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ABSTRACT 

One application for photovoltaic (PV) technology is in providing 
electricity for educational aids, in developing areas remote from grid 
supply. Technical, social and economic aspects of this option are 
investigated, in local context, by examining the use of small PV 
systems to power educational television and video in secondary schools 
in Bophuthatswana. Technical performance was assessed through 
monitoring PV system behaviour and climatic variables over an extended 
period, using remote data-capture techniques at a demonstration site. 
Mode 11 ing provided for further prediction of performance in non
observed conditions. Social and educational aspects of the schools 
television project were investigated through interviews with 
educationists, planners, project administrators and a limited sample 
of teachers and pupils in Bophuthatswana. Overall conclusions are 
that PV systems can provide a reliable and technically appropriate 
solution to the problem of powering light electrical loads in off-grid 
schools. Levelised unit energy costs can be acceptable if PV systems 
are critically sized, and if there is close match between designed 
capacity and actual load energy demand. If this is not the case - as 
in Bophuthatswana school systems - unit energy costs may be very high. 
Organisational features of project implementation and inadequate 
central resources, particularly for delivering appropriate educational 
software to schools, have impaired the potential of the project, and 
the equipnent in schools is under-utilised. 

Proceeding from an inductive performance analysis of the monitored 
system, a PV system performance model was developed, in order to 
assess the optimum sizing of components in srrall stand-alone 
photovoltaic systems in such applications, and to judge the sizing of 
the systems installed. The model is based upon critical runs of 
adverse weather, leading to-wards system loss of power to load. It 
predicts the minimum insolation required to avoid system loss of power 
to load over runs of days, and compares this with percentiles for 
plane-of-array insola tion over runs of days, derived from long term · 
hourly weather station records. The approach allows developnent of a 
loss of power probability (LOPP) sizing methodology which preserves 
the run-length characteristics of local climatic data. Sizing predic
tions from this method are compared with other sizing methodologies, 
and are used to indicate design savings possible for the monitored 
systems. The proposed critical-run LOPP sizing method has potential 
for incorporation in a microcomputer-based sizing tool, suitable for 
more accurate design of photovoltaic systems with battery storage in 
local applications. 
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Chapter 1 

INTRODUCTION 

The broad aims of this study were to examine the technical, social and 

economic appropriateness of using sma 11 stand-a lone photovoltaic 

systems to supply electrical power for educational purposes in rural 

areas. 

To this ena, research has been conducted on the technical performance 

of photovoltaic systems which are currently used to power educational 

television in non-electrified schools in Bophuthatswana. To supple

ment the technical study, social, educational and economic aspects of 

Bophuthatswana's schools television project have been considered, 

leading to an assessment of the appropriateness of solar-powered 

educational television in this particular local context. 

1.1 Locating the Research 

The present study was initiated by the Ener9y Research Institute, 

University of cape Town, at a time when increasing local applications 

for photovoltaic technology, in the field of development, were 

becoming evident. Falling equipnent costs, gains in knowledge, and 

entrepreneurial activity were stimulating rapid expansion in the use 

of photovoltaics for off-grid electrical power, both in rural and non

electrified peri-urban areas. Little systematic local research, 

however, had been undertaken to support these develoµnents. 

For example, in the technical realm of sizing the components of a 

stand-alone photovoltaic system economically for a particular 

application, under local environmental conditions, vendors of 

photovoltaic systems in Southern Africa have typ,ically been reliant on 

the expertise and sizing methods of overseas equipment manufaturers. 

As wil 1 be shown, such methods may not be optimal for local 

applications in developing areas, and may also be based on inadequate 

local climatic data. 
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Secondly, a need was perceived for research which would examine, from 

a broader multidisciplinary perspective, how photovoltaic power could 

contribute to and mesh with the fabric of life of users, in a variety 

of developnental applications. This concern reflects the widely 

accepted view that the benefits of technological innovation in 

developing areas are strongly dependent on socio-economic factors and 

social context. 

A series of parallel first phase studies was therefore initiated by 

the Energy Research Institute, to evaluate the technical, social and 

economic appropriateness of photovoltaic technology for potentially 

significant local applications such as domestic power for off-grid 

households (cf. Muller, 1987; Morris, 1988), water pumping (Gosnell, 

in progress) and power for educational purposes in rural areas. An 

overview of such local research directions, against an international 

background, is provided by Sinclair (1989). 

The initial studies, including the present investigation, were framed 

in an inductive, exploratory manner, with the purpose of generating 

baseline knowledge from selected case studies, in order to identify 

critical issues for subsequent more focussed research. 

Remote data-logging techniques were employed to monitor continuously 

and over an extended period the system behaviour of selected 

photovoltaic installations in the course of their use. This approach 

has enabled a more realistic assessment of system performance through 

a variety of actual environmental and user-determined conditions. 

Since such conditions are locally specific, variable, and at best 

probabalistic in their variation, and since stand-alone photovoltaic 

systems with energy storage respond in fairly complex, non-linear 

fashion to variations in weather and utilisation, extended continuous 

performance monitoring was considered an appropriate means of 

collecting data for analysis, rather than proceeding from a more 

theoretical analysis of component performance characteristics, which 

on the whole and to a certain level of accuracy are reasonably well 

established (cf. Macomber et al, 1981; Buresch,1 1983; r.asnier and Gan 

Ang, 1988 for useful synopses) but the interactive operation of which 

has been less ;fully modelled (cf. Menicucci, 1985; l986b; Menicucci 

and Fernandez, 1985 for perhaps the most comprehensive attempt to 

simulate photovoltaic system performance through a combination of 
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analytical and empirically derived relationships). 

One of the presently fluid areas in international photovoltaic system 

research, arising from the complexities of interaction.between non

linear system behaviour and probabalistic environments, is that of 

sizing methodology - in particular, the search for reliable ways of 

predicting the size of components in a photovoltaic system sufficient 

and economically optimal to satisfy a specified load demand, with a 

specifiable weather-related probability of loss of power to load. The 

advantages, in principle, of such a "Loss of Power Probability" 

approach in the design of terrestrial photovoltaic systems include 

(i) compatibility with the probabalistic nature of the prime source 

solar radiation received on earth - ; (ii) enhanced ability to 

compare photovoltaic systems, at equivalent levels of power 

availability, with alternative generating systems; and (iii) improved 

techniques for assessing the economic tradeof fs between the 

exceptionally high levels of availability which can be achieved 

through over-sizing photovoltaic systems, and the cost savings of 

installing critically sized systems with an acceptqble probability of 

weather-related failure. This last aspect is of particular relevance 

for the design of photovoltaic systems in a developnent context, where 

capital is scarce. 

In the course of investigating the performance of photovoltaic systems 

used to power schools television in Eophuthatswana, the economic 

sizing of system components emerged as a foreground issue. Owing to 

this, the study has provided an opportunity to examine critically some 

existing commercial and theoretical sizing methodologies, and to 

propose a new Loss of Power Probability sizing method, with allied 

proposals for the statistical treatment of local solar radiation data. 

This has become the main analytical thrust of the present phase of 

research, 'while attendant difficulties (such as uncertainties in the 
' 

measurement of solar irradiance and in relating irradiance 

measurements to photovoltaic module performance specifications) have 

been highlighted for further enquiry. 

It is interesting to note that the inductive analysis of data obtained 

from the monitoring study (described in Chapters 2 to 8) played little 

part, directly, in the formulation of the sizing method proposed in 

Chapter 9. What is suggested, though, is the usefulness of such 
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exploratory studies as a means.of drawing a team of local researchers 

into a field of enquiry, immersing them in the issues, and guiding 

their attention to more specific research ~estions, relevant to local 

applications of the technology. 

Turning to the social aspects of the present enquiry, Chapter 10 

discusses the social context of solar-powered educational television 

in Bophuthatswana, and weighs up the many criticisms which have been 

levelled at this implementation of schools television. 

Although Bophuthatswana's "Edutel" project has follo-wed in the path

ways of other developing countries' experience with this educational 

technology, over two decades, and perhaps presages similar planned 

initiatives in "mainland" South Africa, the schools television project 

has developed in a locally specific historical, organisational and 

political framework. This means that while common themes emerge, 

which have been reported from other developing countries as well, the 

scope for generalising from Bophuthatswana's specific experience is 

limited. l':Jonetheless, important lessons can be drawn from Bophutha

tswana's. experience, which should be heeded before any similar 

projects are attempted in the region. Decision-making structures, 

forvard planning, consultation with users, provision of suitable 

software and support services, responding and adapting to teachers' 

needs, the scale of the project, and stretched resources are amongst 

the problem areas which are discussed in detail in Chapter 10. 

Under-utilisation of the equipnent installed in schools reflects such 

problems in linking a technological "solution" to educational needs 

and wants amid structural weaknesses of underdevelopnent. 

Unfortunately, the depth of enquiry here has been limited by political 

constraints, in that the Bophuthatswanan cabinet eventually refused 

permission for more detailed field research to evaluate the course of 

the schools television project to date, which would have included a 

representative survey of schools. In such respects, it is sometimes 

easier to make progress with technical aspects of multidisciplinary 

research than to assess the important socio-economic and behavioural 

determinants of technological innovation in developing areas. 
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1.2 Initial Formulation 

The research, as initially conceptualised, included a component of 

"action research". original intentions were to develop associations 

with a rural community, preferably as part of an integrated develop

ment initiative, to undertake a sociological assessment of needs and 

wants in the community, and (assuming that the selected community 

expressed a desire for electrical power for educational purposes) to 

design and install a suitable photovoltaic system to power lights and 

audio-visual equipnent; then to monitor the technical performance of 

the system and to evaluate the the social and economic appropriateness 

of the technology. 

This approach was pursued, for several months, and although the 

research design was subsequently modified it is useful to record these 

initial stages and their outcome. What emerged was the difficulty in 

linking a pre-conceptualised project with the dynamics of corrnnunity 

needs and wants and social organisation. 

Relationships were developed with residents in Friemersheim, an ex

mission community in the Southern Cape. A need had already been 

expressed by a spokesman in the village for audio-visual facilities 

(primarily video) to assist in formal and informal education activity. 

A community researcher moved to live in the village, and residents 

were surveyed to develop a detailed community profile. Key figures 

and other selected residents were canvassed about local needs and 

aspirations. Partly to encourage participation in these enquiries, 

and partly to test local interest in using audio-visual equipnent, a 

video film was made, with interviews conducted mainly by a group of 

enthusiastic and talented local high-school students. 

In this process, both positive and negative factors came to light 

which could affect the course of the project. Enthusiasm was 

generally expressed for the proposed photovoltaic system and audio

visual equipnent; however, after more detailed enquiry, it became 

apparent that this was perceived as a relatively minor need, compared 

with more pressing community concerns (such as improved water supply) •. 

It also became apparent that intricate local politics could either 

block developnent initiatives, or else lead to a monopolisation of 

facilities to serve only sectional interests. To develop new forms of 
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local organisation which could control use of the equipnent and make 

its potential available for wider community benefit would evidently 

take time, and might not succeed. Finally, the appropriateness of 

installing the photovoltaic system in a formal education setting, such 

as the local primary school, came into question for several reasons. 

some were circumstantial, such as impending moves to relocate the 

school premises; others were more persistent discouraging factors, 

such as the difficulties of accessing suitable video material for 

primary education, especially in the Afrikaans medium, and the 

likelihood that community access to the school buildings at night 

would be restricted by the educational authorities. 

The depth of these initial enquiries was valuable in disclosing 

potential problems which might otherwise have surfaced later during 

the project and rendered it valueless. After further discussions and 

negotiations with residents, it was agreed not to proceed with the 

proposed photovoltaic project, in this form, at the present time, and 

attention was devoted to other developnent initiatives in the village. 

The research on photovoltaic power for rural education w:l.S therefore 

redirected, and a more suitable opportunity for study came up, 

following Bophuthatswana1s decision to adopt this technology on a 

large scale for rural secondary schools in that region. This provided 

a substantial case study for exploring the appropriateness of the 

technology in a non-artificial context. For purposes of technical 

monitoring, contacts were ma.de with the comi:any which was supplying 

equiµnent for Bophuthatswanan schools, who provided generous 

assistance in allowing monitoring equipment to be linked up, to an 

identical installation installed for demonstration purposes at a farm 

school in the Transvaal. 
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1.3 Background to Solar-Powered F.ducational Television in 

Bophuthatswana 

Since 1985, Bophuthatswana has installed television and video 

facilities in over 350 secondary schools. Roughly 80% of pupils in 

Bophuthatswana attend schools in rural areas (following the Department 

of Education's classification) and approximately the same proportion 

of secondary schools do not have connections to grid electricity. In 

these non-electrified schools, the television and video facilities are 

power~d by photovoltaic systems. 

The background to the Edutel schools television project is described 

in greater detail in Chapter 10. This section provides a brief 

introductory summary. 

Fol lowing acceptance of "independence" from the the South African 

government (a status not recognised, however, beyond the borders of 

South Africa) in 1977, Bophuthatswana identified improved education 

provision as a developnental priority. Concerted efforts have been 

made since then to increase both .the quantity and quality of educa

tional provision in the region. School enrolments increased rapidly. 

In secondary schools, for instance, enrolments had risen from approxi

mately 66 000 pupils in 1977 to nearly 150 000 pupils by 1984, the 

time when the educational te lev is ion project was ini tia tea (De Clercq, 

1984:36-37; Rep. Bophuthatswana, Assembly Debates, 1984:336). 

As has happened in many developing countries embarking on educational 

expansion and reform, resource constraints "Were experienced, 

especially with respect to a shortage of suitably qualified teachers 

in secondary schools. 

Educational television was proposed (by a local educational 

technologist) as a means of alleviating such problems. The intention 

was that school television could play a supplemental role, not 

replacing the teachers' functions, but, by bringing standard high 

quality instructional material into classrooms, could add to pupils' 

learning resources, compensate in part for the shortage of qualified 

teachers, and of facilities such as libraries and laboratories, and at 

the same time help to upgrade the knowledge and teaching methods of 

existing teachers. 
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The proposal went ahead, and equipment was installed in schools. 

(This equipment is described in the next chapter.) Video programmes 

were duplicated and distributed to schools, from central Edutel 

offices, since not all schools could receive broadcast signals without 

further microwave extensions or a satellite link. Originally, the 

proposal was that three Edutel production teams would produce a steady 

output of local educational programmes, adapted for Bophuthatswanan 

school syllabuses. Hov.iever due to organisational, technical and 

financial constraints, Edutel remained largely dependent on imported 

software from overseas sources. 

Educational or instructional television has been tried in several 

developing countries, since the sixties. Within Africa, the most 

notable ventures have been in Francophone countries, such as Niger, 

the Ivory Coast, and Senegal. In the Southern African region, 

Bophuthatswana's Edutel project has been the .first systematic attempt 

to use this technology, on a wide scale, in rural education. It can 

be noted that the scale of the Edutel project was ambitious from the 

outset, with its efforts targetted to all secondary schools in the 

region, and within these schools, all school subjects, and all school 

standards (standards 5 to 10). Implications of the scale of the 

project are discussed in Chapter 10. 
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L4 Structure of Report 

Chapters 2 to 8 are concerned with a technical evaluation of the 

equipnent used for television and video in Elophuthatswanan schools, 

focussing on the photovoltaic power sub-system. The monitoring method 

is described, and the data collected in the course of the rQPnitoring 

study are summarised and analysed. Chapter 9 develops a model folf', 

prediction of photovoltaic system performance in critical conditions 

(ie. adverse climatic conditions leading tov.ards system loss of power 

to load) from which a sizing method is derived that makes use of 

statistically condensed historical weather data. Sizing indications 

from this model are compared with other sizing methods and with the 

design of the installed systems. Chapter 10 addresses social and 

educational aspects of the F.dutel project, discusses aspects of 

"appropriateness" of technology in social context, and analyses the 

econcmics of photovoltaic energy supply in this particular 

applic;:ation. Chapter 11 summarises the technical conclusions reached 

in the course of this study, and sets out recommendations for further 

· research and development. 

Note on referencing style: When references are to published sources, 

the citation style follows the Harvard system, with full references 

appearing in the Bibliography appendix. Where references are to 

verbal communications and are otherwise not explained in the text, the 

attributions are provided in notes at the end of each chapter, which 

are numbered in square brackets, eg. [l]. 
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Chapter 2 

DESCRIPTION OF SYSTEM 

This chapter describes the components used in the systems which were 

installed in Bophuthatswanan schools to provide solar-powered 

television and video facilities. Manufacturers' specifications for 

the principal components are included, where available, as well as the 

overall system specifications. 

