, of appendix D, gives the main 

constituents of this gel, as supplied by the manufacturer. 

Though monitoring of the batteries was done with care, a short-circuit occurred once 

while disconnecting the batteries from the PV array. The effect was the breaking up of the top 
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Section 2.4: Operation and Maintenance of the BCU 

tar layer that sealed one of the cells due to the excessive build-up of gases inside it. Also, one 

battery connector had slightly melted down. The surface was resealed and continuous 

monitoring of the cell showed no deterioration in its performance. 

Such an incident draws the attention to the importance of applying all the safety measures 

to avoirl harm to the operntor S!lfety goggles :=md rubber gloves should always be worn 

<luring the inspection and monitoring of the batteries. I'iguro 2..1, shows the u1Tcctc<l cell 

lrnmedintely after the incident. 

Boostmg of the batteries was done once at the end of the winter season and once in 

summer, as shown in table 2.3. In winter, the batteries were boosted to avoid stratification of 

the acid and sulplrn1 ion In smmner, the batteries were not.ict':o to lose some charge us the load 

was Increased. Though the availability of solar radiation increased, the operating PY cell 

temperatures were high near and at noon, so that the array did not p10d1icc enough power to 

balance the extra consumed energy. The load was eventually decreased in September 1994. 

Boosting can be carried out by using a battery charger or by disconnecting the high 

voltage electronic alarm card of the BCU to make full use of the available solar energy, and 

simultaneously reducing the loud consumption to a minimum, for several days. 

2..1 OPF,RATJON AND MAINTENANCE OF TJIE DCU 

For most of the year the BCU had worked satisfactorily, though no specific tests were 

carrieo 011t on the mode of variation of its efficiency with load because it would require extra 

monitoring equipment. 

In Febmary 1994, one of the mercury relays stopped functioning and was immediately 

replaced. This was noterl when the volt<1ge of the PV string connected to that relay was found 

to be equal to the open circuit voltage of the modules (21 V), at noon-time. The heat sink 

fixed on the blocking diode was also noted to be cool and the total cnrrent output of the array 

at noon was lower than expected. 
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FIGURE 2.3: A photograph showing the corrosion on one of the battery poles. 

FIGURE 2.4 : A photograph showing the condition of a cell after a short-circuit occurred. 
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TABLE 2.3: The log book for monitoring the batteries. Visual inspection for cracks and 

spilling of acid, testing the specific gravity, cell voltage and temperature were carried out. 

~····· 

18/19.06.93 Monitored batteries. One positive pole was corroded. 
"' 

19/20.07.93 .--rn• Monitored batteries. Three Qositive poles were corroded. 

19/20.08.9.1 Monitored h::itteries Three positive poles were corrocled. Cleaned the whole surface with 

.5odrnm hydrogen ~mlm1111tc sol111ion 

V.J23.09.93 Monitored battenes. Two positive poles were corroded. 
o-"" 

20/21.10.93 MonitorcJ batte11e~. They were low because the solar radiation became weaker, the hours of 

sunshine dcacascu and the night-time increased. Also, the weather was had tor one week. 

Timers were adjusted to make the lights work for 8 hours every night. ·-
19/20.11.93 Checked battelies amt monitored them. Two poles were corroded. 

29/30.12.93 Monitored batteries. 
- ------ - ---------- >o- ""-

07/08.01. 94 Cleaneu smface of batteries. Shon-drcnlt ncddent which caused the breaking-up of the tnr 

senlnnt flt the lop of one cell. The system was operating with nine battc1ics. One-Imm delay 

to 1lnc1 asslst:mce to remove battery trom its hox The damaged cell was cell no. 6 ofhAttmy 

no ?. 

14.01.94 Re-connection of the battery. Two poles were corroded. Chemical analysis of residue was 

carried out. 

26/27.01.94 Monitored the batteries. Some cells were weak. Added di-ionised water to all the cells after 

Q!!~ y~ar. B<?_~stin_g of the batteries. 
=<< '-"'~ 

25/26.02.94 Monitored battery. Discovered that one of the relays of the BCU was not functioning. 

23/24.0J.94 Monitorcu the batteries. 

04/05.05.94 Monitored the batteries. Two poles were corroded. Cle<1necl all th<'. poles of the batteries and 

applied NO CRODE jelly instead. A slight crack was observed on the smface of one or the 

bnttorics, Tt wns sr.11led with m01ten tnr. Tooucd cdh; with Ji-ionised watet. 

25/26.0~.9'1 Monitored the batteries. 

30.06/01.07.94 Monitored batteries. The charge was low. Boosted the batteries. 

27/28.07.94 Monitored batteries. 

19/20.08.94 Monitored batteries. Some cells were \.Veak. Reduced the load for some days and gave a 

boost charge to the batteries. 

13/14.09.94 Monitored the batteries <1nd addf.'.d distilled water to them. 

25/26.10.94 Monitored the batteries. 
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Section 2.5: Operation of the Load Control Unit 

The modularity of the BCU helped to allow it to work partially. Also, the replacement 

time was reduced to a minimum. A stock of spare relays and <lio<les are recommended to be 

available on site. 

2.!'i OPF,RATTON OF THE LOAD CONTROJ, UNITS 

From the start, it escaped the installers to place the hght sensing relays upside down, as 

recommended by the manufacturer. This caused two of them to fail during winter due to the 

infiltration of rain water into the unit, even though they were sealed all around with a silicon 

sealant. One integrated circuit had to be replaced in each sensor, after which they worked 

reliably well. Obviously, this time th<~y were mounted properly. 

The timers had worked reliably, though one of them was affected when the light stmsing 

relay that supplied it with power mal-functioned. It was difficult to control the exact number 

of hours of operation, because the control knob was of a continuous variation type between 

two time limits and not in steps of say, one hour. The only way to set a definite number of 

hours of operation was by trial anJ er I 01. A timer that could be varied in steps would have 

heen preferred for our purpose. 

2.6 OPERATION OF THE LIGHTS 

The first eighteen lights had accumulated 4500 hours of operation, till the end of October 

1994. So far only one light failed, in June 1994, after 3500 hours of operation and one choke 

in August 1994, after 4000 hours of operation. The remaining seven lights were installed at 

the beginning of March 1994 and had operated for 217 5 hours till the end of October 199tl, 

without failure. 

Occasionally, some fluorescent lights would not switch on immediately. It was noticed 

that these lights had some condensed humidity captured in them. This implies that the 

humidity in the whole unit is very high which reduces the resistivity of the unit and causes an 
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Section 2. 7: Operation and Maintenance of the Monitoring Equipment 

electric leakage to the ground. Calcium chloride was introduced in some units to act as a 

drying agent, after which the units were sealed with silicon sealant. This improved the 

situation for few weeks after which the condensation was noted again. It was not possible to 

seal the whole unit perfectly. Also, sealing the unit is not advisable as there would be the need 

to re-open the cover to r.hnnge the lights in the fiitnre Since these covers Rrc snhjccted 1 o lN 

radiation, they tended to change colour and to hf'lmmf'I more brittle. 

A s0luti011 to the p10blem of stai ting was found by spraying a silicon compound on the 

whole surface of the choke of the fluorescent unit to isolate it from humidity. Also, the electric 

terminals were too weak to withstand any over-tightening and the unit was not fully weather 

pt oor. 

2.7 OPERATION AND MAINTENANCE OF THF, MONJTORTNG EQUIPMENT 

Besides the routine daily inspection of the proper operation of the data-logger and the 

data collection, using the support software programmes of TERM and TELCOM, visual 

checking was carried out on the pyranometers and the rain gauge. The dry-cell batteries that 

supply eme13ency power to the data-logger were changed every three months us 

rnr.ommended by the manufooturcr. This was important, because even though the batteries 

were of the best quality, some expansion of the batteries could be detected after three months 

of placement in summer, however no leakage had occurred. An external lead-adrl battery 

would be preferred. 

The MA TRIX pyranometer had a glass dome which had to be inspected for any humidity 

leakage and cleaned once a week, while the LI-COR pyranometer did not need so much 

cleaning. 

Some incorrect readings were noticed and the humidity sensor recorded some values 

exceeding 100%, when dew condensed on it or <luring min. Weather data was sampled for 

each month and compared to a similar weather station situated about 100 m away. The 

readings were very close and this assured us of the proper calibration of the humidity, arr 

temperature, horizontal global radiation, wind speed, wind direction and rainfall sensors. 
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Section 2. 8: Maintenance Schedules 

The integrators operated reliably and one of the advantages of placing them on the roof 

near the PV system, was that the operator had to go up every night to write down the 

integrated values and while doing so, the fluorescent lights were checked for proper operation 

as well as the other balance of system components. The 10-cm edge of the box containing the 

integrntors WAS snfficient to keep l'JWAY min w::iter from seeping in. 

2.8 MAINTENANCE SCllEDULES 

DAILY INSPECTION AND MAINTENANCE: 

• Collection of data from data-logger to the hard disk of the PC using the TEI ,f'.OM 

pm31 rtnlllH:\ i'11 nigh1 

• Using a viewing programme such as XTREE GOLD to view the collected data and 

check for any discrepancies in the readings. Checking the battery voltage reading at 

midnight gave an indication of the general state of the battery charge. In particular, 

died ing was Jone to ensure that the current and power produced by the array around 

noon was as expected. Lower values imply either the mal-functioning of the BCU or 

the full charge of the butteries. 

• Manual recording of integrated values recorded by the back-·up integrators and the 

visual checking of the proper operation of the fluorescent lights. 

WEEKLY INSPECTION AND MAINTENANCE 

• Cleaning of the dome of the MATRIX pyranometer At night 

• Transferring the collected data from the hard disk of the PC to floppy disks and back

up copies, once every two weeks 
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Section 2.8: Maintenance Schedules 

MONTHLY INSPECTION AND MAINTENANCE 

• Inspection of the surface of the PV modules and cleaning them if necessary. 

• Monitoring the batteries and checking for loss of di-ionised water from the cells. 

• Checking the rain gauge levellmg and washing the filter 

MAINTENANCE JODS EVERY THREE MONTHS 

• Checking the levelling of the Ll-COR pyranometer. 

• Replacing the emergency <lry cell batteries of the data-logger and the drying agent 

pa1.::k.ets. 

• Considering the change of the load consumption according to the season. 

• Washing the surface of the batteries with neutralising solution, if necessary. 

• Checking for any shade on the PV array. 

• Checking for corrosion for all terminals. 

MAINTENANCE JOBS EVERY TWO YEARS 

• Recalibration of all monitoring equipment such as pyranometer and anemometers. 

• Evaluating the performance of the batteries. 

• Checking for cracks in the cables. 

Some miscellaneous inspection and maintenance jobs that were carried out during the 

testing period of the system, are given in table 2.4. These may help in the analysis of the 

collected data. 
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TABLE 2.4: Log book of some miscellaneous inspection and maintenance jobs carried out 

during the testing period. 

~,.,~ 

04.05.93 Changed dry cell batteries of the micrologger. 

10.08 93 Chnnaerl batteries of rlata-loi::w;er 

17 .. 11. 93 Replaced batteries of data-logge1. 

24.02.94 Replaced batteries of data-logger. 

28.02.94 Found out that relay no. 4 of the BCU was not functioning, one timer was 

out of order and one light sensor was not functioning. 

06.04.94 Light sensors die! not operate hec;ii11se 1 ;ii11 wa1 e1 h<J.d acc1mml:11 ed inside 

them 

13.05.94 Changed position of the thermocouples that measured the PV cell 

temperature to measure the top and bottom temperatures of the same cell. 

Previously, they were not placed under each other. 

25.05.94 Changed batteries of data-logger. 

30.06.94 Changed one fluorescent light. 

11 07 94 Forgot to connect the voltage sensing wire between the BCU and the 

batteries between 8 a.m. and 2 p.m. No energy had flowed to the batteries 

during this time. 

13.08.94 Changed one choke of one of the fluorescent lights. 

17.08 94 Changed batteries of data-logger. 

14.09.94 Changed one choke of a fluorescent light unit. 
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INTRODUCTION: 

CHAPTER THREE 

DATA ANALYSIS AND 

PRESENTATION OF RESULTS 

The first part of this chapter describes the procedure followed to check the data collected 

ove1 sixteen months, starting from July 1994. Any discrepancies or missing data is presented in 

a report which woul<l help in data analysis. 

The second pa1 t den I~; wi1h 1hc nnnly8i8 of cfat~ ~m<I presentation of some geneial su111111a1y 

results such as the number of hours of significant irradiance, PV array output and the monthly 

performance of the system. At this stage, the guidelines set by The Joint Research Centre -

Ispra Establishment for the assessment of PV pl~nts were employed [79]. 

The last pm t pi esents more detailed analysis, accompanied with any necessary 

explanations and comments. 

3.1 SYSTEMATIC CHECKING OF THE COLLECTED DATA 

The data collected over sixteen months of monitoring were subjected to detailed and 

systematic checks as follows: 

(a) Each ASCII data file was arranged to contain data for fifteen or sixteen days. This was 

essential since the editing progrnmm~ 'PERFECT EDITOR', which Wf!S 11secl co11ld not hold 

the data of a whole month. This programme was chosen because it was simple to use and it 

occupied a relatively small memory space in the computer hard disk, equivalent to that 

occupied by one month of collected data. By importing the data files into this programme, a 

preliminary visual check was carried out to ensure that there were no abnormal characters or 

corrupted sectors in the files. 
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Section 3.1: Systematic Checking of the Collected Data 

The last file October 15-31, 1994, contained some corrupted data, which was caused by 

an electric surge that affected the personal computer and caused a disk error. However, the 

original uncorrupted data was successfully recovered from the micro-logger, using the TERM 

support software of the micro-logger. This incident draws attention to the necessity of 

creating back-up files and the importance of on-line cfatn monitoring 

(b) The number of data sets were counted using the 'SPI ,JT' softwnrc, which wns supplied as 

part of the suppLH t software to the m1c10-logger. A set of data was produced by the micro

logger every fifteen minutes, one hour and twenty-four hours. This test revealed no missing 

sets. 

(c) The SPLIT prngrnmme was again used to point out any abnormal data points. For each 

season, two parameter files were created, one for the morning hours and the other for night

time, which included threshold values for each dn.tn point Any point that foll outside those 

limits blinked on the screen. It was visually checked, noted and an explanation had to be found 

for its diversion with the help of the log books, presented in Chapter Two and the other data 

points of the same set. Table 3. 1, shows all the out-of-range data and the time at which they 

occurred 

( d) In case there was anomalous data, a decision had to he made whcthe.r to eliminate the 

whole set fi om subsequent analysis 01 whothei it could be arranged without loosing all the set, 

depending on the original reason of deviation. A report was produced for all the changes that 

were made, as shown in table 3. 2 and where necessary, new healthy files were constructed to 

be used for the presentation of results. 

3.2 GENERAL ANALYSIS OF THE COLLECTED DATA 

A chart is presented in table C.2, of appendix C, of all the hours of significant irradiance 

incident on the PV array(> 80 W/m2
) and significant array output power(> S% of Pnom, i.e. > 

60 W), each indicated with a star. From the chart, it can be seen that the array did not produce 

significant power for some hours during the days of July up to October 1993. This was 
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TABLE 3 .1: A chart of all the out-of range data which was found during the checking of the 

data for the sixteen months of monitoring, starting from July 1993. 

DATE JULIAN DAY TIME RANGE COLUMN DATA NAME VALUE RANGE 

NO. .. " 

06/07/93 187 8:00 all 1~-minute set low/high values . 
28/09/93 271 19:15-20:45 4 Humidity 100.1-102.l 

09/10/91 ')~2 00:30-08:45 4 H11mi<lity 100.1-102.1 

16/10/93 289 5:15-07:15 4 Humidity 100.1-100.6 
'= ; 

21/10/93 294 6: 15 and 6:30 5 Air temperature 40.43 and 50 °C 

21110/91 ?,94 6:15 and 6:30 6 Temp. of top 19.71and44.2 °C 

module surface 

7.1/10/91 294 6:15 and 6:30 7 Temp. ofbottom 39.94 am.I 44.26 "C 

module surface 

21/10/93 294 6: 15 and 6:30 8 !!2Iiz. i!QQ_I!] I,<l<i: .. _ 0.19?. an<l 0. 144 ---- - ---- -
:>.1110/93 294 6.15 and 6.JO 10 Array power out. 23.19 an<l 11.99 

31/10/93 304 7.·1.'5-?.:4~ 4 Hum1dlly 100.1-100.4 

01/11/93 305 5:00-6:30 4 ,_.:8umidity ···-- 100.2-100.8 

28/12/93 362 18:15-22:30 4 Humidity 100.1-101.6 

30/12/93 364 7:45-8:30 5 Air temperature 3.882-10.54 

30/12/93 364 7:45-8:30 6 Temp oftop 13.74-28.16 

module surface 

:30/12/93 364 7·45-8:30 7 Temp. ofbottom 15.65-J0.24 

module surface 

10/1 ?/91 364 7:45 8:30 8 IIoriz. global rn<l. 0.274-0.841 

18/01/94 18 18:45 4 ..... Hmni<lity 100.2 
, ... 

19/01/94 19 5:30-11:00 4 Ilmnidity 100.1-102 

19/10/94 19 18:15-18:45 4 Humidity 100.1-100.5 

19/10/94 19 19:30-20:30 4 Humidity 100.2-101 

?.7/01/94 27 8:00-9:45 14 Array cmrent out 0 

27/01/94 ·n 8:00-9:45 16 Array power out. 0 .. 
14-28/02/94 45-59 Around noon 14 Array current out <38 A 

16/02/94 47 4:00-9:45 4 Humidity 100.1-102.4 

16/02/94 47 21:30-23 :45 4 Humid!!L ..... 100.2-101.4 

17/02/94 48 00:00-1:30 4 Humidity 100.2-101.5 

24/04/94 114 5:00-7:00 4 Humidity 100.1-101.6 

30/04/94 120 9:15-10.45 14 Array current out 0 
"" 

30/04/94 120 9:15-10:45 16 Array power out. 0 

15/05/94 135 2:30-7:00 4 Humidity 100.3-101.1 

17/05/,94 137 21 :15<.J.1·10 4 Humidity I 00.1-100.4 

18/05/94 138 4:00-6:30 4 Humidity 100.4-101.2 

13/07/94 194 8:00-14:00 14 Array current out 0 

13/07/94 194 8:00-14:00 16 Arrav power out. 0 

17/08/94 229 4:15-7:00 4 Humidity 100.1-101.8 
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TABLE 3.2: A list of all the adjustments that were made to the errors found in the data files, 

in preparation for further analysis. 

DATE DISCUSSION OF ERROR AND FURTHER ACTION TAKEN . 

_ __.,_ 

06/07/93 The 1.5-mlnntc d<Jta set at 8:00 a.m. had very low values of ah ruH.l module surface 

temperntnres, :mcl high values of irradiation. Moreover the hourly average at 8 a.m. was an 

exact copy of the 8 o'clock 15-minute interwil data R0th sets were eliminate.ct and the 

hourly average was adjusted to be the mean of the remaining three intervals, namely, 7:15, 

7:30 and 7:45. The daily average was adjusted accordingly. 

28109193 Humidity readings above 100% were caused by the condensation of water vapour on the 

probe Since humidity does not directly affect the performance of the system, the readings 

Wf;n1 lnft 1m1.fo:mgod. Thh cx.µlanation applle1; 10 nil 1he 1:nscs where humidity was highe1 

than 100%. 

21/10/93 These sets were deleted from the file and the average hourly data points at 7 o'clock were 

adjusted to be the average of the remaining two 15-minute intervals, namely 6:45 and 7:00. 

Also, the average values fo1 that day were adjusted using the 'SPLIT' and 'PERFECT 

EDITOR' software programmes. 

30/12/93 The sets that contained eITors were completely eliminated and the hourly average at 8:00 

was re-calculated usiI).g the 15-minute data points of 7:00, 7:15 and 7:30. The hourly 

avernge at 9:00 was determined from the 15·minute intervals of 8:45 and 9:00. The daily 

average was also adjusted. The reason for such eITors on that day could be due to lightning. 

27/01/94 During this time, cleaning and monitoring of the batteries were being caITied out. Hence, 

this is not a data eITor. 
.,., 

14-28/02/94 One of the relays of the BCU was not functioning. It was discovered when the batteries were 

monitored on 25.02.94 and was replaced. Hence, the data is acceptable. 
...~~-~· 

30/04/94 The poles of the batteries were being cleaned and 'NO CRODE' anti-corrosion jelly was 

:mnlied. Hcnc:c, the zcm vnlne is ;;icccpt::ihle . .. 

13/07/94 The previous night, the batteries were being monitored and one of the voltage sensing leads 

was not re-connected. This paralysed the BCU and no cuITent passed from the PV array to 

the batteries. Hence, the data is acceptable. The wire was connected at 14:00 of the same 

dav. 
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Section 3.2: General Analysis of the Collected Data 

caused by the action of the BCU which shunted the array whenever the batteries reached their 

full capacity. For all the other hours when the array was not producing significant power in the 

morning, the common reason was that maintenance work was being carried out on the system, 

as indicated in tables 2.3 and 2.4. 

Two energy h~hmce sheets are presented in tables 3.3(a) and 11(h), for nll the monitored 

months. Table 3.3(a) used the data that was oolleoted by the automatic 21X micro-logger, 

while table 3.3(b) employed the data that was collected by the back-up mechanical integrators, 

(shown as shaded). 

As seen from these tables, the data collected by the integrators differed from the 

corresponciine mir.ro-logger reaciings as was shown and discussed in section 2. 1 . :Since the 

same sources of error apply to all the data points, they tenrleci to r,:mr.el each other anci ciici not 

affect the final res111ts of efficiencies, performance yields and performance ratios. 

The performance ratio (PR) was relatively low for the first three months because the 

fluorescent lights were not operated at full load. Since it was summer and the batteries were 

not optimally discharged during the previous night, they used to reach their full charge at 

noon, leaving the PV a11ay idle for the rest of the day. The total quantity of unutilised solar 

radiation for each month is given in table 3 ..1. It shows that experience could imµ10ve the 

utilisation of solar radiation. This is clcmly shown in the scatter diagrams of the array yields 

versus solar radiation incident on the array, of figures 3 .1.1 to 3 .1.16. 

During February 1994, one of the BCU relays was out of order but it was not realised till 

towards the end of the month when the batteries were being monitored. As a consequence, the 

total energy supplied to the batteries and to the load decreased. At the same time the actual 

amount of solar energy falling on the system had increased from that of the previous month, 

thus the PR was Rciversely ilffected 

During late spring and summer 1994, the electric consumption was increased to upgrade 

the PR, but it turned out that towards the end of August the hRtteries were discharged to the 

extent that the load had to be reduced again, to allow them to get recharged. This has affected 

the PR of August and September 1994. 
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TABLE 5.3 (a)· 'v1oothly energy balances based on the data ;::dlec::ed by the micro-logger 

>:OMINAL ARRAY POWER: L2kWp TOTAL ARRAY AREA: 1 L II- m2 NOMINA;... ARRAY EFFICIENCY: o.·03 

I 
Jul-93 I Aug-93 Sep-93 Oct-93 Ncv-93 Dec-93 Jan-94 Feb-94 !V'.a:--:M Apr-94 May-94 Jun-94 Jul-94 Aug-94 Sep-94 

hrs hours 744 744 720 744 720 744 744 672 74,;. 720 744 720 744 744 720 

MF I I I 1 I l 1 1 I I l l I i 
IG kWh/rn2 222.43 207.26 154.82 109.59 74.26 63.56 72.12 94.67 15G.9.., !55.55 21 l.l7 21 L85 213.19 193.06 145.61 

ESA kWh 2262.3 2272.98 1973.05 1582.28 1257.47 1161.73 1214.24 140':".0:-: :20c~.62 1792.39 2246.9 7 2174.26 2280.99 2255.08 1923.46 

!Gm kVJh/mi/day 7.18 6.69 5.16 3.54 248 2.05 2.33 3.38 '4.87 .:5.19 6.81 ~.06 6.88 6.23 4.85 

IA111 kWh/m2/day 6.56 6.60 S.92 4.59 3.77 3.37 3.52 4.52 5.83 5.37 6.52 ,).52 6.62 6.54 5.77 

£4. [= EBCU+] kWh 101.525 116.55 113.03 106.82 78.35 186.2 87.16 80.83 13&.53 121.06 146.27 ~34.27 !34.23 134.22 l 18.77 

JBCU+ PJ-. 7307.8 8310 i7975 7578 :5494 6028 6137 5768 94.<U :S575 10374 9669 9693 9661 8428 
JB- Al: 5541.7 6130 6525 6313 4332 5116 5081 450: 74C3 "5901 7578 'TJ.2 74A 6450 4806 

UDCM " 13.89 14.03 14.17 14.10 :4.26 14.30 14.20 14.0·I !425 14.12 14.10 3.&9 13.85 13.89 14.09 

UDCN v 12.45 12.44 12.43 12.54 .2.51 12.26 12.I 12.25 12..2 :2.02 1228 ~2.6 12.33 12.37 !2.47 
EB- kWh 68.99 76.26 81.11 79.17 :54.19 62.72 61.48 55.19 90~2 :S2.95 93.06 97."-2 91.41 79.79 59.93 
Yr=IA111 kWh/dayikWp 6.64 6.6 5.92 4.59 3 77 3.37 3.52 4.52 ;5.83 5.37 6.52 6.52 6.62 6.54 5.77 
Ya kWh/dayikWp 2.73 3.13 3.14 2.87 2.18 2.32 2.34 2.41 3.62 3.36 3.93 3.73 3.61 3.61 3.30 
}/ kWh/dayikWp 1.85 2.05 2.25 2.13 - :51 1.69 1.65 1.64 ,2.43 2.30 2.5-0 2.7 _ 2.46 2.14 ;.66 

Le kWh/dayikWp 3.91 3.47 2.78 1.72 .. 59 1.05 1.18 2.11 .2.21 2.01 2.59 2.79 3.01 2.93 2.47 
Ls kWh/day/kWp 0.87 1.08 0.89 0.74 ci 67 0.63 0.69 0.76 ~.19 l.06 u:3 ~.02 1.15 1.46 i .63 
PR 0.28 0.3; 0.38 0.46 ()) 40 0.50 0.47 0.36 0.42 1).43 0.38 0.42 0.37 0.33 0.29 
]1/Amea11,t 0.04 0.05 0.06 0.07 Cl 06 ·0.07 0.07 0.06 0.0' IJ.07 0.07 0.06 0.06 0.06 0.06 
Ntot,t 0.03 0.03 0.04 0.05 () 04 '0.05 0.05 0.04 0.°'4 •).05 0.04 o.oe. 0.04 0.04 0.03 
NBQ&NBCJ,t 0.76 0.74 0.82 0.83 CP9 0.85 0.83 0.78 o.n IJ.80 0.73 !).80 0.76 0.67 0.57 
NBE&NBCUt 0.68 0.65 0.72 0.74 Cl 69 i0.73 0.71 0.68 0.67 IJ.69 0.64 0.73 0.68 0.59 0.50 
Ya1Yr 0.41 0.47 0.53 0.63 Cl 58 i0.69 0.67 0.53 0.62 IJ.63 0.60 os· 0.55 0.55 0.57 
Arrav losses 0.59 0.53 0.47 0.37 0 42 :0.31 0.33 0.47 0.38 •).37 o . .::.o !).4'.) 0.45 0.45 0.43 

TABLE 3.3 (a): Monthly energy balances based on the dat~ collected by the micro-loa~er 

Oct-94 

744 

I 
105.29 

1538.15 

3.40 

4.46 

105.09 
7496 

5565 

14.02 
12.15 

67.61 

4.46 

2.83 
1.82 

1.64 

LOI 

0.41 

0.07 

0.04 

0.74 

0.64 

0.63 

0.37 
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TABLE 5.3 (t>': .,1onthly energy :>alances of the PY system based ;:in cl.1la G·:>Ji;ctea ~y the mechanical integrator; 

NOMINALARRA.YPOWER: 1.2kWp TOTAL/l.RRAY AREA: 11.ll"m= NOMr'\f.>J..AER.AYE:=?::C::ENCY: 0.108 
j 

Jul-93 I <\ug-93 I Sep-93 I Ocl-5B I Nov-93 I Dec-93 I Jan-94 I Feb-94 /.~r~4 Apr-9'4 I May-94 I JE-94 I Jiu.-94 I ;'ug-94 I Sep-9'4 Oct-94 

hrs holJl'S 744 74"1 720 744 ::-:oo 744 744 672 74'< -:20 '.'44 720 '.'4 74,. 720 744 