Physically, the systems used in the non-electrified scDools in the 

Edutel project comprise two photovoltaic modules, mounted on a rack 

in the school grounds, and a cabinet, housed inside the school, which 

contains a colour television receiver/monitor, a video cassette 

recorder, and storage batteries. 

These systems are the same as the monitored installation. 

Functionally, the photovol taic-po\Vet'ed system can be divided into the 

following sub-systems: 

Photovoltaic 

Generator 

photovoltaic generator 

a po\oler rranagemen t system 

battery ·storage 

television and video 

Power 

Management 

Battery 

Storage 

TV and 

Video 

FIGURE 2.1 ScheDa tic of the Monitored Photovoltaic Installation 
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2.1 Television and Video 

The television receiver/monitor (with associated power control) is 

probably the most innovative aspect of the system. Developed and 

manufactured by the French company S-International, specifically for 

remote areas operations, it is designed to run off a low voltage a.c. 

supply, with low power consumption. It delivers a full-size (56 cm) 

colour picture, from broadcast or video source, at a specified average 

power consumption of between 38 and 40 watts. This compares 

favourably with locally available domestic television sets in a number 

of respects relevant to solar-powered applications: 

1) The low power draw means that the size of the photovoltaic array · 

and battery storage can be reduced, for equivalent performance. 

(By comparison, according to the supplier company, locally 

available sets which were tendered for the Edutel contract were a 

Sony portable television receiver, with a 38 cm screen and a 

power consumption of 68 Watts, and a Blaupunkt 51 cm receiver, 

with a ra tea power consumption of 80 Wat ts, a.c.) 

2) Being specifically adapted for a.c. power supply, there is no 

requirement for an intervening inverter, with associated losses 

in efficiency and reliability. 

3) Combining the functions of TV receiver and video monitor means 

that broadcast signals can be received (and videotaped), while 

direct video sources can be played back without the picture loss 

of an r.f. connection. 

4) The circuitry is modular, making for easy and rapid onsi te 

repair. Modules, contained in drawers beneath the screen, can be 

replaced in a matter of minutes by relatively inexperienced 

maintenance personnel, who can then return any faulty module to 

workshops for repair of electrical components. 

Certain additional features are intended to make for easy use, by 

people who may be unfamiliar with television set controls, or to guard 

against misuse. The reception channels (three v.h.f. and three 

u.h.f.), once tuned, can be selected but not altered by the ordinary 

user. If the broadcast signal is lost, for example through leaving 
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the set switched on beyond transmission times, there is an automatic 

power cut-off. Further, a clock-timer can be set to regulate the 

hours when the television may be used. 

The unit, designated as Model 747C, is housed in a heavy lockable 

cabinet (which includes a fitted burglar alarm, set off by unlicensed 

opening). The cabinet encloses the te.levision, video and batteries, 

and has space for locked storage of videotapes. Anticipating daytime 

use in classrooms, the screen is winged by small side shields, to 

reduce reflections. 

The design of this set has benefitted from French interests in 

extending solar-powered instructional television, demonstrated in such 

countries as Niger (the first French educational television venture in 

Africa, beginning in the l960's), the Ivory Coast and Senegal. The 

telling features are the low power consumption and the modularity of 

components, for which there is at present no local competitor. 

Disadvantages are that the unit is relatively expensive, and that the 

original French company is withdrawing from this area of developnent 

(perhaps reflecting a trend by certain petrole.um companies to withdraw 

subsidiaries from diversification in such alternative energy 

technologies [l]). However, the South African suppliers of this set 

have obtained the license and established the routes for local 

manufacture [2]. Entry into local manufacture will depend on local 

(and possibly export) market potential. 

The competitive edge of this presently efficient design could be 

challenged in the future by lower-power flat-screen TV technology. 

The unit provides a 12 V d.c. power take-off, which is used to power 

the video cassette recorder. 

The model employed in the Bophuthatswana installations is a VHS format 

"portable" Japanese VCR, manufactured by J. v.c., model HR2650. 

Designed for battery operation, this model possesses the advantages of 

low power consumption (around 8 to 9 Watts) and d.c. input. Further, 

while the HR2650 is less known in South Africa (this model being no 

longer available) its close "industrial" equivalent, Model BR-6200, 

has an established reputation for ruggedness and reliability. 
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2.2 Battery Storage 

The batteries used are imp:::>rted Delco 2000 Solar "maintenance-free" 

batteries, each with a rated capacity of 105 amp-hours and nominal 

voltage of 12 V. The capacity here is specified for a 100-hour 

discharge rate, at 25 degrees c. Four such· batteries are employed per 

installation, two in series, two in parallel, to provide the 24 V 

(nominal) system with 210 Amp-hours rated storage. The effective 

installed storage capacity, however, depends on the depth-of-discharge 

allowed by the charge controller settings, and to some extent on the 

actual discharge rates, and battery temperatures 

discussed below. 

factors which are 

Delco 2000 batteries have lead-calcium plates and are designed for 

moderate-depth cycling in solar-compatible conditions. 

There seems little consensus in the literature, or in usage, about the 

optimal design of batteries for srnal 1-scale stand-alone photovoltaic 

applications. In general, lead-acid batteries are favoured, for 

reasons of performance and cost. There are then choices about the 

cornp:::>sition of the plates, grid construction, and electrolyte density. 

For solar applications which reqire regular cycling of the batteries, 

the plates must be designed to sustain such repeated cycling without 

great reduction in battery life. 

A sealed battery such as .the Delco 2000, which has heavy construction 

lead-calcium plates, has the following advantages over a traction-type 

battery with heavy duty lead-antimony plates, in the application under 

consideration. 

1) The calcium comp:::>nent in the plates reduces gassing, compared 

with lead-antimony plates. This carries several benefits. One 

aspect is that of safety, especially when batteries are housed in 

an enclosed space: there is a much reduced risk of explosion. 

Another aspect is that of maintenance. Although the batteries 

are safety-vented, they are effectively sealed and do not need 

electrolyte maintenance, since water losses are much less. This 

could be a crucial advantage in remote rural applications. 
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2) A low self-discharge rate. For example, Delco specifications 

quote a self-discharge rate of < 4% per month, while lead

antimcny batteries typically have a higher self-discharge rate of 

about 12% per month (Lasnier and Gan Ang, 1988:92). 

3) In principle, a longer battery life is expected from lead-calcium 

plates, provided the charging regime does not exceed the 

recommended depths of discharge. However, grid construction and 

pennissible depth of cycling enter as crucial variables. Delco 

2000 lifetime ratings are discussed below. 

4) The Delco 2000 Solar model is somewhat adapted for long term 

freedom of maintenance, in solar applications, through an 

enlarged electrolyte volume. In addition, the manufacturers say 

it has "special electrolyte" suited for photovoltaic operation, 

but do not specify in what way. (Specific gravity at full charge 

is stated as 1.27 at 80 degrees Fahrenheit.) 

·The disadvantages of such a battery would appear to be mainly 

economic. 

1) The available storage capacity, under a recommended 

charge/discharge regime, can be less than that of a lead-antimony 

traction-type battery of the same rated capacity, since the 

latter type can sustain deeper discharge cycles. 

2) Delco batteries are imports to South Africa. 

Three factors which affect the installed capacity of the batteries in 

the system are: 

the charge controller settings 

the rate of discharge, in typical operation 

the operating temperature of the batteries 

In the 13ophuthatswana installations, typical charge controller 

settings are an upper charging limit of 27.5 volts and a lower load

shedding setting of 23.8 vol ts. These control 1 imi ts are set to 

prevent over-charging and over-discharging of the batteries, in order 

to prevent damage and prolong battery life. 
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The set upper limit appears slightly conservative by comparison with 

manufacturers' recommendations. (Delco recommends voltage regulation 

at 28.2 vol ts (temperature 27 degrees C) or 28.8 vol ts (temperature 16 

degrees C). Ho'Wever monitored data show that when a battery has 

reached the set upper limit of 27.5 volts, under charge, it returns to 

an open circuit voltage of over 25.5 vol ts (eg. at night, with no 

load). According to manufacturers' specifications this indicates the 

batteries have reached 100% state of charge. This upper limit 

therefore appears suitable for this mode of pulse width modulated 

charge regulation, at observed operating temperatures. 

Available battery capacity depends partly on rates of discparge. It 

increases at lo'Wer discharge rates. For the present system, the 

highest discharge current rate (assuming full load and no power from 

the array) would be slightly less than the 100 hour discharge rate. 

Empirical data from the manufacturers indicate a full capacity 

de 1 i very of 120 amp-hours,· at this discharge rate and at 25 degrees c. 
under these conditions, according to this data, 85 amp-hours would be 

delivered by the time the lower cut-off voltage of 23.8 volts is 

reached. Thus the upper and lo'Wer set charge/discharge limits should 

al low a maximum cycle depth of about 85/120 = 70% of the batteries' 

capacity. 

The manufacturer~' specifications are more conservative than the 

additional empirical data supplied, giving a rated capacity of 105 

amp-hours. Using this specification rated capacity as the reference, 

one would expect the four batteries in the system to provide about 

70% * 210 amp-hours, or 147 amp-hours available storage. 

At 24 volts nominal, this is equivalent to 3,53 kWh storage. 
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2.3 Power Management System 

One of the modules in the television system circuitry is termed an 

"Energy Management Unit" (EMU). This module, which interfaces with 

the PY array, the batteries, and the load, performs the following 

functions: 

1) Electronic control of the battery charging rate. 

2) Control of admitted array power (voltage and current) for 

combinations of load-on and battery charge/discharge. 

3) Load-switchout when battery voltage falls to a set minimum. 

4) Power disconnection under certain other conditions (eg. when 

broadcast signals are lost, or in response to a settable timer) • 

The mode of power control is through pulse width modulation, operating 

on feedback from load demand and battery voltage. As a commercial 

proprietary design, the circuitry cannot be reproduced here, but can 

be broadly described as follows. 

The feedback enters a compa.rator circuit, against reference voltages, 

some clamped and some .settable (eg. for battery charge/discharge 

limits). output from this circuit interacts with an oscillator, to 

produce a square wave signal of variable pulse width. The signal is 

stepped up through two bipolar transistors to provide the signal and 

power to drive a power FET (field effect transistor) which chops ~he 

PV array input in the shape of a pulse width modulated square wave. 

This.square wave modulation has the effect of dynamically controlling 

the average voltage and current admitted from the PV array. 

The waveform varies both in frequency and duty-cycle. Information 

from oscilloscope tests by the supplier compa.ny indicated, for 

example, that with steady d.c. input, the waveform under full load had 

a frequency of 100 Hz and equal on:off pulse width, while under float 

charge conditions the frequency was measured at about 29 Hz, with 

on:off = 0.4. 

2.7 



There is no evidence, from the partial circuit diagrams made available 

by the supplier company, that this Energy Management Unit fulfils an 

optimum power tracking function. This would require a form of 

feedback and control which regulated the apparent input impedance to 

draw maximum power from the photovoltaic array, and d.c./d.c. 

conversion to supply this power at the system demand voltage. The 

mode of power regulation (PWM switching, using a power FET) is well 

suited for such control, and would appear rather elaborate and non

robust if optimum power tracking were not intended. However the 

local system suppliers believe that the EMU does not incorporate an 

optimum power tracking function. As a proprietary product, full 

information was not available and the module was not readily available 

for bench tests. 

2.4 Photovoltaic Generator 

In the monitored system, and in the Bophuthatswana installations, the 

photovoltaic generator consists of t\.JO Photowatt PW-P 801 modules, 

wired for a 24 vol ts (nominal ) supply. 

Each module contains 72 polycrystalline silicon cells in a laminated 

encapsulation, mounted in an aluminium frame of outer dimensions 70 * 
154 cm. The area of each module is 1,078 sq.rn. Each silicon cell is 

10 * 10 cm, yielding a total ce 11 surface area, per module, of 0. 72 

sg.m. 

Difficulties were experienced in ascertaining the rated power output 

of these modules. 

The supplier company had performance specifications, provided to them 

by Photowatt SA, which indicated a rated power of 82 Wp (peak watts) 

per module. The rating in peak watts denotes the rated optimum power 

of a module at an insolation of 1000 W/sq.m and a cell temperature of 

25 degrees c. 

This would indicate an array power of 164 Wp, and is in line with the 

supplier company's specification of 160 Wp for the installed array. 
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However, these ratings apply to a different model of Photowatt module 

from those installed, namely the FW-P 800 (which has monocrystalline 

silicon cells) as opposed to the polycrystalline PW-P 801. 

When direct enquiries were made to Photowatt SA headquarters in France 

for FW-P 801 product information, the specifications supplied were 

again for the FW-P 800 model. Specifications for FW-P 801 modules 

appear not to be currently available. 

A South African agent for Photowatt products offered the opinion that 

the PW-P 801 modules may have been a one-off batch, manufactured as a 

polycrystalline replacement for, and equivalent to, PW-P 800 modules. 

Performance specifications for FW-P 800 modules, obtained from 

Photowatt SA, are reproduced below. All values are stated as given 

within + 12,5% latitude. 

TYPICAL DATA FOR PW-P 800 MODULES (FOR 24 VOLTS CONFIGURATION) 

At insolation of 1000 watts/square metre 

Air mass: 1.5 

Junction temperature (degrees C) 

Maximum power (watts) 

Voltage at maximum power (volts) 

Current at maximum power (amps) 

Short circuit current (amps) 

Open circuit voltage (volts) 

25 45 60 

82 75,4 70.7 

34 31 28.8 

2.41 2.43 2.45 

2.67 2.70 2.72 

42.4 39.l 36.8 

---------------------------

Nonna! Operating Cell Temperature (NCCI'): 45 degrees c 
at standard.conditions: 

Insolation 

Ambient temperature 

Wind speed 

800 watts/square metre 
20 degrees C 

1 metre/second 

[Source: Photowatt product specifications.] 
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While these performance specifications, supp+ied by Photowatt SA, 

formed the basis for the supplier company's array power 

specifications, the fact that they are for a different model and type 

of module is not without consequence. It was felt necessary to 

perform tests on the array output characteristics at the monitoring 

site, to get an indication of differences in performance from PW-P 800 

specifications. 

The site tests indicated an array power of 135 Wp, or a module power 

of 67.5 Wp (with estimated uncertainty + 8.5%), and significantly 

lower open-circuit and optimum-power voltages than those specifified 

for PW-P 800 modules. These tests are reported in Chapter 7. 

Additional information was received from local Photowatt agents, sent 

to them by Photowatt SA in February 1988, which presents a lower power 

rating for PW-P 800 modules than previously, adding to uncertainties 

about the manufacture~'s product information. These specifications 

indicate a rated power of 73 Wp zl2,5%. 

The local agent was not able to explain the change from earlier 

specifications. 

Since an aim of this study, in addition to assessing the observed 

performance of the system monitored, is to scrutinise the method of 

sizing the components in a stand-alone photovoltaic system, and since 

Photowatt's sizing advice to the local suppliers was based on the 

original PW-P 800 module specifications, the ratings presented above 

will be of relevance in later sections. They are explored further and 

compared with tested array output characteristics in Chapter 7. 

The orientation and tilt of a photovoltaic array determine the 

proportion of available insolation received by the array at different 

times of day, different times of the year, and in different weather 

conditions (eg. varying components of diffuse and direct insolation, 

according to cloudiness). The method of mounting the modules has an 

impact on o.Pera ting tempera tu res, and hence conversion efficiencies. 
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The installations in Bophuthatswana are designed to orient the arrays 

to true North, and the inclination of the arrays is des~gned at 23.5 

degrees from the horizontal. Modules are mounted side by side in a 

fixed position. Styles of mounting may vary, but permit air flow back 

of the modules; roof mounting is avoided, for reasons of module 

cooling, non-optimal orientations, and questions of structural 

support.[3] 

The mounted array may be fenced off, to avoid accidental or 

intentional mechanical damage [4], for example from flying stones, and . 

as an electrical safety precaution. 

At the monitoring site, the array is mounted on a constructed steel 

frame situated in the school courtyard. The modules are raised two to 

three metres from the ground, oriented North, but tilted at a 

declination of 30 degrees from the horizontal (unlike Bophuthatswana 

installations). Some occlusion of direct solar radiation occurs in 

the early morning and late afternoon due to the shadow of the low 

school buildings surrounding the courtyard. 

2.5 System Specifications 

Some of the salient component specifications have been presented 

above. Observed component performance and system performance, 

analysed from data from the monitoring site, are discussed in Chapter 

5 onwards. 

As background for discussions of observed system performance, here are 

the system performance specifications on which the suppliers based 

their design: 

Design Load 

The systems are designed to support 10 hours television usage per day. 