MF 
IG nv:'ll:11t' 225.04 2c7.26 154.82 109-59 '.'4.26 63.56 n12 94.67 csu97 :ss.ss 211.17 211.85 213.~9 193.06 145.61 1os.29 

~1r: : ~~t{t? ::::nr ::::= :? 2.2.+%;t:? 2.~:2::: ;;, )~~~;*~ :;: t~1~2~\t~~i@2.~t:: H'1J;~~: ;, }zjitw :::Jii:%i~)1f ::~~;~:::= ::J1t~~~ ::: ::2~@JS:ji~~~:;:~.3:'\J:::o 2~~xs~t .. ~;~ :< 1:S4ilg( :: i#iWK 
!Gm kW:u'cn2/day 7.26 6.·59 5 16 3.5.o:. :.A8 2.05 2.33 3.38 +.:~ '5.19 6.81 7.06 6.:B 6.23 4.85 3.40 

:mw \( l\!iHXt (It• ::::: ~~~{:):)!\)~M/ (~fl ()'!)~;,n ·~~~W~) :;: st~$?? • 5J~$•? )(J~W•••:·~•:•••~:t~:n: ••!~~~? } 1MM ?Vit:m<} :;j'6:;i4 ')\@[~ )• :: !i:tit>• /~tr:: 
UDCM V 13.88 13.95 14.12 14.•ll: !4.3v 14.33 14.26 14.11 L-U8 l4.09 !4.03 13.&3 i.3-79 13.31 14.05 14.05 

. UDCN V 12.45 l'.'..44 12.43 12.5". 12.51 12.26 12.l 12.25 ;22 :2.02 i2.28 12.6 ;:;_33 12.37 12.47 12.15 
EB - k\.V:• 69.15 77.J9 82.55 79.~ 54.8& 62.96 62.01 55.28 :i-2...56 Z3.00 95.88 98.::.S 94_1)0 80.53 59.57 68.61 

l'r=!Am lkW:u'day'kWp 16.53 16.5.S IS 88 14.5.l 3-74 13.33 13.49 14.49 ;:_"Jt ~.32 16.46 16.46 16.5-5 16.50 15.54 14.59 
Ya lk\V.'1/d:ay'kWp 12.73 13.13 13 14 12.8- :..11 12.31 12.34 12.40 ;_6') ·:.36 l~.92 13.73 13.51 13.61 13.19 12.93 
Yf lk\V-'1/d:ay'kWp lt.86 IB7 1229 12.l": L52 lt.69 l!.67 l!.65 :.4:1 ,:::.31 1:::.58 12.73 IZ.53 12.17 lt.65 l!.84 
le lkV.r'1/d:ay'kWp 13.80 13.43 12 74 l!.69 L57 l!.02 11.15 12.09 :.:.t : ,.96 1::.54 12.73 IZ.95 12.89 12.35 l!.66 
Ls lk\V-'1/:tay'kWp I0.88 I I.>:>6 lo 84 10.1::. o .. 65 I0.62 I0.67 I0.75 ,.~! c.05 1- .35 11.00 I ;.o3 I !.44 I 1.54 I !.08 
PR I I I0.28 I0.32 lo 39 IO.r U.41 I0.51 I0.48 I0.37 ·:l<G !:!.43 lo.40 I0.42 I0.39 lo.:B I0.30 I0.40 
NAmean.t I I I0.05 I0.•)5 IO 06 lo.o- Q06 I0.07 I0.07 I0.06 l.a:" r,_07 lo.07 I0.06 lo.DC I0.06 I0.06 I0.07 
Ntot.t I I I0.03 10.')3 IO 04 lo.o; Q04 I0.05 lo.os I0.04 ·l.as ·n.os I0.04 I0.05 lo.D-4 lo.°" lo.03 I0.04 
NBQ&NBCL't I I0.76 10.74 IO 83 I0.8.l. a .. 80 I0.86 I0.84 I0.79 ,1.lil &.81 I0.75 I0.80 10.n I0.67 I0.58 I0.73 
NBE&NBCU,i I I0.68 I0.-50 IO 73 I0.7:': CL70 I0.73 I0.71 I0.69 ,).6'> ·n.69 lo.66 I0.73 I0.70 I0.60 I0.52 I0.63 
J'a'l'r I I I0.42 I0.43 lo 53 lo.6:; 0.58 I0.69 I0.67 I0.53 'J.t>.: D.63 lo.61 I0.5& I0.55 I0.55 I0.58 I0.64 
..trraylosses I I0.58 10.12 la 47 10.r 0.42 I0.31 I0.33 I0.47 :l3~ u.37 la.39 I0.42 I0.45 I0.45 I0.42 I0.36 

-.-.-:•:•.::-..{:,:-:.:.:::,jsratlect numbers a:e data measured by t'1e back-up mechanical integrators orcalculaled from m!asured data. 

TABLE 3-3 (b): M:onthly energy balances based on the dat2. collected by the mechanical rntegrarors. 



The definitions of the abbreviations used in the tables are Jesl)1ibeJ below. 

hrs= Number of hours per month, when monitoring of the data was functioning; 

MF --' Monitoling fraction, defined as the ratio of the monitored hours to the total 

number of hours of the month; 

JG = Total global horizontal radiation for the month in kWh/m2
; 

ESA = Total global radiation falling on the array, in kWh, calculated by multiplying the 

total radiation fa I line on the PV array per square metre by the array area; 

!Gm ~Mean global hmiwntal iacliation in l<Wh/m7 per day; 

film --' MP.:m radiation falling on the PV array in kWh/m2 per day; 

HA - Total ene1gy produced by the PV array, which ls equal to the energy input to the 

BCU, assuming negligible power losses in the cables, in kWh; 

JBCif = Total input current capacity to the BCU, assumed equal to the total current 

capacity produced by the PV array, in Ah; 

JB" = Total output current capacity from the batteries, equal to the total Ah units 

consnmccl by the fluorescent lights rmd any trnmmlitting losHcs between the battery 

@cl the light~; 

UDO'vf = D.C. line voltage in the morning, whlle power was helng proclncec:I hy the PV 

array, found by dividing E4 by JBCif; 

UDCN= D.C. line voltage during the night, while power was being delivered to the lights. 

It is the mean daily battery voltage, which was recorded by the data-logger once at 

midnight, multiplied by a correcting factor of 1.135. Since, there was a voltage 

regulator and a fuse fixed between the batteries and the data-logger, the voltage 

read by the data-logger was lower thnn the trne battery voltage. By measuring the 

act1rnl b::ittery voltane and comparing it to the data logger reading, n strnight line 

correlation was established with a slope of 1.135; 

h.'JI - Energy delivered by the battery, which is tho product of llJ and UDCN 111 kWh; 

Yr =Reference yield in kWh/kWp per day, defined as the i<lenl yielci of the PV nrrny flt 

100% eflkienq, an<'! is eqn:il to I A ml H.4 ,.,fi where HA ,.~1 is the reference inplone 

irrncfo:ition e:q_unl to 1 kW/m2
; 

Ya =Array yield= EAl(Pnom x n), 

where, Pnom =Nominal power of the PV array at STC = 1.2 kWp, 

and, n = Number of days in the month; 

Y1 =Final useful system yield= EB"/(Pnom x n); 

Le = Capture losses = Yr - Ya; 

Ls =System losses== Ya -Y1, mainly comprised of losses in the batteries and the BCU; 

PR= Performance ratio = 1fYr, which indicates the extent to which the PV system is 

used; 

Na mean,t =Mean monthly array efficiency= EAIESA; 

N101•1 = Overall PV plant efficiency = EB"/ESA; 

N!3Q&NJ3CU1 - Combined coulomb efficiency of lhe battery and BCU = JB IJBCU 1; 

NBE&NBCU1 =Energy efficiency of the battery and the BCU = EB"/E4; 

Array losses = 1 - Y a1Yr. 
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TABLE 3.4: The total monthly solar energy incident on the PV array during which the PV 

array was not producing power. 

MONTH SOLAR ENERGY 

{kWh} 

JULY 93 23.768 

AUGUST93 24.849 

SEPTEMBER 93 21.564 

OCTODER93 3 439 
-· - "' -

NOVEMBER93 5.983 
. - --· ---" . - . .,,._ 

DFJ'FMRRR 91 0.156 

JANUARY94 2.693 

FEBRUARY94 0.111 

MARCH94 1.673 

APIUL 94 1.403 

MAY94 0.509 

Jl JNE c.>tJ 0.078 
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FIGURES 3 .1.1 - 3 .1.8: Scatter diagrams of hourly array yield vs. the corresponding 

radiation incident on the array plane, for the months ofJuly 1993 to February 1994. 
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FIGURES 3.1.9 - 3.1.16: Scatter diagrams of hourly array yield vs. the corresponding 

radiation incident on the array plane, for the months of March to October 1994. 
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Section 3.3: Presentation of Graphic Results 

Simultaneously, it was realised that the energy efficiency of the battery and the BCU have 

degraded during these two months to rear,h 'i0% The main reason for _this drop was that the 

energy absorbed over the days by the batteries to restore them to their full charge did not 

appear in the final yield calculations, since it was not yet consumed. 

The mean I'R of this system over the sixteen months perioci WflS 0 18, as compareci to the 

mean PR of 0.34 of professional stand-alone systems, monitoreci in the Thermie programme 

[80]. 

3.3 PRESENTATION OF GRAPHIC RESULTS 

The flequen(,y disuibutlon or homly ia<liation values incident on the array plane arc 

presented in figures 3 2 1 to 1 7. 16, for each month. During the months from April to 

September, it was noted that the houriy frequency distribution fluctuated considerably between 

the radiation ranges of 0. 15 to 0.65 kW/m2
, while it smoothed down during the winter months. 

New frequency distribution charts were constructed using the basic 15-minute interval 

radiation data, as shown for some months in figures 3.3.1 to 3.3.8. The fluctuations 

disappeared and this led to the conclusion that the use of hourly Ftvernges tencieci to give more 

statistical importance to higher radifllion vnhies Thii phenomenon could be detiimental in the 

design of solar systems especially those that use concentrators because it could result in an 

undersized system. 

This statistical behaviour appeared also on the frequenr,y distribution of the PV array 

output energy, as shown for selected months in figures 3.4.1 to 3.4.8. This is expected since 

the array output power is almost directly proportional to solar radiation as expressed in figures 

3 .1. 1 to 3. 1. 16. Here, the x-axis scales differ for each month because they were constm cted to 

match the x-axis mtcrvals l>f the conesponding months of Jlgure 3 .2, taking into consideration 

the linear regression functions that described the rclation~hip between the anay output and the 

solar radiation of figures 3 .1. 
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FIGURES 3.2.1 - 3.2.8: The frequency distribution of hourly radiation incident on the array 

plane, for the months July 1993 to February 1994. 
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FIGURES 3 .2. 9 - 3 .2.16: The frequency distribution of hourly solar radiation incident on the 

array plane, for the months of March to October 1994. 
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FIGURES 3.3.1 - 3.3.8: The frequency distribution of quarterly (IS-minutes interval) solar 

radiation incident on the array plane for some selected months. 
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FIGURES 3.4. 1 - 3.4.8: A comparison between the frequency distribution of quarterly (15-

minute interval) and hourly array output of four representative months for the four seasons. 
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Section 3.4: Hourly PV Array Efficiency Variations 

Another useful graphical presentation is shown in figures 3.5.1 to 3.5.16, for the daily 

array yields and capture losses. The first months showed a large proportion of losses but by 

time it decreased considerably due to improved utilisation of solar radiation. The stacked bar 

charts represent the reference yields, which are simply the sum of the array yields and capture 

losses. Since the reference yield is numerically equal to the menn cfr1ily soktr radiation, it can be 

deducerl thl'lt rlming the operation of the system the maximum number of consewtive day~ 

with low insolation (....:. 2:; kWh/cfay) rncident on the array, was three days and it occurred on 

3 lst October and 1st November 1993, and in April 1994. Two consecntive sunless days 

occm 1 e<l once a month during winter, while one sunless day occurred more frequently. It is 

also clear that the amount of sola1 1 adiation falling on the array immediately after bad wcRth~r 

wntained seveial times moie energy than that during cloudy days. 

Figures 3 6 1 to 1 .6.16, describe the hourly distrihution of the mcfiil electric consumption 

over the sixteen months of operation. Since the fluorescent lights were switched on at night at 

an almost constant consumption rate, the energy distribution was mainly concentrated in the 

region of 0.2 kW/kWp per hour. The lower energy levels represent the energy consumed by 

the monitoring equipment. As from March 1994, a new set of fluo1 escent lights were installed 

to bring the total number of lights to the designed twenty five lights. This increase in energy 

consumption c.m1sed H ~hiJ1 in th<: bar chart towards the 0.23 un<l 0.3 kW/kWp levels. 

3.4 HOURLY PV ARRAY EFFICIENCY V ARIA TIO NS 

Figures 3. 7 .1 to 3. 7 .16 show the hourly variation of the efficiency of the modules vs. the 

solar radiation incident on the array. Clearly, the efficiency is not constant with radiation, but 

rises steeply for the first 50 to 100 W/m2
, levels off up to about 700 W/m2 and then slightly 

drops for higher radiation. 

However, a closer look on efficiency is shown in figure 3.8, fo1 bright sunshine conditions 

in July 1994. The change in efficiency during early morning could be attributed to the fact that 

some energy was required to overcome the internal losses in the cells before they could 
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FIGURES 3.5.1 - 3.5.8: Stacked bar charts of the daily array yields and the array capture 

losses, for the months July 1993 to February 1994. 

66 



Daily Array Yields Ya and (9) 
Capture Losses Le (Mar-94) 

Daily Array Yields Ya and 
Capture Losses Le (Jul-94) 

I 4 7 IO 13 16 19 22 25 28 31 I 4 7 10 13 16 19 22 25 28 31 

~ ~ 

l•Ya n1., j I •Ya~~~] 

Daily Array Yi~lrl~ Ya anrl (10) 
Capture losses ( Apr-94) 

I 4 7 10 13 16 19 22 25 28 

Day 

I ·Ya 0 Le I 

Daily Array Yiglds Ya and 
f'apl11re I m~e• (.Aug-94) 

I 4 'l 10 13 16 19 22 25 28 3 

Day 

[ • Y: _o Le ] 

(13) 

(14) 

Daily Array Yields Ya and (11) 
Capture Losses Le (May-94) 

Daily Array Yields Ya and 
Capture Losses Le (Sep-94) (15) 

1 4 7 10 13 16 19 22 25 28 31 1 4 7 JO n 16 19 ?? ?~ n 
Day Day 

r·. Ya 0 Le I I • Ya I J] A' l 

Daily Array Yields Ya and (1 ") 
Capture Losses Le (Jun-94) - "" 

Daily i\rray Yields Ya and 
Captme I ~>sses I .c (Ocl-94) (16) 

I 4 7 10 13 16 19 22 25 28 1 4 7 10 13 16 19 22 25 28 31 

Day Day 

E 0Lc l l_·Y~OLc] 

FIGURES 3.5.9 - 3.5.16: Stacked bar chmts of the daily array yields and the array capture 

losses, for the months March to October 1994. 
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FIGURES 3.6.1 - 3.6.8: The normalised distribution of the hourly useful energy consumed 

by the electric load, for the months July 1993 to February 1994. 
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FIGURES 3.6.9 - 3.6.16: The normalised distribution of the hourly useful energy consumed by 

the electric load, for the months March to October 1994. 
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FIGURES 3.7.1 - 3.7.8: Hourly PV array efficiency vs. inplane irradiance, for the months 

July 1993 to February 1994. 
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FIGURES 3.7.9 - 3.7.16: Hourly PV array efficiency vs. inplane irradiance for the months 

March 1994 to October 1994. 

71 



PV Array Efficiency vs Time (Bright Sun Conditions, Jul-94) 
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FIGURIJ 3.8: PV array efficiency vs. time and the c01iespon<ling solar radiation for bright 

sunshine conditions (July 1994). 
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Section 3.4: Hourly PV Array Efficiency Variations 

generate useful power, while the steep decline in efficiency after mid afternoon was caused by 

the shadow cast on the modules by the tree, as explained earlier in Section 2. 3. 

The efficiency peaks twice daily with the higher one occurring in the mornmg at a 

radiation of about 650 W/m2
. For this value, the corresponding temperature difference 

between the modules and the ambient was read off from figure 3. 9, as an average of 1 0 °C for 

July 1994. For higher temperatures, the efficiency started d10pping up to a minim11m vr1h1e thilt 

was ~Wo lower than the maximum. This compared well with the established information that a 

maximum drop of 10% in module efficiency is expected due to heating of the PV cells. 

The second lower peak of efficiency occurred in the afiemoon at about 550 W/m2 and an 

average temperature difference between the modules and the ambient of 7 °C. Even though 

the modules were cooler than during the mo1 ning peak, the ellktency did not exceed the 

morning value. This change in efficiency was brought up by a <iecrnFtse in the army output 

power and a simultaneous increase in solar radiation in the afternoon. 

From figure 3. I 0, it was seen that the solar radiation recorded during the afternoon was 

higher than that in the morning. The same behaviour was also observed by Katsoulis and 

Papachristopoulos in Greece [82]. 

Since the pyranometer used was made of a silicon cell, its response to the solar spec;trnm 

W:iS expected to be close to that of the: PV rnorl11ks 8mr.c there wos mor1,;' rnJiatio111ccmdcd 

in the afternoon, it implies that this radiation could have been converted to electricity. Hence, 

the reason for the decrease in efficiency in the afternoon is not related to the spectral 

<iistrih11tion of solar radiation but rather to a loss in the PV system itself 

This was demonstrated in figure 3 .11, where the proportionality between the output 

cm rent and radiation was not the same during the morning and afternoon, which suggested 

that the array was operating further away from the maximum power curve in the afternoon, as 

shown in the I-V curve of figure 3.12, und this could be the direct effect of the increase of the 

resist;mr,e of the system caused by the accumulation of charge in the butteries during the 

morning. Though the array temperature was cooler in the afternoon as shown in figure 3.13, 

the increase in the array voltage is so small that it could not offset the drop in current and as a 

result the output power decreased. 
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Ambient Temp. and Difference Between Module and Ambient 
Temperatures vs. Time (Bright Sunshine Conditions, Jul-94) 
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FIGURE 3.9: Ambient temperature and difference between module and ambient temperatures 

vs. time and the corresponding solar radiation for bright sunshine conditions, (July 1994). 
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FIGURE 3.10: A graph of the inplane irradiance vs. time for 2nd July 1994, (bright sunshine 

conditions). 
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FIGURE 3 .11: A graph of the array output current vs. the inplane irradiance for 2nd July 

1994, (bright sunshine conditions). 

Array Output Current vs. Array Voltage in the Morning and Afternoon 
(Bright Sunshine Day in Jul-94) 

50 

40 

:<' 
' ' 30 
'!:: 
<!) 

~ 20 
u 

10 

JO 11 12 

Voltage (V) 

13 14 

r---=-~1rnlng l 
~crnoon 

15 

FIGURE 3.12: The current vs. voltage performance of the PV array for 2nd July 1994, 

(bright sunshine conditions). 
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Array Temperature and Voltage vs. Inplane Irradiation During Morning and 
Afternoon (Bright Sunshine Conditions, Jul-94) 
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FIGURE 3 .13: A graph of the array temperature and its effect on its voltage vs. Irradiation 

for 2nd July 1994, (bright sunshine conditions). 
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Section 3.5: Effect of Wind Speed on the Temperature of the Modules 

It has to be mentioned that the back-surface module temperature was measured for only 

one cell chosen at random. At the heginning, thP- top surface temperature of an adjacent cell 

was also monitored but as from April 1994, the top and bottom temperatures were measured 

for the same cell. 

Figure 3 .14, shows the recorded temperature for 5 days hefore :mo nfter chnnging the 

position of the the1 mocouples It is seen thnt there was some deviation in tempernturo between 

diilerent cells but when it was measured for the same Gell, the lop mid bottom temperatures 

were almost identical. This concludes that both the top or the bottom surface temperature 

could be used as an indicator to the cell temperature, however it is reported by Hammond and 

Backus that the actual inte1 nal cell temperalme is usually 2 to 3 °C higher than thut on the 

sm fo.cc f83l Measuiing the bottom temperature is prnforrec1 hecause shadowing of the top cell 

by the thermocouple would be avoided. 

3.5 EFFECT OF WIND SPEED ON THE TEMPERATURE OF THE MODULES 

Figures 3 .15 to 3 .17 show the eficct of the wind speed on the temperature difference 

between the modules and the ambient at 11 ·00, 12:00 and 13:00 for bright sunshine days in 

July 1994. Clearly, the tcmpcm1tmo clitforc111..'t: bet ween the modules and the ah decreased for 

wind speeds that were higher than 2 m/s and they tended to level off for speeds greater than 3 

mis. 

3.6 EFFECT OF WASHING THE MODULES ON EFFICIENCY 

Figure 3 .18 showed a slight increase of 2% in the efficiency of the modules after washing 

them on 30th August over 2'lth August 1994. The ia<liation incident on these two days, the 

nrrny tempernture and the electric consumption of the batteries during the previous night were 

almost identical, so that it was possible to conclude that the increase in efficiency was the 

result of washing the modules only. 
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PV Array Morning Surface Temps. for the Same Cell and for Different 
Cells on Five Consecutive Days (May-94) 
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FIGURE 3 .14: Top and bottom PV array temperatures for ditforcnt cells (8th - 12th May 

1994) and for the same cell (13th - 17th May 1994). 

Ambient Temp., Difference Between PV Modules and Ambient Temp., and 
lnplan<: Jrrad. vs. Wind Sp00d. (Rright Sunshine Conditions for Jul 9'1, at J J :00) 

•• • 10 • • • •• ·1 • .. • • ..... • • 
• Ambient Temp (0 C) 

?O u 
11 LPu,~rH111 

n Temp. Diff (°C) 
u ll u LJ • Inplane 11 iau . (kW/m~) 

10 
r 

0 L 

0 f-• . ++•---· .. • • • • • 
1.5 2 2.5 3 

Wind Speed (mis) 

FIGURE 3.15: A graph of ambient temperature, difference between module and ambient 

temperature and inplane irradiance at 11 :00 a.m. vs. wind speed for bright sunny days (Jul-94). 
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Ambient Temp., Difference Between PY Modules and Ambient Temp., and 
Inplane Irrad. vs. Wind Speed. (Bright Sunshine Conditions for Jul-94, at 12:00) 
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1'I GURE J. I G: A graph of ambient temperature, differ eni.:e bet ween moJule anJ ambient 

temperature and inplane irradiance at 12 noon vs. wind speed, for bright sunny days (Jul-94). 

Ambient Temp., Difference Between PY Modules and Ambient Temp., and 
Inplane Irrad. vs. Wind Speed. (Bright Sunshine Conditions for Jul-94, at 13:00) 
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FIGURE 3. 17: A graph of ambient temperature, difference between module and ambient 

temperature and inplane irradiance at 13 :00 vs. wind speed for bright sunny days (July 1994). 
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EITcct of Wu~hing the Modules on Efficiency (Aug-94) 
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FIGURE 3.18: A graph of array efficiency before and after washing the modules vs. time. 
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Section 3. 7: Linear Regression Results 

3.7 LINEAR REGRESSION RESULTS 

Figures 3.1.1 to 3.1.16, had showed the monthly array yield (kWh/kWp) vs. the inplane 

irradiance (kW/m2
), which could be represented by linear functions, as shown in table 3.5. 

ln orcier to present a reasom1hly v~licl avernge relationship, only the months that had a 

correl::ition coefficient R of 0 98 or higher were considered and the mean annual regression 

line was calculated as: 

Y. = 0 60'.30<i-i - 0 004, 

with R = 0.99, a standard gradient error of0.0115 and a standard intercept error of0.0036. 

Figure 3.19 shows the regression lines of the months that had R > 0.98. Ii was clea1 thiil 

the array yield decreased for the~ summer sr.nson hnt startcci incrc~sing <lfi(lin in Oct nher ;.ind 

reacheci a maximum in December. 

3.8 RESULTS OF THE BATTERY MONITORING 

The voltage and specific gravity measurements that were taken once a month, on two 

consecutive charge/discharge days, were normalised to a temperature of 25 °C, using the 

correction factors presented in table D.20 of Appendix D l39]. 

The voltage was plotted against the corresponding specific gravity for each of the sixty 

cells, as shown in figure 3.20. It was clear that the performance of the cells differed 

considerably from each other and no clear-cut conclusion could be reached 1ega1<ling their 

ageing. Since every six cells were grouped in parallel in one battery, new sets of data were 

prepared for the total voltage and mean specific gravity of each battery and a similar graph 

was plotted, as shown in figure 3.21. It showed that the voltage remnineci fairly constimt, 

while the specific gravity varied according to the depth of discharge. 

Figure 3.22 shows the specific gravity for the ditforent batteries plotted against the date of 

testing. It was noted that the difference between the peaks and bottoms tended to widen by 
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~ 

TABLE 3.5: Linear regression functions of the array yield (in kWh/kWp) and the inplane 

irradiancc (in kW/m2). 

Month Linear Regression Function Correl. Slope std. Intercept 

Coclf R (')frOr std. ClllJl 

Jul. 1993 Ya - 0.3467 Gi + 0.0325 0.652 0.019 0.0109 

Aug. 1993 Ya~ 0.42.94 Gi + 0.0222 0.753 0.018 0.0106 

Sep. 1993 Ya= 0.4683 Gi + 0.0311 0.767 0.021 0.0121 

<kt J 9<n Ya - 0.6028 G1 + 0.0094 0.947 0.011 0.0055 

Nov. 1993 Yi!~ 0:5203 Gl I 0.0211 0 811 0 02.0 () 1)()9 ~ 
~ . - - - - - -

Dec. 1993 Ya= 0.6883 Gi - 0.0007 0.981 0.008 0.0034 

Jan. 1994 Ya= 0.6329 Gi + 0.0110 0.917 0.016 0.0070 

Feb. 1994 Ya= 0.5188 Gi + 0.0052 0.976 0.007 0.0034 

Mar. 1994 Ya= 0.5992 Gi + 0.0103 0.944 0.01] 0.0064 
·-

Apr. 1994 Ya= 0.6318 Gi - 0.0025 0.975 0.007 0.0038 -

May 1994 Ya= 0.6121 Gi - 0.0042 0.988 0.005 0.0025 

Jun. 1994 Ya= 0 .',849 <:Ti - 0 O<Vi8 0.995 0.003 0.0016 

Jul. 1994 Ya= q.5668 Gi - 0.0037 0.992 0.003 0.0020 

Au.a;. 1994 Ya ... 0.5556 U1 0.0020 0.991 0 004 0.0021 

Sep. 1994 Ya= 0.5594 Gi - 0.0064 0.989 0.004 0.0026 

Oct. 1994 Ya= 0.6248 Gi - 0.0031 0.996 0.003 0.0014 
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FIGURE 3. 19: Linear regression lines of array yield vs. Inplane Irradiance. 
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FIGURE 3 .20: A scatter diagram of cell voltages vs. the corresponding specific gravity. 
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Batteries' Voltage Versus Specific Gravity at 25 °C 
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FIGURE 3.21: A scatter diagram of total battery voltage vs. specific gravity. 
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FIGURE 3.22: A graph of the average battery specific gravity vs. date of monitoring. 
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Section 3.8: Results of the Battery Monitoring 

time, while the specific gravity tended to decrease. Battery no. 5, seemed to suffer most, since 

it was the battery from which current was passed to focd the monitoring equipment. 

Figure 3.23 shows a topographical view of figure 3.22, which clearly displays that during 

the second year, the specific gravity of the batteries fell below 1.2 overnight, which 

corresponded to less than 70% state of charge f81 l However, it coulrl he shown from the rl<lta 

collected that the actual daily consumption never exceeded ?.0% of the nominal battery 

capacity and this indicated that the batteries had deteriorated after the first year, and 

consequently they were no longer able to withstand the original design autonomy of three 

days. 

From these rns11lts, it was dear that for PV systems, individual monitoring of each cell in a 

batte1y was more important. than its overnll performance and that traction batteries were not 

suitable for solar applications. 
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CHAPTER FOUR 

COST EVALlJATION AND SENSITIVITY ANALYSIS 

INTRODUCTION 

For any PV system, an evaluation of the life cydc cost (LCC), has to be made to quantify 

the true cost of electricity and to be able to compare between different PV systems and othe1 

alternatives of energy sources. 

The LCC method takes into consideration tho initial costs ns well as all othc1 futm e costs 

or cash benefits such as maintenance and fuel or the income gained from selling the extra 

electricity of a grid-connected system to a nearby consumer or to the grid, all discounted to 

their present value. 