For 5 hours per day, use of the video cassette recorder is added in 

this design load.[5] 

Taking average power consumptions of the television and VCR as 38 

watts and 9 watts respectively, this amounts to a daily design load of 
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425 watt-hours. At higher consumptions (eg. using the television at 

high volume) the load could rise to about 450 watt-hours per day. 

"Autonomy" 

As a measure of the reliability of the power system, the battery 

storage is intended to provide at least 5 days' "autonomy", ie. in the 

absence of input power from the PV array, starting with fully charged 

batteries, the de~ign load would be supported for at least 5 days.[6] 

This requires battery storage capable of delivering about 2.13 to 2.25 

kWh to the load, a requirement more than met by the actual installed 

battery capacity of approximately 3,53 kWh. 

Notes 

[l] Interview with supplier company representative, 29/10/86. 
[2] Interview with supplier company representative, 14/11/86. 
[3] Interview with supplier company representative, 4/86. 
[4] As [l]. The representative estimated at this time that 

approximately 20 out of some 600 modules had been damaged by 
"half-bricks" thrown at them, predominantly in areas of 
Bophuthatswana close to urban areas, such as GaRankuwa. Whether 
such actions represented student protest specifically against 
this technology, or was incidental to broader protest in black 
schools, is so far not established. 

[5] This information is taken from the Photowatt sizing advice 
telexed to the supplier company, kindly made available for this 
research. 

[ 6] This con~erva ti ve speci fica ti on for the autonomy of the system is 
contained in the suppliers' system specifications. The Photowatt 
sizing advice specified 14 day~' autonomy for this system. 
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Chapter 3 

INSTALLATION, MAINTENANCE AND RELIABILITY 

3.1 Installation 

Installation of systems in schools for the Edutel project in 

Bophuthatswana began in the portions of Bophuthatswana close to the 

Rand, and then progressed westwards and southwards, into "more remote 

educational circuits" [l]. 

Portions of Bophuthatswana are fragmented and dispersed (see Figure 

3.1 for a map of the region, divided into seventeen educational 

circuits), and the location of many rural schools was unmapped. 

Despite this, company representatives estimate~ their installation 

rate as averaging about two to three schools per day. [2,3]. On-site 

installation time was estimated as up to 4 hours per system. 

BOTSWANA 

Transvaal 

I 

Cape Province 

R~F SOUTH ~:~:~A" __ .--,,_ 

ZJ 7 ' r ~H:e:-:c:u"° -- ~ Orange Free State 

__ B_o_p_h_u-th_a_,..t_s_w_a_n_a_' ... s ___ , -r: ~ , , 
Education 
Circuits _o.F.S. L sol"ttFT-nooa 

FIGURE 3.1 Map of F.ducational Circuits in Bophuthatm.ena 

[reproduced from Holderness, 1986:10} 
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As of July 1987, 354 schools in Eophuthatswana had been supplied. Of 

these, 284 had systems powered by photovoltaic genera tors [ 4]. The 

remaining 70, having access to grid supply, did not require solar 

power, but otherwise were supplied with identical systems, adapted for 

mains supply by means of battery charging. In support of this policy, 

mention was made of the maintenance advantages of standardisation [5] 

coupled with the modularity of the offered television set, and the 

advantages of battery back-up power in the face of periodic failures 

in the grid supply [ 4 ]. 

3.2 Maintenance 

There are no routine maintenance tasks which need to be performed by 

system users, except that in dry and dusty weather it may be necessary 

to wipe any collected dust from the surface of the PY array, to 

maintain optimum generating efficiencies. 

Malfunctions of the equipment are identified and repaired by 

maintenance teams. In 1986, the supplier company supported two 

maintenance teams, locally based in Bophuthatswana [l]. Equipped with 

exchangeable modules, relatively unskilled maintenance workers can 

broadly diagnose electronic failures, replace the affected module, and 

return the failing module to a central workshop for repair. 

In late 1986, the supplier company began to train Bophuthatswanan 

nominees for maintenance functions, with the aim of reducing E'dutel's 

dependence on the company for maintenance. 

Besides responding to reported malfunctions, the company has mounted 

systematic maintenance "sweeps" of installed equipment, in order to 

monitor system performance and to make adjustments and repairs where 

necessary. The first of these, some four to six months after 

installation, played the important role of identifying faults which 

could not be detected at installation time, such as battery-charging 

faults which would not initially be identifiable due to the reserve 

charge of installed batteries [l]. 
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This first sweep picked up sporadic first-time component faults, such . 
as aamage to joints and coils, caused by bumpy transport; otherwise, 

the only systematic failures reported have been in the area of the 

Energy Management Unit, surrounding the power FET, with a typica 1 

pattern of protecting diodes burning out. It is probable that these 

failures were due to lightning-induced pulses, as also occurred at the 

Transvaal monitoring site. From company records, it appears that the 

incidence of this fault-pattern was less than 2% of installed 

systems in a year.[4,6] 

3.3 Reliability 

The reliability of the photovoltaic generator and battery storage in 

meeting the specified design load, under varying climatic conditions 

(in the absence of component malfunction), is discussed at length in 

later chapters. Here, discussion is restricted to the question of the 

functional reliability and expected lifetime of important components 

in the system, and is limited by available information. Information 

derives from manufacturer~' specifications and secondary literature. 

The brief monitoring period does not provide an empirical basis for 

assessing. component~' reliability. 

3.3.l Photovoltaic modules 

It is widely believed that PV modules, if not subjected to mechanical 

damage, have a long useful life expectancy. For accounting purposes, 

the life expectancy is often rated at 20 or 25 years. This is largely 

a notional figure. As new technology, field experience is not to hand 

to provide representative estimates of the productive lifetime of 

photovoltaic modules. 

An average rate of module degradation is implied in the assumptions of 

some systems sizing procedures, which allow for an average lifetime 

degradation of 10% in module performance in the sizing calculations. 

Certain module manufacturers also guarantee that their modules will 

deliver within 90% of their rated power, over a specified lifetime. 
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Mechanical damage to the modules can of course impair their 

performance, or necessitate replacement if severe. The most likely 

cause of such mechanical damage in the I3ophuthatswanan schools 

television context would be damage to the laminate from stones thrown 

at the array. This could happen accidentally or could be a deliberate 

act, and to date- such damage has determined the replacement rate of 

modules, rather than any detected inherent failures. 

Impact from a f 1 ying stone can cause crazing of the laminate, in 

itself not of serious implication; but if the laminate is 

sufficiently damaged to allow rain to enter, then cell junctions 

can deteriorate and there is a possibility of short circuits, leading 

to cell burn-outs. 

3.3.2 Batteries 

The batteries, in a stand-alone photovoltaic system with battery 

storage, are regarded as the major replacement cost during a system's 

lifetime, since the cycle life of batteries is limited. 

Cycle life, for a given model of lead-acid battery, depends on 

the depth of cycling, and on battery operating temperatures. In a 

system environment where regular cycling is demanded, cycle life is 

likely to determine the useful lifetime of the batteries, provided a 

well regulated charging regime is maintained. 

If a breakdown in the charge/discharge regime occurs, then premature 

damage could result, due to prolong~d overcharging or undercharging. 

In this case, battery reliability would be jeopardised by failures of 

other components. For example, a failure in the Energy Management 

Unit of the present system can result in unregulated connection 

between array and battery. Such a fault was observed at the 

monitoring site in November 1986, following lightning damage, and 

battery charge voltages subsequently rose above 30 volts at times. 

No observable damage was caused, since the period before detection was 

less than a week. If however such high charging voltages continued 

for months, one would expect increased corrosion of the positive 

plates, higher battery operating temperatures, and consequently a 

decreased useful battery lifetime. 
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Under normal regulated conditions, the relationship between depth of 

cycling and expected battery cycle life is illustrated by the 

following figures, from Delco manufacturers' specifications. 

For Delco 2000 Solar batteries. 

Operating temperature: not specified . 

. Cycle depth 

(% of rated capacity) 

5% 

10% 

15% 

20% 

30% 

50% 

Cycle lifetime 

(number of cycles) 

> 4000 

2000 

1300 

850 

500 

270 

Source: Delco manufacturers' specifications. 

Note: It is common practice to judge the end of a 

battery's lifetime as the point where its available 

capacity has declined to 80% of initial rated 

capacity. The cycle lifetime figures provided here, 

however, use a different assumption, namely that 

battery life has ended when battery capacity has 

declined to 50% of original capacity. 

It is clear that battery lifetime will be extended if the depth of 

cycles is restricted. This means that, for a given cyclic energy 

demand, there is a trade-off between rated battery capacity and 

expected battery lifetime, since a larger storage capacity implies 

cycles of less depth. 

In photovoltaic appl.ications, however, actual depths of discharge are 

expected to be highly variable, according to climatic conditions, and 

the estimation of expected lifetime becomes complex. !n Section 2.2 

above, it was estimated that the charge control settings permit up to 

70% depths of discharge of the batteries .in the system. However, 

this depth may be very rarely (if ever) reached, and average depths of 

discharge may be small enouh to indicate a long battery cycle 

lifetime. 
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Calculations, based on monitored data, are provided in Chapter 5 and 

Appendix B3. These indicate that with a steady daily load of about 

370 Wh/day, and climatic conditions equivalent to those monitored in 

July, August and September, 1987, the predicted battery lifetime 

according to Delco specifications and criteria would be greater than 

5.5 years. ___, 

However, this should be a very conservative estimation of expected 

battery lifetime in typical Bophuthatswanan installations. Firstly, 

the observed climatic conditions in the months referred to above were 

considerably worse than average yearly expectations in Bophuthatswana, 

leading to deeper cycling of the batteriesJthan could typically be 

expected. Secondly, although the monitored load of 370 Wh/day in 

these months was below the.specification design load, in practice it 

is doubtful if the systems in Bophuthatswana are likely to reach such 

a level of utilisation in the foreseeable future (th~ equivalent of 

more than 8 hours operation every day). The expected average battery 

lifetime, in the absence of malfunctions, should therefore be 

considerably greater than 5 years, and possiqly closer to 10 years. 

3.3.3 Power nanagement circuitry 

This is the section of the power-supply subsystem most susceptible to 

failure, due to the complexity (large number of components) and the 

precision of design necessary to maximise efficiencies. 

There are no grounds for suspecting unreliability of any individual 

component, under normal operation. (If this were the case, components 

to higher specifications could be substituted.) But two factors lead 

to the expectation that failures would be more likely in this part of 

the system: 

1) The number of components, and their interde~ndence, indicates 

that random failure chances are increased. 

2) The design prec_ision in many instances implies a lower tolerance 

to abnormal events. For example, Schottky diodes surround the 

power FET (for low forward impedance). But they cannot protect 

against the magnitude of pulse surges caused by nearby lightning 

strikes. 
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Opinion has been expressed that simpler and more robust modes of 

charge regulation are more reliable [7], but at the expense of system 

efficiency. Further, such regulators are also no proof against 

extreme events such as lightning. 

In critical applications, such as repeater stations (where a single 

failure could bring down the whole chain) maximum safeguards against 

such events may be warranted. But in the kind of non-critical 

application exemplified by solar-powered school television, it is 

unlikely that the extra costs of maximum lightning protection would be 

justified, since the incidence of lightning-induced failures is quite 

low. The facility for rapid response to failure, and rapid repair 

time, would be more valuable and cost-effective than a system design 

aimed at protecting the electronics from such exceptional events. 

Under normal operation, the reliability of pulse width modulation 

power regulation is not established by prolonged field experience, but 

there are no obvious reasons (other than complexity) to suspect a high 

chance of failure. 

3.3.4 Applications equipnent 

No quantitative information is to hand concerning the reliability or 

expected lifetime of the television or VCR components. 

A general observation drawn from the literature on remote area 

standalone photovoltaic systems is that, compared with the established 

high availability of PV power systems (including battery storage), 

failures in applications equiµnent are a more frequent problem. For 

example, a summary of experience with 58 remote photovoltaic 

installations in 27 countries, under the NASA lewis research programme 

(Ratajczak, 1985), reported only one incidence of module failure and 

battery failure respectively since 1979, while failures in the 

applications equipment had been routinely reported - exceeded in 

frequency only by instrumentation failures. 

These observations include school televisions and VCRs, but apply to a 

much wider range of applications equiµnent, and so make a general 

point rather than one specific to television/video. Standard 
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cormnercially available items were used for applications equipnent in 

the installations monitored. The observations suggest the benefits of 

employing applications equipnent of rugged design and underline the 

advantages of the modular construction and ease of rapid repair of the 

present French television set design. 

Ratajczak (1985:7) notes that while none of the failures in 

applications equiµnent observed in the study was attributable to the 

photovoltaic power sub-system, users may misinterpret such faults and 

become mistakenly sceptical about solar generation. High quality, 

reliable applications equipment is therefore of additional importance 

in fostering rational dissemination of photovoltaic technology. 

Notes 

[l] Interview with supplier company representative, 29/10/86. 
[2] Interview with supplier company representative, 4/86. 
[3] Interview with supplier company representative, 24/11/86. 
[4] Written communication from supplier company, 28/7/87. 
[5] These points were raised by Minister Holele in response to 

critical questions in the House of Assembly (Republic of 
Bophuthatswana Assembly Debates, 1985:600). 

[6] The supplier company kindly made available their maintenance 
records for inspection. 

[7] Verbal communication, Gunter Becker, 29/10/86. 
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Chapter 4 

MONITORING METHOD 

4.1 Choice of Site, and Location 

As indicated in Chapter 1, the installation selected for performance 

monitoring was not in Bophutha tswana, but was instead in the 

Transvaal, not far to the north-east of Johannesburg. The system, the 

same as those installed in Bophuthatswana, had been installed in 

1986 as a demonstration project, with a view to interesting the South 

African Department of E'.ducation and Training in the technology. 

This installation was se!ected for monitoring primarily because of 

ease of access and frequent supervision by company personnel, who 

generously assisted with interfacing the monitoring equipment and in 

regularly exchanging the EPROMS on which monitoring data was logged. 

The school, Bluegill Waters Farm School, is situated approximately 

8 km from Jan Smuts airport, and 40 km from The south African Weather 

Bureau "Forum" weather station in Pretoria, the closest landmark being 

Eskom's Bredell sub-station. Latitude and longitude are approximately 

26 degrees South and 28 degrees West. 

4.2 Variables Recorded 

The following electrical and climatic variable~, were continuously 

monitored. Average values per period were recorded every half.:.hour. 

1 Voltage of PV array 

2 Battery voltage 

3 Current flowing into or out of battery 

4 Current flowing to load 

5 outdoor ambient tem,i:erature 
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6 Cell temperature of PV modules 

7 Global insolation received in the plane of the array 

From addition of 3 and 4 the PV array current was obtained. 

The date (Julian day) and time of each log period were also recorded. 

4.3 Instrumentation 

Temperature measurements 

The temperature sensors used to monitor ambient temperature and array 

cell temperature were IC sensors, model LM335 (National 

Semiconductor), operating on the zener breakdown voltage effect, where 

breakdown voltage is directly proportional to absolute temperature. 

The LM335 is designed for an operating temperature range of -10 to 

+100 degrees c., with a typical mid-range accuracy of 0.5 degrees C. 

calibration was conducted at sea level in ice and boiling water, and 

checked on site against a thermocouple probe. 

For measuring ambient temperature, a sensor was suspended in the shade 

below the PV array. For measuring array cell temperature, 

thermocouple readings were first taken at different points at the back 

of the modules to establish temperature distributions (maximum 

measured differences less than 1.2 degrees C.) and then a point was 

selected which reflected the area average of these measurements. The 

protective layer on the back of the panels was removed at this spot 

and the sensor attached there , with a seal of epoxy. 

Insolation measurement 

A LI-COR pyranometer sensor, model LI-200SZ-05 (S/N PY7653), was 

attached to the frame between the two PV modules to measure insolation 

received in the plane of the array (POA). This sensor had been 

calibrated by LI-COR, Ltd against an Eppley Precision Spectral 
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Pyranometer in November 1985 under natural daylight conditions. 

Maximum absolute error is specified as±. 5%, with + 3% typical. 

Using a silicon photocell, the spectral response of this model of 

sensor is not ideal (it is classed as a Class 2 pyranometer by the 

World Meteorological Organisation) but has been rated similar to Class 

1 thermopile pyranometers for measuring natural unobstructed daylight 

conditions (Flowers, 1978). It carries the advantage, in some 

respects, of having a similar spectral response·to that of the 

photovoltaic modules, and a further advantage of suffering no error 

due to tilted mounting. (Tilt-mount error is distinguished from tilt

radiance error, the former denoting errors arising from the physical 

orientation of the sensor, the latter denoting errors attributable to 

the incidence angle of received radiation). However, problems were 

experienced in the use of this sensor, which are discussed in Section 

4.4 and in Chapter 6. 

The silicon cell of the sensor generates a current proportional to 

insolation, in this case calibrated as 54.2 microamps per 1000 

watts/square metre. Linearity errors are stated as less than 1% over 

seven decades, but temperature error can be more than 0.1 % per degree 

C. (say up to 2% in on-site oi;::ierating conditions). Typical tilt-

' radiance error is specified as less than 5% at an incidence angle of 

80 degrees, but this error (also referred to as cosine error) vas 

found to exceed the specifications, as described below. 

As with the temperature sensors, the pyranometer was connected to a 

signal conditioning interface inside the school by means of screened 

signal cable. 

current measurements 

The current flowing into or out of the battery and the current flowing 

to load were monitored by measuring the voltage drop across current 

shunts, inserted in the circuitry at points shown in Figure 4.1. 

The shunts were rated for a voltage drop of 50 rnV at a current of 6 

amps. 
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The power dissipated by one of these shunts is calculated at just over 

0.1 % of the power measured, so as to be effectively transparent. 

Voltage measurements 

Voltages were taken at points in the circuitry shown in Figure 4.1 and 

communicated directly to the signal conditioning interface. 

1 
E.M.U. 

A. Battery Voltage: dV[ S - 6 I 
B. Array Voltage: dV[ S - 6 l • dV[ 1 - 3 l 
C. Battery Current: dV[ 2 - 3 I I Re 
D. Load current: dV[ 4 - 2 I I Re 
E. Array Current: • C • D 

2 Shunt 4 

Rs 

- BATTERIES 

5 

TV & 
VIDEO 

FIGURE 4.1 Scheuatic of current and voltage measuring points 

in the system circuitry. 
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Data logger 

Before describing the design of the signal conditioning interface, it 

is desirable to describe the data logger used in the monitoring 

process. A model MCS 120 data logger was employed, providing eight 

analog input channels, sampled instantaneously in sequence once a 

minute under control of a menu-prograrrunable microprocessor. 

Each channel can be prograrmned as to the treatment of input signals 

before they are logged: in this exercise, an average of sampled 

values over the logging period was recorded for all variables. Each 

channel is assigned to one or two settable logging periods. In this 

instance, all variables were logged at 30 minute intervals. 

Selectable measurement ranges are offered for analog input signals. 

For all variables except insolation measurement, the highest range 

(0 - 2500 mV) v.as used, to provide maximum accuracy, specified as 

_!0.2% .:!:: 1 count for this measurement range. The amplified signal from 

the pyranometer was entered at a lower range, 0 - 250 mv, with a 

corresponding specified accuracy of ±0.2% + 2 counts. 

Logged data was recorded on "memory modules" - exchangeable EPROMS 

with 128 kilobit capacity (allowing about three weeks' .logging per 

EPROM). 

The mode of operation of the data logger proved of some significance. 

Measurement of the input signal, on each channel, is achieved by 

charging a capacitor prior to measurement, then discharging it to the 

point where its voltage is equal to the voltage of the input signal. 

The time-span of such discharge is then converted to a digitalised 

voltage reading. This means that there is no integration of input 

signals, such as would be achieved with dual-slope integration 

circuitry. For steady or slowly changing signals, eg. from 

temperature sensors, this does not present a problem; but for any 

oscillating signal, the point at which the waveform was struck was 

variable, leading to unstable readings. 

Secondly, arising from this design, any negative input voltage failed 

to be equalled during the capacitor's discharge period, resu1 ting not 
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only in errors in that particular channel, but a cascade of errors in 

subsequent channels. 

The purposes of the signal conditioning interface therefore included 

the following: 

Accurate amplification of sensor signals to attain the 0-2500 mV 

range of the data logger 

Buffered voltage offsets, where necessary, to avoid negative 

inputs to the data logger 

Integration of oscillating signals (caused by the FET regulator) 

by means of low-pass filters 

Signal conditioning interface 

Since it was impractical to measure currents in the negative rail of 

the system, as a consequence of its modular construction, the signal 

conditioning interface and data logger were grounded at the positive 

terminal of the system's batteries. (The data logger and interface 

had their own dry cell power supplies.) This reduced the common mode 

.component in taking differential voltage measurements across the 

current shunts. 

After information was obtained about the voltage waveform after the 

FET in the Energy Management Unit, a chopper regulator was constructed 

at the Energy Research Institute and the system emulated, with 

connections to a photovoltaic panel, batteries and various loads, to 

investigate waveforms and power factors with an oscilloscope. This 

emulation revealed ripple components in the waveforms at salient 

points in the system, but no observable leads or lags. It was 

therefore decided to filter a number of the electrical measurements, 

and to assume unity power factors at points of measurement. 

The interface was designed on standard principles of instrumentation 

amplification, principally by Chris Wosniak, an electronics engineer 

at the Energy Research Institute. The design inputs to and outputs 

from the interface, and intervening treatment, are summarised in 

Appendix B4, while the circuit diagrams appear in Appendix BS. 
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4.4 Procedure 

Data capture, transfer and inspection 

At regular intervals, company personnel removed and replaced the EPROM 

in the data logger, posting the one containing data to cape Town. 

This data was then uploaded into a PC, using an MCS memory module 

reader in conjunction with the emulation software PC-VT. 

The ASCII data file was then imported into a Lotus spreadsheet, where 

macros eliminated redundant information, such as channel numbers, and 

formatted the data for convenient inspection. 

Spreadsheet files were retained for aspects of analysis easily handled 

by Lotus capabilities. Formatted data was also "exported" into ASCII 

files for transfer to the mainframe, using Kermit software. 

Before analysis, initial inspection of the Clata received revealed 

a) very low levels of load usage in initial months 

b) a sequence of failures in data capture from January to May, 1987 

Controlling the load 

Al though the intention had been to conduct a "natural" study of a 

system under normal on-site conditions of usage, this was not a 

profitable approach in this instance. Partly because the monitored 

system was a demonstration project, and not integrated into an 

educational television programme, spontaneous utilisation of the 

television and video facility at Bluegill Waters school was very low. 

(Judging by opinions of educationists interviewed in Bophuthatswana, 

the same problem of under-utilisation would have been likely at a 

Bophutha tswanan rnoni toring site, if to a lesser degree.) 

This posed a problem for monitoring system performance, since the 

capacity of the system would never be stretched, and a small range in 

values for important variables would limit the scope for analysis. 
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It was therefore decided to manipulate the "usage" of the system, by 

automatically turning on the television each day for a period during 

the afternoon (a day-time load) and again in the evening. This was 

first attempted in June 1987, but interference occured between the 

timing circuit and the monitoring circuitry. The cause of the problem 

was identified and resolved in mid-July. From 19 July onwards, the 

system was set to run a daily television load of approximately eight

and-a-half hours, spread between daylight hours and darkness, at an 

average energy consumption of about 370 Wh/day. 

Hardware failures 

The lag and turnaround time in making recorded data available for 

scrutiny in cape Town provided opportunities for hardware failures to 

persist uncorrected for weeks at a time. Except where faulty 

operation was already suspected, EPROMS remained in position for three 

weeks. Postage and uploading took further time, followed by diagnosis 

de·lay, and repair time. During the first half of 1987, successive 

overlapping hardware failures produced a sustained gap in valid data 

collection. Table 4.1 summarises the extent of valid data collected, 

and reasons for failures. 

Despite the gaps in data retrieval, the monitoring produced more than 

21 000 valid datapoints for analysis. 

Specific instrumentation problems are discussed in Section 4.5~ 

Analysing data 

Most statistical analysis of the data has been performed with the aid 

of the BMDP statistical package on a Sperry mainframe. 

Analysis was preceeded by systematic data screening, detecting error 

values and outliers. In a small minority of cases, error values could 

be replaced by interpolation. Otherwise they were recoded as missing 

values, and treated accordingly in the analyses. 
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4.5 Specific Instrunentation Problems 

Array voltage, current and power 

The presence of the pulse-width-modulating Energy Management Unit 

(EMU) complicated the measurement of array. output. Time-integrated 

measurements of array voltage and current were taken. The 

multiplication of these measurements does not always yield the power 

output from the array. When the EMU is fulfilling a power-limiting 

function (ie. when batteries are approaching full charge) the 

switching action of the EMU has the following effect on time

integrated measurements: 

(a) Array voltage is pulsed between the battery charging voltage 

(switch closed) and the array open-circuit voltage (switch open), 

with the time-integrated voltage measurement representing the 

average value determined by the duty cycle. 

(b) Array current is pulsed between charging current (switch closed) 

and zero current (switch open), with the time-integrated current 

measurement again representing the average value determined by 

the duty cycle. 

Under these conditions, the multiplication of measured volts and 

measured amps will be greater than the actual array power. This is 

because for the portion of the cycle where current is zero, no energy 

is transmitted. The actual power is the array voltage times the array 

current while the switch is closed, multiplied by the fraction of time 

the switch is closed, which is not the same as the multiplication of 

time-integrated voltage and current. 

The impact of this feature of the instrumentation is discussed in 

the context of data interpretation in Section 5.2.6 below. The 

limitations could have been avoided through conducting a separate 

power measurement, passing voltage and current signals through a 

multiplier circuit before integration. However, for present purposes 

the problem is of minor importance since array performance under 

charge-limiting conditions is of considerably less significance than 

behaviour under full demand conditions, where the discrepancy between 

measured and actual power effectively falls away. 
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PV module cell temperature measurement 

Less confidence is placed in this measurement owing to the placement 

of the sensor. It was not possible to make non-destructive 

measurement on the exposed surface of the silicon cells, ana the 

attachment to the rear surface could have lea to lower cell 

temperature measurements, despite the substantial insulation around 

the sensor. 

Insolation measurements 

The most serious instrumentation problem arose through the performance 

of the Li-Cor pyranometer. Discrepancies between recorded insolation, 

ana expected insolation (with expectations based on weather-station 

insolation records from Pretoria, 40 km away), are analysed in detail 

in Chapter 6. Since insolation measurements are central in the 

analysis of system efficiencies, an attempt to identify the source of 

th~ discrepancies, ana to make corrections for identified errors, has 

.been made. 

Uncertainties in insolation measurement also predominate over 

estimated uncertainties in other measurements, so attention has been 

given to assessing the remaining uncertainties in insolation 

measurement, after corrections. 

Briefly, the Li-Cor pyranometer was found to exhibit substantial tilt

radiance or cosine error, when compared with readings from Kipp and 

Zonen thermopile solarimeters. It was possible to make calculated 

corrections for this error component, since it tested as a linear 

function of incidence- angle. 

Secondly, aaaea to the tilt-radiance error, it appeared from 

supplementary tests that the spectral selectivity of the Li-Cor 

instrument contributed to the discrepancies. It was not possible to 

correct for this factor. In a way, the Li-Cor measurements in this 

respect may provide a "truer" record of irradiance available to the 

photovoltaic modules, since measurements reflect the spectral response 

of silicon cells. However, weather station records are based on 

thermopile instruments wfth a broader spectral response, and 
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photovoltaic sizing procedures are often based on weather station 

inSOla ti On aa ta I SO the discrepancies a ttribUta.ble tO Spectra 1 

selectivity are of significance. 

These issues are ta.ken up in Chapters 6 and 7. 

In a system performance monitoring exercise such as the present study, 

there is no clearly preferable alternative to using silicon cell 

pyranometers for insolation measurement. It is desirable to measure 

irradiance received in the plane of the array, which implies tilted 

mounting of the instrument, a source of uncertainty in thermopile 

solarimeters, which are partly dependent on convection within their 

sealed domes. Thermopile instruments are also less robust. 

However it would be advisable in similar studies to establish .first 

the reliability of specifications for the accuracy of a particular 

sensor, and to assess the likely impact of spectral variations in 

irradiance. 

4.6 SUpplementary Tests 

Suspected errors in insolation measurement, and inability to obtain 

reliable specifications for PV module performance, led to 

supplementary tests, designed to supply information not obtained 

through continuous monitoring of system performance. 

Insolation measurement 

Readings from the Li-Cor pyranometer were compared with readings from 

a Kipp and Zonen thermopile solarimeter, at three locations (including 

the monitoring site), for varying angles of incidence of the direct 

beam, and for varying positions of the sun in the sky. The results of 

these tests are included in Chapter 6, while the method is detailed in 

Appendix Bl. 
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PV array output characteristics 

The current-voltage output characteristics of the array were tested 

under natural skylight conditions, in July 1988, at the monitoring 

site. The method employed, and the results of these tests, are 

discussed in Chapter 7, where the derived array IV characteristics are 

com_pared with the performance specifications supplied by the 

manufacturers. 
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Chapter 5 

OBSERVED SYSTEM PERFORMANCE 

This chapter illustrates and provides statistical summaries of the 

data obtained during the monitoring period. The purpose is 

princip'3.l ly one of description. System performance is described here 

in terms of single monitored variables, or simple combinations of 

variables. System efficiencies, and other multivariate aspects of 

system performance, are taken up in Chapter 8. 

5.1 An Illustration of Daily Performance 

Firstly, to illustrate the behaviour and interaction of the variables 

which were used to monitor system performance, data from two days' 

records are depicted in Figure 5.1. 

The two consecutive days selected for this (September 17 and 18, 1987) 

are not intended to signify representative system states, but rather 

they have been chosen because they show a range of climatic and system 

states useful for illustrating features of system performance. 

In each graph, the common horizontal axis represents the progression 

of half-hourly data loggings, between 00h00 17 September and 24h00 18 

September. 

Inspection of Figure 5.l(a) shows the daily profile of insolation _ 

received on the plane of the array. The first day was intermittently 

cloudy, while the second day shows the typical sinusoidal profile of a 

clear day. September 17 was in fact the last in a sequence of cloudy 

days, with the result that the batteries were below full charge: 

September 18 thus shows "recovery" conditions, where the array power 

from a cloudless sky is used to bring up the state of charge of the 

batteries, in addition to powering the load. 

Figure 5.l(b) shows the temperature variations accom}?3.nying these 

climatic conditions. As expected, ambient temperature tends to follow 

insolation during the day, at a slight lag, and falls during the night 
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until early morning. The array cell temperature follows the 

insolation profile even more closely and directly, reaching maxima of 

31 to 32 degrees C just after midday. At night, (though this is not 

of interest to system performance) the cell temperature cools to 

temperatures below ambient, an effect presumably accentuated by 

moisture and wind. 

Other factors being equal, cell temperature is a determinant of array 

voltage - the array short-circuit voltage fa 11 ing with increases in 

cell temperature. However, in Figure 5.l(c) this effect is masked by 

the dominant influence of other factors. Variations in insolation, 

battery state of charge and load demand account for most of the 

variation in observed array voltage. At times of re la ti vely low 

insolation, and high current demand, the operating voltage of the 

array is brought closer to that of the batteries (point A)~ while at 

higher insolation levels (point C), where the batteries are 

approaching full charge, the system presents a higher input impedance. 

Array voltage rises and array current falls. The troughs in array 

voltage between 13h00 and 16h00 each day (Points Band D) correspond 

with the switching in of the television load: the higher current 

acceptance then brings down the array voltage slightly. 

Array output current is shown in Figure 5.l(d). On 17 September it 

can be seen that array current closely follows the insolation profile. 

This is because the batteries are not at full charge, so that 

available array current (primarily a function of POA insolation) is 

accepted. On 18 September the picture is different. Between 09h00 

and 13h00 (Points A and B) the array current falls sharply and 

steadily, despite the increasing insolation. This is because the 

batteries are approaching full charge. The battery resistance is 

increasing and the charge regulator is limiting transmission to the 

batteries. When the television load is switched in (Point C), the 

array current returns to .higher levels (above 2 amps). 

Array current is the sum of current flowing into the battery and 

current flowing to the load (plus about 30 to 50 mA, drawn by the 

electronics of the Ener~y Management Unit). These components are 

shown in Figure 5.l(e). 
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The television is timed to switch on at approximately 13h00 each day, 

and again at 18h00 in the evening. (The approximation arises because 

of possible differences between the syste~'s clock and the data 

logger's clock). From the logged data, it is impossible to judge 

accurately the times of switching, or the exact duration of the load, 

since logged values are half-hourly averages. The afternoon load 

session is about three hours, and the evening load session is about 

5.5 hours. These uncertainties are not important, since total load 

energy consumption is computed from the half-hourly averages, while 

average load power can be obtained from those readings (for load amps 

and battery volts) where the load is steadily on throughout the log 

periods. Combining these calculations, the durations of loads on 

September 17 and 18 are estimated as 

Daytime load Night load Total 

Sept 17 Energy consumed 132.39 232.82 365.11 Wh 

Average power 43.89 42.87 Watts 

Duration of 3.02 5.43 8.45 hours 

load --------
Sept 18 Energy consumed 129.21 227.76 356.97 Wh 

Average power 42.73 42.02 Watts 

·Duration of 3.02 5.42 8.44 hours 

load ---------------------

It will be noted from these figures, and from inspection of the load 

currents displayed in Figure 5.l(e), that there are differences 

between daytime and night-time operation, with respect to load 

currents and average power consumptions. This is because the source , 

voltages are generally different. During the day, if there is more 

than enough array power to supply the load, the voltage supplied to 

load is the battery terminal voltage under charge, which is higher 

than the night-time battery terminal voltage under discharge. The 

load, in turn, has downline voltage regulation, so more power is 

consumed/dissipated when the load supply voltage is higher. 