In the LCC technique, it is important to converge (discount) all future expenses and cash 

benefits to a r.ommon point in time, usually taken as the present time for convenience. Because 

of inflation, a unit of money paid now is worth less in the future but simultaneously if this unit 

WAS lnveste<i it wo11ld e~rn interest over rhc nppointcrl pcrio<i The rliffcrcnce between those 

two factors gives the net discount factor to be used in the LCC technique. 

Another advantage of the LCC technique is that it allows the b1 eaking <lown of costs and 

this could be usefol in studying the eff'ect of each source of expense/income and try to optimise 

it. Yet one has to keep in mind that this method does not take into account the non

quantifiablc social benefits of PV applications such as the elimination of pollution, noise, 

health hazards, and dumping of residuals, as well as higher reliability. 

In this chapter sensitivity analysis will also be used to investigate the impact of changing 

each of the parameters involved in the LCC, on the cost of energy. This enables the setting up 

of a table of priorities whereby one can work to reduce the unit cost of electricity. 
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Section 4.1: Life Cycle Costing (LCC) 

4.1 LIFE CYCLE COSTING (LCC) 

The LCC can be expressed by the equation [84]: 

LCC = (C + M + R - S)/E 

where, LCC= life cycle cost (Lm/kWh); 

C - total initial capital; 

M = total maintenance cost; 

--------------- ( 4 .1) 

R = replacement cost anticipated for the whole life of the system; 

S = salvage or scrap value at the end of system life, and; 

E "'"" energy prndm~ed (k. Wh/annum). 

All the above values have to be converged to their present values by using the appropriate 

rlismnnt factors that arc supplied in tables of standard textbooks [85] or by calculation using 

the equations given below [84]: 

For a fixed amount of money to be paid inn years time, the present value interest factor is 

given by: 

-·-------------- ( 4.2) 

where, PVIF k,n = present value interest factor of one unit of money at a discount rate k 

flt yr;nr no n 

For an annual recurrent expenditure, the present value interest factor annuity is given by: 
n 1 

PVIF~.n = L ' 
t=l (l+k)'' 
1 I/ 

/(1+kY 
k 

= --------------- ( 4. 3) 

The life cycle costing for the PV system of this project is presented in table 4.1. In order 

to choose a suitable value for the discount rate, it is necessary to know the highest rate of 

return - known as the nominal discount rate - on the money invested, had it not been spent on 

the p10ject. Also, the inflation rate during the initial year, lmown as year no. zero, has to be 

defined. The net discount rate is then found using the equation: 

(1 +r) =(I +m)/(1 +I), --------------- ( 4. 4) 

where, m = nominal discount rate 
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LIFE CYCLE COST (LCC) ANALYSIS 

ECONOMIC PARAMETERS: 

I. Li fe-t.imc = 20 years 2. Net discount rate= 11.2% 

STAND-ALONE PV SYSTEM 

·--· 
Column No. I 2 3 4 5 

'' ··---
Jt1.>m Y<'ar <'05t (Lm) PVIF PVJFA PV. (Lm) 

···-·----

---·--·-=-=~·· ·-······ .. (2x3 or 2x4) 

.. ___ -·------·-·--- ·-·· --"'--
1. Capital and Installation 

·---- ----·-· -·· --· 

--------- ----------~---·-------
PV Modules 0 2400 I 2400 

-------~--· ·--·~ ·---- ----------
Strncture 0 200 I 200 
----··-· ···-· ----·---- --------··-·---· ---------- --------!--·-···-------- -·-----~----·-- -------·--·-
Batteries and Cables () 9'70 1 970 

~---· 

Battery Control Umt 0 1110 I 1 I IO 
-- ------~ -·------1---------1- -·-· 

Labour 0 300 1 300 
------- ------

Wire~ () 20 I 21) 
---~-- ··--·-· --· ------· ·------
TOTAL St)()() 

.. --~.-- ----··-·---- -------,_ ______ 
·-· ·-··---

-
2. Opr.1 aUon &. Mainf.1.>nanrt' 1 )i) p 11 h)~ 160'11 

l 
··---·- -· ··-

---
3. Repair and replacement .. .. 

-C----------------------1---

Battery Bank 1...3 950 0.8839 839.693 --
4 ... 6 950 0.7813 742.194 

-----~--

7 .. 9 950 0.6905 656.016 
- --

10 ... 12 950 0.6104 579.844 
--------------.-----·-· --·-·---·-

13 ... 15 950 0.5395 512.516 
- ----- -·- --

16 18 950 0.4768 "153.007 -
Battery Control Unit 11 ... 20 1110 0.6627 735.607 

···---··-

.,._._ 
-~ ... "·----

4. Salvage value 

t----··-· I ~~--- ·-
20% of total initial cost 20 1000 0 4197 419 J)\j 

--

Total LCC (Items 1+2+3-4) 9239.926 
---

---· 
Am1uity =Present Value/PVIFA --~t9926 13.3528 691. 985 

1 I 
"-·'"'"'""~-

···------- -- _,,_·······--
Cost/kWh= Annuity/E, E = 900 kWh 0.769 

-·~-~ . "' -~" 

Table 4.1: Life Cycle Costing for the stand-alone PV system of this project. 
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Section 4.1: Life Cycle Costing (LCC) 

r= net (real) discount rate; 

i = inflation rate. 

For Malta, the maximum interest charged by the commercial banks is 8.5% and this can 

be considered equal tom, while the inflation rate was 4.14% for 1993, as published by the 

Central Bank of Malta [86]. By substituting these values in the above equation we get 

r-4.2%. 

As for the life-time of the PV system components, they were assumed as follows [72]. 

PV modules and supporting st1 uctme - 20 years, 

Buttei y control unit and electronics "" 10 years; 

Traction lead-acid batteries = 3 years. 

Since the electric grid covers most of the Maltese Islands, the chances uf using a stand

alone system are limited to certain applications such as street lighting and for boats. On the 

other hand, grid-connected PV systems could be installed to relieve the country's dependence 

on fossil fuels, to provide the means to shave off summer peak loads and to reduce pollution. 

Hence, it would be interesting here to evaluate their LCC, as presented in table 4.2. 

The costs of the hahmce of system (BOS) components 11sed in the LCC analysis were the 

trnc purchasing values in Malta inclusive of taxes and delivery. Since most of the components 

an> sold by 1"18t';Jlf~ 1>f llll)lhe1 om1pa11ies ah1oad and owing to the Hict th:it sm:h systems are not 

yet popular, the prices are relatively higher than m other countries. However the new 1995 

prices of a complete grid-connected system are already lower than the prices quoted in table 

4.2 hy Lm HOO, as found out from recent tenders, and this brings the LCC of PV grid

connected electricity down to Lm 0.24/kWh, i.e. almost 70% less than a stand-alone PV 

system. 

While the cost of batteries could increase in the future, the cost of the PV modules and 

the electronic equipment shall probably decrease. Hence, for this analysis it was assumed that 

the changes in costs shtlll htlltlnce ead1 other and consequently the prices were considered the 

same for the whole 20 years period. Nevertheless, the sensitivity analysis described in the next 

section took the changes in prices into consideration and gave a clear idea of the expected 

effect on the unit price of electricity. 
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LIFE CYCLE COST (LCC) ANALYSIS 

GRID-CONNECTED PV SYSTEM 

Column No. I 2 3 4 5 
Item Year Cost (l,m) PVIF PVIFA P.V. (Lm) .. ,. ____ --------

(2xJ 01 2/4) 

!· Capital and Installation 
- ·-·--------~ 

PV Modules 0 /1100 I 2400 .. - --------1-.. --------·--
Stmc:tnr~ 0 ?00 I 200 -- -----~-- ----- ' --- ---·--- 1fro DCIJ\C Inverter () 1 I JO I ----- ------------- -------- -· --- --· ·-
J .nhour 0 JOO I JOO ___ ,, ____ .i.-

Wires 0 20 I ')() 

'fOTAL 
··-·- ----- -· ··-

4030 -------!------- -~·--· ··--
--·-·· --

3. Repair and replacement 

----
In verier 11 ... 20 1110 0.6627 71~ 607 -------- 1 _________ 

--~--------- _., __ 
--~--------

4. Salvage value 
·---· --~-r·---.. -------------

·-- -· 
10o/o of total imtial cost 11...20 806 0 419? 1')1 98'.l 

l 
'" ·--~----------

--------
Total LCC (Items 1+2+3 4) 4411.625 

" -

Alumity = Present Value/PVIF 4411.625 13.3528 330.390 -----------

Cost/kWh = Annuity/E, E = 1125 kWh 0.294 

Table 4.2: Life cycle costing for (l grid-connected PV system having the 8ame peak PV 

power as the stand-alone system. 
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Section 4.2: Sensitivity Analysis 

The annual energy produced by the 1.2 kWp stand-alone PV system was calculated as 

900 kWh/annum using the actmil 011tp11t th!lt WllS presented in table 3.3. As for the estimated 

output energy of a similar grid-connected system, the overall balance of system components 

efficiency would be higher by about 30% due to the elimination of batteries and the possibility 

to operate the PV modules continuously at their maximum power point. Hence, the 011tp11t 

energy would be about 1125 kWh/annum. 

Tt. is w1111111m pHll',fi1',e to ;:issnme the s;:ilvage value to be 20% of the total initial cost l8l]. 

A similar result could also be reached by assuming that at the end of the lifo of the system only 

one-half of the PV modules are fit for further use. By discounting their present cost over this 

period a slightly higher Sl11vl1ge v!llne is ohtainerl 

The maintenance cost for a stand-alone system was assumed to be Lm 1 per month and 

this covers the mst of topping up the batteries with distilled water, and the periodic cfonning 

of their poles and surface. As discussed before and from figure 5 .18, there is no dire need to 

wash the modules in summer and hence, no cost was attributed to this service. 

4.2 SENSITIVITY ANALYSIS 

Sensitivity analysis entails the r.h;rnging of one pnrnmotor that affects the LCC, while 

keeping the others constant, and repeating the LCC technique to find the new price of one unit 

of electiicity. A spider diagram can then be constructed and analysed accordingly Here, the 

main p<lrnmeters involverl are the c.os1's of the PV modnles, the h::itterie.s, the battery control 

unit or inverter and the total initial capital. Also the discount rate, the lifetime and the output 

energy shall be varied. Table 4.3 shows the results obtained. 

In figures 4.1 and 4.2, spider diagrams have been constructed for the stand-alone Finrl 

grid-connected systems, whereby each parameter is varied by up to 50%. It can be seen that 

the most critical factor that affects the life cyde cost is the output energy from the system. 

This can be increased by optimising the BOS efficiency of the system. 



Table 4.3: Sensitivity analysis results for the stand-alone (S.A.) and grid-connected (G.C.) 

PV systems. 

SENSITIVITY ANALYSIS RESULTS 

PV MODUJ,ES 

Vnrintion % I 50%1 25% 0 25% 50% 
···-

Total cost of modules 1200 1800 ?400 3000 3600 
--·----·--···-·-·--· --·- -------··--- -··------- ·----·----· 

Cost S.A. (Lm/kWh) 0.6781 0.723 
-------

0.769 0.815 0.86 

Cost CTC'. (J .m/kWh) 0.2211 0.25'7 0.294 0.33 0.366 

BATTERIES 

Vanat1011 % I -)0% -2YYo 0 2YYo SO% 
--

Total Cost of batteries 475 712.5 950 1187.5 1425 

Cost S.A. (Lm/kWh) 0.575 0.672 0.769 0.865 0.962 

Cost G.~JL1~Wh) - I - - - -

Ht 'll/1NYKR1F.R 

1-~-~-:~-a~-~0-~_C_U_III_1v_e_rt_er __ -1-___ -_55_0;_1~+] __ ._;_;~1 ll l_~+-···_ .. -·_··-_·-__ ._;-3_~=~
0

-~~+---·=~----_~6=o:=1~ 1 
,_c_o_st_s_.A_.~(~L_m_lkW1~1) __ __,__ ___ o_.6_9_7-l- o. 733 o. 76_9-+--__ o_. 8_0_5,_ 0.841 
Cost G.C. (Lm/kW11) 0.235 1 0.264 0.294 0.323 0.352 

LIFE-TIME 

Variation% I -50% -25% 0 25% 50% 

Life-time I 10 15 20 25 30 
- --------

C::_?~~-~:AJ~1~~~::L ____ --- - 0.922 0.877 0.769 0.77 0.741 
·---- -~---·--·-- ----- ·---- -------------

Cost G.C. (Lm/kW11) 0.386 0.352 0.294 0.288 0.264 

DISCOUNT FACTOR 

Variation% I -50% -25% 0 25% 50% 
Discount Factor 0.021 0.0315 0.0112 0.0525 0.063 
Cost S .A. (Lm/k. Wl1) 0.689 0.728 0.769 0.811 0.853 

------------- , __ , 

Cost G.C. (Lm/k.Wh) 0.241 0.268 0.294 O.J2 O.J49 

ENERGY OUTPUT 

Variation% I -50% -25% 0 25% 50% ----------------- --
Energy Output of S.A. 450 675 900 1125 1350 

·-f--·---

Cost S.A. (Lm/kW11) 1.537 1.025 0.769 0.615 0.512 
Energy Output of G. C. 562.5 843.75 J 12) 1406 ?.'i 1687 'i 

- ·- ~- --------------~· 
Cosl G C (f.m/kW11) 0 587 0 391 0.294 0.235 0.196 

JNJTTAI, C:APJTAL 
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Sensitivity Analysis for Stand-alone PY System 

2 Cost (Lm/kWh) ----· . 

-·-- PV Modules 

6, 1.5 ----{]--- Batteries "~ 
~' 

-+-- Batt. Control Unit ~ 
'· 

"t>--._ 1 II? 
0--- - - --0---- -:-:: ~,.~ ~::::::-~c~t Ill ---<,___ Lifetime ·-----(;. 

•=·~~,. -·- -

I!- ~--- z:', .. Discount Factor () ., 
-- ·i'i Output Energy 

I , 0 , 1 

---•·----- Total Capital Cost -50% -25% 0% 25% 50% 

Percent Variation 

Figure 4.1: Spider diagram for the cost variation of the 1.2 kWp stand-alone PY system. 

Sensitivity Analysis for Grid-connected PY System 

!:5--------

50% 25% 

0.6 Cost (Lm/kWh) 

0% 

Percent Variation 

25% 

----· 

50% 

-~------~1 

-•--- PY Modules 

--o--- Inverter 

• Lifetime 

----<>-- Discount Factor 

-•- Output Energy 

--ts-- Total Capital Cost 

Figure 4.2: Spider diagram for the cost variation of the 1.2 kWp grid-connected PV system. 
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Section 4.3: Variable Assumptions Used in the LCC Technique 

From figure 4.1 and 4.2, it is obvious that when the PV system covers 20 years, the 

cost/life-time ratio is optimum. Lower life-times incre<1ses the life cycle cost while longer life

times have a negligible effect on the cost and this justifies the use of a 20 year LCC analysis. 

The life cycle percentage cost of the BOS components of a stand-alone and grid

connected system are presented in the pie charts of figures 4.3 and 4.4. It is clear that for a 

stand-alone system, the batteries have H major effect on the cost while for the grid-connected 

system, the modules take the largest pe10cntagc uf the wst. Jim the fm me1, it mighl he mm e 

economical to use solar batteries, while for the latter case, it might be wise to consider the use 

of thin-film photovoltaic cells. 

4.3 VARIABLE ASSUMPTIONS USED IN THE LCC TECHNIQUE 

In this LCC technique, no revenues were considered, rather it was assumed that the 

demand just balances the electricity produced for both systems under consideration. Also, it 

was assumed that the capital was fully paid during installation. In case that only part of the 

r.flpitttl is pflirl, the rem8ining amount can be divided into annual pnymcnts and discounted 

accordingly but this would lead to a higher cost for electricity. 

The net uiscount rate of 4.2% that was nserl to cfllcnhite the present value interest rates is 

the true rate for the year 1993. The use of higher discount rates would result in giving more 

importance to the initial cost over the future costs, while lowe1 Jiscount 1 ates increases the 

weight of future costs 111 the analysis. 

As discussed in Section 3. 8, the traction lead-acid batteries have started deteriorating and 

this lead to the estimation of a 3-year life-t.ime for such batteries, which was used in the LCC 

analysis. However, it is now possible to find batteries for solar applications at moderate prices 

such as Delco 1000, which could live for 6 years. 

Finally, the cost of the inve1ter was assumed to be equal to the cost of the battery control 

unit, in order to have a closer feeling of the effect of the removal of the batteries on the unit 

cost of electricity. However, the market prices of such inverters in Malta are lower by about 

20% than the assumed value. 
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Life Cycle Cost Analysis of the BOS Components of a 1.2 kWp Stand
alone PV System 

BClJ 

Labour 
5% 

B111tcrics 
40% 

Modules 
25% 

Structurn 
2% 

Figure 4.3: A pie chart of the percentage life cycle costs of the balance of system components 

of a stand-alone PV system. 

Life Cycle Cost Analysis of the BOS Components of a 1.2 kWp PV Grid
connected System 

Inverter 
39% 

Labour 
6% 

.Structure 
4% 

/ 
/ 

Modules 
51% 

Figure 4. 4: A pie chart of the percentage life cycle costs of the balance of system components 

of a grid-connected PV system. 
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CHAPTER FIVE 

CONCIJJSIONS AND RECOMMENDATIONS 

INTRODUCTION 

In this chapter, a sununa1y of the main results are given and final conclusions arc drawn 

together with the recommendations suggested for further work in this field. 

The principal aims of this study were to set up, test and optimise the performance of a PY 

solar system under the weather conditions of Malta and to start collecting solai 1 adiation data 

for the purpose of forming a data base. The stored energy was used ·for lighting with the 

intention of creating awareness among the University students of the capabilities and benefits 

of the use of solar electricity. 

In the first place, a stand-alone PV system was chosen for testing because it did not 

rnq11ire flny special permits for its installation. Also, it was envisaged that similar systems 

would be used to provide night lighting on the University Campus and hence, it was necessary 

to test their performance hefore h~m<l 

5.1 CONCLUSION OF OPERATING EXPERIENCE 

Besides the hands-on experience gained at the time of setting up of the PV system and the 

monitoring equipment [ 61], and that described in Section 1.11, more lessons were learned 

during operation, being summarised as follows: 

(a) Flectronic equipment are sensitive to humidity and have to be well protected. 

(b) Daily checking of the collecteci ciRta conlci reveal any cormpted sectors or help to discover 

any malfunctions of the monitoring equipment, thus saving time and ensuring the continuity of 

proper data collection. 
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Section 5.2: Conclusions of Operational Results 

( c) Careful and systematic inspection of the batteries helps to discover cracks, corrosion and 

loss of distilled water, which would otherwise reduce their life-time. 

( d) Considering the seasonal availability of solar radiation, a close follow-up and management 

of the electric load could be a key factor towards the optimisation of the PV array yield. 

5.2 CONCLUSIONS OF OPJi~HATJONAI, HF~SULTS 

It is realised that there is more need for the use of simulation programmes such as PY F

CIIAR T, PV FORM and TRNSYS, to get information on the possible performance of the 

system under study before carrying a final design. 

One of the essential 1 equii ements fo1 the use of professional simulation programmes is the 

availability of solar radiation data. This has ttlrnarly been started in this project and it should 

continue and expand according to the specific requirements. 

From the data collected over the sixteen months, it is concluded that the annual mean 

radiation is 4. 7 kWh/m2/day on a horizontal plane and 5.24 k Wh/m2/day for a plane inclined at 

36° to the horizontal, which is equal to the latitude of Malta. The minimum mean nmnthly 

global solar radiation incident on this plane in December was found to be 3.37 kWh/m2/day, 

which is about 1.65 t1mm; the corrcsponrling globnl h01iz.1.mtul iadiution. Ilowever, more data 

need to be collected in order to be able to present a typical solar radiation year for Malta. 

The average annual performance ratio of the PY system was 0.38, pettking tit 0 5 m 

December. This result was compared favourably with other professional stand-alone systems 

that were monitored in the Thermie programme [80]. 

The analysis of the array yield in kWh/kWp and the corresponding inplane irradiance 

measured in kW/m2
, yielded linear functions for each month of the year. The percentage 

ditforcncc in the array yield between the best performance linear function of December 1993 

and the worst performance function ofJuly 1994, amounted to 20% per kWp. 

The annual average yield in kWh/kWp/day correlated to the inclined radiation m 

kW/m2/day as follows: 
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Section 5.3: Recommendations 

Ya= 0.6030Gi - 0.004 

The total electricity output was found to be 750 kWh/kWp/annurn for R stRncl-Rlone 

system, and it was estimated that it would increase to at least 950 kWh/kWp/annum for a grid

connected system. 

Wind speeds above 2 mis had a cooling effect on the PV modules during July 1994, which 

is considered as one of the hottest months during the year. 

Considering the weather of Malta, it was found that the amount of <lust that accumulated 

on the surface of the PV modules during summer, reduced the photovoltaic conversion 

efficiency by 2%. 

The performance of the batteries was not fully satisfactory since they were not specifically 

designed for solar applications. During the operation of the system, the electric supply to the 

tluorescent hghts was occasionally cut-off by the action of the BCU low-charge controller. 

Considering the actual number of consecutive cloudy days, an autonomy of five days would be 

more sensible than the previously estimated three-day period. 

The life cycle cost of one unit of electricity produced by a stand-alone PV system was 

cRknfaterl to be Lm 0.77, while that produced by a grid connected system was Lm 0.3. 

However, it has to be mentioned that this is the pessimistic result and different meRns of 

redndng these costs have been suggested in the previous chnptor 

5.3 RECOMMENDATIONS 

In order to get more accurate results on the performance of this system, testing has to 

continue for a minimum of two years as recommended by the Joint Research Centre, Ispra 

Establishment [3 7]. 

It is suggested that the systematic checking and presentation of data that was adopted in 

this study, could he implementecl for the next stage. From experience, it is always beneficial 

and easier to analyse the data of one month as soon as it is available. Also, a more detailed 

monitoring technique has to be adopted to get a better insight about the ageing process of the 

batteries. 
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Section 5.3: Recommendations 

Considering the fact that the electric utility covers most of the Maltese islands, it is 

suggested to test the performance of a grid-connected PV system. New challenges are 

expected to appear for such a project mostly concentrated on the optimisation of the 

performance of the PV modules, the interfacing of the generated energy with the grid and the 

Jete1minatiun uf the PV system sii.e that woul<l produce the minimum life cycle cost of 

cnc1 gy, taking in tu ac.wunt the initial capital i equircd and the revenue estimated from selling 

the extra energy to the utility. 

It is also suggested that the monitoring of global horizontal solar radiation be continued 

and expanded to include the diITuse rndiation component and the radiation inddent on 

diITe1 ent tilt angles. Radiation monitoring stations are to be situated at different representative 

sites sm:h as residential areas, industrial sites and country fields. 

In the future, the use of a standard programming language has to be used for the data

loggers to ensure the easy transfer of know-how from one user to the other. 

The use of 10-minute intervals in the collection of data is advisable according to the 

recommendations by the Joint Research Centre. It would rather be more reliable and 

environmentally frienrlly to power the data logger from a lead acid battery that is recharged by 

a small PV module, rather than using dry cell batteries. 

The nse of properly rlonhle-w;;i]Jerl insnlated wires is recommended for cxtcncforl n~ri of fl 

PV system to avoid cable cracks that might develop from exposure to the Sun. 

Recalibration of all radiation and measuring instruments has to be carried out every two 

years or as recununended by the manufacturer. 
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APPENDIX A 

SOLAR RADIATION: ITS NATURE AND MEASUREMENT 

INTRODUCTION: 

As solar radiation is the only source of energy to any photovoltaic (PV) plant, studying of 

its nature anJ measm ement of its potential are two necessary actions that are to be taken 

before carrying out an estimation of the possible useful output energy of a PV anay. In so 

doing, u so lat i udiatiou histm y of the site can also be established for statistical purposes and to 

be as a data-base for sizing future PV projects. 

To study solar radiation, it has to be viewed from two points: 

1. The total radiation; 

2. The spectral distribution of radiation. 

Measuring the total radiation will show the availability of snl<u t:me1 gy at the site at that 

moment or during the period of measurement, while knowing its spectral distribution will help 

to investig11tc the po1fonrnmoo or :;iolnr cells whose response change with vruiations in the 

solar spectrum. 

For each of the above two cases, analysis has to be earned out at: 

(a) The top of the atmosphere; 

(b) The ground level. 

A.1 TOTAL RADIATION AT THE TOP OF THE ATMOSPHERE 

Previously, the total radiation incident normally on a surface at a distance equal to the 

average orbital radius of the Earth, and known as the solar constant or air mass zero (AMO) 

radiation, was measured as 1353 W/m2 [5, 6]. As this value is widely adopted, it was used in 

this study. 
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Section A.2: Total Radiation at Sea-level 

A.2 TOTAL RADIATION AT SEA-LEVEL 

At sea-level, the maximum global radiation reaching a horizontal surface at solar noon, at 

equinox, rarely exceeds 1000 W/m2 [6, 7, 12]. Occasionally and only for short periods, can the 

solar radiation be higher, due to retlection from surrounding clouds[), 21], as shown 111 figure 

Al. 

Obviously, at high altitudes, the maximum global radiation at one time during the year, is 

expected to be higher than 1000 W/m2
, due to lower atmospheric pressure, turbidity and air 

mass, while at places near antl at the poles, it is zero for many months and does not exceed 

I 00 W lm2 for the refit of thP. yeflr, due to lower solar elevatirn1s and highet latitudes. Also, 

besides the cllcct of altitude, so lat 1 adiation read1i11g a point on the Earth varies more 

prominently with the daily and seasonal variations in the climatic conditions [18]. 

The phenomena that cause seasonal variation in the reception of solar radiation are: 

(a) The position of the Earth in its orbit round the Sun; 

(b) The latitude of the site. 

While the factors that cause daily variations foll in two categories, those that affec,t the total 

solar radiation and those that attenuate selected pat ts of the solar spP-drnm. 

The factors that cause daily variations in the totrll nmonnt of rndiation received are: 

(a) the time of the day; 

(b) reflection from douJs and the gt oun<l; 

( c) absorption and scattering by dust particles, solid impurities and pollen g1 ains; 

(d) shading due to the topography of the site. 

The factors that affect the solar spectmm are: 

(a) selective absorption by the ozone layer and other atmospheric gases such as oxygen, 

carbon dioxide, nitrogen oxides and water vapour; 

(h) sell It eiing and absm ption by cloud masses; 

( c) molecular (Rayleigh) scattering; 

( d) scattering by aerosols (Mie scattering). 
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Section A.3: Phenomena which Cause Seasonal Variation in Solar Radiation 

A.3 PHENOMENA WHICH CAUSE SEASONAL VARIATION IN SOLAR 

RADIATION 

(A) THE POSITION OF THE EARTH IN ITS ORBIT ROUND THE SUN 

The movement of the Earth round the Sun gemm1tes an elliptical orbit, with the Sun 

ccntl cd at nne of 1 he fod of the dlipse. The mean orbital radius, which 1s called one 

astwnomk,al unit (1 AU) is 1.496 x 108 km, and this occurs on April 4th and October 5th. 

Only on those two days is the actual extra-terrestrial solar radiation equals to 1353 W/m2
, the 

minimum being 1309 W/m2
, occurring on July 4th and known ai.: the Rphelion, while 1he 

maximum is 1399 W /ni-, occurrlng on January 3rd and known as the perihelion. 

Figure A.2, shows the starting dates of each season, as well as the maximum, minimum 

and mean distances of the Earth from the Sun and their corresponding dates. 

(B) THE LATITUDE OF THE SITE 

The Earth has two clistinct movements, namely, its rotation round the Sun once a year and 

its spinning onoc n day, around its own axis, whioh makes an angle of 23'1 '21' with the 

vertical, and known as the ecliptic of the Earth. The former causes variations in the solar 

altitude or elevation (y), at different times and latitudes, while the latter defines the azimuth 

( cp ). Together, they contribute to the c.h:-mge in the air mass ratio, and hence, to the variation 

in solar radiation. 

The following equation gives the solar elevation at any time of the year [I]: 

sin 'Y = (cos ~ x cos 0 x cos 0)) + (sin ~ x sin o), ------------··--( ;\ 1) 

where, y =sun's elevation, 

~ - local latitude; 

o = sun's declination angle; 

ro = hour angle. 
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FIGURE A.1: Possihle dim;:itk setting thl'lt may cause the global solar radiation incident on a 

point at sea-level to be greater than 1000 W/m2. 
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Section A.3: Phenomena which Cause Seasonal Variation in Solar Radiation 

The sun's declination angle, i5, is available from special tables found in standard textbooks 

[)], hnt ::in ::ipproxim::ite w1h1e, with a maximum margin of error of ±2°, can be onJculatcJ 

using the equation: 
360 

i5 = 23.45 x sin[-- x (K + 284)]; 
365 

whern, K - number of the day in the year, being 1 on Jamrn1 y bt. 