More broadly, Figure 5.l(e) shows how, under this load regime, array 

power gaes towards charging the batteries during the morning (Areas A 

and B), while at night the load current 1s obtained from an equiva~ent 

battery discharge (Areas C and D). 

5.6 



During the period of daytime load, the division of power between 

battery and load depends on the insolation and state of charge of the 

batteries. For example, at Point E on September 17 there was 

insufficient insolation to po~r the load. The deficit was supplied 

by battery discharge. But on September 18 in Area F of the graph, 

battery charging continues steadily during the daytime load period, 

reflecting the high insolation levels. 

Finally, at Point G in Figure 5.l(e) there is a sharp decline in 

battery charging current.· This is because the batteries are 

approaching full charge, and the Energy Management Unit is 

progressively limiting the power transmitted to the batteries. 

Fluctuations in battery voltage, over these two days, are expanded in 

Figure 5.l(f). Battery state o'f charge is the single best indicator 

of state of system from day to day. A declining state of charge 

indicates that more energy has been consumed than produced. 

Unfortunately, battery terminal voltage is not directly convertible 

into battery state of charge, firstly because of the differences 

between terminal voltage under charge, under discharge, and in open 

circuit; and secondly because battery temperature affects the 

relationship between open-circuit terminal voltage and available 

capacity. Assuming the second .effect is minor, over a limited period, 

then the best indicator of battery state of charge at the end of each 

day is the night-time voltage, after midnight, when there is no load 

on the batteries (except the 30 to 50 rnA current draw of the sleepless 

electronics). 

This battery voltage is referred to .in following pages as the 

"midnight open-circuit battery voltage" (in fact, values are taken 

some time after midnight, when the battery rest voltage has 

stabilised). Figure 5.l(f) shows that at the start of 17 September, 

this voltage was about 25.14 vol ts. Between 17 and 18 September (Area 

A on graph) it had risen to'about 25.22 volts ·- a net gain in energy 

for the day - while at the end of 18 September (out of picture) the 

rest voltage had risen to 25.45 vol ts. 

According to battery specifications, full charge is associated with an 

open-circuit voltage of 25.5 vol ts at 27 degrees c. e.lectrolyte 

temperature. 
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5.2 Statistical Surmnary of Monitored Variables 

The purpose of monitoring a photovoltaic system over an extended 

period is to investigate system performance in a range of climatic and 

operating conditions. Data for the entire monitoring period are now 

presented, statistically summarised. (The periods of successful data 

acquisition were detailed earlier, in Table 4.1). 

What follows is a summary of single monitored variables, or simple 

combinations of variables. Relationships between the variables, which 

are of analytical interest, are discussed in subsequent sections. 

The aim of the statistical summaries is to reflect the central 

tendencies and the variations in the monitored data with economy of 

detail. Where appropriate, cumulative frequency distributions are 

chosen as the method of summarising variables with values dispersed 

over time periods. They minimise data degradation, representing the 

frequency of all recorded values, and marginalise outlier errors. 

CLIMATIC VARIABLES 

5.2.l Plane of array insolation 

The recorded plane of array (POA) insolation is summarised in Table 

5.1. (Note that this is a summary of raw data values, before any 

calcula tea corrections.) 

The observed daily means for each month except December 1986 are 

considerably below what could be expected on the basis of long-term 

weather-station records. Factors contributing to this include site

specific factor~ (such as partial shading of the array), exceptiona:)..ly 

adverse weather in the month of September~ and pyranometer error, as 

discussed in Chapter 6 below. 

The summaries of raw data for recorded POA insola tion are included 

here in preparation for that discussion, but also to show the· 

distribution of irradiance in those months as "seen" by the silicon 

cell pyranorneter, incorporating for instance a spectral response 

taken to be comparable with that of the PV modules. 
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TABLE 5.1 Observed I:a.ily POA Insolation (Wh/sq.m/day), by Month 

Mean 

Maximum 

Minimum 

S.D. 

f (days/month) 

Jun 

87 

3876 

4233 

1706 

675 

20 

----

Jul 

87 

5092 

5761 

4359 

385 

12 

Figure 5.2 provides a cumulative 

insolation, as recorded, for all 

Aug 

87 

5116 

6204 

1563 

1065 

22 

Sep 

87 

4675 

6587 

908 

1971 

25 

Nov 

86 

4500 

7221 

161 

1903 

21 

Dec 

86 

5500 

7016 

3104 

1156 

21 

---------·-------

frequency distribution for daily POA 

the months above~ This enables one 

to see what percentage of days fell below any selected insolation 

level, over the monitoring period. For example, on roughly 10% of 

recorded days, the recorded l?OA insolation was beiow 3000 Wh/sq.m/day. 

8 

7 

,.... 
>.. 
0 
'tl 6 

' E 
tT 
i'l 

5 ' .c ,,..._ 
~ i'l 
'-' 't1 

!: 
!: 0 
0 ., 4 
~g 
0 i= 
0....,,. 

£ 3 

~ 
ll. 

~ 2 
0 
Cl 

I 
J 

I/ 
0 

0 

FIGURE 5.2 

POA Insolation 
Jun Jut 1v.J9 87, New Dec 86 

~~ 
L/ 

L---'" 
i.---

----.... 
/ 

l__,-/ 

_/ 
/ 

20 40 eo 

Cumulative percentage of days 

Cumulative frequency distribution of recorded 

daily·plane of array insolation 

5.9 

,I 

100 



5.2.2 Ambient temperature 

Recorded ambient temperatures are summarised in Tables 5.2 and 5.3. 

The secon~ table presents temperatures during daylight hours only, 

since only these affect module performance. 

TABLE 5.2 Observed Ant>ient Temperatures {degrees c.) by Month 

Mean 

Maximum 

Minimum 

S.D. 

f (logs/month) 

Note: 

Jun 

87 

(10.2) 

25.2 

(-0.9) 

7.3 

776 

Jul 

87 

(8.8) 

25.6 

(-8.0) 

8.3 

582 

----

Aug 

87 

12.1 

29.9 

(0.4) 

7.4 

963 

Sep 

87 

14.7 

33.4 

1.6 

6.6 

1413 

------

Nov 

86 

18.0 

32.6 

5.0 

5.8 

1018 

Dec 

86 

20.7 

36.l 

8.1 

6.1 

1070 

--------
Figures in parentheses may be unreliable due to 

instrumentation errors at very low temperatures. 

TABLE 5.3 Observed Iaytirne Ambient Temperatures (degrees C.) 

by Month 

Mean 

Maximum 

Minimum 

S.D. 

f (logs/month) 

Note: 

Jun 

87 

17.0 

25.2 

2.4 

4.9 

337 

Jul 

87 

12.9 

25.6 

(-8.0) 

9.7 

278 

Aug 

87 

18.8 

29.9 

4.5 

5.0 

406 

Sep 

87 

20.6 

33.4 

7.0 

5.5 

518 

Nov 

86 

22.6 

32.6 

7.7 

5.1 

426 

Dec 

86 

25.3 

36.l 

11.3 

5.1 

502 

-------------
Figures in parentheses may be unreliable due to 

instrumentation errors at very low temperatures. 
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SYSTm VARIABLES 

5.2.3 Load energy and power 

Load energy, obtained from the time integral of battery voltage 

multiplied by load current, is summarised in Table 5.4. It is clear 

that prior to the automatic controlling of the load, from 19 July 1987 

onwards, spontaneous usage of the television and VCR was very low. 

TABLE 5.4 Iaily Load Energy Consumption (Wh/day), by Month 

Jun 

87 

Jul 

87 

Aug 

87 

Sep 

87 

Nov 

86 

Dec 

86 

--~-------------------------

Mean 16 372 378 362 33 1 

Maximum 219 389 423 400 157 12 

Minimum 0 267 357 345 0 0 

S.D. 52 36 15 14 52 3 

f (days/month) 21 11 19 .22 20 23 

----------- ---·------*--~ -----
As mentioned earlier, the power consumption of the television set 

varied somewhat according to fluctuations in battery voltage, the 

principle differences occurring between daytime and night-time 

operation. Using data from August and September 1986, the power 

consumption of the television set (without VCR) v.e.s: 

Daytime operation 

Mean 44.3 W 

S.D. 1.64 W 

Night-time operation 

Mean 43.0 W 

S.D. 2.17 W 

If batteries were depleted to 24 volts (discharge voltage) or below, 

then night-time consumption would be expected to fall to a mean of 

about 41 w, by these measurements. 
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Usage of the television monitor plus VCR was infrequent, and seldom 

extended through an entire logging period, so valid measurements for 

the power consumption of television and VCR combined were sparse. 

They ranged from 49.5 to 50.6 Watts for VCR and monitor combined. 

These were all daytime readings. At night, or under low insolation 

and lower battery termina 1 voltage, the equivalent power consumption 

would be slightly less than this range indicates. 

5.2.4 Battery voltage 

Since battery voltage is the single best indicator of state of system, 

daily values throughout the monitoring period are depicted in Figures 

5.3 and 5.4. 

The central variable in these graphs is the "midnight open-circuit 

voltage" of the batteries, corresponding to a time of day where the 

current draw on the batteries is so low (milliamps) that the readings 

closely approximate open-circuit terminal voltage, and hence indicate 

the batterie~' state of charge,·after a full ~ts operation. 

The daily maximum battery voltage is the battery terminal voltage 

under charge conditions, and thus reflects specific combinations of 

insolation and load demand, superimposed on battery soc. 

The daily minimum battery voltage is also shown, in Figure 5.3. This 

occurs typically under discharge conditions at night, if there is a 

night-time load. This minimum value is then reduced below the open

circuit voltage of the battery due to the voltage drop over the 

batteries' internal resistance during discharge. The daily minimum 

battery voltage is not shown in Figure 5.4 because in the absence of 

night-time loads during this period it coincided closely with the 

midnight open-circuit voltage. 

Figure 5.3 illustrates a period when the average daily load energy 

(from 19 July onwards) was 370 Wh/day. This period includes days 

where there is a net energy deficit, and battery voltage falls. The 

lowest open-circuit battery voltage in this period was 25.0 vol ts. 
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Figure 5.4 illustrates periods where load energy demand was sporadic 

and low. Battery state o~ charge is predictably stable. Of some 

interest is the period 6 - 12 November 1986. Here. the Energy 

Management Unit had failed, apparently as a result of lightning 

damage, and subsequent to this the daytime charging voltage of the 

batteries was unregulated. However, despite the notable increases in 

rnaximt.nn battery voltage during the day, midnight open-circuit voltage 

remains quite steady. 

It is worth noting., however, that the charge voltages attained during 

the time of this regulator failure exceed the recommended float-charge 

voltage for these batteries (between 28 and 29 volts, in this 

temperature range) by a small amount. A short term failure should not 

cause damage, but long term unregulated charging would diminish 

battery life. 
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Figure 5.5 provides a cumulative frequency distribution of battery 

voltage for the period in July-September 1987, when there was a steady 

controlled daily load, through variable weather conditions. In this 

graph, "midnight open-circuit voltage" has been converted to battery 

state of charge, using manufacturer~' specifications and estimated 

adjustments for battery temperature. The vertical axis measures the 

daily maximum depth of discharge of the batteries, as a percentage of 

their rated capacity, while the horizontal axis sets out the cumula

tive relative frequency distribution of daily readings. For example, 

it is seen that for almost 50% of the days in this period the maximum 

depth of discharge of the batteries was less than 5% of the batteriesi 

rated capacity (range A to B on the graph). Over the worst 10% of 

days, the maximum DOD was between 17% and 25% of rated battery capaci

ty (range c to D on the graph). The expected battery lifetime corres

ponding to such a usage profile has been estimated from manufacturer's 

product information (see Appendix B3 for method). The results were 

presented earlier in section 3.3.2, with qualifications attached. 
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5.2.5 Battery currents 

During night-time operation, battery discharge current is the same as 

the current flowing to load. In daylight hours, the batteries receive 

a charging current from the array, if sufficient power is available. 

At times when the load is on during the day, the battery current may 

be positive (charging) or negative (discharging), dependent on whether 

array power is more than enough to supply the load demand. 

When charging, the charge current depends on available array power and 

also the batterie~' state of charge, since the charge regulator cuts 

back power acceptance as the batteries approach full charge. This is 

why in Table 5.5, which sunmarises battery currents recorded during 

daylight hours, the monthly means are low for those months in which 

there was a very low load energy demand. For these months, the 

batteries were nearly alv.e.ys at ful 1 charge. 

TABLE 5.5 CUrrent to Batteries (Amps) During Daylight Hours. 

Jun Jul Aug Sep Nov Dec 

87 87 87 87 86 86 

---- --------
Mean 0.20 1.13 1.12 1.04 0.15 0.08 

Maximtnn 2.47 2.80 3.64 3.33 0.86 0.38 

Minimum 0.02 0.04 -1.02 -1.16 -0.55 0.00 

S.D. 0.28 0.76 0.87 0.90 0.18 0.06 

f (logs/month) 337 219 404 518 426 502 

-------- -----
Note: Negative values indicate daytime discharge 

Figure 5.6 shows the energy flows to and from the batteries, each 

month. The ratio of discharge energy to charge energy gives a rough 

indication of the gross energy efficiency of the battery storage under 

these opera ting conditions. 
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FIGURE 5.6 Avera9e Monthly Battery Energy Flows 

In the months November and D:cernber 1986, and June 1987, the mean 

daily energy flows to and from the batteries are low, as a consequence 

of insignificant load demand. The gross battery energy efficiencies 

are also seen to be low, with the following approximate values: 

November 86 

December 86 

June 87 

Mean battery energy efficiency 

( = mean discharge energy I mean charge energy ) 

0.40 

0.59 

0.50 

These low efficiencies merely indicate that the batteries were 

generally sitting at or near full charge, accepting a slow trickle 

charge, ana were seldom discharged to load. 

In the months July to September 1987, with an average daily load of 

370 Wh/day, and variable weather, battery storage played a more active 

part in the system, supplying the nightly load and balancing out 
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occasional daily energy deficits. 

TABLE 5.6 Battery Energy supply to Load and Battery Energy 

Efficiency, JW.y to September 1987. 

Mean daily energy calculated mean battery 

supplied to load energy efficiency 

---------- -----------------
July 87 255 Wh/day 0.92 

August 87 252 Wh/day 0.90 

September 87 275 Wh/day 0.92 

--- -------------
The calculated values for mean battery energy efficiency must be 

treated with caution, since small errors (milliamps) in recording load 

and battery currents can affect the fine balance between charge and 

discharge energy flows. The monitoring data do not provide for 

precise measurements of battery energy efficiencies, and the figures 

above should be regarded as indicative. 

5.2.6 Photovoltaic array voltage and current 

A univariate statistical summary of observed array voltages is 

difficult to interpret, because array operating voltage is a function 

of insolation levels, cell temperatures, and the effective load as 

seen by the array. The effective load, in turn, is a function of the 

applications load, battery state of charge, and Energy Management Unit 

behaviour. Variations in array voltage are therefore due to the 

interaction of many variables. 

Recorded array voltages during daylight hours (POA insolation above 50 

Watts/sq.m) were as· surmnarised in Table 5. 7. 
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TABLE 5.7 Observed Array Voltages, Daylight Hours. 

Mean S.D. Recorded maximum 

-------- ----------· -
Nov86 34.8 2.14 37.7 

Dec86 35.0 2.06 37.7 

Jun87 35.1 4.23 39.3 

Jul87 30.8 2.41 35.8 

Aug87 30.3 2.41 35.1 

Sep87 29.5 2.43 35.2 

-------- ----------

The high variance in recorded levels for June is due to the high 

incidence of log periods when, at low and variable insolation levels, 

the array was not generating for the full log period, leading to 

fractional voltage recordings. For the same reason, the June mean .is 

an under-representation of typical full-log values: 36 to 38 volts, 

with no load. 