The hour angle is found ii om t.he equation: 
360 

co = x (t - 12); 
24 

where, t =true local time, (true solar time), being 24 at midnight; 

= local standard time - c1 + c2 + c3; 

c1 = 1, for su11m11~1 time, in countries which add 1 hour; 

= 0, for winter time; 

+ c2 = longitude correction; 
4 

= - x C"s- 'A'*) hours; 
60 ., 

where, 'A = local longitude; 

'A = standard time meridian; s 

---------------(A.2) 

---------------(A 3) 

c, = equation of time, found from table D.3, of appendix D [59]. It caters for the 
+16.3 -1~.2 

variation in the speed of the Emih imd rnnges from -- to -- hours. 
1)1) !)I) 

At midday, the equation of the Sn n's elevation reduces to: 

y = 90 - <!> + 0, <p - 0 ---------------(A.4) 

and at the equinoctial noon, b = i 23° 27', being positive for the northern hemisphere and 

negative for the southern hemisphere. 

As for the azimuth, it is calculated from the equation [1]: 
sin OJ 

sin cp =cos 8 x --. 
cosy ---------------(A.5) 

Figure A.3, gives the solar elevation and the equation of time for the different days during 

the year [59]. It is known as the Analemma and can be used where accuracy is not essential. 

Due to its tilted axis of rotation, the Earth would appear to wobble about the plane of its 

annual orbit, when viewed from the Sun. So referring to figure A.4, a point A at the Equator 

105 



+sun fast equation of time sun slow -

lOM SM OM SM lOM 15M 
JO 152025 
5~5 

June 15 .._... 
(· , 
,,,. 25 
,,/. 

The Analcmma 
20 

15 

~ 10 
'-<! 5 

30 
1>'3J'j 25 

December 1~~ 20 

··--·-.·. 10 15 
I 0 15 20 25 30 . 5 
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Section A.4: Factors Which Cause Daily Variations in Solar Radiation 

and a point B at a higher latitude would be at diftercnt distances from the Sun, simultaneously. 

In figure A.4(a) and A.4(1.':), the Sun is directly ove1head at point A, while in figure A.4(b) and 

A.4(d), it reaches its minimum altitude of 66° 33'. 

Considering point B and assuming its latitude to be 40° N, the maximum solar altitude 

occnrs on Jnne ?1st nn<l is 71° ?7', shown in figure A.4(b) and the minimum altitude ol':cms 

on December 21st and is 26° 33', as in figure A.4(d). 

Figure A.5, shows the appaient motion of the Sun as seen by an observer at the Equator 

and at a latitude of 40° N [19]. The points A and B now appear as horizontal circles. 

These variations together with the formation of clouds near the Equator in summer, cause 

the mean solar radiation at A to remain relatively constant throughout the year [8]. Maximum 

solar racfo1tion or,cnrs in deserts and at around 40° latitude, known ns thP- Sun Belt, but not 

near the Equator. However, the variation between the mean winter and summer radiation 

values increases as one moves nearer to the poles and this is shown in figure A.6. 

To conclude, the iatitude of a place, leads to different air mass ratios and different 

amounts of sunshine hours, which in turn, aftect the amount of solar radiation reaching there. 

A.4 FACTORS WHICH CAUSE DAILY VARIATIONS IN SOLAR RADIATION 

(A) THE TIME OF THE DAY 

From sunrise to solnr noon, the air mass ratio Jcl':rnases and inversely repeats itself from 

noon to sunset. Hence, excluding all other factors, the radiation decreases with increasing air 

mass ratio, both daily and seasonally. Also, the length of the day changes and affects the total 

amount of radiation. 

(B) REFLECTION BY CLOUDS AND THE EARTH 

Unlike absorption, reflection of solar rays is independent of the spectral distribution of 
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(b) at latitude 40° N [9]. 
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Section A.4: Factors Which Cause Daily Variations in Solar Radiation 

solar radiation [ 4], but it rather depends on the thickness of the clouds and the nature of the 

ground below. 

Reflection due to cloud masses could reach up to 90% of the total solar radiation and 

could remain so, fm scvcial hours. However, the amount of reflection is dependent on the 

snn's elevation ancl ;rnnith rmgle, as well. 

As for ground reflection, the highest naturally reflecting surface is the one covere.d with 

fresh snow, where the reflection could reach up to 90%, while the minimum reflection occurs 

from bare stone and is about 15%. 

In conclusion, the total reflection from clouds and ground is site dependent Find varies 

mntin11011sly Tt is known RS the i:ilheclo of the place. On average, the albedo of the flflrth is 

J2%, with the solar wnstant taken as 1353 W/m2 f1l 

(C) ABSORPTION AND SCATTERING BY DUST PARTICLES, SOLID 

IMPURITIES AND POLLEN GRAINS 

Dust particles, solid impurities and pollen grains attenuate all the wavelengths of solar 

radiation. This is due to their large sizes when compared to the attenuated wavelengths [ 19]. 

Scattering and absorption by 1h1:i;se particles become more significant in polluted cities and 

during sand storms. 

(D) TIIE TOPOGRAPHY OF THE SITE 

In some cases, obstacles may shade a place for a few minutes or for many hours. They 

range from a pole or tree to a tall building or mountain Care.fol consiclerntion of this factor is 

to be ensured before choosing the site for the solar modules, particularly the possibility of the 

emergence of new objects that were not existing ~t the time of construction. 
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Section A.5: The Spectral Distribution of Solar Radiation at the Top of the Atmosphere 

A.5 THE SPECTRAL DISTRIBUTION OF SOLAR RADIATION AT THE TOP OJ.1' 

THE ATMOSPHERE 

Solar radiation is a mixtme of electromagnetic rncii::ition of different wavelengths and 

perc-;enti'tge compositions. It is divided into thrne pArts [ 4]: 

1. The ultra-violet region (A.< 0.4 µm) 

2. The visihle light region (0.4 µm ~A, s O.'l µm) 

3. The infra-red region (A.> 0.7 µm) 

9% 

45% 

46% 

A.6 THE SPR\.TRAL DISTRIBUTION OF SOLAR RADIATION AT SEA-LEVEL 

The solar spectrum at sea-level differs from the extra-terrestrial distribution in three 

aspects l 6 J: 

1. The spectral range of wavelengths; 

2. The energy content of each wavelength band; 

3. The percentage share of each range in the total radiation. 

The atmosphere totally absorbs some wavelengths and partially attenuates or scatters the 

others, leading to lower energy content and different perccntag~ ~hare of the wavelengths in 

the remaining transmitted radiation, at sea-level. 

These variations are also strongly dependent on the air mass ratio. Table D. l of Appendix 

D, gives an idea of the e1fect of change in the air mass ratio, on the percentage constituency of 

the solar spectrum in the ultra-violet, visible light and infra-red regions [5]. 

The reference ftir mass ratio used in photovoltaic studies is AMI .5. Hence, in many 

pnhlicfttions, the solilr spectmm is plotted for that value. Figure A.7, shows a g1 aph of 1he 

solar spectrum at AMO 1mrl AMl.5 for the wavelength range, 0. 115 µm < 'A < 4 µm. This 

range includes the region where solar celis respond [l], which is between 0.3 µm and 1.5 µm. 

111 



2000· 

-8 
~1600 
...... 
<t> 
0... 

('.\ 1 
< s 

......_____, 

~ -
1-i-l 
\ ) 

~ 
~ -0 
-r: 
n--; 
P::: -

1000 

500 

0-+-_,__,,--r~~.,--~-"-r-~-"'-..---~~~===~:::-.--~I~-~-
0 0.5 1 1.5 2 2.5 3 

WAVELENGTH (;]m) 

-AMO -AMl.G 

8.5 4 

FIGURE A.7: Spectral <listrih11tion of glohal horizontal solar rnrliation at AMO and AMJ .5, 

plotterl from glven tabulated data [ 5, 6]. 

112 



Section A. 7: Factors Which Affect the Spectral Distribution of Solar Radiation 

A. 7 FACTORS 'WHICH AFFECT THE SPECTRAL DISTRIBUTION OF SOLAR 

RADIATION 

(A) SELECTIVE ABSORPTION BY TIIE OZONE LAYER AND OTHER 

ATMOSPHERIC GASES 

As the Sun's rays travel through the atmosphere, the ultra-violet region suffers great 

attenuation by the ozone layer, oxygen, nitrogen oxides, gas atoms and ions, which absorb all 

radiation having a wavelength less than 0.3 µm, and partially reduce the intensity of those 

wavelengths between 0.3 µm and 0.4 µm. Clouds and aerosols affect the visihle light region 

by abs01 ption, difTusion and reflection, while water vapour and carbon dioxide arc responsible 

of absorbing up to 20% of the radiation in the wavd0ngth region of 0. 7 ~1m <. /..., <. 12 µm and 

up to 100% for higher wavelengths of the infra-red region [4, 19]. 

(ll) SCATTERING AND ABSORPTION BY CLOUD MASSES 

Clouds have a strong scattering effect on the solar spectmm. The prediction of the 

amount of scattering and absorption of solar radiation is ciifffonlt, hccanse the presence of 

clouds is highly variable in quantity and type. 

Table D.2, of appendix D, gives an idea ahout the percentage transmission of solar 

rncfo1tion thro11gh different typt'IS of duuds as registered in Pavlovsk, ncm Leningrad ll J. lt ts 

noted that the transmission decreases with the increase in the zenith angle. Obviously, thin 

cirrns clouds offer the least attenuation, while the thunderous altocumulus clouds can absorb 

up to 90% of the solar radiation. 

Scattering of solnr rnya hy clouds results in diITuseJ light, that is rich in long~wavc 

radiation, as diITercnt from diffused radiation on a clear day. This is manifosted by the grey 

colour of the sky on a cloudy day and a blue colour on a clear day [17, 18]. 
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Figure A.8(a), shows the low intensity of diffuse radiation, on a clear day, most of which 

lies in the short-wave region, while figure A.8(b), shows a higher intensity of diffuse radiation 

on a cloudy day, with a considerable amount lying in the long-wave region r2l 

(C) MOLECULAR (RA YLF:TGH) SCAT'l'Ji~RING 

Rayleigh scattering is the attenuation of solar radiation by atmospheric molecules whose 

average radii are much smaller than the attenuated wavelength. The characteristic 

phenomenon of Rayleigh scattering is that, approximately, the scattered portion of light is 

equal to the reflected part for that wavelength p 8], though it c:onld he less p 'i, 161 Rl'lyleigh 

scattering affects all wavelengths of the solar spectrnm, but it is more effective at short 

wavelengths [6]. 

(D) SCATTERING BY AEROSOLS (MIE SCATTERING) 

Aerosols are particles whose average radii are usually equal to or greater than the 

attenuated wavelength. The part of radiation absorbed by aerosols and transmitted as long 

waves to the Darth is greate1 than the part being reflected to the sky. The absorpt10n is 

independent of the wavelength but it vaiies with the zenith angle [35]. In cases when the 

particle's size is smaller than the attenuated wavelength, the scattering behaviour will be a 

fimc1ion of the wAvclcngth similar to Rayleigh s~attc1ing [18]. 

Aerosols cause turbidity in the atmosphere and it becomes more significant in humid areas 

or in places where the concentration of aerosols is high. Variations in their concentration, size 

and chemical composition cause diirnges in the amount of scattering of solar rndintion 

purticulurly in the visible. and infra-red regions. 
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Section A.8: Review of Solar Radiation Measuring Instruments 

A.8 REVffiW OF SOLAR RADIATION MEASURING INSTRUMENTS 

Solar radiation incident on the surface of the Earth can be divided into two mam 

components, namely, the direct and diffuse radiation. The direct radiation is that part of the 

total global solar radiation, which comes ciirectly from the Sun's disc without suffering 

attenuation on its way, while the diffuse radiation is that part that reaches the Tia1 th afie1 being 

scattered or absorbed and re-emitted as long-wave radiation. 

A third part can sometimes be of significance, and is termed the reflected radiation, which 

can reach a place by reflection from surfaces or objects. It becomes more significant in cases 

where there are shiny surfaces such as snow or objects such as glass and when the receiving 

surfo.ce is tilted rather than being horizontal. 

Before measuring the amount of solar radiation, it is necessary to decide which 

component of radiation would be useful for that project. For example, solar systems that use 

concentrating lenses, require information on the direct radiation, while flat-plate non

concentrating systems, require a knowledge of the total global radiation incident on them. 

Sometimes, only ;:i selected p::irt of the solar spectrum is measured. Hence, by knowing the 

purpose, a choice of the apprnp11ate Instrument is facilitated. 

Thr.:: i cfr.:ren~e instmment that mt:iasureii the~ direct radiation and serves as a standard 

instrument for calibrating other instruments is called the standard pyrheliometer. It requires an 

accurate two-axes sun tracking mechanism and professional experience. 

A more commonly used instrument is the pyranometer that measures the global solar 

radiation. If a shading ring or a shadowband is added to the pyranometer, it would be possible 

to measure the diffuse radiation. Pyranometers can also me::isnre the reflected radiation, by 

mounting them in an invc1icd positi1.)1l. 

A new instmmcnt called the rotating shadowband radiometer measures the global and 

diffuse radiation sim11lt::ine.011sly, using a silicon cdl pyrnnometer The <iirc<'1 rn<ii?ttion c;,n then 

be calculated by subtracting the diffuse from the global radiation values and dividing the result 

by the cosine of the solar zenith angle [2, 13]. Such pyranometers are already available in the 

market [3 8]. 
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Section A.9: Measurement of Total Solar Radiation 

Optical filters can be added to pyrheliometers and pyranometers to enable them to 

measure the energy content of small wavelength bands of the solar spectrum. In such cases the 

instrument is termed a spectra-radiometer. 

The atmospheric Optical Calibration System (AOCS) is another specialised new 

instrnment thFtt me<rnJres the solnr intensity ~t rlitferent w:ive himrls in A short time, to avoid 

errors, during sampling, that am cm JSfld by the short term fluctuation of solar radiation [ 1 ·1]. 

In the last fow decades, satellite observations are bcmg used to measure solar radiation on 

the Earth's surface. It is to be noted that satellite readings are instantaneous observations taken 

for a large area, typically 5 km square, depending on the latitude [15], while terrestrial 

observations using pyranometers and pyrheliometers give integrated values at the point of 

measurement. 

The best way to know how much sohir energy reFtches Ft place is to measure it there and 

then. This is not always possible and in such cases, an estimation of the amount of solar 

radiation can be made using statistical data of a nearby meteorological station, or of a place 

having a similar climate, or by calculating it using existing correlation that require easily 

accessible <fat::i such as the number of sunshine hours and cloud cover. However, sometimes 

1he local conditions conld affect 1hi;, mh:H.> dimatc of the site to sud1 an extent, that 

projections from near-by meteorological stations, become um ea.listic 

Advances in instrumentation, accuracy and reliability are continuously progressing. No 

doubt, more and more use is being made of m1tomFttic ::incl progrnmrned monitoring systems. 

A.9 MEASUREMENT OF TOTAL SOLAR RADIATION 

Flat-plate non concentrating solm modules produce energy by making use of the total 

(direct, diffuse and reflected) radiation of the Sun, though they cannot exploit the whole range 

of the spectmm. Hence, there is a need to c.onsirler the instrnmcnts used for monitoring this 

radiation, namely, the pyranometers, in more detail. 
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Section A.9: Measurement of Total Solar Radiation 

There are two main types of pyranometers that work on different principles and have 

different characteristics. A study of their properties should reveal which of them would be 

more suitable for this study. The first type is known as the thermopile pyranometer anci the 

second is called the silicon cell-based pyranometer or solarimete1. 

(A) THE THERMOPILE PYRANOMETER 

This pyranometer is essentially made up of alternate black and white painted surface, 

arranged in concentric circles or star-shaped designs and connected to a series of thermo

couples. When a thermopile is exposed to snnlight, the hlnck snrfa.ces 21bsorb more energy 

than the white ones and heat up to n higher rlegrcc As a result, a temperature gradient is set 

np, whkh is rletected by the thermocouples and transformed into an olootrio voltage. 

Provided that the black and white paints have uniform sensitivity to all wavelengths of the 

incident rays, the generated voltage can be considered as independent of the wavelength. This 

is not always true, as the white pigments used until few years ago, had different reflectivity to 

the infra-red and ultra-violet regions [24]. New types of paints made of barium sulphide have 

been used lately, that ensure perfoctly uniform reflecting properties of the surface, to the 

whole sola1 spedtum. 

Due to the heat capacity of the different parts of the pyranometer, thermopiles are slow to 

respond to quick changes in sohir rarliation and the layer of paint adds up to this offcot. In u 

±lash test, it has been shown that for a Kipp and Zonen pyranometer, there was a time lag of 

20.8 seconds before the instrument responded fully to the incident radiation and 28.4 seconds 

were required for it to come back to its zero valne [ 19] 

Thirty years later, no significant improvement has been achieved to the response time. A 

recent brochure of a new pyranometer called SOLRAD, manufactured by Kipp and Zonen, 

quotes a response time of 18 seconds for the pyranometer to reach 95% of the incident 

radiation [28]. As a result, drifts occur to the readings and the errors become more 
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Section A.9: Measurement of Total Solar Radiation 

pronounced when instantaneous readings are taken during partly cloudy weather [25]. It is 

reported, however, that if readings are integrated over a reasonable time, such errors tend to 

cancel each other, though it might not always be tme [29]. 

Figure A.9, shows experimental results made by Suehrcke [25], to compare between the 

rlrift effects of n thermopile and n silicon cell pyranomctcr, during rapid changes in solm 

radiation. This effect can be corrected by using a software program suggested by the same 

author, but this will add to the already high cost of thermopile pyranometers, that is caused by 

the carefol manufacturing techniques used and the facilities and skill required for their 

calibration. 

Another factor thnt ntfect~ the ncc11rncy of the rearlings is the improper cosine rcspons'~ 

of the thermopile for high incident angles between the Sun's mys anrl the perpenrlicnhlr to the 

sensor's snrf;:ice [12, 11, '59] Trlenlly, the 011tp11t of the sensor should decrease as the cosine of 

the angle of incidence of the Sun, or in other words, of the complementary angle of the solar 

altitude [ 19, 22]. 

The results presented by Nast l 23 J, on testing different types of pyranometers, showed 

that no sensor behaves exactly as another and that some of them exhibit some dependence on 

the azimuth and the tilt angle of the pyranomctcr. 

(B) SILICON CELL-BASED PYRANOMETERS 

This pyrnnomctcr is essentially made up of a silicon cell, usually of the mono-crystalline 

type with a resistor connected in parallel to produce a voltage rather than a current. Since, the 

current produced is proportional to the incident solar radiation, at constant temperature, then 

the output voltage will behave similarly. A thermistor is incorporated to compensate for the 

deviation of the reading caused by the rise in the cell's temperature dmiug 0pe1ation. 

The rloperl silicon material of the cell has a band··gap of 1.1 eV. Incident light that has an 

equal or greater amount of energy than the band-gap is able to excite an electron and produce 

a current. The extra energy is dissipated as heat and will not be detected by the cell [30]. This 
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Section A.9: Measurement of Total Solar Radiation 

explains why a solar cell is said to be spectrally dependent and as a result, it cannot measure 

the total energy in the solar spectrum. This would not have been a limitation had the solat 

spectrum been invariable. On the contrary, it varies all the time due to changes in the air mass 

ratio and the weather [26]. 

Fignre A 10, shows the response of a silicon cell to the solar spcctmm at AMI. The 

maximum response of the cell is at a wavelength of 0.83 µm. This does not match the 

maximum available energy of the solar spectrum, at a wavelength of 0.535 µm, at AMl.5 

l 20 J. This difference diminishes during cloudy days, as the solar spectrum shifts towards the 

long-wave region, as seen in figure A.8(b). Hence, ifthe solar cell is used as a pyranometer, it 

will give more realistic results during cloudy weather [22]. 

Another limitation to the use of silicon cell-based pyranomctcrs is the cosine effect Tt lrns 

ah eady been mentioned that all types of pyranometers have this problem, but for silicon cell 

solarimeters the effect is more striking. It has been shown that these sensors obey the cosine 

law for angles of incidence up to 20° [31 ], i.e. for solar elevations of 70° to 90°. 

As reported, the azimuth does not affect the response of the solarimeter much, and it can 

be ig1101 ed [20]. 

Regarding the relationsl11p between the response of R silicon cell-based pyranometer and a 

thc1111opilc one, ox pe1 hrnmts showed no dcilnitc iatio bet ween them l 19 J. 

An advantage of silicon solarimeters over thermopiles is their fast response time of about 

10 p.s, so they can closely follow the variation in solar radiation, as shown in figure A.9. 

Also, as thei1 p1ices are much lower than the costs of thermopile pyianometers, silicon 

cell solarimeters are more often used in small and medium-sized PV projects, that usually have 

limited budgets. However, it is worth noticing that the prices of the new types of thermopiles, 

such as SOLRAD pyranometer of Kipp and Zonen, is oompnrnhlr. to that of solarimeters [28]. 

()th er advantages of silicon cell pyranomctcrs is their long life time and their low 

impedance. The latter results in high output signals, that give better accuracy in measurement 

and makes it possible to connect the pyranometers directly to a data-acquisition system. 

121 



160 -

lGO 

1~0 -

110 -

:=-- 120 -

c 
110 0 

\:;i 
t: 100 ,., 
i-: f)() 

" 5 80 -

.s 70 
~ 

;;::: 60 
§ 

50 w 
c 
w •10 

30 --

20 

10 

() 

2 3 

I 
I / 

I • 

/ 

,,-
.-

(al Solar radiation at air mass = 1 
(bl Silicon cell output 

~ kl Sili~011 ~8ll 18~p011se 

\~'" 
/ ' 11 1 1 

I '1 \;I 
I 

(!.) 
I 

'- / 
\ 

I 

I 

\~ 
I 

\ \ 
I. 

100 

'JO 

80 

70 

60 

GO 

I ·' 
I .' 
I.' 

\ '. -'\; 40 

/ 
•• Y _., 

I I ,,· ,,-

I\ 
I I 

I \ 
\ . 

\ 
\ . 

\ \ 

\ ' ' '· _ .. _ .... ; ... J ,l ______ J ________ _J ____ \, __ ·, 

4 5 6 7 8 D 10 11 

1Nilv€'!1'n()th (minon~" 10-1) 

30 

20 

10 

12 

it 
'1J 

~ 
0 
0. 
f,I') 

92 

8 
e: 
0 
~ 
Vi 

FIGURE A.10: A plot of (a) the spectral distribution of direct solar radiation for air mass 1, 

( b) silicon cell output and ( c) silicon cell spectral response l 20]. 

122 



Section A.9: Measurement of Total Solar Radiation 

The development of silicon cell-based pyranometers is continuously progressmg. 

Michalsk)' ct al, have showed that the readings produced by such pyranometers can be 

corrected, after which they would differ by only 1 % from the corresponding thermopile 

readings, for the case of horizontal global radiation [26]. 

The use of silicon cell based pyranometers for the monitoring of solar radiation is morn 

acceptable for use in PV systems, because both the pyrnnomctcr and the PV cells match in 

their optical and spectral responses to sunlight. As for solar thermal applications, thermopile 

pyranometers are more suitable because thermal systems benefit from the whole solar 

spectrum. 

Based on the above analysis, silicon cell-based pyranometers are chosen to monitor solar 

radiation on a horizontal surface and on the plane of the solar modules, of this project. 

This decision agrees with the guidelines set by the Joint Research Centre - Ispra 

Establishment, for the monitoring of PV systems [37]. 
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APPENDIXB 

PHOTOVOLTAIC CELLS AND 

BALANCE OF SYSTEM COMPONENTS 

INTRODUCTION:-

The properties of solar cells are reviewed, to help to understand their characteristics and 

to explain why their performance vary with changes in the intensity and spectral distribution of 

solar radiation as well as temperature. First, mono-c1ys1.nllinc, poly-crystalline and amorphous 

silicon cells sh1tll he r,cmsi<lered, then the other main types of PV cells shall be briefly dcsorihcd 

and compared to them. 

Another important part to be considered, is the technique used to build up solar modules, 

capable of delivering the required voltage and current at an efficiency close to that of the 

individual c.ells c.nmp1 Ising them. 

Finally, attention will also be given to the balance of system (DOS) wmpoueuts of a PV 

plant. As the ptiocs of PV modules decrease and their eilkiency increase, the performance and 

cost of the BOS components become more critical and have to be equally upgraded. 

B.1 PROPERTIES OF :MONO-CRYSTALLINE SILICON CELLS 

Solar cells are doped semi-conductors, that can ahsorb light energy and generate their 

own current, driven by an in built electric fielcl [·'1] 

The doping of the intrinsic silicon material is divided into two stages. First, the whole 

silicon wafer is produced as a p-type boron-doped wafer, then phosphoms is diffused into it to 

produce an upper n-type layer. 
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Section B.J: Properties of Mono-crystalline Silicon Cells 

The doped cell does not possess a net charge, or in other words, it is not ionised. Rather, 

the presence of dopants gives rise to charges that do not take part in the covalent bonds of the 

atoms. This implies that the forces that keep these charges linked to their atoms are relatively 

weak and can be easily overcome by an external source of energy. This is manifested by the 

shifting of the Fermi level, from the r.entre of the forhirl<len gllp to n new position, that is 

nearer to the conduction h:mrl, for n type matcriab and nearer to the valence band, for p-type 

materials. Figure B. I, shows the effect of doping on the Fermi level for an n-type and a p-type 

substance [5]. 

Since the p-type and the n-type layers are present simultaneously in a solar cell, electrons 

and holes drift through the j11nction, from one layer to the other, driven by the existing 

imbalance of charges on either side I 16]. As a result, the1e will be a build-up of opposite 

charges that creates an electric field there. Figure B.2, shows the condition of the cell after 

drifting has occurred [38]. As these particles move from one region where they are a majority 

to another where they are a minority, they are termed majority carriers. 

The built-in voltage can be shown on a diagram as a difference in potential between the n

t ype and the p-type layers. At the junction, there is only one Fermi level and the only way to 

satisfy this cond1t1on is to shift the relntive positions of the bands, as shown in figure B.3 [38]. 

Now, at room tempcrnturc, some dcctrnns in both types of doped luyern, will absorb 

enough energy to make their journey to the conduction band. Considering the n-type layer, the 

probability of thermal excitation of electrons is high, because the Fermi level is very near to 

the conduction band, but due to the presence of the electric field at the junetion, electt ons that 

are excited in the n-type side cannot diffuse to the p-type side. The only way of diffusion of 

electrons is from the p-type to the n-type side, but since there are fow free electrons there, the 

r.1 Jrrent produced remains very small. 

Similatly, the holes diffuse from the n-type· to the p-type region. This type of diffusion is 

known as the di1Tusiuu of minw tty carriers, because the electron-hole pairs migrate from ;:i 

region where they are a minority to another where they are a majority. It is to be noted that 

the majority carriers mentioned before, do not take part, because they are held in place by the 

electric field and that the minority carriers originate from the bulk of the material. 
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Section B.1: Properties of Mono-crystalline Silicon Cells 

The drift of the majority carriers cannot exceed the diffusion of the minority carriers, 

otherwise the potential at the junction would rise to counter-balance this effect. Ilcncc, in the 

<.lark, the generation current of the minority carriers, also known as the saturation, dark, 

leakage or diffusion current Io, equals the recombination current of the majority carriers 

f 4, 18, 19] It could be written as a function of the band gap and tm11pcrn1m1': fl~ foll1>w,1; f?., 61. 

- cT""c-F/kT 

where, c =constant that depends on the band-gap; 

T = absolute temperature; 

oc =coefficient ranging between 1 and 4; 

E =band gap energy; 

k = Boltzmann's constant. 

As the cell's temperature rises, the rate of' diilusion of the minority carriers increases and 

causes the short-circuit current I8c, and the open-circuit voltage V 0c, to increase. 

Simultaneously, the rise in temperature reduces the band gap and causes the saturation dark 

current I0 to increase, which reduces V oc considerably. The net result is that both V oc and the 

Gell's effiden(;y dec1 ease and this explains why solar cells are less etl1cient at higher 

temperatures. 