Otherwise, the variation in maxima observed between winter and summer 

(eg. between December and June, with equally low load demand) reflects 

the imi;:act of eel 1 temperature on array voltage; while the lower array 

voltage means in July, August and September reflect the impact of the 

controlled load demand on system operation during these months. 

The maxima for November and December, when insolation levels were higher 

and load demand very low, provide an indication of array voltage at 

near open-circuit conditions. The recorded operating cell 

temperatures in. the regions of these maxima (greater than 37.5 volts) 

ranged from 18 to 22 degrees c., while array currents were less than 

50 milliamps. 

The recorded cell temperatures in the region of the June maxima 

(greater than 39.0 volts) ranged from 6 to 10 degrees c., with array 

currents of less than 200 milliamps. 

A principal factor affecting array voltage is the power acceptance 

of the Energy Management Unit (which depends on load demand and 

battery state of charge). With other variables constant, increases in 
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admitted array current bring down the operating array voltage. Figure 

5.7 illustrates mean operating array voltages in different array 

current brackets, for all months, and for POA insolation levels 

greater than 150 Wh/sg.m. 

Considerable variance in the array voltages thus comp'3.rtmented is due 

to variations in insolation and cell temperature. The variance is 

indicated in the figure by curves one standard deviation away from the 

mean. 

Array Operating Voltages, by Current 
(lnsolotion > 150 Watts/sq.metre) 
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FIGURE 5.7 Array Operating Voltages, COmparbnentalised By 

Array CUrrent. 

4 

The frequency distribution of array voltages is typically bimodal, for 

months (and typical days) when there is load on the system, but when 

surplus array power is available. At times when the batteries are 

below full charge and/or the daily load is on, array voltages are 

brought down by the power demand. When batteries approach full 

charge, and there is no applications load, array voltage rises. 
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Figure 5.8 i 11 ustra tes this for the men th of September 1987, the 

month in which least surplus array power was monitored. 

Array Voltage Distribution, Sep 87 
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FIGURE 5.8 Array Voltage Distribution, September 1987 

The tail of the voltage distribution in Figure 3.12 is an indicator of 

surplus/wasted array power, since the Energy Management Unit 

restricted voltage transmission to 27.6 volts during this period. 

Supply voltages higher than this were dropped across the Energy 

Management Unit. The incidence of higher array voltages corresponds 

to available array power in excess of system energy demands. The hump 

in the distribution around 31.5 volts indicates the September modal 

array voltage in such circumstances. 

The frequency distribution of array currents is similarly bimodal. 

Figure 5.9 depicts this for all monitored months combined, for POA 

insolation levels greater than 150 W/sq.rn. For roughly 50% of the 

log periods here, array current was less than 500 milliamps, 

corresponding with lack of system energy demand. Under energy demand 

conditions, the modal array current range was between 1.5 and 2 amps. 

Array current seldom exceeded 3 amps. 
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FIGURE 5.9 Array current Distribution 

The array power, obtained through multiplying array voltage by array 

current, is shown in Figures 5.10 and 5.11, in the form of frequency 

p:::>lygons. Figure 5.10 shows those months when there was a 

controlled load, averaging 370 Wh/day for July, August and September 

combined. Figure 5.11 shows months where load demand was negligible. 

In each case, all valid log periods in which the plane 'of array 

insolation exceeded 50 W/sq.m constitute the monthly population. The 

vertical axis shows the percentage of these observations, per month, 

that corresponds with the shown levels of array power. To bring out 

the pattern of the distributions more clearly, array power levels have 

been grouped into categories of 12 Watt intervals. 

Thus it is seen that in the lean months - as far as load demand is 

concerned (Figure 5.11) - observed array power was very low indeed. 

For 99% of December observations, recorded array power was less than 

10 Watts, and only one half-hourly observation exceeded 20 Watts. A 

small minority of higher values were recorded in June and November, 
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but the pattern is-similar, with the great majority of observations 

below 20 Wat ti:;, and only one measurement exceeding 70 Watts. 

These low values are of course a result of the lack of system power 

demand, and indicate conditions where the batteries are generally at 

full charge and the Energy Management Unit is consequently limiting 

power transmission to a negligible float charge. Note that the 

measurements of array power, in these conditions, are inaccurate due 

to the chopped waveform (as mentioned earlier, in Section 4.5). The 

actual array power output would be less than the measurements 

indicate. The pattern of the distribution, however, is not 

significantly affected by this qualification. It shows the extent of 

underutilisation in these months. 

In July, August and September 1987 (Figure 5.10) it is seen that the 

modal category for .array power for all three months occurs at a 

category mid~int of 64 Watts (ie. 58 to 70 Watts). In July and 

August, more than 30% of observations occured in this range. A small 

percentage of observations exceeded 90 Watts and array power never 

exceeded 120 watts. 

Mean levels for array power, together with recorded mean FOA 

insolations and mean daily load, are shown for these months in Table 

5.8. Array power and insolation are averaged over periods where POA 

insolation was greater than 50 W/sq.m. 

·, 

The mean recorded insolation in W/sq.m has been multiplied by the area 

of the two photovoltaic mooules (1.078 sq.m * 2) to obtain the mean 

insolation on the array in Watts. 

From these figures, the mean conversion efficiencies of the 

photovoltaic array can be calculated for these months (mean array 

output power divided by mean incident insolation power, where means 

have been taken over times when POA > 50 W/sq.m). They range from 

0. 046 to 0. 054 under these opera ting and climatic conditions. 
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Effects of array energy deficits are only slowly ctnnula ti ve in a 

system, such as this, which has a high battery storage capacity· in 

relation to the daily load. Figure 5.13 includes an indication of the 

5-day rolling mean of daily array energy values~ This is seen to fall 

below 400 wh/day fo'r 9 days (8 of them in succession) and below 300 

Wh/day on one day. 

Since the system is generously designed for supporting a higher daily 

load (about 450 Wh/day) for 5 days in the absence of any insolation at 

all, the period of remarkably adverse conditions at the beginning of 

September did not pose any threat to system availability. The maximtnn 

depth of battery discharge recorded was only 25%. 

It should be pointed out that the generated array energy is not the 

same as the energy delivered to the batteries and load. When excess 

array pc)wer is available, there is a voltage drop across the Energy 

Management Unit; and there is a further energy loss when the 

applications load is powered by the batterie$, due to their imperfect 

energy efficiency. However, the difference between generated array 

energy and energy available to the load is minimised in adverse 

conditions, where excess array power is least frequent and where the 

partially depleted batteries are in their most efficient charge

discharge range. 

5.2.7 Module cell temperature 

Finally, the data for recorded module cell temperature is summarised 

in Table 5.9. Only· values for daylight hours (POA insolation greater 

than 50 watts/sq.m) have been included. 

Relationships between cell temperature and other variables are 

discussed in Chapter 8. 
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TABLE 5.9 Module Cell Temperatures (degrees C), by Month: 

Daylight Hours. 

Jun Jul Aug sep. Nov Dec 

87 87 87 87 86 86 

----- --------~----------
Mean 23.8 17.1 25.2 26.2 27.2 30.7 

Maximum 39.6 41.9 44.3 48.7 49.9 50.6 

Minimum 1.3 -7.6 -6.8 4.4 4.4 8.8 

S.D. 8.1 14.8 9.4 9.7 9.3 9.2 

f (logs/month) 337 219 404 518 426 502 

------------------·---------· -
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Chapter 6 

·.ASSF.sSMENT AND TREATMENT OF INSOLATION MEASUREMENTS 

The insolation measurements logged at the site appeared low. These 

measurements were compared with historical and concurrent solar 

radiation records from the Forum weather station in Pretoria, and 

substantial discrepancies were indicated. This chapter describes the 

methods used for making the comp:irisons (including a comparison of 

methods for calculating irradiance on a tilted plane), tests conducted 

on the solar radiation instrumentation at the monitoring site, an 

analysis of sources of discrepancy, and consequent adjustments ma.de to 

the monitoring data. 

Reliable insolation measurement is clearly of vital importance in 

analysing the performance of a photovoltaic system, and the margins of 

uncertainty attached to such measurement carry through to any 

calcu.lations of system efficiencies based upon incoming solar energy. 

The problems encountered in this area have drawn attention not only to 

the uncertainties in measuring insolation in the present study, but 

also to more general difficulties in sizing photovoltaic arrays on the 

basis of insolation data (such as from weather station records) which 

are obtained using instruments which have a different spectral 

response from that of silicon photocells. 

6.1 Comparing the Insolation Measurements with Weather 

Station Records 

The closest weather stations which record hourly insolation are in 

Pretoria, approximately 40 kilometers from the monitoring site. The 

Pretoria-Forum weather .station was selected, as the headquarters of 

the South African Weather Bureau, where instrumentation should be 

carefully maintained. Up to 22 years' records for Pretoria-Forum have 

been utilised in the comparisons, including hourly data for the months 

during which monitoring took place. 
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6.1.1 sources of data for weather station records 

Long-term monthly means for global and diffuse daily insolation, 

received on the horizontal, have been derived from Pretoria-Forum 

records and are published in: 

1 CSIR Research Report, No. 243 (1971) 

(using 9 years Weather Bureau data) 

2 Eberhard, Tegen and Williams (1988) 

(using 22 years Weather Bureau data) 

Printed hourly records for global and diffuse insolation at Pretoria

Forum station were obtained directly from the South African Weather 

Bureau for the months in which monitoring took place. 

In addition, ten years' raw data were extracted from South African 

weather Bureau (SAWB) hourly records on magnetic tape, screened for 

errors and missing values, and used as input into.a tilt-conversion 

program. 

6.1.2 Methods for calculating insolation ort a tilted plane 

Insolation at the monitoring site was only measured in the plane of 

the array, ie. at a northwards tilt of 30 degrees from the horizontal. 

The weather station records, on the other hand, are of global and 

diffuse insolation received on a horizontal plane. In order to make 

comparisons, it was therefore necessary to calculate from horizontal 

measurements what insolation will fall on a tilted plane. 

Two methods were employed for this. 

Method A (isotropic) 

Horizontal insolation is divided into direct and diffuse 

components. The angle of incidence of the direct beam on the 

til tea surface is calculated trigonornetrically from the tilt 

angle and orientation of the tilt plane, the latitude of the 

site, the hour of day (solar time) and the julian date. This 

allows calculation of the component of the direct beam normal. to 
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the surface of the tilt plane. Diffuse radiation is treated as 

isotropic, evenly distributed from the sky. The fraction of the 

sky to which the tilt plane surface is exposed is then taken as 

the fraction of horizontal diffuse insolation which the tilted 

surface receives. Reflected light is entered as a function of 

global insolation and surface reflectivity (taken as between .25 

and .30 for the calculations below). The code for these 

calculations appears in Appendix Cl. Computations are made 

either from hourly records (Method Al) or else from daily totals 

for horizontal global and diffuse insolation (Method A2). The 

latter entails a greater degree of approximation, from averaging 

cosine effects through the day, while both entail the 

approximating assumption of isotropic diffuse radiation from the 

sky's dome. 

Method B (anisotropic) 

For independent comi;:e:rison, an anisotropic model for calculating 

tilt-plane insolation was employed. This was derived from the 

photovoltaic system simulation program authored by Menicucci and 

Fernandez (1985), available from Sandia l\lational Laboratories, 

Albuquerque, N.M., called PVFORM. The subroutine for computing 

tilt plane insola tion in turn derives from R R Perez of the State 

University of New York at Albany (cf. Perez, 1984), and differs 

from the above method in using empirical parameters to refine the 

calculation of diffuse insolation from different zones of the 

sky. Relatively higher diffuse radiation emanates from the 

circurn-solar region, and a band around the horizon. 

Validation studies are reported in Menicucci (1986b), from Sandia 

Na tiona 1 Iabora tories. Comi;:e:ra ti ve studies of a 1 terna ti ve 

anisotropic models (cf. Chowdhury and Rahman, 1987; Perez et 

al., 1986) have found the Perez model superior to others in 

predicting insola tion on sloping surfaces. 

The code from PVFORM Version 3.2 was adapted and rewritten to 

accept locally available insolation data (global and diffuse 

hourly records, as opposed to global and direct normal insolation 

records), and it is included in Appendix C2. 
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To some extent, the empirical parameters in the Perez model 

within the PY.FORM simulation program are 1ike1 y to be 

influenced by type of climate. However, Chowdury and Rahman 

(1987) tested the method against data in three widely different 

climatic situations, and found Perez model predictions most 

accurate out of four methods tested. Perez et al (1986) also 

report favourably on their evaluation of site dependency. 

Applied to the same set of insolation data (hourly means, per month, 

derived from 22 years' Pretoria-Forum records) the two methods for 

calculating tilt plane insolation, at a tilt angle of 30 degrees and 

at the location of the monitoring site, yielded the following results: 

Anisotropic calculations (Method B) as a percentage of isotropic 

calculations (Method Al) 

June July August September November December 

------------· ~-----------------------------------
102% 103% 107% 107% 104% 104% 

-----------~---------------..,._ _____ _ 
(Months correspond to the months monitored) 

The somewhat higher predictions of the anisotropic method are 

comJ?3.tible with published validation studies, as cited above. The 

variation is greatest for months where there is a higher proportion of 

diffuse insolation recorded. 

Since predicted insolation on tilted planes is central to photovoltaic 

system design, and local scrutiny is being given to alternative data 

treatments and tilt-plane calculations, Table 6.1 shows a more 

detailed comparison. The results of appropriate combinations of the 

two data sources and the different tilt-plane methods are compared. 

They are identified in the Table as: 

Tilt plane method 

A = isotropic model 

B = anisotropic model 

Insolation records 

1 = CSIR Report 243 (9 years) 

2 = Eberhard et al (22 years) 

3 = SAWB tape ( 10 years) 
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TABLE 6.1 Mean l':a.ily Insolation, Per Month, Predicted on a 

Plane Tilted 30 Degrees North from Long-tenn 

Insolation Records for Pretoria. 

JUNE JULY AUGUST SEPI'EMBER NOVEMBER DECEMBER 

------------------·--------------------
Mean daily tilt plane insolation, in Wh/sq.m/day 

-------------------------------------------~--------
Method (A2) Records (1) 

5794 5836 6508 6322 5934 5611 

Method (Al) Records (2) 

5888 5938 6117 6261 5848 5977 

Method ( B) Records (3) 

5804 6065 6786 6776 6194 6062 

Method ( B) Records (2) 

5994 6086 6556 6670 6066 6189 

Average of tilt-plane calculations on Pretoria records 

5870 5981 6492 6507 6011 5960 

Greatest deviation amongst above calculations from average 

2% 2% 6% 4% 3% 6% 

The deviations in the calculations incorporate variations in the 

weather records, and differences in the tilt-plane calculation method. 

Depending on on~'s purposes,, these deviations could be regarded as 

substantial. The largest ranges of .::!: 6% are attributable primarily to 

the tilt-plane calculation method in the month of August, while in 

December there is a combined effect of the tilt-plane method and an 

apparent anomaly in the CSIR data for that month. If the aim is to 

develop critical photovoltaic sizing methods dependent on weather 

station records, then the extent of these variations suggests a need 

for further assessment and validation of insolation records and 

tilt plane computation. 

For present purposes of assessing discrepancies in the monitoring 

data, however, the deviations above are of a relatively small 

magnitude in relation to the apparent discrepancies. 
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For comparing the measured plane of array insolation at the monitoring 

site with what would be expected on the basis of weather station 

records, the Perez anisotropic method for calculating tilt-plane 

insolation has been adopted, since there appears to be no disagreement 

that it is superior to an isotropic model; and the historical records 

used are those summarised in Eberhard et al (1988), since they cover a 

longer time span and have been subject to careful screening. 

6.1.3 Discrepancies between monitored and expected plane of 

array insolation 

Comparing the expected plane of array monthly mean insolation, based 

on long-term Pretoria records, with the monthly means derived from the 

monitoring data, substantial differences are evident. These are 

presented in Tabl.e 6.2. 

TABLE 6.2 

JUNE JULY 

Monitored Plane of Array Insolation compared with 

Long-term Preto.ria Records, Converted for Tilt. 