If the cell is fitted with mctallk 00nta1.:;ts on cithe1 side of the junction and an external 

potential difference is applied, in such a way as to oppose the external natural flow of 

electrons from the n-type to the p-type material, the fielrl in the depletion region at the 

jnnc.tion inr.reases and lowers the majority carrier current flow, but the minority carrier current 

remains equal to I0, because it is only affected by temperature and light. Hence, the external 

current remains equal to the higher of the two currents, namely to the minority carrier current, 

which is quite small. By helrnving in s11ch a mrrnner, the PV <'.ell acts as R <lio<le 

If the polarity of the battery is now reversed, the field at the junction decreases and causes 

the recombination cun ent of the majority carriers 11' to increase exponentially with the applied 

voltage as follows [27]: 

I =I eqV/kT 
r 0 ' --------------- (13.2) 
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Section B.1: Properties of Mono-crystalline Silicon Cells 

where, q = electronic charge; 

V :-:: voltage across the junction; 

k= Boltzmann's constant; 

T = absolute temperature. 

The generntion cnrrent Jg of the minority Cflrriers remflins ecp1fll to the sMnrntion cnrrent 

10, at constant temperature. Hence, the net current seen externally will be the difference 

between ~ and lg. 

I = Io eqV/kT - Io 

= Io( eqV/kT - 1) --------------- (13.3) 

This ecprntion is C1'111ed the Shockley or the ideal-diode equation and is represented 

graphically on curve (1 ), of figure Il.4. f 4l 

When the cell is subjected to solar radiation, extra electrons are freed in the p-type layer 

and extra holes in the n-type layer. This creates a light-induced current IL, that flows across 

the junction in the same direction as the generation current of the minority carriers lg, but 

much more intensive in value. This current causes a reduction in the potential difterence across 

the ju11Gtion and an inc1 ease in the recombination current of the majority carriers ~' which 

balances the photon-generated current 11,. Hence, the net external current is zero and the 

voltage is equal to the L)pcm d1 c.uit voltago. 

If the external circuit is a resistance, then the net external flow of current will be equal to 

the d1fterence between Ir and (lg + IL) [ 6]: 

T = Io(c'1V/kT - 1)-IL 

This result is shown in figure 13.4, curves (2 - 6), for different illumination intensities [6]. 

The fourth quadrant is the area where power can be extracted from the cell. It is noted that 

curves (2 - 6) <1re very .i;;imil<tr to cnrve (1 ), exC'..ept th1'lt they ft re shifte<l clown hy Ft cnrrent 

equal to IL. 

r or an illuminated cell, it is more convenient to consider the net current I as positive, 

since it is produced and not consumed by the cell. Then, the above equation can be written as 

follows [4]: 

I= IL - Io(eqV/kT - 1) --------------- (B. 4) 
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Section B.2: The Open-circuit Voltage and the Short-circuit Current 

In figure B.5, the power-generating quadrant of the current-voltage characteristic of a 

solar cell is shown. This diagram resembles the fourth quadrant of figure B.4, but with the 

current I taken as positive. 

The total equivalent circuit of a solar cell is shown in figure B. 6 [ 4]. The series resistance 

(R,), represents the resistnnce of the contocts nncl the shunt resistance (Rgh), represents defects 

ncross nnd at the edges of the cell, where there is an abmpt change in the constituents of the 

material or the presence of foreign atoms. As a result, equation B.4 is modified to include 

these effects as follows [58]: 

I= IL -Io(eq(V1IR,)!BkT -1)- V ;IRs. 
sh 

whc1c, B- diode idcality foctl)J, that vmics between 1and5. 

Sitll~C R~11 >> R..,, 1ho oq1rn1in111ednc:e~1 Jt) 

J-JL-Io(eq(V+TR,)!RkT -I)-:. 
sh 

---------------(B.S) 

The value of the shunt resistance of a cell at a certain temperature, is approximately equal 

to the tangent of the dark current-voltage (I-V) curve at the origin and when the ~ell is 

illuminated, it is equal to the tangent of the curve at the sh01t-circuit current f 58l 

The series resistance of a cell can be calculated if one knows two similar points at 

different intensities on the 1-V curve. For example, in figure D.5, one ca.n choose 1he 

maximum power point on curve 1 and 2. The series resistance is the difference in voltage 

between these points (V1 - V2), divided by the difference in currents, (11 - 12) [58]. 

The peak powe1 line shown in figure B. .\ is the locus of all the maximum power points at 

different solar intensities. It is dealt with in section B.3. 

B.2 THE OPEN-CIRCUIT VOLTAGE AND THE SHORT-CffiCUIT CURRENT 

If the voltage V across the cell is zero, then the current J is t~rme<l the shor1 d1 c11i1 

current, lsc· Substituting V = 0, in equation B.4, we get, 

--------------- (B. 6) 
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Section B.3: Maximum Output Power 

When the current is zero, the voltage is known as the open-circuit voltage, V oc· Re

arranging equation B.4, yields:-

V oc = (kT /q) ln (IJl0 I 1) ---------------(B. 7) 

At first sight, it might appear from equation B.6, that lsc is independent of temperature, 

however, it increases slightly as shown in ftgnre B 7 [?7], hecm1se at higher tempernt11res the 

band gap decreases, as discussed in section B.1 . The cnrrent is also proportionnl to the cell's 

smface area l6, 7, 39], and varies directly with the photon-generated current, which in turn is 

proportional to the intensity of solar radiation. 

Looking at equation B. 7, one might be misled to deduce that V oc varies directly with 

temperature. This is not tme, because I0 depends strongly on temperature as seen in equation 

B .1. It has been shown that V0 c is inversely proportional to temperature lo, 39 J, ns shown in 

figure B.8 [27]. 

B.3 MAXIMUM OUTPUT POWER 

Between the two extremes ofT sc and V oc and for a given value of tcmpcratm e and sola1 

radiation, there is a point 011 the I-V cmve of a solar cell, where the product of the current and 

the voltage is a maxmmm The Joens of thtW:) points i'.i 5hown in figmc B. 5. 

Considering the effect of radiation, it is clear that the voltage along the locus line does not 

vary much, because it is a logarithmic function of the photon-generated current [5], as shown 

in equation B.'l. Hence, when a snitahle nnmher of cells are inter-connected to form a module, 

they can charge a 12V battery. In doing so, they will be forced to work at the battery's 

nominal voltage, which would be close to the voltage along the maximum power curve [ 41]. 

This will eliminate the nee<l for a maxim11m power point trncker (MPPT), whose henefit cloes 

not justify its price for small and intermediate size solar systems. On the other hand, the 

current varies lineatly with insolaiion and this makes it possible for solar cells to be used as 

solarimeters. 
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Section B.4: Limitations to Cell Performance and Efficiency 

The second factor that affects the power delivered from a cell is temperature. It has been 

mentioned before, that both the voltage and the current change with temperature, though the 

voltage is more sensitive to it. For silicon cells, the integral effect can be written as f 4l-

p(T) = Pc2soq[l - 0.004(T -25)] ---------------(B.8) 

where, Pm =power at temperntnre T, 

Pt:z~''C) =power at the reforence temperature of 25 °C. 

B.4 LIMITATIONS TO CELL PERFORMANCE AND EFFICIENCY 

There ;:ire m;:iny factors that influence the operation of PV cells Some of them can be 

deduced from figure B.6 [4]: 

1. The photon-generated current must be a maximum by, 

(a) careful manufacturing techniques, to reduce trapping areas in the cell; 

(b) using anti-reflection coating and etching on the surface of the cell to enhance the 

absm ption of solai radiation; 

( o) mininli::1ing the top sut face ek>,ctiic c1rnl ric.1 m l":ft, 1 o allow maximum infiltration of solar 

rncfo1tion into the c.ell. The use of transparent contacts of indium tin oxide increases the 

dfcclivc Mc a, but thc1 c ai e still diffiwlties in eliminating the degradation of the cell 

performance due to the chemical reduction of tin oxide to tin by silicon and the degradation at 

the tm-ox1de-metal interface. Sealing of the solar modules in vac:1111m can solve this problem, 

h111 it entnils higher c:osts [ 46]; 

( d) increasing the concentration of the dopants in the n-type layer at the surface, to enhance 

the absorption of the UV radiation, but taking care not to increase the rate of recombination; 

(e) placing the junction deep enough to ensure goo<l absorption of the genernted electron-hole 

pairs. 

2. The back surface series rr,sistnncc of the cell must be miilimised, by wvedng the whole 

back surface with conductor. However, it has the disadvantage of short-circuiting the whole 

module in case of a local p-njunction short circuit under a top-surface finger electrode [47]. It 
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Section B.4: Limitations to Cell Performance and Efficiency 

can be prevented by using sets of finger electrodes on both sides of the cell, laterally offset 

from each other by a distance equal to 1/2, where 1 is the distance between any two adjacent 

fingers on the same side of the cell. Local sho1 t circuits may occur in large area solar cells due 

to imperfect processing. 

3. The shunt resistance sho11lci he a mmim11m, which can he achieveci by carefiil 

manufacturing techniques of the cell. 

The above conditions cannot be folly met during manufacture and a compromise has to be 

1 eached to satisfy all the conditions to an acceptable level. Here, the most important 

limitations are discussed. 

First, the most em~rgetic light photons in the ultra-violet region are absorbed in the first 

fow micrometers of the cell. Being far from the junction, most of the electron-hole pairs that 

are generated there, do not make it to the junction because they recombine beforehand. The 

main reason for recombination is the presence of a highly doped layer which reduces the 

carrier life-time. This type of recombination is known as Auger recombination. A solution 

could be implemented by making the junction as close to the surface as possible, but this has a 

limit a.s well, because one must allnw <t space fo1 the n-tyµe laye1 at the top. 

Second, the series resistance of the cell cannot be totally eliminated hecausc the n-type 

loyt;"!J' has a considcrnblc amount of rnsistancc when compared to the µ-type layc1. The reason 

being that the top electrical contacts cannot cover the whole surface, otherwise they would 

hinder solar radiation from reaching the cell A compromise usually sets the area covered by 

the contacts as 5% of the total area of the cell. 

Third, doping the top n-type layer cannot be increased indefinitely because it increases the 

recombination at the smface, slows down the mobility of carriers and reduces the generated 

current r6l Also it cannot be too dilute othenvise the open drc11it voltage cirops imci the series 

iesistance of the cell increases [8]. 
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Section B.5: Power Losses in PV Cells 

B.5 POWER LOSSES IN PV CELLS 

Silicon cells do not make full use of the solar spectmm I ,ight photons th;::it h;::ive energies 

higher than the band-gap of silicon can contribute an amount of energy equal to the band-gap, 

the rem;;iinrler heing Jost ns hent S11ch photons arc present in the ultra violet region nf the 

solar spectrum. The percentage loss in absorption amounts to 31 %. 

Another major loss in absorption occurs for light photons whose energy content is less 

than the band-gap of silicon. These photons heat up the cell but do not produce current. They 

are found in the infra-red region and they amount to 24% of the solar spectmm 

Hence, the remaining useful percentage of the totul solnr rnrli;::ition, th;::it conlrl be 

conv~rt~rl tn ;::in f:)t':ctric cu11enl is only 45%. 

Now, other losses reduce this value even further. Some of these factors can be controlled 

but others are intrinsic properties of silicon that cannot be completely eliminated. They are 

summarised as follows:-

1. Open-circuit voltage loss (12%): 

The open-circuit voltage ( V oc) of a cell cannot equal the band-gap Eg. The lost volts are 

due to the difference in potential between the Fermi level and the valence Rnd conduction 

bands, as shown in figure B.J. Highe1 doping ooncentrntion decrease.s this effect but, at the 

same time, increases recombination. 

2. Short-circuit current Cisr.) losses: There are four factors that contribute to the reduction 

of the value ofI8c [6]: 

(a) Absorption losses (5%): 

Silicon is an indirect band-gap semi-conductor that requires both energy and momentum 

to rnle:n~e: i'lll elecJron-hole 1rni1 The energy comes from the nhsorhcrl light photons, while the 

momentum is supplied by phonons, that are produced by vibration in the crystal lattice. The 

energy ls readily available, but the momentum takes some time before it is released, meanwhile 

the light photons would have travelled a considerable distance into the crystal. If the cell is not 

thick enough to utilise these photons before they emerge from the other side, 
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Section B.5: Power Losses in PV Cells 

there would be no generation of current. A compromise between the cell's efficiency, thickness 

and cost, results in a minimum cell thickness of 250 µm that can absorb up to 95% of the 

useful solar radiation. 

(b) Top surface contact grid losses (2%): 

The top s11rf.9ce 1-onta1-ts o<x·11py on nren which reduces the surface available for the 

incident rnys of the Sun. 

(c) Surface reflection(!%): 

Etching the surface of the cells and using anti-reflection coatings have made it possible to 

reduce reflection from the cell's surface considerably. 

(d) Hemmbination lo!l!lC!l (2%): 

The main type of losses is known as Auger recombination, which characterises the e11rly 

recombination of generated holes and electrons due to the presence of dopants. 

3. Fill (Curve) factor losses (4%): 

The fill factor is defined as the ratio of the maximum power that could be delivered by a 

cell to the product of V oc and Isc· This ratio gives an idea about the squareness of the I-V 

curve, i.e. how perfect the cell characteristics are. The greater the maximum power delivered, 

the squarer is the I-V curve and the highe1 is the fill factor. Its value is always less than 1 and 

it strongly depends on V oc· Othe1 factors that reduce the fill factor are the series and shunt 

resistances and the cell's temperature. In practice, the fill factor is used to compare different 

solar cells under identical conditions. [6, 58]. 

4. Series and shunt resistances losses (0.4%). 

The series resistance is mainly caused by the top contacts while the shunt resistance is 

caused by defects in the cell. The latter is more pronounced in semi-crystalline cells. 

Riiserl on the ~hove '!m1lysis, the eftkiency of A single j11110tion silicon cell cannot exceed 

20%, unless an improvement in one or more of the above factors is achieved. 

Other disadvantages of silicon cells include the mismatch between the maximum 

absorption wavelength of the cell and the maximum energy wavelength of solar radiation. The 

response of silicon cells peaks at a wavelength of 0.83 µm , while the maximum energy 

available in the solar spectrum is at a wavelength of 0.535 µm, for .Afv11.5. This explains why 
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Section B. 6: Semi-crystalline Silicon Cells 

silicon cells have higher efficiencies in cloudy weather conditions, when the solar spectrum 

shifts closer to the peak response of silicon cells, as shown in figure A.8. 

B.6 SEMI-CRYSTALLINE SILICON CELLS 

The metho<ls implemente<l in the mnnufocturing of semi-crystalline silicon cells are 

cheaper than those used for mono crystalline cells, but the eftlc1ency of the cells arc lower as 

well. The common disadvantage is that both operations are batch processes, which means that 

the rate of production is low and this reflects adversely on the cost. 

One difference in the end product is that semi crystalline silicon cells are proci11ccci Fl8 

syuares in shape, while mono-crystalline silicon cells are round. This allows the semi

crystCtlline cells to be stacked closer to each othe1 lo f01m a module that has an efficiency 

equal to that of a mono-crystalline module of the same size, thus offsetting the above 

mentioned effect of lower cell efficiency [16]. 

The cause for the decreased efficiency is attributed to the presence of more grain 

boundanes which are centres of recombination. This effect has been reduced by growing the 

crystals in such a way that they reach the edges of the wafer, so that only the lateral 

boundaries 1cmain. Hence, the crystals arc not really complete and so they aie desc1ibed as 

semi-crystalline [6]. Other names are used to mean this type of cell such as poly-crystalline 

and m11lti-r.ryst~dline cells [ 49] 

The cost of such cells oan be reduced by depositing a thin-film layer of polycrystalline 

silicon on a substrate. The method of deposition is simple and the quantity of silicon r~quired 

is small. It has been shown that the efficiency does not drop with the decrease in the cell's 

thickness, provi<le<l tlrnt surface etching is r-ipplie<l to the top snrfocc nnci n reflecting hflck 

surface is used to direct the unabsorbed light back into the cell [ 16]. Some challenges remain 

to be resolved suoh us good adhesion of the film to the substrate and efllcienl;y. H has been 

demonstrated that such cells are chemically and mechanically stable [ 43] and the Mitsubishi 

Group has reported a 16.45% efficiency for a 2 cm square cell [65]. Recently, the Max Planck 
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Institute in Stuttgart, Germany, has produced a thin-film silicon cell of an area of 0.76 cm2 and 

an efficiency of 17.3% [71], as indicated in figure C.1, of appendix C. 

B. 7 AMORPHOUS SILICON CELLS 

Amorphous silicon cells are prepared by decomposing silanc (SiH4) on a substrate at a 

temperature between 200 °C and 300 °C. Dopants are added to the vapour to make the cell a 

p-type or an n-type layer. The low temperature allows the use of cheap substrates and reduces 

the energy requirements, while the process itself requires a small quantity of silicon. 

The constrnction of an amorphous silicon cell differs somewhat from a crystFJIIinc one in 

that the n-type phosphorns lloped silicon layer is separated from the p-type horon ciopeci layer 

by an intrinsic layer of silicon. The electric field is created by the p-type and n~typc layers, 

while the intrinsic layer serves as a low defect area, where most of the photovoltaic effect 

takes place [3]. 

These cells have some advantages over crystalline silicon cells in that, their optical 

abso1 ptlon p1 ope1 ties enable them to utilise a higher percentage of visible light. Hence, the 

need for a thick cell d1m1111shes and thin iilm cells that arc normally 1/1000 of that of mono

crystalline silicon cells sufifoc to ab:m1 b most of the useful solar radiation [.SO]. 

In spite of these benefits, amorphous silicon cells suffer from low efficiency and initial 

performance degradation of about 10%, when illuminated for the first time f 421. The cause of 

the low efficiency stems from the presence of many unsatisfied "dangling" bonds which are a 

result of the non-existence of periodicity in amorphous cells. These bonds act as very good 

trapping points for the generated electrons and holes. To reduce this effect, amorpho11s silicon 

can be doped with hycirop,en to prodnce <l cell with a hnncl-gflp of 1 '1 eV or with hydrogen 

and fluorine to produce a cell with a band-gap, that could be tailored between 1.55 eV and 1.8 

eV [4, 49]. F01 both cases, the new material has a band gap that is near to the maximum solar 

photon energy region. This factor makes it possible for a cell of 1 µm thickness to absorb up to 

90% of the visible light region [6, 42, 49]. 

140 



Section B. 8: Gallium Arsenide Cells 

The cause of the initial degradation in the cell's efficiency is not definitely known, 

although it has been perceived that the thinner the intrinsic i-laye1 is, the lower is the 

degradation. Heat treatment can bring the cell's efficiency to its former value [ 42]. 

Amorphous silicon cells have higher series resistance but this decreases when the cell is 

ill11min(lte<i These cells crin he deposited on any surface and they can be made small so tlrnt no 

metFtl mnt::ict grids are needed. 

Developments have been achieved to reduce the power loss in the top transparent 

conductive oxide film. This method is known as the "through hole contact" photo-etching. A 

10 cm x 10 cm laboratory cell with an efficiency of 10.5% has been achieved [45]. Other 

improvements to solar cell efficiency can be made, as described in appendix R 

B.8 GALLIUM ARSENIDE CELLS 

Besides silicon cells, gallium arsenide cells are crystalline semi-conductors which have a 

crystal structure similar to silicon except that two different elements are present 

simultaneously. These cells have the best conversion e1liciency, because their band gap of 1.4 

eV coincides very closely with the maximum energy wavelength in thP. solar spectrum. 

The disadvantages of these cells is that the material Is expensive and not as abundant as 

silicon. Also, arsenic is a toxic element and should be treated with caution. However, these 

cells are ideal to be usc<l in systems that use concentrators because smaller cells are needed, 

which means that the cost could be reasonable and also because their efficiency is not much 

affected by temperature. 

Unlike silicon, gallium arsenide is a direct band material, which produces at least one 

elec.11011-hole p:iir for every light photon ;;ihsorhe<i The trnnsition is <lircct And no phonons arc 

needed. As a result, light photons are absorbed very quickly in the first few microns of the cell 

and a thin cell wonld suffice to absorb most of the incident useful radiation [ 49]. 

Recombination at the top layer of these cells is more serious than in silicon cells, but it 

can be reduced by making the top n-type layer much thinner than the lower p-type layer. In the 

manufacturing stage, the two layers are chemically built over one another, each one with its 

141 



Section B.9: Cadmium Sulphide/Copper Sulphide (CdS/Cu2S) Cells 

own dopant. The method is somewhat different from that used for the manufacture of silicon 

cells, because there is no diffusion of dopants by heat. Such layers are known as epitaxial 

layers. Cells are processed in batches, and this causes a direct impact on the price and on the 

rate of production. 

H.9 CADMIUM SULPHIDE/( :oPPJ!:R SULPHIDE (CdS/Cu2S) CELLS 

Poly-c1 ystalline hete10junct.ion thin film cells of cadmium sulphide/copper sulphide 

(CdS/Cu2S) cells have been manufactured. The n-type layer is CdS that has a band gap of 2.4 

eV, while the p-type layer is Cu2S, with a band gap of 1.2 eV [6] The effective h1md gap is 

about. 1.1 eV [5, 40], which is similar to silicon, but the main advantage of this cell is the easy 

and cheap fabrication methods, though the cell's efficiency is still low: Moreover, this cell 

suffers from degradation when exposed to air and humidity and cadmium is rare and toxic. An 

improvement can be achieved by replacing the Cu2S layer with a layer of copper indium 

diseleni<le (CIS). 

B.10 CADMIUM SULPHIDE/COPPER INDIUM DISELENIDE (CdS/CIS) CELLS 

These cells do not degrade in the presence of air or humidity. CIS is a direct band semi

conductor with a band-gap of 1.04 eV. It absorbs most of the solar spectrum and unlike Cu2S, 

its lattic:e ml'ltc:hes very well with thllt of C'dS flt their interface. This means that there arc less 

allowed states in the forbidden gap and this reduces recombination [ 49]. Recently, great 

interest is shown towards the development of these cells. An efficiency of 16. 9% has been 

achieved in the laboratory by EUROCIS Consortium in Europe, for an active cell area of 0.4 

om2 [52], while the Royal In:-;t.it.ut.c of Tcdmology, Kista, Sweden, has manufactured a cell of 

equal area to the above with an efficiency of 17.6%, in Ap1il 1994 [71]. 
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B.11 CADMIUM TELLURIDE (CdTe) CELLS 

This cell has a band-gap of 1.5 eV, which is near to the optimum value. Cadmium 

telluride is a direct band-gap semi-conducto,r and this enables it to be manufactured as thin film 

cells. The efficiencies of these cells are above 10% rso1 and their only disadvantage is the high 

toxicity of tellurium. ftigure D. l, of appendix D, shows the evolution in efficiency of CciS/CJS, 

l'd'l'c and thm film silicon cells [56]. 

D.12 IMPROVEMENTS TO CELL EFFICIENCY 

One of the ways to imprnve the etlkiency of Sl)lm cells is to stack different cells over one 

another to form tandem, cascade or multi-junction cells. The top layer woulcl nbsorb the high 

energy short-wave radiation and allow the remainder to pass through to the lower layers. The 

layers must be carefully matched to produce equal currents at the different junctions, which 

are in series with each other. Some of the recent achievements in this field showed a 10.2% 

stabilised efficiency of il mnltijunction, one square foot, amorphous silicon array [52], a 

15.5% efficiency, 0.4 cm2 copper indium diselenicie with g;:illimn cell (C:J<TS) ['51] and ;:i 29.1% 

effidency, of :::i cell wlth total orea ofO '2'50~ cm2 , GalnP/GaAs cell l55, 78]. 

Another method similar to the above one uses dichroic mirrors to split the radiation into 

di1Te1 ent wavelengths and direct each band of rays to the appropriate cell. This method is 

known as "spectrum splitting". Dicluoic minors can be replaced by reflection hologram 

beamsplitters that are less expensive, easily reproduced and can have their spectral selectivity 

varied according to the specific requirements [ 51]. 

PV cells that work under a concentrated beam of solar radiation have the potential of 

inr,reilsing l'he efficiency. Careful consideration of the cost and maintenance of the trnck.ing 

system, the Gleaning oflenses or mirrors and most importantly, the climate of the place, should 

be carried beforehand. A place that is characterised by frequent cloudy days is not suitable for 

such a system. 
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Section B.13: Construction of Solar Modules 

The efficiency of PV cells can also be improved by finding ways and means to reduce the 

losses that were mentioned in section D.5. Sunpower Corporation managed to pwJuce a 

21.6% efficient silicon cell module, by transferring the top contact grid to the bottom of the 

cell and using a highly reflective back surface together with special manufacturing of the 

contacts to increase the cell's voltage. These modules were used on the Honda Dream Snla1-

powcrcd car, which took part and won the 199J World Solar Challenge race in Australia [57]. 

Another striking result was announced by the University of New South Wales (Australia), of a 

23% passivated emitter and rear local diffused (PERL) cell f 68], that is surface etched in the 

shape of inverted pyramids. The upper and lower surfaces are passivated by an oxide and the 

contacts are buried in them, using a laser grooving 1nchniq11e Boron is ]or.ally rliffi1secl netlr 

the contacts to rerluce recomhirrn1ion 

Tn <:onclusion, the only way to reduce the cost of PV cells is to increase their cffioicnoy 

[70] and decrease the complication and energy involved in their manufacture. This is possible 

and industry is already moving in this direction. For example, an innovative work has been 

achieved by Solec Incorporation, that produced a 20% efficient silicon cell, using a cheap 

process that has the potential of reducing the price to $2 per peak Watt [ 56]. 

B.13 CONSTRUCTION OF SOLAR MODULES 

In preparing solar modules, one has to distinguish between the method used to build up 

modules of c1ystalline cells and modules of thin-film cells. 

For crystalline cells, their surface is first etched to remove the effer.t of sawing ancl then 

treated with an anti-reflective coating. The conductive fingers and the bus-har contacts are 

npplicrl to the front surfaoo of the cell, while the back surface is usually completely eovctcd 

with a conductive material. Then the cells are tested and gwuped together according to their 

output voltage and current. 

Cells of equal or almost equal currents and voltages are then interconnected to produce a 

reasonable voltage and current. The common practice is to design modules that can charge 
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Section B.13: Construction of Solar Modules 

12 V batteries. In order to achieve the design requirements, PV cells are connected in series to 

increase the voltage and connected in parallel to other similar groups of series cells, to 

increase the output cm 1 ent of the module. The open-circuit voltage has to be 18 V - 20 V, 

because part of it will be lost in the by-pass and blocking diodes, in the mismatch between the 

mo<l11les an<l <l11e to the rise in c:ell temperature during the day. The remaining voltage shcmlrl 

he ;:iho11t 11 V 

After that, the cells are encapsulated using one of the following methods f66l: 

(a) substrate bonding: where the cells are bonded to a structural substrate such as aluminium 

or reinforced plastic; 

(h) s11perstrate bonding: where the cells are bonded from the top to a transparent strnctnrnl 

superstrate such as tempered or born-silicate glass; 

(c) laminated: where the cells are hon<led on both sides, usually using the same transparent 

material. 

The cells are stuck to the supporting surface by adhesives such as silicon elastomers, 

acrylics or fluorocarbons. These materials are also used as pottants, that totally encase the 

cells and their interconnects, to relieve the thermal stresses induced on them, duo to the 

ditforcnce in the cxpansivity rate between the suppm ting sm face and the cells. A layer of glass 

or reinfon..:ed pln::itic covers the pottant and an aluminium m stainless steel fiamc ts altad1ed to 

complete the module assembly. 

Junction boxes and by-pass diodes are then added to the hack smface and the module is 

teste<l A certilicflte pJ:.1te is i'lttached to the back to give the module its individual 

characteristic open-circuit voltage, short-circuit current and maximum power at standard 

testing conditions (STC), which is defined as an irradiation of 1000 W/m2, at an air mass ratio 

of 1.5 and cell temperature of 25 °C. Also, the output is given at the nominal operi'lting cell 

tempernture (NOCT), being defined as the temperature that the module would attain at steady 

ambient conditions of air temperature of 20 °C, solar irrad1ance of 800 W/m2 and win<l speed 

of 1 mis. 

As for thin-film cells, the transparent conductive oxide and interconnects are first 

deposited on the glass surface and patterned with laser, followed by the deposition of the 
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semi-conductor layers and the rear conductive oxide layer. Leads are attached and the whole 

structure is assembled in glass. A frame is usually fixed to facilitate the installation of the 

module. The junction box and the by-pass diode are added and the module is tested and given 

its characteristics. 