AUGUST SEPTEMBER NOVEMBER DECEMBER 

---------------------------~ --.. ~· 

Monitoring data, monthly means, 30 deg tilt, in Wh/sq.rti/day 

Jun87 

3876 

Jul87 

5092 

Aug87 

5116 

----·· -------
Sep87 

4675 

Nov86 

4500 

Dec86 

5500 

Expected monthly means from Pretoria long-term records, 

converted for 30 deg tilt, in Wh/sq.m/day 

5994 6086 6556 6670 6066 6189 

=============================================--.:---========= 
Monitoring data means as % of calculated Pretoria means 

converted to 30 deg tilt, using long term records 

65% 84% 78% 70% 74% 89% 

====================================== 

To take into account the particular weather during the actual months 

monitored in·l986 and 1987, and any variations from long-term means, 

insolation data from the Pretoria-Forum weather station for those 

months was compared with long-term means. This allows estimation of 
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the net discrepancy between the monitored data and the insolation 

which could be expected on the basis of Pretoria data. 

TABLE 6.3 Monitored Plane of Array lnsolation Compared 

With Expectations 

--------------·---
Jun87 Jul87 Aug87 Sep87 Nov86 Dec86 

Variation between Pretoria insolation records for the monitoring 

period and long term records 

+4% +4% -3% -19% -8% +8% 

========================================================== 
Approximate net discrepancy of monitoring data fran Pretoria 

expectations, taking accotmt of 86-87 ~ther in Pretoria 

-37% -19% -20% -14% -20% -18% 

============--===============--================--========-~-= 

From foregoing tables, the following features are relevant to an 

assessment of the monitoring site insola ti on data: 

l Using different tilt-plane calculation methods, and different 

data sets for Pretoria insolation (but all derived from Pretoria

Forurn weather station), a fair degree of agreement is achieved in 

calculating expected plane of array insolation. The largest 

discrepancies are of the order of + 6%. 

2 Substantial variations in 1986/7 insolation from long-term means 

were recorded in Pretoria only in September 87 (19% lower than 

long-term means). 

3 Taking recorded 1986/7 weather into account, the estimated 

discrepancies between monitored monthly means and Pretoria-based 

expectations ranged from -14% to -37%. 

4 Discrepancies were greatest in winter months, sharply so in June, 

and least in the month of September. (In anticipation of later 

conclusions, it can be noted that September is the month when the 

sun's trajectory is most nearly perpendicular to the plane of 

the tilted array, at this latitude. and tilt.) 
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6.2 Analysis of Discrepancies 

A number of possible sources of error were considered, together with 

possible reasons for insolation at the site falling below calculated 
expectations. 

Lower insolation could occur because of: 

climatic differences between the monitoring site and Pretoria 

- air pollution at the monitoring site 

shading of the array and sensor 

Errors of measurement could occur through: 

pyranometer error 

signal conditioning error 

In addition, errors of analysis and computation were considered. 

6.2.1 Climatic differences 

In considering climatic differences between the monitoring site and 

the Pretoria-Forum weather station, somewhat greater cloud cover can 

be expected at the monitoring site in summer months, but not in winter 

months, when skies are predominantly cloudless in both locations. At 

Jan Smuts airport, which is closer to the monitoring site than Preto

ria, hourly insolation records are unfortunately not kept. On the 

basis of sunshine hours for Jan Smuts, and absolute solar radiation, 

Tegen (pers.cornrn; and in Eberhard et al, 1988) has calculated insola

tion levels for Jan Smuts which are within 2 or 3 % of her empirically 

derived values for Pretoria, except for the month of December, where 

the Jan Smuts estimation is 6% below the Pretoria figure, reflecting 

more frequent cloud cover. 

For each hour of the day, mean insola tion values from the moni taring 

data were compared with Pretoria records for the same hours, per 

month. There was evidence of greater cloud cover at the monitoring 

site in the afternoons in November and December; otherwise, the 

comparison of mean daily profiles indicated no systematic differences 

in daily cloud patterns. 
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However, comparison of daily profiles showed that the percentage 

difference between monitored values and weather station values was 

greatest in the early hours of the morning and late hours of the 

afternoon, most notably in winter months. Figure 6.1 illustrates 

this, for two days in June. This feature is compatible with shading 

of the array, as discussed below, and any other hypothesis. predicting 

reduced insolation or increased error at low solar elevations. 

From day to day, variations in monitored daily total plane of array 

insolation followed Pretoria-Forum records for 1986/7 fairly closely. 

After tilt conversions, for example, the correlation between daily 

totals from the two sets of data for the month of September 1987 was 

R = .96. Again, there was no evidence from this of significantly 

different weather patterns at the monitoring site, compared with 

Pretoria~ 

POA Data v. Pretoria Records 
Observed POA / Expected Hourly Meons 

12 1.3 14 15 16 17 

Time of Dot 
+ June 26 1986 

18 

FIGURE 6.1 Comparison of I:aily Insolation Profiles, Pretoria 

and Monitoring Site, for Two D:lys in June 
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6.2.2 Air pollution 

There is considerable air pollution in the area of the monitoring 

site. Nearby sources of pollution are the Isando industrial area, 

Modderfontein, Jan Smuts airport itself and a large power station all 

within a radius of approximately 10 km. There are also smoke and dust 

in the immediate environment, from farm activities. The visible 

effects are greatest in winter. Haze extends into the middle of the 

day, while there is a characteristic reddening of the light in the 

mornings and afternoons. In winter, there is a more or less permanent 

high pressure cell over the Rand, which leads to inversion layers, 

trapping pollutants in the morning and later afternoon. 

However, pollution is also substantial in Pretoria, and information is 

not available to judge whether the effects at the monitoring site are 

more severe. What appears more certain is that the extent of the 

pollution affects the spectral distribution of irradiation. This 

could occur at both locations, but {as discussed below) the 

pyranometer used at the monitoring site has a spectral response which 

is more selective than that of weather station instruments. 

6.2.3 Shading 

The array is mounted in a school courtyard, with the centre of the 

array just over 2 meters from the ground. The school roof rises 3 

meters above this, at a variable distance from the array. The solar 

elevation below which the array is fully or partly shaded varies from 

20 to 23 degrees for morning sun and 14 to 29 degrees for afternoon 

sun, depending on the sun's seasonal declination angle. 

From trigonometric calculations for solar elevation and azimuth, and 

the geometry of the site, it was possible to calculate the periods of 

the day, at different times of year, when the array was fully or 

partly sraded. {See Appendix B2 for method.) Weather station 

insolation data then allowed calculation of the percentage of the 

day's total insolation {on the horizontal) occuring in such sraded 

periods. For the months monitored, ·the values were as follows: 
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Percentage of mean daily horizontal insolation subject to shading 

of direct beam: 

JUNE 

12% 

JULY 

10% 

AUG 

8% 

SEPT 

9% 

NOV 

10% 

DEC 

7% 

The shading of the direct beam does not of course eliminate diffuse 

irradiation in these periods. Conver~ely, the effects of shading and 

shadow are not restricted to these periods, since they affect the 

proportions of diffuse and reflected radiation received at other times 

of day. The effects of shadows on the reflected component will be 

greatest in the middle of winter, while in general, approximately 8% 

of the sk¥'s dome to which the array is exposed is obstructed by the 

school buildings, reducing the diffuse component at all times. 

6.2.4 Factors leading to reduced insolation 

There appear therefore to be factors leading to reduced insolation at 

the site: 

~ somewhat greater cloud cover in the afternoons, in November and 

December" compared with Pretoria, leading to a reduction in daily 

total insolation of perhaps 5% in December; 

shading of the array, with shadow period including up to about 

12% of daily insolation in winter months; and with some further 

impact on diffuse and reflected light when the array is not 

directly in shadow; 

- pollution, dust and smoke reducing insolation, especially in 

winter and in the mornings and late afternoons; but perhaps 

comparable with Pretoria pollution, so that spectral effects may 

be more salient, as discussed below under pyranometer error. 

These factors contribute to the observed discrepancies from Pretoria

based expectations, but are not sufficient explanation. 
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6.2.5 Pyranometer error 

Tests were conducted independently on the pyranometer and the signal 

conditioning circuitry. The pyranometer tests were conducted over two 

days at the site, again in cape Town, and also under stable and clear 

solar and atmospheric conditions in semi-desert conditions in the 

Karoo. 

The tests are described in greater detail in Appendix Bl. 

Essentially, readings from the Li-Cor pyranometer were compared with 

readings from a Kipp and Zonen solarimeter, under a limited variety of 

natural conditions. The Li-Cor sensor is a silicon cell pyranometer 

while the Kipp and Zonen is a thermopile instrument, as used for 

weather station measurements. 

The tests showed a strong relationship between the angle of incidence 

of direct radiation on the sensors, and the discrepancy between Li-Cor 

and Kipp and Zonen measurements. In the Karoo tests, where spectral 

variations were minimised, and with a calculated air ·mass close to 1.5 

(the value at which photovoltaic module specifications are typically 

given), the relationship was 

d(LC/KZ) = - 0.00165 * I 

LC 

KZ 

I 

R-square > • 99 

Li-Cor measurements 

Kipp and Zonen measurements 

Incidence angle, in degrees from normal 

It was checked to satisfaction that this relationship did not arise 

from tilt errors in KZ measurements. 

In the site tests, varying angles of incidence were associated with 

the sun falling to lower elevations. ~he relationship between LC and 

KZ measurements was again a linear function of angle of incidence, 

although the goodness of fit was somewhat less, and the gradient of 

the function was higher: 

6.12' 



d(LC/KZ) = - 0.00232 * I 

R-square > • 95 

Tests in Cape Town yielded values inbetween these two relationships, 

which are depicted in Figure 6.2. 
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FIGURE 6.2 Tested Discrepancy Between Li-COr and Kipp and 

Zonen Pyranorneter Measurements, as a Function of 

Incidence Angle 

The gradient of the function is independent of the calibration of the 

two instruments, and indicates that relative to the KZ instrument, the 

LC sensor increasingly undermeasures radiation at increasing angles of 

incidence. 

Referring to Li-Cor pyranometer product information, the sensor is 

supposed to be cosine-corrected, through construction of its diffuser 

cap, such that direct radiation incident at angle I should be measured 

equivalent to the cosine of the same direct radiation received 
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normally. Deviations from this relationship are referred to as cosine 

error. Li-Cor specifications claim a cosine error for this 

pyranometer of typically less than 5%, up to 80 degrees incidence 

angle. The minimum cosine· error indicated by the above tests was 

0.165% per degree however, amounting to a 5% error at 30 degrees 

incidence, and more than 13% cosine error (if still linear) at an 

incidence angle of 80 degrees. 

Kipp and Zonen solarimeters typically have a cosine error of less than 

z 1%, up to 70 degrees incidence angle, according to the manufacturer 

(reported in Coulson, 1975:113). 

The difference between the gradient of the functions in the site tests 

and the Karoo tests is most likely attributable to the fact that in 

the latter there was very little variation in the sun's position: 

different incidence angles were tested with the sun in approximately 

the same position. In the site tests, the higher incidence angles 

correspond with lower solar elevations, and the most probable 

additional factor here is spectral variation, with a shift towards 

longer wavelengths at lower elevations. 

Li-Cor product information warns that measurements at low solar 

elevations can "show significant error because of altered spectral 

distribution with changes in a trnospheric transmission". This is due 

to the selective spectral response of the sensor, which peaks at 

wavelengths around 950 nanometers, falling to 80% relative response 

outside the range 800 - 1000 nanometers. Figure 6.3 reproduces the 

relative spectral response curve supplied with the instrument. 

By contrast, Kipp and Zonen solarirneters have an approximately flat 

response, in the range 320 - 2500 nanometers. An ideal spectral 

response for measuring terrestrial solar radiation would be flat in 

the range 280 2800 nm. 
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FIGURE 6.3 Relative Spectral Response of Li-COr Pyranometer 

[reproduced fran Li-COr product information] 

Unfortunately, there is no way of systematically compensating for 

spectral response errors in the logged insolation data, since the 

extent of spectral variations on different days, with changing 

atmospheric conditions, and at different times of day, cannot be 

assessed from·available information. 

An important point, though, is that the silicon sensor of the Li-Cor 

pyranometer presumably has a spectral response more similar to the 

silicon cells in the photovoltaic array than the blackened thermopile 

receiver of the Kipp and Zonen solarimeter. Discrepa.ncies between 

thermopile insolation measurements and silicon cell insolation 

measurements which are attributable to spectral effects therefore have 

direct implications for photovoltaic module performance. Modules can 

operate at lower than expected power, if expectations are based on 

weather station insolation records, when the spectral distribution of 

insolation diverges from that under which the output characteristics 

of the modules have been rated. 
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Turning now to the question of instrument calibration, as posed by the 

intercepts of the lines in Figure 6.2, there is an uncertainty ~here 

estimated in the region of + 5%. 

Li-Cor product information states that absolute error, resulting from 

the calibration process (against an Eppley Precision Spectral 

Pyranometer, traceable to the U.S. National Bureau of Standards, under 

natural daylight), is .:!: 5% maximum, and typically within .:!: 3%, but 

that long-term stability is typically.:!:. 2% per year. The ·pyranometer 

used was calibrated by Li-Cor in 1985, which could introduce further 

error of up to ± 6% by mid 1988. 

The calibration has therefore rather been assessed by comp:i.rison with 

Kipp and Zonen solarimeters the solarimeter used for the site and 

Karoo tests, and a second instrument of the same model at the 

University of cape Town. Comp:i.rison of the latter instruments showed 

the first solarimeter reading on average 4% higher than the second. 

Relative to the magnitude of other discrep:i.ncies encountered, this 

disagreement was regarded as acceptable, and as a best guess, 

measurements taken with the test instrument were revised downwards by 

2%. 

Having done this, the regression line from the Karoo tests shown 

(before correction} in Figure 6.2 has a zero intercept, suggesting 

there would be insignificant discrep:i.ncies in measuring insolation, 

under these clear sky conditions and air rrass 1.5, if direct radiation 

were normal to the instruments. 

The regression equation for the July site test data, after the 2% 

correction to KZ measurements, was 

LC 

KZ 

I 

LC/KZ = .984 - .00237 * I 

R-square > .95 

Li-Cor measurements 

Kipp and Zonen measurements 

Incidence angle, in degrees from normal 
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Here, the non-zero intercept is difficult to interpret, since haze in 

the atmosphere could introduce a degree of spectral response error at 

any angle of incidence. The decision was therefore made, in applying 

a correction formula to the monitored data, not to attempt any average 

correction for calibration, nor to attempt any general correction for 

spectral response errors, but only to correct for the apparent cosine 

error of the Li-Cor pyranometer, using the least compounded 

relationship derived from the :f(aroo clear sky tests: 

LC/KZ = 1 - .0017 * I 

It would have been useful to check the calibration of instruments 

against the instrument used at the Pretoria-Forum weather station, but 

this was not achieved. As a less direct comparison, test measurements 

at the site were compared to corresponding records for Pretoria-Forum, 

for corresponding days of the year, and hour of day, from 1987 

records. Very little variation in daily insolation receipts is 

recorded at this time of year (15-16 July). KZ measurements at the 

site averaged 4% higher than corresponding weather station records. 

It would seem that j: 5% is a reasonable estimate of the uncertainty in 

calibration, independent of cosine error and spectral response error. 

6.2.6 Signal conditioning error 

Errors in setting the gain and offset of the amplifying circuit in the 

signal conditioning interface were possibilities. 

The offset setting could not directly be tested at the end of the 

monitoring period, due to a .second incidence of lightning damage which 

had rendered the IC inoperable in this circuit. It was still possible 

to measure the gain of the circuit, since this is essentially 

independent of a particular IC's characteristics. 

Inspection of logged data shov.ied a drifting zero offset, during 

nights, of about 0.2 to 0.9% of full scale readings, in the months 

July to September 1987. However, these drifts were not systematic, 

from day to day, and also varied during the hours of night, starting 

small. It was therefore not possible to deduce an offset error 

applicable to daylight hours. 
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In other months, including June 87, there was no evidence of drifting 

offset; and in these months the discrepancies were equal to or 

greater than the discrepancies in months where drift was observed. It 

is therefore unlikely that offset errors were a primary factor in 

accounting for the discrepancies. Offset errors could have 

contributed to slightly lower measurements in July to September, 1987. 

However, correlation of monitored data and weather station data for 

the same periods showed no evidence of systematic offset error. 

The gain of the amplifier circuit was tested and found to be accurate 

within 0.8%, in relation to the multiplier setting of the datalogger. 

Signal conditioning errors were therefore judged not to constitute a 

significant component of total errors. 

6.2.7 Errors in statistical analysis of monitoring data. 

To check, monthly means were computed in a variety of ways, including 

manually for some months. Results were consistent. In July and 

August, there were often missing values in the early morning hours, · 

due to sub-zero temperatures which upset the datalogger. These 

missing values were interpolated. Further, by taking means for each 

hour, per month, then totalling these for the mean daily total, any 

errors from missing values were reduced. The consistency of results 

suggested computational errors were not a significant factor. 
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6.3 Adjustment of Monitoring Site Insolation Measurements 

For the analyses which follow, a statistical adjustment has been made 

to insolation measurements, following the relationship found between 

angle of incidence and pyranometer discrepancy under clear skies. 