Sol<ir morlnles nre rlesignerl to he rigirl, weather resistant And eAsily tnmsport(~d find 

instnlled The encapsnlotion of the c:clls should not dcgrndc on exposure to ultra-violet 

radiation and should not create excessive thermal stresses, when exposed to varying ambient 

temperatures. Other requirements for a good module is impermiability to oxygen, humidity 

and rain, and resistance to dust and hail sputtering [ 66]. 

Clearly, all of the above processes require power that produces pollution, but when the 

modules are set in operation, they will pay the energy back within a fraction of a year up to 10 

years, depending on the type of modules, the amount of energy produced which depends on 

the local solar radiation and on the efficiency of the manufacturing processes [6]. 

It has been mentioned that cells of equal or almost equal currents and voltages should be 

used for the construction of a module. Failure to do so will create a reverse-bias condition, 

when the output of one of the cells in the module is signific:mtly lower than the others that are 

in sedes and this will cause the wetlk cell to overheat and eventually fail. Reverse-bias 

conditions cnn nlso occm if one 01 more cdls nrc :-ihadowcd, cracked or degraded. The same 

also applies for a series of modules connected together. 

In order to reduce the risk of self-destmct1on of a cell or module, two approaches are 

usually taken. First, multiple current paths are made in the wiring circuits of the cells and the 

modules. Second, by-pass diodes are used to limit the reverse current in the module and 

blocking diodes are used to protect a string of modules. [7, 67]. 

Even though every effort is made to match the r,ells' volt;:iges ancl cnrrents, there wonlcl 

still he some differences that will cause a drop in the efficiency of the modules. These losses 

a1 e known as the mismatch losses. 
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B.14 THE ARRAY SUPPORTING STRUCTURE 

Solar modules can be virtually mounted on any stmcture as long as it can withstand the 

static load and any resulting wind load. These structures could be ground-base supports, 

poles, roofa or walls. 

One of the main concerns of designers and users is to reduce the costs of the balance of 

system (BOS) components For a ground-based array, local material can be used to build-up 

the structure, while for roof or wall-mounted arrays, the use of large area modules would 

reduce workmanship and roof preparation. To reduce costs even further, sets of modules can 

be pre-assembled and wired together in the workshop, before they 1-1rn mrnmterl on the 

structure 

[60, 70]. 

Some requirements have been identified as essential for any supporting structure [ 61]: 

(a) to satisfy the design conditions regarding orientation and tilt angles of the array; 

(b) where applicable, the structure should be portable and easily assembled; 

(1~) it sh1Juld withstand adverse weather conditions and wind. 

Also, one has to take care that the structure of one array does not cast a shadow on 

anothe1 tm ay and that tho modules arc accessible for periodical deaning. 

B.15 THE BATTRRY BANK 

Batteries are extensively used in PV systems that require an energy storage. Ideally, the 

batteries should have the following characteristics [39]: 

(a) high cycle life for deep discharges; 

(b) low maintenance requirements; 

( c) high charging efficiency; 

( d) deep discharge capability; 

( e) I ow rate of self discharge; 

( f) reliability; 
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(g) minimal change in performance with changes in temperature. 

Though lead acid batteries were mainly developed for use in vehicles and fo1 traction 

purposes, they are now the major type of batteries used for energy storage in remote and 

stand-by PV systems, because of their cheap price. If they are developed forther they could 

fare hetter in PY ilpplic.ntions, espec:ially reg~rding their life time. Also, they may find their 

way to the foture market of electric vehicles. Other types of batteries are also available fo1 PV 

applications, such as the nickel-cadmium cells but they are more expensive. Besides, cadmium 

is a very toxic material and this restricts their use to systems that require high reliability. 

Recent developments aim at producing low-cost low-maintenance batteries that are more 

tolerant to over-charging an<l <leep-<lis~h::irging without reducing their life-time. Ovonic 

Battery Company Incorporation has produced a nickel-metal hydride (NiMH) battery, that has 

the potential to supply more power per unit mass than lead-acid batteries, at a lower life-cycle 

cost. The battery is 100% recyclable [62] and it can withstand overcharges and deep 

discharges without major degradation in its performance. It has a longer life-time and can be 

charged quite fast, though, like lead-acid batteries, it has a high self-discharge rate. 

As for lead-acid batteries, one has to mention that there are also some advances in this 

field. GNB Batteries Company has developed a totally maintenance free lead-acid battery [63] 

to be used as a stand by powc1 supply fo1 telccommunicatlons. This batte1y wmk.s on the 

'oxygen cycle'. When the battery approaches full charge, oxygen gas is produced at the 

positive electrode. lf it is allowed to flow to the negative electrode, the oxygen reacts to form 

leilrl s11lphnte Rnd water. Further charging restores the lead sulphate back to lead. This ba11e1y 

performs well in both float charge and deep cycle applications. No stratification of the acid 

occurs, because the electrolyte is immobilised in a microporous absorbent matrix. Spilling and 

loss of acid through the vents does not occur. 

Some geneial chaiacteilslks ofle;:id-acid batteries should be understood before one can 

use and maintain them. Figu1c B.9 and B.10 show the effect of temperature on the capacity 

and rated life of lead acid batteries [64]. From the graphs, it can be inferred that the optimum 

range of operating temperatures is between 15 cc and 25 cc, where the battery capacity and 

rated life are close to 100%. 

148 



Cell tcmpc.rature (0 C) 

FIGURE B.9: Variation of capacity with temperature in a lead-acid battery [611]. 
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FIGURE B.10: Effect of temperature on the lifetime oflead-acid batteries [64]. 

149 



Section B.15: The Battery Bank 

Placing the battery where the temperature might drop to 0 °C should be avoided, as there 

will he the risk of free?.ing of the electrolyte, which would expand and crack the battery case. 

The rate of energy consumption has an effect on the battery's capacity. As an example, a 

low discharge current over 100 hours (C100) would deliver more total energy than a high 

discharge current over ) hours (C~), as shown in fig11re R 11 I 64] 

Figure B.12 shows the eifoct of the depth of discharge (DOD) on the life-time of lead-acid 

batteries. To make the battery live as long as pnssihle, lhe I )OJ> ~hon Id 1101 1101 nrnlly exceed 

25% [64]. 

There are common requirements that should be fulfilled to ensure that the battery is in 

good condition: 

1. Regula1 maintenance that includes: 

(a) checking and topping-up of the electrolyte level. 

(b) periodical cleaning of cell surface to reduce self-discharge. 

(c) making sure that no over-charging or frequent deep discharging occur. 

( d) applying an equalising charge whenever deviations are detected in the voltage of the 

different cells. 

? . Monitoring of the batteries: 

(a) mc11srn e:'mcnt of the voliagc of cad1 .;ell. 

(b) measurement of the specific gravity of the electrolyte in each cell. 

(c) measurement of the temperature of the cells. 

1. The batteries have to be k~pt in a cool, d1y and well ventilated place. Placing them 

under the PV array, whenever possible, could be very useful as it will reduce the space 

requirements and the voltage losses. However, one has to take care that they are protected 

from rain, dew and vandalism. 
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B.16 THE BATTERY CONTROL UNIT (BCU) 

Battery control units nre very essential to snfo-gunrd the proper charging and discharging of 

the batteries. There are two different designs available in the market. The first allows the 

charge to pass from the PY array to the batteries until a certain upper voltage is achieved, then 

the H< ~l J cuts off the supply hy shortmg the array through a shunt transistor. When the battery 

voltage drnps to a e;e1 tain threshold value, the shunt swit.d1 opens and the cm rent Hows once 

mm e into the batte1 y. As a 1 esult, the battery gets charged by a pulse charge, caused by 

switching the shunt transistor on and off. 

The second type of BCU has the ability to charge the battery in two stages. The current 

flows to the batteries until they are nearly fully charged, then the mode of charging changes to 

a trickle charge. The choice between the two types mainly depends on the cost and the design 

requirements [39]. 

BCU s are the hearts of a PV system, so they are required to be very reliable and safe. One 

has to avoid subjecting the unit to high temperatures, humidity, rain and overloading. 

B. 17 POWF,R DISTRIBUTION AT LOW VOLTAGE 

In distributing power to the various electric loads of a PV system, one has to make sure 

that the voltage drop along the cables does not exceed 0.5Y, for a 12V system, otherwise 

these losses would reduce the overall system eillciency imcl might cm1se unsatisfactory 

operation of the load. The elect1ic wires used must be of sufficient sizes and care must be 

taken that, when two wires are connected together, they would not incur an additional voltage 

drop [39]. 

For PY systems that operate d.c. appliances, the highc1 the voltage, the lowe1 t.he losses 

in the wires. However, high d.c. voltages arc lethal and proper precautions have to be taken to 

ensure the safety of the system and the users. A system voltage of 48V is considered as the 

maximum value that does not require special isolations, but there are very few d.c. appliances 

that work on 48V. In fact, it is found that most of the small systems operate at 12V or 24V. 
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In case the latter voltage is not satisfactory, one can probe the possibility of adding a d.c. 

to d.c. converter or an inverter to the system. 

Finally, one has to mention the possibility of manufacturing AC MODULES that have all 

the necessary electronics attached to their back, to produce 220-240 V alternating current. 

There is a feasibility and development project in progress to assess their performance 1"69]. If 

such modules become economically feasible, they can solve the problem of tlre risks and 

accidents that might occur in a high d.c. voltage system. Other advantages include reduced 

susceptibility fo1 lightning, easie1 integiation into the utility giid and lowe1 costs fo1 wi1ing. 
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FIGURE C.1: Design drawing of the array structure 
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FIGURE C.2: The design drawing of the battery compartment and its cover. 
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Appendix, C 

TABLE C.1: Executing programme of the micro-logger. 

Flaq Usaqe: None 
Input Channel Usage: 1 [MPlOO R.H.%, SINGLE-ENDED] 

2 [MPlOO AIR TF.MP. SINGLE ENDED] 
] [T.T?.OOSZ, HORZ. IRRAD. (S.E.)] 
4 rw?.OOP, WIND DIRECTION, (S.E.) 1 
5 [Mk. 1-G, INCLD. LR.RAD. I DlFFJ 
6 LSAl-'l',BO'l"l'<.>M MODlJJ,ES 'l'EMP.DTFF 
7 [SAl-T,TOP SURFACE MODULE TEMPl 
8 I CU!UU~N'l' lN'l'EGRA'l'Ol< Cll. l DIFF. 
9 [CURRENT INTEGRATOR CH. 2 DIFF. 

10 [POWER INTEGRATOR DIFFERENTIAL 

Excitation Channel Usage: 1 [MPlOO] 
2 [W200P] 

Continuous Analog Output Usage: None 
Control Por L Uua<jo: Nuno 
Pulse Ill]:JU L Cllmmel Usaljc: 1 [AlOOR, WIND SPEED] 

~ rARG100, RATNFALLJ 
Output Array Definitions: 100 [15 Minute interval] 

200 [Hourly interval] 
300 [Daily interval] 

* 1 Table 1 Programs 
01: 300 Sec. Execution Interval 

Readings every 5 minutes ---

01: P4 
01: 1 
02: 5 
01; 1 
04: l 
05: 100 
06: 5000 
07: l 
08: 0 .1 
09: 0.0000 

Relut.ive 

Excite,Delay,Volt(SE) 
Rep 
5000 mV sluw Rdnge 
TN rhan 
Excite all reps w/EXchan 1 
Delay (units .Olsec) 
mV Excitation 
Loe [:R.H. % J MPlOO 
Mull. 
Offset 
Humidity from MPlOO ---

02: P4 Excite,Delay,Volt(SE) 
01: 1 V.iap 
02: 5 5000 mV slow Range 
03: 2 IN Chan 
04: l Exc:i to all ropG w / EXulli:ln l 
05; 100 Delay (uni Lt> • Olseo) 
06: 5000 mV Excitation 
07: 2 Loe [:AIR TEMP.] MPlOO 
08: 0.1 Mult . 
09: -40 Offset 

--- Air Temperature from MPlOO ---
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03: P14 Thermocouple Temp (DIFF) 
01 : 1 Rep 
02: 1 5 mV slow Runge 
03: 4 IN Chan 
04: 1 Type T (Copper-Constantan) 
05: 2 Ref Temp Loe AIR TEMP. 
06: 3 Loe [:TOP TEMP ] SAl·T 
07: 1 Mult 
08: 0.0000 Offset 

---Solar module temp. using thermocouple, SAl-T --
Top surface Temp. 

04: Pl 4 'l'hermocouple 'l'ernp (DlFF) 
01: 1 Rep 
02: 1 5 mV slow Range 
03: 5 IN Clla.11 
04: 1 Type T (Copper-Constantan) 
05: 2 Ref Temp Loe AIR TEMP. 
06: 1 Loe [:BOT. TEMP] SAl T 
07: 1 Mult 
08: 0 Offsel 

Solar Module Temp. Using Thermocouple, SAl-T ~-
Bottom Surface Temp. ---

05: PlO Battery Voltage 
01: 13 Loe [:BAT. VOLT] BATTERY VOLTAGE 

Battery Voltage of logger 

06: p End Table 1 

* 2 Table 2 Programs 
01: 20 Sec. Execution Interval 

ReadingG every 20 seconds 

01: Pl Volt (SE) 
01: 1 Rep 
02: 3 50 mV slow Range 
01: 1 TN rh~n 
04: b Loe L:HORZ. lRR] Ll200SZ 
05: 0.0716 Mult -- Enter Mult. for Sensor --
06: 0.0000 Offset 

--- Horizontal Irradiation from LI200SZ, kW/m2 ---

02: P89 If X<=>F 
01: 5 x Loe HORZ. IRR 
l) 2 : 4 <., 

03: 0 F 
04: 30 Then Do 

03: P30 Z=F 
01: 0 F 
02: 5 z Loe [: HORZ. IRR] 

04: P95 End 
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Volt (DIFF) 
R~p 

50 mV :i>lOW P.an<y? 
IN Chan 

05: P2 
01: 1 
02: 3 
03: 3 
04: 6 Loe [:INCL. IRR] Mk 1-G 
05: 0.026 
06: 0 

Mult -- Enter Mult. for Sensor -
Offset 

---Inelineu Irrdd. dL sula1 muJ. f1om Mk 1· G, kW/m2 

OG: P89 
01: 6 
02: tl 
03: 0 
01: 30 

lf X<-"">F 
X Loe lNCL. lRR 

F 
Then Do 

Z=f 
F 

07: P30 
01: 0 
02: 6 i Loe l:lNCL. IRR] 

08! P9G End 

09: P4 Excite,Delay,Volt(SE) 
01: 1 l~ep 
02: 5 5000 mV slow Range 
03~ 4 IN Chan 
04: 2 Excite all reps w/EXchan 2 
05: 1 Delay (units .Olsec) 
06: 3600 mV Excitation 
07: 7 Loe [:WIND DIR.] W200P 
0 8 : 0 . 1 M1 l J t 
09: 0.0000 Offset 

Wind Direction from W200P 

1 0 ; P 1 P1 i J 8 e 
01: 1 Rep 
02: 1 Pulse Input Chan 
OJ: 22 Switch closure; Output Hz. 
04: 8 Loe [:WIND SPD.] AlOOR 
0 r, : 1 . ? 5 M1 i l t 
06: 0.2~ Ottset 

Wind Speed from AlOOR m/s ---

11: PJ 
01: 1 
02: 2 
03: 2 
04: 9 
05: 0.198 
06: 0.0000 

--- Ratnfa1J 

Pulse 
Rep 
Pulse Input Chan 
Switch closure 
Loe l : 1-U\lNf'ALL AR~lOO 

Mult 
Off set 

from AR1.;100 mm ---
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12: P2 Volt (DIFF) 
01: 1 Rep 
02: 5 5000 mV slow Ranqe 
03: 6 IN Chan 
04: 10 Loe [:BATT. IN J INPUT CURRENT TO BATT. 
05: 0.0196 Mult 
06: 0.0000 Off set 

-- l;m H~llL lll}:>UL Lo HaLL. Cu11e11L 111Leyu:tL. Cll.l ---

13: P89 
01: 10 
02 ! 4 
01 i () 

04: 30 

14: P30 
01: 0 
02: 10 

If X<=>F 
X Loe BA'l"l'. IN 

F 
Then Do 

Z=F 
F 
Z Loe [: BA'l"l', TN J lNPU'J' ClJJ?HHN'l' 'l'O Hl\'l"l'l'~HY 

15: P95 End 

16: 1>2 
01: 1 
02: 5 
03: 7 
04: 11 
05: 0.0096 
06: 0.0000 

Volt (DlFF) 
Rep 
5000 mV slow Range 
IN Chan 
Loe [:BATT. OUT] OUTPUT CURRENT FROM BATT. 
Mult 
Off set 

-- C11rn:.nt 011tp11t from Dntt. C11rrPnt Tntegrnt, Ch,? --

17: P2 Volt (DIFF) 
01: 1 Rep 
02: 5 5000 mV slow Range 
03: 0 IN Chun 
04: 12 Loe [:POWER OUT] ARRAY OUTPUT ENERGY 
05: 0.2004 Mult 
06: 0.0000 Off3ct 

--- Array output Energy trom Power Integrator 

1 8: P8q Tf X<=>F 
01: 12 x Loe POWER OUT 
02: 4 < 
03: 0 F 
04: 30 Then Do 

19: P30 7.~F 

CJ I : n p 
02: 12 z Loe r: POWER OUT] 

20: P95 End 

--- This block writes values to final storage area ---

--- 15 minute averaging interval ---
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21: P92 If time is 
01: o minutes into a 
02: 15 minuto interval 
03: 10 Set high Flag O (output) 

set output flag high 

22: P80 Set Active Storage Area 
01: 1 Finnl Storage Area 
02: 100 ArrRy TD nr lnr~tinn 

set output array ID ---

23: P77 Real Time 
01: 110 Day,Hour-Minute 

note day and time 

24: P7 l 
01: 6 
02: 1 

Average 
Reps 
Loe R,H, % 

Mean R.H.%, Air, Top & Bottom Mod. Temps. --
Horiz. & Inclined Irradiation 

25; P69 
01: 1 
02: 0 
03: 0 
04: 8 
05: 7 

Wind 

Wind Ve..;L01 
H.ep 
Samples per sub-interval 
Polar Sensor/(S, Dl, SDl) 
Wind Speed/East Loe WIND SPD. 
Wind Direction/North Loe WIND 

Vector from AlOOR & W200P ---

26: P72 Totalize 
l) l: l H.t?p 
02: 9 Loe RAINFALL 

Total Rainfall ---

2.11 l'll 1\VOli:i'-jO 

01: 3 RPpS 
02: 10 Loe BATT. IN 

DIR. 

Mean Current Input to & Output from Battery --
and Mean Array output Power ---

Hourly av@raging int@rval 

28: P92 If time is 
01: o minutes into a 
02: 60 minute interval 
03: 10 Set high Flag O (output) 

set n11tp11t flng high 

29: P80 Set Active Storage Area 
01: l Findl SLotdge Atea 
02: 200 Array lD or location 

set output array ID 

30: P77 Real Time 
01: 110 Day,Hour-Minute 

--- Note Day and Time ---
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31: P71 
01: 6 
02: 1 

Average 
Reps 
Loe R.H. % 

Mean H.H.%, Air, Top & Bottom Mod. Temp. --
Horiz. & Incld. Irr. 

3 2: P69 
01: 1 
02: 0 
I)}: !) 

04: 8 
0:, : ·; 

Wind 

3 3: P7 2 
01: 1 
02: 9 

Total 

Wind Vector 
Rep 
Samples per sub-interval 
Polar Gensor/(G, Dl, GDl) 
Wi11J :JµeeJ/EasL Luc WlND :JPlJ. 
Wind Direction/North Loe WIND 

Vector from AlOOR & W200 

Totalize 
Rep 
Loe RAINPALL 

Rainfall ---

:~ll: P'll 1\VP..t'r.l<JP. 

01: 3 Heps 
02: 10 Loo BATT. IN 

DIR. 

-- Mean Current lnput to & output trom Battery --
and Mean Array Power output ---

Daily averaging interval 

35: P92 If time is 
01: O minutes into a 
02: 1440 minute interval 
03: 10 Set high Flag 0 (output) 

set output flag llit,;Jll 

36: P80 Set Active Storoge Areu 
01: 1 Final Storage Areo 
02: 300 Arruy JD or loco.t.ion 

set output array ID 

:n: P77 
01: 100 

note day 

T?en.1 'I' i me 
Julian Day 

38: P71 Average 
01: 6 Reps 
02: 1 Loe R.H. % 

Mean R.H.%, Air, Top & Bottom Mod. Temp. --
Horiz. and Incld. Irradiation 

lC): P6C) 
Ol: 1 
02: 0 

. OJ: 0 
04: 8 
05: 7 

--- Wind 

Winc'l V@rtor 
Rep 
Snrnpl r>s per s11h-inti::rval 
Polar Sensor/(S, Dl, SDl) 
Wind Speed/East Loe WIND SPD. 
Wind Direction/North Loe WIND 

Vector from AlOOR & W200P ---
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40: P72 Totalize 
01: 1 Rep 
02: 9 Loe RAINFALL 

Total Haintall ---

41: P71 Averuge 
01 : 1 Reps 
02: 10 Loo BA'l"l'. lN 

Mean current lnput to & Output from Batt. --
and Mean Array Power Output for the Day ---

42: P74 Minimize 
01: 1 Rep 
o~: o Vnlue only 
03: 2 Loe AlR TEMP. 

Minimum Air Temp. ---

43: P73 Maximize 
01: 1 Rep 
O?.: o \Jdllle- only 
03: 2 Loe AIR TEMP. 

Maximum Air Temp. 

44: P70 Sample 
01: 1 Rep 
02: 13 Loe BAT. VOLT 

Note Buttery Voltage ---

4 t:j: p End Table 2 

* 3 Tdble 3 Subroutines 

01 : p E11d Tcibl"=l J 

* 4 Mode 4 Output Options 
01 : 00 'T';:ip~/Printor option 
02: 00 Print.Ar Rnll<i option 

* A Mode 10 Memory Allocation 
01: 28 Input Locations 
02: 74 Intermediate Locations 

* c Mode 12 Security (OSX-0) 
01• 0 () flcc.uri ty Opliun 
02: 0000 Security Colle 
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Input Location Assignments (with comments) : 

Key: 
T=Table Number 
E=Entry Number 
L=Loeation Number 

T: E: L: 
1: 1: 1: Loe [:R.H. 
1: "). "". 2: Loo [ : l\.IR 
1: 3 : 3: Loe [ : TOP 
1: 4: 4 : Loe [:DOT. 

% J 
TEMP.] 
'T'EMP J 

TEMP] 
2: 1: 5: Loe [: HORZ. IRR] 

MPlOO 
MPlOO 
SA 1 -'T' 
SAl- 11' 
LI200SZ 

2: :3 : ~ : z Loe [: HORZ. IRR] 
2: 5: 6 : Loe [:INCL. IRR] Mk 1-G 
2: '/ : 6 : z Loe [:INCL. IRR] 
2 : 9 ; 7; Loe [;WIND DIR.] W200P 
') . 
~ . 10: 8; Loe [:WIND SPD.] .AlOOR 
"). 
,;., . 11: 9: Loe f; RAINFALL 1 AFh11 00 
2 : 12: 10: Loe [:BATT. IN J INPUT CURRENT TO BATT. 
2: 14: 10: z Loe [:BATT. IN J INPUT CURRENT TO BATTERY 
2 : 16: 11: Loe f: BATT. OUT] OUTPUT CURRENT FROM BATT. 
2 : 17: 12: Loe [:POWER OU'l1 ] ARRAY OUTPUT ENERGY 
2 : 19: 12: z Loe [:POWER OUT] 
1: 5: 13: Loe [:BAT. VOLT] BATTERY VOLTAGE 

Tnp11t Lnr.;>itinn Li"lbe1s: 

l:R.H. % 
2:AIR TEMP. 
3:TOP TEMP 
4:BOT. TEMP 

5:HOR7,. TRR 
6: INCL. IRR 
7:WIND DIR. 
8:WIND SPD. 

<J:RATNFALL 
lO:BATT. IN 
ll:BATT. OUT 
12:POWER OUT 
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TABLE C.2: Chart of hours of significant inplane irradiance (>80 W /m2
) and PV array 

output (>5% of nominal array power). 

NOMINAL POWER: 1.2 kWp TOT AL ARRAY AREA: 11.117 m2 

JULY 1993 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON . 

1 * * * * * * * * * * * * * * * * * * * * * * * * 

2 * * * * * * * * * * * * * * * * * * * * * * * * 
-· -

3 * * * * * * * * * * * * * * * * * * * * * * * * 

4 * * * * * * * * * * * * * * * * * * * * * * * * 

5 * * * * * * * * * * * * * * * * * * * * * * * * 

6 * * * * * * * * * * * * * * * * * * * * * * * * 

7 * * * * * * * * * * * * * * * * * * * * * * * * 

8 * * * * * * * * * * * * * * * * * * * * * * * * 

9 * * * * * * * * * * * * * * * * * * * * * * * * --· ~, ... ,.,,., .. 

10 * * * * * * * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * * * * * * * * "~ .... ~-~ 

12 * * * * * * * * * * * * * * * * * * * * * * * * 
13 * * * * * * * * * * * * * * * * * * * * * * * -...... .~m-

14 * * * * * * * * * * * * * * * * * * * * * * * * 

1) * * * * * * * * * * * * * * * * * * * * * * * * 
=--" ... 

. . . I . .. . . .. I . ... 
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DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AfTERNOON DEFORE NOON I AFTERNOON 

16 * * * * * * * * * * * * * * * * * * * * * * * * 

17 * * * * * * * * * * * * * * * * * * * * * * * * 
~ 

18 * * * * * * * • • • • • • • • • • • • • • • • • 
19 * * * * * * * * * * * * * * * * * * * * * * * * 

20 * * * * * * * * * * * * * * * * * * * * * * * * 
-~m-•••<~• < 

21 * * * * * * * * * * * * * * * * * * * * * * * * 

22 * * * * * * * * * * * * * * * * * * * * * * * * 

?.1 * * * * * * * * * * * * * * * * * * * * * * * ~-~-~, ..... o~:>~- >< ~ '' 

24 * * * * * * * * * * * * * * • • • • • • • • • 
- . . .... __ 
2) * * * * * * * * * * * * * * * * * * * * * * * * 

26 * * * * * * * * * * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * * * * * * * * * * * * 

28 * * * * * * * * * * * * * * * * * * * * * * * * 

29 * * * * * * * * * * * * * * * * * * * * * * * * 

30 * * * * * * * * * * * * * * * * * * * * * * * * - . < ~;~~, 

31 * * * * * * * * * * * * * * * * * * * * * * * 

. . . I . . . .. I . 
~ __ ,_,,~ 

AUGUST 199J 

DAY IRRADIANCE I ARRAY OUTPUT 

BEFORE NOON I AFTERNOON . BEFORE NOON I AFTERNOON 
'~-:•> 

1 * * * * * * * * * * * * * * * * * * * * * * * * ..••.. --" 

?. * * * * * * * * * * * * * * * * * * * * * * * * 
3 * * * * * * * * * * * * ************ 
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DAY IRRADIANCE ARRAY OUTPUT 

BEFORRNOON I AFTER NOON BFFORFNOON I AFTRR NOON -

4 * * * * * * * * * * * * * * * * * * * * * * * * 

5 * * * * * * * * * * * * * * * * * * * * * * * * 

6 * * * * * * * * * * * * * * * * * * * * * * * * 

7 * * * * * * * * * * * * * * * * * * * * * * * * 

8 * * * * * * * * * * * * * * * * * * * * * * * * 

9 * * * * * * * * * * * * * * * * * * * * * * * * 

10 * * * * * * * * * * * * * * * * * * * * * * * * 

11 ... ... * ... ... * ... ... ... ... ... * * * * * * * * * * * * * 
12 * * * * * * * * * * * * * * * * * * * * * * * * 
-··--

13 * * * * * * * * * * * * * * * * * * * * * * * * 

14 * * * * * * * * * * * * * * * * * * * * * * * 

15 * * * * * * * * * * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * * * * * * * * 

17 * * * * * * * * * * * * * * * * * * * * * 

18 * * * * * * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * * * * * * * * 

20 * * * * * * * * * * * * * * * * * * * * * * 1-----· 

21 • • • • • • • • • • • • * .................. *"'"' ••• ,,= .. ••-'><*--·-

22 * * * * * * * * * * * * * * * * * * * * * * 
23 * * * * * * * * * * * * * * * * * * * * * * * 

24 * * * * * * * * * * * * * * * * * * *** 

25 * * * * * * * * * * * * * * * * * * * * * * * .. 

26 * * * * * * * * * * * * * * * * * * * * * 
••2••«·~-··~ ~-.-~«•• 

27 * * * * * * * * * * * * * * * * * * * * * 

28 * * * * * * * * * * * * * * * * * * * * * * 
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DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I APTER NOON 
_,.,~--

29 * * * * * * * * * * * * * * * * * * * * * * 

30 * * * * * * * * * * * * * * * * * * * * * 

11 • • • • • • * * • • • • "'*."' •• ~; .. 
. . " ... . . . . . I ...... . ..... . . . . . . . . . . . I ..... . ...... 

SEPTEMRRR 1993 

DAY IRRADIANCR ARRAY OUTPUT 

BEFORE NOON I AFTER NOON BEFORE NOON I AFTERNOON 

1 * * * * * * * * * * * * * * * * * * * * * 

2 * * * * * * * * * * * * * * * * * * * 

3 * * * * * * * * * * * * * * * * * * * * 

4 * * * * * * * * * * * * * * * * * * * * * 

5 * * * * * * * * * * * * * * * * * * * 

6 * * * * * * * * * * * "'''"''**** "'*"' 
7 * * * * * * * * * * * * * * * * * * * * 

8 * * * * * * * * * * * * * * * * * * * * ___ , 
·=~· 

9 * * * * * * * * * * *****''"" ti' ti' 
'""m"'° 

10 * * * * * * * * * * * * * * * * * * * 
·~=--

11 * * * * * * * * * * * * * * * * * * * _, __ 
12 * * * * * * ~ * * * * * "' * * * * * "' 
l3 * * * * * * * * * * * ******* * * * 

,~ 

14 * * * * * * * * * * * * * * * * * * * 
-~~---

15 * * * * * * * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * * * * * 
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DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 
""'. 

17 * * * * * * * * * * * * * * * * * * * 

18 * * * * * * * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * * * * * 
,,.,~.~~-

20 * * * * * * * * * * * * * * * * * * * * 

21 * * * * * * * * * * * * * * * * * * * * 

22 * * * * * * * * * * * * * ****** "" 

23 * * * * * * * * * * * * * * * * * * * * 

?/l * * * * * * * * * * * * * * * * * * * * 
~==~-' "~~·~·--

25 * * * * • * * • • • • • • * * • • • • • 
,. ' 

.,. __ , ____ 
26 * * * * * * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * * * * * * * * 

?,8 * * * * * * * * * * * * * * * * * * 

29 * * * * * * * * * * * * 

30 * * * * • * * * * * * * * * * * * * * * 
~~~'"< 

. I . . . . ... . . . . I . 

OCTOBER 1993 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 * * * * * * * * * * * * * * * * * * * * 

7. * * * * * * * * * * * * * * * * * * * * 

3 * * * * * * * * * * * * * * * * * * * * 
--hm«> 

~;·--

4 * * * * * * * * * * * * * * * * * * * * 
5 * * * * * * * * * * * * * * * * * * * * 
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DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

6 * * * * * * * * * * * * * * * * * * * * 

7 * * * * * * * * * * * * * * * * * * * 

8 * * * * * * * * * * * * * * • * * * * * 
9 * * * * * * * * "' * * * * * * * * * 
10 * * * * * * * * * * * * * * * * * * * * 

-=·'= 

11 * * * * * * * * * * * * * * * * * * * * 
·-~·-~-

12 * * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * * * * 

14 * * * * * * * * * * * * * * * "' * "' "' * -

15 * * * * * * * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * * * * 

17 * * * * * * * * * * * * * * * * * * * * 

18 * * * * * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * * * * 

20 * * * * * * * * * * * * * * * * * * 

21 * * * * * * * * * * 
22 * * * * * * * ******* 
·- -- ''"._'"_*_ 

23 • • • * • * • * • • • • • * * * * * -- -
24 * * * * * * * * * * * * * * * * * * 

2:') * * * * * * * * * * * * * * * * ··----

26 * * * * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * 
28 * * * * * * * * * * * * * * * * 

~···· 

29 * * * * * * * * * * * * * * * * * * 

30 * * * * * * * * * * * * * * * * * * 

31 * * * * * * * * * * * * 
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Appendix C 

NOVEMBER 1993 

DAY IRRADIANCE ARRAY OTJTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 ****"'*"' "'"'"'"'"'"'"' " -

2 ******** ...... "'"' "'* * * 

3 * * * * * * * * * * * * * * * * * * 
--~-,M~ 

4 * * * * * * * * * * * * * * ,,, , .,~,.~•••ft•n•·• 

5 * * * * * * * * * * * * 

6 * * * * * * * * ******** 
~ -

7 * * * * * * * * * * * ,.. it * ,.. ... 

8 * * * * * * * * * * * * * * * * * * 

9 * * * * * * * * * * * * * * * * * * 

10 * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * * 

12 * * * * * * * * * * * * * * * * * * 

13 * * * * * * * * * * * * * * * * * 

14 * * * * * * * * * * * * * * * * * * 

15 * * * * * * * * * * * * * * * * * * 

16 ............... "' * "' ... "' 

17 * * * * * * * * * "' "' "' * * * * * * 
18 * * * * * * * * * * * * 

,,,_",. ,~,=---

19 

20 * * * * * * * * * * * * * * * * 

21 * * * * * * * * * * * * 

22 * * * * * * * * * * * * * * * * * * 

. . . . . . . .... I ..... . . . . . . . . ..... . .... I .... . ....... 
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Appendix C 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

23 * * * * * * * * * * * * * * * * * * 

24 * * * * * * * * 

?.~ * * * * * * * * * * * * * * * * * * 

26 * * * * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * * * * * * 
-··--·· 

28 * * * * * * * * * * * * * * 

29 * * * * * * * * * * * * * * * * 

JO * * * * * * * * ******** 

. . . . . . . . . . . I . . .......... . . . . . . . .... I .... . ......... 

DECEMBER 1993 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 ******** ******** 

2 * * * "'*"'"' * *"' *"' "'"' 
3 * * * * * * * * ******** 

4 

5 * * * * * * * * 
""m--~"'•=-'""-~--·---

6 * * * * * * * * * * * * * * * * * * 

7 * * * * * * * * * * * * * * * * 

8 * * * * * * * * * * * * * * * * -

9 * * * * * * * * * * * * * * * * 

10 * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * 
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AppendixC 

DAY IRRADIANCE ARRAY OUTPUT 

DEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

12 * * * * * * * * ******** 

13 * * * * * * * * * * * * * * * * * * ~~·==~-,~'"~'" 

H * * * * * * * * "'"'"'*"'"'"'"' 
15 Iii * * * * Iii * * * * * * 

16 * * * * * * * * * * * * * * * * --

17 * * * * * * * * * * * * * * * * 

18 * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * 
=~w-'" 

,,, 

20 *"'****** ******** -·-. "--~-----~---

21 * * * * * * * * * * * * * * * 

22 * * * * * * * * * * * * * * * * 

23 * * * * * * * * * * * * * * * * 

24 * * * * * * * ******* 

25 * * * * * * * * ******** 

26 * * * * * * * * * * * * * * """'"°''o" 
_,, ___ 

27 * * * * * * * * ******** 

28 * * * * * * * * * * * * 

29 * * * * * * * * * * * * * * * * * * ,_ 

30 * * * * * * * * * * * * * * * * 

31 * * * * * * * * * * * * * * * * * * 

. I. . . . . . ..I . . . 
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Appendix C 

JANUARY 1994 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 "'"'"'"'"'Ii'"'"' * * * * * * * * 

2 * • * * • * * * "' * * "' "' * "' "' * "' 
3 .. ·~ * .. * "' * * * * * * * * * * 

4 * * * * * * * * * * * * * * * * * * 

5 * * * * * * * * * * * * * * * 

6 * * * * * • • • • * * * * * * * * * 
---~~==&~$ 

7 * * * * * * * * * * * * * * * * * N.~,<-

8 * * * **** 

9 * * * * * * * * * * * * * * * * 

10 * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * 

12 * * * * * * * * * * * * * * 
=,..,,_,,_~ 

13 * * * * * * * * * * * * * * * * * * 

l 11 * * * * * * * * * * "' "' * * * Ii' * "' 
15 * * * * * * * * * * * * * * * * * * 

·-~~--

16 * * * * * * * * "'"' * * * * ''"'' - - -<""'"*"'" 

17 * * * * * * * "'*"'"' *"'"' 
18 * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * 

20 * * * * * * * * * * * * * * * * .. 

21 * * * * * * * * * * * * * * 
-·~·'· 

22 *''""***** * * * * * * * * 

. . . I. . . . ....... . ... I . 
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Appendix C 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

23 * * * * * * * * 

24 * * * * * * * * ******** 

:2.S * * * * * * * * * * * * * * * * 
=-~-· 

26 * * * * * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * * * * * 

28 * * * * * * * * * * * * * * * * * 

29 * * * * * * * * * * * * * * * * --

rn * * * * * * * * * * * * * * * * * * 
'""" 

n * * * * * * * * * * * * * * * * * * * * >••=h, __ 

. . . . ' . ..... I ..... . . . . . . . . ..... . .... I ..... . ...... 

FEBRUARY 1994 

DAY IRRADIANCE ARRAY OUTPUT 

DEPORE NOON I AFTERNOON BEFORE NOON I AFTER NOON --
1 * * * * * * * * * * * * * * * * * 

2 * * * * * * * * * * * * * * * * * * 

3 * • • • • * • • • • • • • • • • • * • • 
---

4 * * * * * * * * * * * * * * * * * * * 

5 * * * * * * * * * * * * * * 

6 * * * * * * * * * * * * * * 

7 * * * * :j. * * * * * * * * * * * 
--="'""" 

8 * * * * * * * * * * * * * * * * * * * 

9 * * Ii' Ii<** If! * * * * * * 

. . . . . . . . . . . I ..... . . . . . . . . .......... I .... . .. . . . . . 
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AppendixC 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

10 * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * * 

12 If; "'* * * * If; * * "' * * * 
13 * * * * * * * * * ******** 

14 * * * * * * * * * * * * * * * * * * * * 
-~-'-

,_ 

15 * * * * * * * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * * * * 

17 * * * * * * * * "'"'"' ... "' ...... "' 
18 *"'****~'* ***'If;**"'"' - - ,.,. -·-~,~~< _____ ,, _______ 

19 * * * * * * * * * * * * * * * * * * * * 

20 * * * * * * * * * * * * * * * * * * * * 

21 * * * * * * * * * * * * * * * * * * 

22 * * * * * * * * * * * * * * * * * * * * ---- ,,,,,_ .... _, .. ~ 

23 * * * * * * * * * * * * * * * * * * * * 
, ... =-<~~· 

'),4 * * * * * * * * * * * * * * * * * * * * 

25 * * * * * * * * * * * * * * * * * * * * 
26 * * * * * * * * * * * * * * * * * * * * 

27 * • * • • • "' • • • * "' • * "' * * "' "' "' 
28 * * * * * * * * * * * * * * * * * * * * 

. I . . . . . ..I . . . 
~·~ '~~===~ 

MARCH 1994 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 * * * * * * * * * * * * * * * * * * * * 

176 



Appendi."\: C 

DAY IRRADIANCE ARRAY OUTPUT 

DEl'ORTI NOON I Al'TERNOON BEFORE NOON I AFTERNOON 

2 * * * * * * * * * * * * * * * * * * * * 

3 * * * * * * * * * * * * * * * * * * * * 

,1 * * * * * * * * * * * * * * * * * * * * 
5 • • * • * • t * * • * * • • • * * * * • 

6 * * * * * * * * * * * * * * * * * * * * 
~' -

7 * * * * * * * * * * * * * * * * * * * * 

8 * * * * * * * * * * * * * * * * * * * * 

9 * * * * * * * * * * * * * * * * * * * * 

10 * * * * * * * * * * * * * * * * * * * * 
- -

11 * * * * * * * * * * * * * * * * * * * * 

12 * * * * * * * * * * * * * * * * * * * * 

13 * * * * * * * * * * * * * * * * * * * * 

14 * * * * * * * * * * * * * * * * * * * * 

15 * * * * * * * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * * * 

17 * 

18 * * * * * * * * * * * * * * * * * * * * 
'' '~m--u=••-~•-•-~ 

19 * * * * * * * * * * * * * * * * * * * * 
20 * * * * * * * * * * * * * * * * * * * * 

21 * * * * * * * * * * * * * * * * * * * * 

22 * * * * * * * * * * * * * * * * * * * * 

23 * * * * * * * * * * * * * * * * * * * * 

211 * * * * * * * * * * * * * * * * * * * * 

25 * * * * * * * * * * * * * * * * * * * * 

26 * * * * * * * * * * * * * * * * * * * * 

177 



Appendix C 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

27 * * * * * * * * * * * ******** 

28 * * * * * * * * * * * * * * * * * * 

29 • • • • • • • • • • • • • • • • • • • • 
30 * • * • • • * • * * * * * * * * * * * * 
31 * * * * * * * * * * * * * * * * * * * * . 

. . . . . . . . . . . I ..... . . . . . . . . ..... . . . . . I ..... . ..... 

APRTJ, 1994 

·--~ ·----··---"' 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 * * * * * * * * * * * * * * * * * * * * 

2 * * * * * * * * * * * * * * * * * * * * * 

3 * * * * * * * * * * * * * * * * * * ·-

4 * * * * * * * * * * 
""~=-": 

) * * * * * * ****** 

6 * * * * * * * * * * * * * * * * * * * * 

'1 * * * * * * * * * • • • • • • • • • • • • 
8 * * * * * * * * * * * * * * * * * * * * * 

····•··· ...... '" ~"'·''""'·~··~-~~-

9 * * * * * * * * * * * * * * * * * * * * 

10 * * * * * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * * * * 

12 * * * * * * * * * * * * * * * * * * * * * 

13 * * * * * * * * * * * * * * * * * * * * * * * 

14 * * * * * * * * * * * * * * * * * * * * * * * * 

. . . I . . . ... I . 
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AppendixC 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 
--~·--~ ·~·-··-~~ ··------· 

15 * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * * * * * * 

17 * * * * * * * * * * * * * * * * * * * * * * * * 

18 * * * * * * * * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * * * * * * * 

20 * * * * * * * * * * * * * * * * * * * * * * * 

21 * * * * * * * * * * * * * * * * * * * * * * * 

22 * * * * * * * * * * * * * t t * t t t t t t t 

23 * * * * * * * * * * * * * * * * * * * * * * * 
. ,, r> - ~ ~><~·~~~" -·~,·~--=~=-~~~-·-----~., ... 

24 * * * * * * * * * * * * * * * * * * * * * * * 

25 * * * * * * * * * * * * * * * * * * * * * * 

26 * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * * * * * * * * 

28 * * * * * * * * * * * * * * * * * * * * * * * * 

29 * * * * * * * * * * * * * * * * * * * * * * * * 

10 * * * * * * * * * * * * * * * * * * * * * * 

. I . . . . . . . . . . . . . . I . 

MAY 1994 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTER NOON 

1 * * * * * * * * * * * * *********** 

2 * * * * * * * * * * * * * * * * * * * * * * * * 

3 * * * * * * * * * * * * * * * * * * * * * * 
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Appe11dix C 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I Af<TERNOON DEJIORE NOON I AFfERNOON 

4 * * * * * * * * * * * * * * * * * * * * * * 

5 * * * * * * * * * * * * * * * * * * * * * * * * 

6 * * * * • • • • • • • • * * * * * * * * * * * * 
. ----·-·--·-···· --

7 • • * • * * * * * * * * * * * * * * * * * * * 

8 * * * * * * * * * * * * * * * * * * * * * * * * 
X-,>-~R=-~-~~=· 

9 * * * * * * * * * * * * * * * * * * * * * * * * - ···-

10 * * * * * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * * * * * * * * 

12 • • • • • • • • • • • • • • • • • • • • • • • • --

13 * * * * * * * * * * * * * * * * * * * * * * * * 

14 * * * * * * * * * * * * * * * * * * * * * * * * 

15 * * * * * * * * * * * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * * * * * * * * * .... --- -·····--·---··--·--·~-----·-------~-------

17 * * * * * * * * * * * * * * * * * * * * * * * 

18 * * • * * * * * * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * * * * * * * * * 

20 * * * * * * * * * * * * * * * * * * * * * * * * 

21 • • • • • • • • • • • • • • • • • • • • • • • • 
"'""..-_,~-·----·--- ·------~~-··~~~--~-~-----,-a~~-,~·-~·~-,~·~~~=-=---~-~~ 

22 * * * * * * * * * * * * * * * * * * * * * * * * 

23 * * * * * * * * * * * * * * * * * * * * * * * * 
1~·-·· ........ 

24 * * * * * * * * * * * * * * * * * * * * * * * * 
-· 

25 * * * * * * * * * * * * * * * * * * * * * * * * 

26 * * * * * * * * * * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * * * * * * * * * * * * 

28 * * * * * * * * * * * * * * * * * * * * * * * * 
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Appendix C 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

30 * * * * * * * * * * * * * * * * * * * * * * * * 

29 * * * * * * * * * * * * * * * * * * * * * * * * 

31 * * * * * * * * * * * * * * * * * * * * * * * * 

JUNE 1994 

-'*"" -~-=~--

DAY IRRADIANCE ARRAY OUTPUT 

RF.FORENOON I AFTER NOON BEFORE NOON I AFTER NOON 

1 * * * * * * * * * * * * * * * * * * * * * * * * 

2 • * * * * • • • • • • • * • * • • • • • • • • • 

3 * * * * * * * * * * * * * * * * * * * * * * * * 

4 * * * * * * * * * * * * * * * * * * * * * * * * 

5 * * * * * * * * * * * * * * * * * * * * * * * * 

6 * * * * * * * * * * * * * * * * * * * * * * * * 

'l • • • • • * * • • • • • • • • * • • • • * * * * 

8 * * • * • * * • • * * * * • * • * • • • • • * * 

9 * * * * * * * * * * * * * * * * * * * * * * * * 

10 * * * * * * * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * * * * * * * * 

12 * * * * * * * * * * * * * * * * * * * * * * 

13 * * * * * * * * * * * * * * * * * * * * * * * * 

14 * * * * * * * * * * * * * * * * * * * * * * * * 
~ ~•~w--•--•-~=~••~·--·------

15 * * * * * * * * * * * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * * * * * * * * * 

17 * * * * * * * * * * * * * * * * * * * * * * * * 
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AppendixC 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

19 * * * * * * * * * * * * * * * * * * * * * * * * 

18 * * * * * * * * * * * * * * * * * * * * * * * * 

?O * * * * * * * * * * * * ************ 

11 * * * * * * * * * * * * ************ 

22 * * * * * * * * * * * * * * * * * * * * * * * * 

23 * * * * * * * * * * * * * * * * * * * * * * * * 

24 * * * * * * * * * * * * * * * * * * * * * * * * 

25 * * * * * * * * * * * * * * * * * * * * * * * * 

26 * * * * * * * * * * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * * * * * * * * * * * * 

28 * * * * * * * * * * * * * * * * * * * * * * * * 

29 * * * * * * * * * * * * * * * * * * * * * * * * 

30 * * * * * * * * * * * * * * * * * * * * * * * * 

. . . . . . ..... I ...... . . . . . . . .... . ..... I ...... . " .... 

JULY 1994 

--~""'-<~ = ==· ''' 

DAY ffiRADTANf'.E ARRAY OTJTPTTT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 * * * * * * * * * * * * * * * * * * * * * * * 
'.,,~,.,,._, 

2 * * * * * * * * * * * * * * * * * * * * * * * * 

3 * * * * * * * * * * * * * * * * * * * * * * * * 

4 * * * * * * * * * * * * * * * * * * * * * * * * 

5 * * * * * * * * * * * * * * * * * * * * * * * * 

6 * * * * * * * * * * * * * * * * * * * * * * * * 
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Appendix C 

DAY IRRADIANCE ARRAY OUTPUT 

DEFORE NOON I AFTERNOON DEFORE NOON I AFTERNOON 

7 * * * * * * * * * * * * ************ 

8 * * * * * * * * * * * * * * * * * * * * * * * * 

9 * * * * * * * * * * * * * * * * * * * * * * * * 

10 * * * * * * * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * * * * * * * * 
1.......---~- >---~ -·-·~-- -----

17 * * * * * * * * * * * * * * * * * * * * * * * * 
>~·-·-~-·= --· 

13 * * * * * * * * * * * * * * * * 
111 * * * * * * * * * * * * * * * * * * * * * * * .. 

15 * * * * * * * * * * * * * * * * * * * * * * * * -

16 * * * * * * * * * * * * * * * * * * * * * * * * 

17 * * * * * * * * * * * * * * * * * * * * * * * * 

18 * * * * * * * * * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * * * * * * * * * 

20 * * * * * * * * * * * * * * * * * * * * * * * * 
•=u= 

21 * * * * * * * * * * * * ************ 

22 * * * * * * * * * * * * * * * * * * * * * * * * 

23 * * * * * * * * * * * * * * * * * * * * * * * * 

2·1 * * * * * * * * * * * * * * * * * * * * * * * * ,~, .. 

25 * * * * * * * * * * * * * •. * * * * * * * * * * 

26 * * * * * * * * * * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * * * * * * * * * * * 

28 * * * * * * * * * * * * * * * * * * * * * * * * 

29 * * * * * * * * * * * * * * * * * * * * * * * 

30 * * * * * ··* * * * * * * * * * * * * * * * * * 

31 * * * * * * * * * * * * * * * * * * * * * * * 
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AppendixC 

AUGUST 1994 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 * * * * * * * * * * * * * * * * * * * * * * * 

2 * * * * * * * * • * * * * * * * * * * * * * * 

3 * * * * * * * * * * * * * * * * * * * * * * 
-·----~·- - ···-·· ~····~~-- --~--~·-··---- ----·"~·· 

4 * * * * * * * * * * * * * * * * * * * * * * * * 
~~·~ 

5 * * * * * * * * * * * * * * * * * * * * * * * * 

6 • • • * • • • • • • • • • • • • • • • • • • • 
7 • • • • • • • • • • • • • • • • • • • • • • • 
8 * * * * * * * * * * * * * * * * * * * * * * 

9 * * * * * * * * * * * * ********** 

10 * * * * * * * * * * * * * * * * * * * * * * * 

11 * * * * * * * * * * * * * * * * * * * * * * * * 

12 * * * * * * * * * * * * * * * * * * * * * * * * 

13 * * * * * * * * * * * * * * * * * * * * * * * ... ="-~·~----

14 * * * * * * * * * * * * * * * * * * * * * * -·· 

15 * * * * * * * * * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * * * * * * 

17 * * * * * * * ' * * * * * * * * * * * * * * 

18 * * * * * * * * * * * * * * * * * * * * * 
--~,,,._,.,, ..... ~ ... 

19 * * * * * * * * * * * * * * * * * * * * * * 

20 * * * * * * * * * * * * * * * * * * * * * * 

21 * * * * * * * * * * * * * * * * * * * * * * * 

22 * * * * * * * * * * * * * * * * * * * * * * 
23 * * * * * * * * * * * * * * * * * * * * * * 
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DAY IRRADIANCE ARRAY OUTPUT 

DEPORTI NOON I APTER NOON BEFORE NOON I AFTERNOON 

24 * * * * * * * * * * * * * * * * * * * * * * 

25 * * * * * * * * * * * * * * * * * * * * * * 
-~·· "~'" 

,,.,~~--'-

26 * * * * * * * * * * * * * * * * * * * * * * 
27 * * * * * * * * * * * * * * * * * * * * * * 

?8 * * * * * * * * * * * * * * * * * * * * * * 

29 * * * * * * * * * * * * * * * * * * * * * 

30 * * * * * * * * * * * * * * * * * * * * * * 

Jl * * * * * * * * * * * * * * * * * * * * 

I ' ' ' ' ' ' .. ' .. . . . ' I ... 

SEPTEMBER 1994 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 * * * * * * * * * * * * * * * * * * * * * * 

2 * * * * * * * * * * * * * * * * * * * * * 

3 * * * * * * * * * * * * * * * * * * * * 

4 * * * * * * * * * * * * * * * * * * * * * 

5 * * * * * * * * * * * * * * * * * * * * * 

6 * * * * * * * * * * * * * * * * * * * * 
''="-"''F·~"""'-'="=--

7 * * * * * * * * * * * * * * * * * * * * 

8 * * * * * * * * * * * * * * * * * * * * ·--·----

9 * * * * * * * * * * * * * * * * * * * * 
~ 

~= ~"~----·=-·~-~·---~ 

10 * * * * * * * * * * * * * * * * * * * * 
11 * * * * * * * * * * * * * * * * * * * * 
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DAY IRRADIANCE ARRAY OUTPUT 

BEfORE NOON I AI'TERNOON BEfORE NOON I AFTERNOON 

12 * * * * * * * * * * * * * * * * * * * * 

13 * * * * * * * * * * * * * * * * * * * * * 

14 * * * * * * * * * * * * * * * * * * * * 

15 * * * * * * * * * * * * * * * * * * * * 
16 * * * * * * * * * * * * * * * * * * * * 

17 * * * * * * * * * * * * * * * * * * * * 

18 * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * 
20 • • • • • • • • • * • • * * * * • * * * 

21 * * * * * * * * * * * * * * * * * * * * 

22 * * * * * * * * * * * * * * * * * * * * 

23 * * * * * * * * * * ********** 

24 * * * * * * * * * * ********** 

25 * * * * * * * * * * * * * * * * * * * * 

26 * * * * * * * * * * * * * * * * * * * * 

27 * * * * * * * * * * * * * * * * * * * * 

28 * * * * * * * * * * * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * * * * * ~·~ .. ''"" _____ , -~-·~~-' '~"' 
10 * * * * * * * * * * * * * * * * * * * * 

. I . . ' ' ' . I . 

OCTOBER 1994 

DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON BEFORE NOON I AFTERNOON 

1 * * * * * * * * * * * * * * * * * * * * 
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DAY IRRADIANCE ARRAY OUTPUT 

BEFORE NOON I AFTERNOON DEFORD NOON I APTER NOON 

2 * * * * * * * * * * * * * * * * * * * * 

3 * * * * * * * * * * ********** 

11 * * * * * * * * * * * * * * * * 
5 "'"' * * * * * * * * * * 

6 "' * * * * * "' "' "' * * * * * * * * * * * ,, 

7 * * * * * * * * * * * * 

8 * * * * * * * * * * * * * * * * * * * * 

9 * * * * * * * * * * * * * * * * * * * * 
--·~~·•-~<o~ ~• __ ,, 

10 * * * * * * * * * * * * * * * * * * - ' 

11 * * * * * * * * * * * * * * * * * * 

12 * * * * * * * * * * * * * * * * * * * * 

13 * * * * * * * * * ********* 

14 * * * * * * * * * * * * * * * * * * * * 

15 * * * * * * * * * * * * * * * * * * * * 

16 * * * * * * * * * * * * * * * * 

17 * * * * * * * * * * * * * * * * * * * 

18 * * * * * * * * * * 

19 * * * * * * * * * * * * * * * * * * * * 
20 * * * * * * * * * * * * * * * * * * 

21 * * * * * * * * * * * * * * * * * * ... ,,,, 

22 * * * * * * * * * * * * * * * * 

21 * * * * * * * "' "' "' * * * * * * * * * * 

24 * * * * * * * * * * * "' * * * * * * * * 

25 * * * * * * * * * * * * * * * * * * * * 

26 * * * * * * * * * * * * * * * * * * * 
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DAY IRRADIANCE ARRAY OUTPUT 

DEI'ORE NOON I AfTERNOON DEI'ORE NOON I AI'TERNOON 

2'J * * * * * * * * * * * * * * * * * * * 

28 * * * * * * * * * * * * * * * * * * * 

29 • • • • • • • • • • • • • • • • • • • • 
30 * * * * * * * * * * * * * * * * * * 
31 * * * * * * * * * * * * * * * * * * 

. . . . . . ..... I .... . . . . . . . . . ..... .. ... I .... .. ....... 
,, ........ ' 
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TABLE D-1: Solar irradiance for different air mass values and constant turbidity factors of a 

:-- 1.30 and D - 0.02. (U.S. standard atmosphere ofH20 .... 20 mm anci 03,...,] 4 111111) rs1 

AIR TOTAL RAD. PERCENTAGE OF THE TOT AL ENERGY IN THE 

MASS W/m2 UV, t..<04 pm VJ,, 0 4 11m <A.< 0 72 pm TR, 'A.> 0 7211m 

0 1353.0 8.7 40.1 51.1 

1 9)6 2 11. 8 t16.9 48.3 

4 595.2 l.2J 44.2 54."I 
- - - -- ---·· .. - --- - . - -

7 413.6 0.35 39.4 60.3 

10 302.5 0.102 34.7 65.2 

a is the wavelength exponent and ~ is the Angstrom coefficient in the turbidity equation 

developed by A Angstrom [5]. For a clear weather a= 1.30 and~= 0.02. 

TABLE D 2: Transmission of solar radiation through different types of clouJs fl l 

Cloud 1ype Cirrus Cirrostratus Cums & Cirrostrntns Altocunmlus ..... 

Sun's Elevation Transmission (%) 

5-15 62 46 ---- 10 
'"°"" 

1 :5-?.1 68 53 )8 13 

?.')-1') 76 61 63 15 

35-45 80 63 65 25 

45-55 84 73 72 ----
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TABLE D-3: Declination of the Sun and the Equation of Time for some days during the year 

[59]. Interpolation can be used for other days. 

MONTH JANUARY FEBRUARY MARCH APRIL 

y c, y c, y c, y c, 

deg. min. deg. min. d~_ min. deg. min. 

DAY 

1 -23.0 -3.6 -17.0 -13.7 -7.4 -12.5 +4.7 -4.0 

6 ··22.4 -5.9 -15.5 -14.2 -5.5 -11.4 16.6 -2.5 

11 21.7 8.0 13.9 14.4 3.5 10.2 18.5 · 1.1 
- - - -- . -- - - -· -- - . - - - -- - - - . ~~~·-,~:~-~--·~·~.._ ___ ,_ 

16 -20.8 -9.8 -12.2 -14.2 -1.6 -8.8 +10.3 +0.1 
=-~~ ,n~ 

21 -19.6 -11.4 -10.4 -13.8 +0.4 -7.4 +12.0 +1.2 

26 -18.6 -12.6 -8.6 -13. l +2.4 -5.8 +13.6 +2.2 

MONTH MAY JUNE JULY AUGUST 

y c, y c~ y C·i y C·i 

des:~-.. mm. <leg mm <leg mm <leg min 

DAY ---- ~··~-· 

1 +15.2 +2.9 +22.1 +2.4 +23.1 -3.6 +17.9 -6.2 

6 +16.6 +3.5 +22.7 +1.6 +22.7 -4.5 +16.6 -5.8 

11 +17.9 +3.7 +23.1 +0.6 +22.1 -5.3 +15.2 -5.1 

16 +19.2 13.8 123.J -0 4 121 1 -) 9 +116 -4 4 

21 +20.3 +3.6 123.4 -1.) 120.6 -6 2 +1?.0 -1 1 

26 +21.2 +3.2 +23.3 -2.6 +19.3 -6.4 +10.3 -1.8 
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MONTH SEPTEMBER OCTOBER NOVEMBER DECEMBER 

'Y C1 y c, y C1 'Y C1 

deg. mm. deg. mm. deg. mm. deg. mm. 

DAY 

1 +8.2 +0.0 -3.3 +10.2 -14.6 +16.3 -21.9 +11.6 

6 +6.7 +1.6 -5.3 +11.8 -16.1 +16.3 -22.5 +9.0 

11 +4.4 +3.3 -7.2 1 lJ.1 -17.5 I 15.9 -2J.O 16.8 
- .. .. ''""'' 

_____ ., 

16 +2.5 +5.0 -8.7 +14.3 -18.8 +15.2 -23.3 +4.4 

21 +0.5 +6.8 -10.8 +15.3 -20.0 +14.1 -23.4 +2.0 
1-··· #,-···~~ 

'J(; -I 4 ·I 8 () -12 () 11-, I,,) -'11 O I ] '] 1 '] i <'l ().., 

y = solar elevation 

c3 = equation of time 
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T ADLE D. 4: Mean monthly and mean maximum air temperatures in Malta for the period 

from 1st September 1947 to 31st December 1990. (Data kindly supplied by the Meteo 

rological Office of Malta, on 7th January 1993). 

MONTH MRANMONTHf.Y MEAN MAXIMUM 

JANUARY 12.2 15.2 

FEBRUARY 12.4 15.5 

MARCH 13.4 16.7 

APRIL 15.5 19.1 

M/\Y 19.] ?.1.1 

JT_Tl\TD ?3.0 27.5 
- - ·- - --

JULY 25.9 30.1 

AUGUST 26.3 30.7 

SEPTENIBER 24.1 28.0 

OCTOBER 20.7 24.2 

NOVErvlBER 17.0 20.1 

DECENIBER 13.8 16.7 
-

TABLE D.5: Specifications of the Solarex MSX60 polycrystalline modules. 

Yn1' 20.8-21.0 v NOCT 49 °C 

Isr 3.66-3.90 A Vo!~-~,ge at pe~.P.2~Y~!:_ .. 17.1 v 

PNnrT 53.7-55.2 w Current at peak power 3.5 A 

!Nnr'T 3.50-3.68 A 
---------- " 

., 

VNnrT 1).0-1).) v Temp. cficct on voltage -'13 m V /°C 

PNnM 59.0-60.8 w Temp. effect on current +3 mA/°C 

Pr-.A1N 59.0W Temp. effect on power -0.38o/o/°C 
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STC = standard testing conditions, defined as a solar irradiance of 1000 W/m2, an air mass 

ratio of 1.5 and a PV cell temperature of 25 °C. 

NOCT - nominal operating cell temperature, defined as the temperature that the PV cell will 

attain at an irrndiance of 800 W/m2, an ambient temperature of 20 °C and a wind 

speerl of 1 m/s 

TAHLE D.6: Detalled characteristics of each of the 20 PV modules, as supplied by the 

manufacturer. 

Type of Modules: SOT ,ARRX (T J S A ), MSX60, Poly-r.rystAlline Silir.on rells; 

Model no.: .IV!NlVBABOOO; 

Maximum Operating Voltage: 600 V; Minim11m 011tp11t Power M STr· '58 W 

1 2 3 4 5 6 7 8 9 10 

:~ 18 17 16 1511_~~~~ 

The PV army comprising of 20 modules being conventionally numherecl at the hAck The 

modules are divided into 4 parallel strings, each made up of 5 modules, connected in parallel. 
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STRINGNO. 1 

ARRAY NO. 1 2 3 4 5 

SERIAL NO. I FW91I23 FW91I23 FW191I2 FW191I2 FW191Il 

257543 257661 3257548 3257561 9257005 
·-- ---<• 

Ynr(V) 21.0 20.8 21.0 20.9 21.0 

T~r (A) 3.66 3.81 3.73 3.80 3.87 

PNOC:T (W) 53.8 53.7 54.3 53.9 55.0 

INncT (A) 3.50 3.54 3.55 3.59 3.61 

VNl)t'l (V) ]') tl Vi 2 ]') 1 ]) 0 ]') 2 

PNov (W) at STC 59.0 59.0 59.6 59.4 60.4 

I.,,, at 49 °C 3.72 3.86 3.79 3.86 3.93 

STRING NO. 2 

PANEL NO. 6 '/ 8 9 10 

SERIAL NO. FW191Il FW191I2 FW191I1 FW191I1 FW191T2 

9256994 3257671 9256997 9257008 3257591 

- ~ .. -~-·=~•-±.-.;=< -~ 

Yoe: (V) 21.0 20.9 21.1 21.0 20.9 

I"'r (A) 3.90 3.74 3.84 3.87 3.82 

PNOC:T (W) 54.4 54.0 54.9 54.9 54.7 

!Nncr LA) 3.63 3.53 3.56 3.61 3.59 
- - - - - - - - - - -

VNnrT (V) ]') 0 Vi 1 1) 4 Vi 2 ]') 1 

PN01v1 (W) at STC 59.9 59.3 60.2 60.3 60.1 

I.,r (A) AT 49°C 3.96 3.80 3.89 3.92 3.88 
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STRING NO. 3 

.. -
PANEL NO. 11 12 13 14 15 

SERIAL NO. FW91I23 FW91I19 FW91I19 FW91I19 FW91I23 

257571 257001 257003 257000 257693 

Ynr (V) 21.0 21.0 21.0 21.0 20.9 

I._r (A) 3.74 3.87 3.86 3.86 3.73 
---=~I·, 

PNnrT (W) 53.7 54.9 54.5 54.2 54.0 

I1'1n1. 1 (A) 3.51 3.66 3.62 3.60 1. '; 1 

VN!)~;J (V) ]) 1 ]) () ]) ] ]) () 1 ") ti ----

PNnM (W) at STC 59.0 60.5 60.1 59.6 59.3 

I._r (A) AT 49°C 3.80 3.93 3.92 3.92 3.78 

STRING NO: 4 

PANEL NO. 16 17 18 19 20 ------- ·----·-"' 

SERIAL NO. FW91123 FW91I23 FW91I23 FW91I19 FW91I23 

2578588 257550 257669 256958 257687 

Ynr (V) 21.1 21.1 20.9 21.0 21.0 

I._r (A) 3.78 3.88 3.82 3.71 3.75 

PNnrT (W) 54.6 55.2 53.9 54.2 54.3 

lNrn:T (A) 3.5 l 3.68 3.55 3.54 3.59 
-- - - - -- - - --· - -· -· -

VNOCT (V) ]) ~ 15 () ]) ? 15 1 ]) 1 

PNnM (W) at STC 59.9 60.8 59.2 59.5 59.7 

I"r (A) AT 49°C 3.83 3.94 3.88 3.77 3.80 
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TABLE D. 7: Manufacturing sequence, encapsulation and testing of Solarex PV modules. 

(a) MANUFACTURING PROCEDURE: 

- Patented Solarex casting process; 

- Tntermtl cfo1meter (TD) or wire sFtwing; 

- Silver thick film paste cell process; 

- PFttented Soforex Alnmlrn1m-BFthbltt hack sprny process; 

- Titanium dioxide anti-reflection coating. 

(b) ASSEMBLY: 

- Cells tabbed with solder plated copper tabs; 

- Rach tab is soldered in four places on the front using hot iron in automated machine; 

- Cells assembled into matrix using robot; 

- Each tab soldered to back of cell in two places using hot iron in automated machine. 

(l-) LAMINATION. 

- Low iron tempered glass superstrate; 

One laye1 Df ethylene vinyl ac.etale (TIVA) between glass and c.ells, 

- One layer of EV A between cells and back sheet; 

- Three back sheets of blue polyethylene, mylar and white tedlar. 

( d) TESTING: 

- Flash testing (I-V) curve using pulsed Xenon simulator per IEC-904-1, 2 and 3. 

- Use IEC-891 to transform data to other conditions. 
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FIGURE D.2: 1-V churacteri:.itic curves for the Solurex MSX60 modules, us supplied by the 

manufacturer. 
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FIGURE D.3: The mechanical characteristics of the Solarex MSX60 PV module. 
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TABLE D. 8: The electrical and mechanical characteristics of the battery control unit. 

Type: Photowatt (France) PWR5421AS. 

Electrical characteristics: The master circuit is powered from the Batteries of the system and it 

principnlly cnsnrcs· 

• the battery connection to the busbar; 

• the control of the solar array and the load connecting relays; 

• the connection of other busbars; 

• the installation of the voltmetric detection circuit and the alarm circuit. 

The voltmetric detection circuit is powered by the battery and gets a voltage which is not 

disrnpted hy the input and output currents. It analyses the voltage and according to the 

following conditions it controls the relays of the input and output power Circuits: 

• Solar PV array disconnection at 2.4 x U/2 V; 

• Reconnection at 

• Load cut-off at 

• Reconnection at 

2.15 x U/2 V; 

1.9 x U/2 V; 

2.1 x U/l V, where U is the nominal battery voltage. 

• Consumption of voltmetric detection circuit is 5.5 mA. 

• Consumption of solar array connection and disconnection circuit is 2.5 W, in action. 

• Consumption of the load cut-off circuit is 4 W (for 35 A relay). 

ALARM CIRCUIT: 

The alarm circuit is independently supplied from the battery so that it is not disrupted by 

the input ::incl output r-mrents 

• High voltage indication at 

• Low voltage Indication at 

• Consumption: 

• 

• 

normal 

high alarm 

low alarm 

2.6 x U/2 ± 1% V; 

l.95xU/2±1%V; 

6mA; 

20mA; 

5.5 mA. 
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LIGHTNING PROTECTION 

The lightning protection circuit eliminates any overvoltage caused by lightning on the 

solar input circuits and discharges this energy to the Earth. 

MECHANICAL CHARACTERISTICS 

The BCU cover box is made from polyester, with a screw-on lid and stainless steel 

screws. 

• Dimensions: 445 x 389 x 170 mm. 

All the electncal connections are screwed down on a busbar itself being fixed on a rail. 

This presents the advantage ofrapidly and easily replacing the faulty part. 

TABLE D.9: Technical data of the FINDER light sensitive relay. 

• Maximum output cu11 cnt. 

• Input voltage: 

• Opo1 ating tompo1 atm o I ango. 

• Original calibration: 

• Delayed operation: 

• Size: 

lOA, 

220 V a.c., modified to I2 V d.c.; 

30 °C 170 °C, 

33 Lux= ON, 8 Lux= OFF; 

4 seconds before switching on, 15 seconds before 

switching off; 

85 x 56 x 33 111111. 

TABLE D.10: Technical characteristics of the SERAT timer 

• Supply: 

• Consumption: 

• Operating temperature range: 

12 - 24 V j_ IO'Yo V; 

0.6 W, at 12 V and 1.9 W, at 24 V; 

-10 °C - +60 °C; 
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• Functions: 6 different functions, 8 time scales and multi output 

features; 

• Maximum response time. 100 msecond s, 

• Mechanical duration of relay: 10 million switchings; 

• 011tp111 rchly~ ?, ef!ch ') /\; 

• Dimensions: 99.5 x 69 x 49.5 mm 

• Weight 150 g. 

TABLE D.11: Specifications for the 21X micro-logger 

Vcilirl tor An 1-1rnhiflnt tompcmturo range of -25°C to +50°C unless otherwise srAc:ltled. 

ANALOGUI:. INPUl S 
NUMBER OF CHANNELS: 8 differential or 
up to 16 single-ended. One differential 
channel can be used as two sihgle-ended' 
channels. 

VOLTAGE MEASUREMENT TYPES: 
Single-ended or differential 

ACCURACY OF VOLTAGE 
MEASUREMENTS AND ANALOGUE 
OUTl>UJ VOLTAGES: 
I l1ttr:m~ntiFll Find positive sinqle-1-mded: 0.1 % of 
FSR, 0.05% of FSR (0 to 40°C) 
NRgFltive single-ended: 0.1 t:Jl'l'o I-SH (0.06%, O 
to 40°C) 

HANl·H- AND HI Sl)l lJl !UN. lla11ye3 a1e 
s0flwa1 e seleclable f01 a11y drn.111wl. 
Resolulio11 fo1 si11gle e11t.let.l rneasurernent5 i5 
twice the value shown. 

Full Scale Range 
±oV 
±0.5V 
±t)OmV 
l 15111V 
+f1mV 

Resolution 
333.0µV 
33.3µV 
J.:J:JµV 
1µV 
0.33µV 

INPUT NOISC: VOLTAGE: 
Fast differential: 0.83µV RMS 
Slow differential: 0.1 µ V RMS 

COMMON MODE RAN.GE: ±SV 

INPUT RESISTANCE: 200 gigohms 
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ANALOGUI:. OU lPUl S 
NUMBER OF ANALOGUE OUTPUTS: 4 
switched,? continuous 

DESCRIPTION: A switched output is active 
only during a measurement and is switched 
off (high impedance) immediately following the 
measurement. Only one switched output can 
be active at any one time. The 2 continuous 
outputs hold a preset voltage until uµt.laled by 
an analogue output c:ommand. 

RANGE: ±5V 

RESOLUTION: 0.67mV 

ACCUHACY: Same as voltage input 

OUTPUT GUlll-llN l. 
Switched: 20mA at ±5V, 50mA at ±2.6V 
Continuoua: same at +V, 5mJ\ at V 

RESISTANCE AND 
CONDUCTIVITY 
ACCURACY: 0.035% (0.02% 0 to 40°C) of 
fl ill SC:Fl!A brirlQR Ol Jt[ll Jt, [lrovic!P.d the matching 
bridge resistors are not the limiting factor. 

MEASUREMENT TYPES: 6-wirefull bridge, 
4 wire full bridge, tl wire, 3 wire and 2·wlrc 
half bridge. High accuracy, low Impedance 
bridge measurements are ratio metric with 
dual polarity measurements of excitation and 
output to eliminate thermal EM Fs. AC 
resistance and conductivity measurements 
use a 750µs excitation pulse with the signal 
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integration occurring over the last 250µs. An 
equal duration pulse of oppositG polarity is 
applied for ionic de-polarisation. 

PULSE COUNTERS 
NUMBER OF PULSE COUNTER 
CHANNC:LS: 4 slow or 2 tast, sottware 
sAIAr.trihle 

MAXIMUM CUUN 1 HA 11:::: 2?'.:>0Hz, slow 
oountorn: 2501\Hz, fnst countorn. Pulse 
counter channels scanned at a maximum rate 
of 1 OHz. 

MODES: Switch closure, high frequency 
pulse and low level AC 

DIGITAL CONTROL. 
OUTPUTS 
~Ix olgltril nontrol outr1its, sP.t or rnsnt on 
r.omm::inrl 

OUTPUT VOLTAGES (no load): 
High: 5±0.1V 
Low: <0.1V 

OUTPUT RESISTANCE: 400 ohms 

TRANSIENT PROTECTION 
All Input and output connections protected 
with spark gaps. 12V power input and charger 
Inputs protected with transzorbs. 

ELECTRONICS 
PROCESSOR: Hitachi 6303 CMOS 8-bit 
minroprocessor 

MEMORY: 24K ROM, 40K RAM. 21 X stores 
19,200 low resolution data points and has a 
Ci.lprn.:lly of \l 78 l>ylo!.> avallablu ror pr our i.lln" 
ming. 

CLOCf< /\CCURJ\CY: ±1 minute por month 

POWER REQUIREMENTS 
VOLTAGE: 9.6 to 15V DC 

TYPICAL CURRENT DRAIN: I .Orn/\ 
quiescent, 25rnA during processing and 60m/\ 
du1 i1 ll.J a1iah.>l.Jue111easu1 e111e11t. 

IN 11-HNAI BA 11 l::Hll::S: 8 alkaline Ll coils 
with 7.5/\h capacity. Tho 21 XL includes 
SP.RIP.a IP.Ari Rnirl hRttP.riP.fl (:> h/\h ORflRCllty pAr 
r.hr:iroe) intenrlAcl for tri<~kle chmoe applic::i
tions. 

EXTERNAL BATTERIES: Any 12Vexternal 
battery can be connected as a primary power 
source with the internal batteries providing 
bo.ckup w~ilo cho.nging oxtornal battorios. 

PHYSICAL SPECIFICATIONS 
SIZE: 210 x 14G x 8G11111i. l11µul lei mlnal 
strips extend 12mm above the po.no! surface. 

WEIGHT: 2.8kg 

GUARANTEE 
Tl11 cc ycei1 ::s 

TABLE D.12: Technical description of the 'ROTRONIC' temperature and humidity sensor 

H1JMIDITY l\1EASUREMENT: 

Sensing element: Rotronic hygromer C-80; 

Measuring range: 0-100% relative humidity, linear; 

Accuracy at 25 °C: < ± 1 % in reference to calibration; 
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Precision: 

Hysteresis for a 4 hour cycle 

10-9 5-10% relative humidity: 

Time constant at 25 °C: 

Tempenitnre error 

Linear output: 

Minimum load impedance: 

Long term stability: 

< 0.5%, long term stable; 

< 1%; 

10 seconds, for 63% change; 

± 0 'i% for n cfornge of 70 °f'; 

0-1 V d.c. (equal to 0-100%, relative humidity) 

1 ldl; 

1 % over 12 months. 

TEMPERATURE MEASUREMENT: 

Sensing element: 

Measuring range: 

Accuracy: 

Precision: 

Time constant (90%) ln ah" 

Temperature error limits: 

Linear output. 

Calibration points: 

Minimum load impedance: 

GENERAL DATA: 

Power supply: 

Operating temperature: 

Dimensions: 

Weight: 

Platinum resistance thermometer (100 f.l); 

-40 °C to +60 °C; 

> 0.2% from -30 to+ 150 °C; 

0.1 °C, long-term stable; 

10 seconcls; 

± 0.35 °C for a change of 70 °C; 

0 1 v d.e.equals <10 °(; 1.o + 60 °C, 

0 °, 100 °C; 

1 kn. 

On power-up: 5 Vat approximately 150 mA for the first 

15 ms; 

5 V at 7 mA, for continuous operation; 

- 40 °C to +60 °C; 

195 mm x 25 mm diameter; 

150 g. 
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TABLE D. 13. Specifications of the LICOR LI200SZ silicon cell pyranometer 

Light sensitivity: 

Typical output: 

A hsol11te ::ic-c11rn<y 

Stubility: 

Cosine corrected head error: 

Response time: 

Cell type: 

Protection: 

Operating temperatures: 

400-1100 nm; 

90 W/m2 per mV; 

I 'i% (typic::iJly < l 1%); 

< J 2% over 1 year; 

< ± 5% up to 80 °; 

10 µs; 

blue-enhanced silicon cell; 

weather-proof anodised aluminium case with acrylic 

diffi.1ser; 

-20 ° to +65 °C. 

TABLE D.14: Specification of the MATRIX silicon cell pyranometer 

Type: 

Spectral response: 

Stability: 

Cosine and air mass effects: 

Response: 

Ope1 a ting tempe1 at me. 

Output: 

Protection: 

MATRIX Mkl-G; 

0.35 - 1.15 microns; 

5 years; 

corrected during calibration; 

< 1 ms for 100% response; 

40 - 140 °F, 

38.45 mv per 1000 W/m2
; 

glass dome and anodised aluminium base. 

TABLE D.15: Specifications of the AlOOR switching anemometer 

Stalling speed: 

Maximum speed: 

0.25 mis; 

> 75 mis; 
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Accuracy: 

Distance constant: 

Calibration: 

Temperature range: 

SLr.e: 

Rotor: 

Weight: 

Material: 

Switching voltage: 

Switching current: 

Switching rating: 

Contact resistance: 

Actuating time: 

Switch hfo: 

1% ± 0.1 mis; 

Sm; 

0.8 revolutions per metre (1 pulse per 1.25 m); 

- 30 °C to +55 °C; 

height '.?00 mm, Clise diameter)) mm; 

standard 150 mm diameter 3-cup rotor; 

350 g; 

Cups: weather-resisting plastics, 

Hub arms: anodized aluminium alloys; 

100 V d.c. max. 

0.5 A max. 

28 Wmax. 

o.o5 n; 

1.5 ms; 

25 x 109 operations min. 

TABLE D.16: Specification of the W200P potentiometer windvane 

Height: 

Fin clearance: 

Body diameter: 

Weight: 

Material: 

Thresholcl speecl· 

Maximum speed: 

Range: 

Accuracy: 

Resolution: 

Temperature range: 

270 mm; 

180 mm; 

56mm; 

350 g; 

anodised aluminium, stainless steel and ABS plastics; 

0 6 ,m/s; 

'15 mis; 

J60 °; 

± 10; 

0.3 °; 

-50 °C to +70 °C; 
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Life: 

Poten1iomete1 iesistance: 

Dissipation: 

Insulation 1 csistam:c. 

Wiper cuncnt. 

V oltagc supply. 

Linearity: 

1 os revolutions; 

1H2+10% 

.5 W (-50°C to 20°C); derate linearly to 0.25 Wat 

70 °C; 

50 MO minimum, 

20 mA max.; 

16 V max. 

0.5%. 

TABLE D.17: Specifications of the hack-up intcgn1tors· 

All the three integrators carry the same specifications: 

Display. mechanical counter; 

Power supply: 12 V d.c. 

Power consumption: 2 W approximately; 

Fuse: 1 A; 

Temperature range: 0 °C to 40 °C, 

Case. wall mounttng; 

Dimensions: 263 x 214 x 147 mm; 

Weight: 1 kg approximately. 

TABLE D.18· Descrip1ion of 1he SC91?. 9-pin to RS232-DCE interface 

This is a modem which produces true RS232 signal levels. 

Power supply: 

Setting options: 

Consumption: 

Size: 

Temperature range: 

5V; 

one way or interactive communication. 

5mA; 

25 x 57 x102 mm; 

-25 ° c to +50 °C; 
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Humidity limits: up to 95% non-condensing. 

TABLE D.19: Specification of the RAD SRM asynchronous short haul modem 

Datn rnte. up t0 ~)600 baud, 

Transmission line: 4-wirc unconditioned cable; 

Transmission mode: asyndu onous, foll duplex, 

Transmission level: -6 dBm; 

Transmission range: up to 10.5 km; 

Line interface: 4 wires and ground; 

Power requirements: < 2 mA when imic,tiw\ 11 mA whf':n ric,tive; 

Operating temperatures: 0 °C to 50 °C; 

Humidity limit: up to 95% non-condensing; 

Size: 110 x 52 x 22 mm; 

Weight: 75 g. 

TADLE D.20. Tempe1 atm e (.)Ol l ections fm specific giavity and voltage measurements of 

lead-add battedes l39J. 

Specific gravity at various tomperatures 
0 'C 5°C 10'C 15 °C 70 'C 25'C ~O'(' 35'C ~o °C ~6'C 60'C 55 °C 

32 'I- 41 °1- bO '~ 59 'F 68 'F 77 °F 86°F 95 'F 104 °F 113 'F 122 'F 131 'F 
. --,.·------

1J25 1320 1J1~ 1310 1305 1300 1/8h 1 /'ll) 1/8? 1280 127b 1270 
1315 1310 1.'lO!I 1.)1)1) 1 l')'J 1'/<)f) 1'/flf) 17~0 1?7!i 1 '170 12GG 12GO 
1305 1300 1295 1290 1?8" 1?80 1 '175 1270 1265 1260 1255 1250 
1290 1290 128b 1280 1275 1270 1265 1260 1255 1250 1245 1245 
1280 1275 1270 1270 1265 1260 1255 1250 1250 1245 1240 1235 
1270 1205 1?RO 12130 125b 12b0 12~b 1240 1240 1235 1230 1225 
1260 1255 1250 1250 1245 1240 1235 1230 1230 1225 1220 1215 
1250 1245 1240 1240 1235 1230 1225 1220 1220 121b 1210 1205 
1240 1235 1230 1230 1225 1220 1215 1210 1210 1205 1200 1195 
1225 1225 1220 1215 1215 1210 1205 1205 1200 1195 1190 1190 
1215 1215 1710 1?0" 1?0~ 1?00 11% 11 gr, 1100 1 ms 1180 1180 
1205 1205 1200 1185 1195 1190 118!) 1185 1180 1175 1170 1170 
1195 1 HJ!i 1180 1 Hl'i llll'i 1180 1175 11/'1 1170 11G5 1 lGO 1160 
1185 1185 1180 1175 1175 1170 1165 1165 1160 115b 1 lbO 1 lbO 
117~ 11 /b 11 /0 1 ll:ib 1 ltib 1160 1155 1155 llGO 1150 1145 1140 
11()5 1155 1160 1 lbb 1 lbb 11b0 1145 114S 1140 1135 1135 1130 
1155 1155 1150 1145 1145 1140 1ns 1n~ 1130 1125 11~0 1120 
1145 1140 1140 1135 1130 1130 1125 1125 1120 lllfi 111fi 1110 
1135 1130 1130 1125 1125 1120 111b 11 lb 1110 1110 1105 1100 

Voltage correction to 25 °C 177 'Fl for four nominal battery voltages 
2V -0.12 -0.10 -0.07 -0.05 -0.02 0 +0.02 +0.05 +0.07 +0.10 +0.12 +0.15 
6V ·-0.37 -0.30 -0.22 -0.15 -0.07 0 +0.07 +0. 15 +.0.22 +0.30 +0.37 +0.45 

12 v -0.75 -0.50 -0.45 -0.30 --0.15 0 +0.15 +0.30 +0.45 +0.60 +0.75 +0.90 
24 v -1.5 -1.2 -0.9 -0.6 -0.3 0 +0.3 +0.6 +0.9 + 1.2 +1.5 +1.8 -----
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TABLE D.21: Description of the constituents of NO CRODE anti-corrosion jelly, as 

supplied by the manufactuie1. 

CONSTITUENTS PERCENTAGE 

Polymetised lsol>utylene 2% 

f>ye 1% 

Petroleum Jelly 11% 

Mineral oil 43% 

Substituted lmidazoline 2% 

Paiaffin Wax 6% - -- ------ - - --- - - - -
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