This correction for pyranometer cosine error introduces an adjustment 

to daily total roA insola tion of between 4.5 and 6.8 % of recorded 

values, depending on the time of year. 

POA(adj) = POA{raw) * ( l + .0017 * I ) 

where POA(adj): Adjusted plane of array insolation 

POA(raw): Recorded plane of array insolation 

I: Incidence angle, in degrees from 

normal to plane of array 

To avoid the repeated computation of incidence angles for every data 

point, a simplified transformation was developed. This was fitted to 

the above relationship for all hours of the day, for mid-days of 

monitored months, achieving a goodness of fit of R-square > .99 for 

all months except June (.97) and December (.94). 

Applied to recorded plane-of-array data, this transformation produced 

corrections to average daily POA insolation as follows: 

JUNE 

5.5% 

JULY 

5.3% 

AUG 

4.8% 

SEPT 

4.5% 

NOV 

6.2% 

DEC 

6.8% 

Although a stronger relationship had been observed between instrument 

discrepancy and incidence angle at the site in July, it was judged 

that this included spectral response errors, which could not be 

systematically quantified for the monitoring period. 

Comparing the above corrections with the initially estimated 

discrepancies between measured and expected POA insolation, and 

including the estimations for factors leading to reduced insolation at 

the site, compared with the Pretoria-Forum weather station, the 

remaining discrepancies are estimated in Table 6.4: 
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TABLE 6.4 

JUNE JULY 

POA insolation discrepancies after cosin~rror 

adjusbnent and estirnation of factors leading to 

reduced insolation at the site. 

AUG SEPT NOV DEC 

Initial estinate of deviation from Pretoria-Forum expectations 

-37% -19% -20% -14% -20% -18% 

------
Estimated shading factor (as % of expectations) 

12% 10% 8% 9% 10% 7% 

Estimated cloud cover variation {as % of expectations) 

3% 5% 

Average daily cosine correction {as % of expectations) 

5% 5% 5% 4% 5% 6% 

~--===================================================== 

Remaining deviation from expectations 

-2"% -4% -7% -1% -2% 0% 

==================-~-===========--======== 

For purposes of analysing gross system performance, the months July to 

September have been used, and the remaining estimated discrepancies , 

for these months are within the region of uncertainties arising from 

tilt-plane calculations (maximum~ 6% in August) and absolute error in 

instrument calibration ·(estimated as ;t 5%). 

It is difficult from the foregoing analysis to assign a reliable 

uncertainty estimate to such corrected measurements. Firstly, the 

uncertainty in the weather station records is not known. Secondly, 

the factors held to contribute to reduced insolation at the monitoring 

site are themselves estimates (eg. the shading factor) with 

unestablished uncertainty. Thirdly, the sources of error which have 

been considered are not necessarily independent of one another, but 

interdependence has not been quantified/ so probabalistic combination 

of error components is not really warranted. 

The analysis of discrepancies therefore only aids an educated guess 

about the probable magnitude of uncertainty in mean (or aggregate) 

insolation measurements during these months. This is estimated on the 
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basis of compounding the largest estimated remaining discrepancy (7% 

in the month of August) with an estimate of the major sources of 

uncertainty in comparing tests with weather station values (= 5% for 

absolute calibration, and.±. 6% for tilt-plane calculations), yielding 

± 10.5% for the.square root of the sum of their squares, which is 

raised to + 12% to include other .uncertainties not figured in this 

estimate. 

For more precise estimation of system efficiencies, data has been used 

from the middle of July, 1987, where onsite conditions can well be 

expected to resemble those in mid-July, 1988, when instrumentation 

tests were performed. This allows use of the relationship derived 

from measurements in those specific conditions: 

POA(adj) = POA(raw} / ( .98 - .00237 * I ) 

where POA(adj): Adjusted plane of array insolation 

' POA(raw): Recorded plane of array insolation 

I: Incidence angle, in degrees from 

normal to plane of array 

In the conditions where this relationship is applied, the uncertainty 

of POA insolation measurements is estimated as + 5%, attributable to 

absolute calibration of the thermopile solarimeter reference. 

Although of no direct significance to the analysis which follows, the 

large remaining discrepancy between June measurements and expected 

values may be indicative of a number of factors associated with low 

solar elevations: the increased impact of shading on diffuse and 

reflected radiation~ increased pollution in the lower atmosphere at 

this time of year, and an increased impact on transmission of so"iar 

radiation and on spectral distribution. The present study does not 

extend to the quantification of such variables: but they could be 

factors to consider in siting and sizing photovoltaic arrays in peri

urban areas. 
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6.4 Implications 

The foregoing, rather laborious assessment of in$olation measurements 

at the monitoring site has still left considerable margins of 

uncertainty. According to an official from the us. National Bureau 

of Standards (quoted by Biggs, 1984), "one could not expect less than 

10 to 25% error in radiation measurements made under non-ideal 

conditions" - and this assessment has estimated uncertainties of 

measurement within that discouraging range. 

Despite failing to resolve sources of uncertainty satisfactorily, the 

assessment has been necessary because of the implications for the 

analyses which follow. 

In the present study:-

l The margin of uncertainty is carried through to all calculations 

based on the incoming solar energy. Thus, observed system 

efficiencies, computed for different periods of the year, are 

subject to at least + 12% uncertainty. 

2 When.efficiencies are calculated from rnid-J'uly data, the 

corresponding uncertainty attributable to insolation measurement 

is estimated as ! 5%. 

3 The same .!' 5% uncertainty is attached to solar radiation 

measurements during mid-July tests of the photovoltaic array's IV 

output characteristics. In comparing these tests with 

manufacturer~' power ratings for photovoltaic modules, further 

uncertainty arises from the spectral distribution of the 

insolation in relation to the spectral response of the modules. 

The assessment has also suggested possible problems which could have 

implications beyond the present study: 

l Instrumentation. While silicon cell pyranometers, such as the 

Li-Cor 200SZ pyranometer used in this study, have advantages of 

robustness, economy, and freedom from tilt-mount error (ie. do 
not need to be mounted in a horizontal position), are they 

sufficiently accurate for engineering tests and critical design 
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of systems where solar radiation is the prime energy source? 

This question probably hinges on the impact of their selective 

spectral response, and on prior testing of the cosine response of 

a particular sensor. 

Tilt-radiance response of photovoltaic modules. The fact that 
' 
the pyranometer displayed significant tilt-radiance (cosine) 

error alerts one to the likelihood that photovoltaic panels 

equally, and perhaps more strongly, have reduced response to 

radiation at higher incidence angles, .through the 

characteristics of the silicon cell surface, angle of penetration 

of the direct beam through the active material, and through the 

increased reflection of the protective glass. Coulson (1975:124) 

indicates a drop to 85% relative response of bare silicon solar 

cells at an incidence angle of 60 degrees from normal. The 

impact of this on module performance needs to be assessed, for 

sizing non-tracking arrays, and it would be useful if 

manufacturers supplied specifications for the tilt-radiance 

response of their panels. 

Spectral resp£>n$e of photovoltaic ·mqqules. Similarly, the 

spectral se.lectivity of the pyranometer raises the question of 

whether the spectral response of photovoltaic modules is a factor 

to be considered in sizing photovoltaic systems, especially when 

weather station records are used for insolation prediction and 

where stibstan tia 1 spectra 1 variations are experienced in critica 1 

months. Again, it would be helpful if manufacturer~' product 

information included details of spectral response, instead of 

typically only providing output characteristics under standard 

conditions. To make practical use of such information, however, 

would require additional knowledge of local spectral variations 

. in insola ti on. 

4 Adequacy of weather station records and accuracy of tilt-plane 

estimations. Using different tilt-plane calculation methods and 

different extractions of data from the same weather .station 

produced a range in plane-of-array insolation predictions of as 

much as 12% in some months. It could be argued that the 

unpredictability, from year to year, of specific climatic 

conditions makes inaccuracies in this area of lesser importance: 
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are correspondingly lower in some months than mean values obtained 

using the Perez anisotropic method - al though, in. this instance, 

this would not affect system sizing if June is taken as the design 

month, since in that month there is no significant difference. 

POA Insolation Values Used For Sizing 
by 2 companies, con-pored to Perez model 

7.-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

J A M Jn A s 0 

LEGEND: Month of Yeor 

A Photowatt SA sizing insolation values for Mrnabatho • 
. Tilt angle: 23 degrees (?) 

Q Another manufacturer's sizing insolation values, for 
Pretoria. Tilt angie: 30 degrees. 

N D 

o Calculated POA insolation, from 10 years' SAWB hourly 
records for Pretoria-Forum, using Perez model for 30 degrees 
tilt. 

FIGURE 6.4 POA Insolation Values Used for System Sizing by 
Two Manufacturers, Compared With Perez Mode 1 
Predictions 

The Photowatt values for June are roughly 20% lower than the other 

June values in Figure 6.4. In Chapter 9 it is shoWn that the sizing 

of the photovoltaic arrays recommended by Photowatt was at least 20% 

above that required. This illustrates the practical importance of 

using reliable and locally valid solar radiation data in sizing 

photovoltaic systems. 
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Chapter 7 

·TF.STED OUTPUl' CHARACTERISTICS OF THE ARRAY, c::x:MPARED WITH 

SUPPLIED (MONOCRYSTALLINE) MODULE SPECIFICATIONS 

This chapter reports on supplementary tests to determine the current

vol tage output characteristics of the photovoltaic array at the 

monitoring site, and compares the indications of these tests with the 

specifications which were supplied by the manufacturers of the 

modules. 

7.1 Reasons for the Tests 

Photovoltaic modules can be tested under natural sunlight, simulated 

sunlight, or artificial light of other specific spectral 

characteristics. Variation in the spectral distribution of irradiance 

on the modules has a considerable impact 6n measured performance. In 

general, the purpose of tests conducted.under natural sunlight is to 

provide an accurate indication of expected performance in realistic 

conditions, (though operating conditions will typically also include 

periods where the spectral distribution of irradiance differs from 

test conditions.) 

The performance specifications supplied by the module manufacturers, 

Photowatt SA, were for model FW-P 800 (monocrystalline) photovoltaic 

modules. The fact that these were the specifications provided to the 

supplier company, and were again the only specifications sent by 

Photowatt SA when requested for specifications for the FW-P 801 

(polycrystalline) modules installed at the monitoring site, implied 

that the latter modules should have performance characteristics 

equivalent to model FW-P 800 modules. 

Monitoring data had indicated that this was not the case. For 

instance, recorded array voltages in near open-circuit conditions 

were substantially less than FW-P 800 specifications for open-circuit 

voltages. It was therefore necessary to try to obtain current-voltage 

(IV) output characteristics for the array, through tests in natural 

sunlight. These tests were conducted at the site in mid-July 1988. 
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7.2 Method 

The array was disconnected from load, and reconnected directly to a 

heavy-duty passive variable resistance. Array currents were measured 

by means of a current shunt in this circuit, calibrated for a voltage 

drop of 17.6 mV/amp, while array voltage was taken as array terminal. 

voltage, both measured with digital voltmeters. These measurements 

should be accurate to within less than .± 1%. 

Insolation was measured using a Li-Cor 200SZ pyranometer mounted 

between the two modules in the array, and a Kipp and Zonen thermopile 

pyranometer mounted on an adjustable table contiguous with the array. 

Output from these instruments was measured directly by digital 

multimeters. currents from the Li-Cor silicon cell pyranometer were 

also checked across a 100 ohm resistance. The accuracy of the inso

la tion sensors was discussed in the previous chapter, while the 

accuracy of measuring .their output in these tests should be within 

less than .± 1%. 

·Open-circuit array voltage and closed-circuit array current were 

measured by respectively disconnecting and shorting out the variable 

resistance load. 

Temperatures were measured with a thermocouple attached to one of the 

multimeters. Ambient temperature was recorded in the shade, near the 

array, while module cell temperature was measured by probing through 

an aperture in the back casing of one of the modules. Although stable 

readings were obtained, it is possible that actual cell. temperatures 

at the surface exposed to sun could have been higher than those 

measured at the back of the cells. 

Measurements were conducted in rapid succession, in order to minimise 

changes in the irradiance: 

open-circuit voltage 

closed-circuit current 

amps-volts pairs, for changing values of load resistance 
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The resistance values were variably stepped to provide adequate detail 

in non-linear portions of the IV output curve. The full range of 

measurements, for a given insolation level, took approximately 10 

minutes, and insolation and temperatures were measured at the 

beginning and end of each measurement sequence, to check stability of 

conditions. 

7.2.l Climatic conditions during the tests 

The latitude of the site is approximately 26 degrees South, and the 

tilt of the array is thirty degrees towards true north. Tests were 

conducted on 15 July, and angles of incidence of the direct beam on 

the array have been calculated. 

The sky was cloudless, with a slight detectable haze, minimised at the 

times of measurement (early afternoon). Wind-speed was approximately 

5 m/sec. 

From calculated values for the elevation of the sun at times of 

measurements, the air mass of the solar path varied from approximately 

AMl.55 to AM2.40. (These calculations disregard the altitude of. the 

location, 1600 m above sea level.) Angles of incidence of the direct 

beam on the array ranged from 23 to 48 degrees from normal. 

7.2.2 Recormnendations for module performance testing in 

na tm:al sunlight 

Draft recommendations for testing module performance in natural 

sunlight are available through the Asian Institute of Technology (in 

Lasnier and Gan Ang, 1988:211-236). The method of using total 

sunlight (direct plus diffuse) is proposed in conjunction with a 

module tilt of 37 degrees from horizontal and ground albedo of 0.2, at 

an air mass of AMl.5. The associated spectral characteristics are 

indicated as slightly stronger in short wavelengths and lower in 

longer wavelengths than the previous reference spectral irradiance 

distribution of ERDA/NASA 1022/77/16 for module performance rating, 

leading to a "more realistic" reduction in ratings of 2 to 3% compared 

with the previous spectral reference. 
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Specific procedural recommendations for tests in natural sunlight 

include: 

- stable insola tion ( < .:!: 1% fluctuation in test 

- irradiance > 800 W/sq.m (direct + diffuse) 

- direct solar beam within 10 degrees of normal to module 

- module shaded and at ambient, temperature until beginning of test 

- use of a calibrated reference cell for relating observed 

module performance to observed insola ti on conditions 

The calibrated reference cell would be similar in material (hence 

spectral response) and mounting to the module cells. calibration of 

this cell, in turn, should be done under somewhat more stringent 

conditions, with reference to a pyranometer: 

- clear sunny weather 

- total irradiance >= 900 W/sq.m 

- air mass between AMl and AM2 

- turbidity coefficient .265 .:!: .185 at wavelength 500 nm 

precipitable water vapour content .4 - 2.6 cm 

It is suggested that the latter two criteria should be adequately met 

if the ratio of diffuse to total irradiance is less than 0.25. 

7.2.3 Test procedure canpared with recommended procedure 

Limited access time necessitated some deviations from the recommend

ations presented above. 

A reference cell of equivalent material was not used. Instead, the 

silicon cell of the Li-Cor pyranometer was used to fulfil this 

function. Spectral response may be somewhat different from the poly

crystalline solar cells of the modules. The manufacturer's relative 

spectral response curve for these instruments is shown in Figure 7.1 

together with a generic solar cell response curve provided in the 

recommendations referred to above (1988:233). 
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FIGURE 7.1 Relative Spectral Response of (a) Li-COr 

Pyranometer and (b) Generic Solar Cell. 

The recommended procedure entails calibration of a reference cell 

against a reliable pyranometer in more stringent conditions than those 

necessary for the actual performance tests. Corresponding to this, 

the calibration of the Li-Cor pyranometer was conducted against a Kipp 

and Zonen thermopile pyranometer under clear skies in the Karoo, with 

atmospheric conditions corresponding to the recommendations for 

reference cell calibration. 

Spectral variations from these conditions, in the onsite tests, are 

therefore registered through the spectral response characteristics of 

the Li-Cor pyranometer, which resemble those expected of the modules 

more closely than the thermopile pyranometer. The effect is to 

compensate, albeit not completely, for the spectral characteristics of 

irradiance in the site tests, in order to assess what module 

performance would be under the more stringent calibration conditions. 
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(However, module performance under thermopile-registered irradiation 

at the site was also of interest, as an indication of diminished 

performance due to spectral selectivity of the modules.) 

Further deviations from the recommendations above were: 

- stability of insolation was less than recommended, with variation 

of approximately 5% from beginning to end of measurements at one 

insolation level (but since the variation took a steady course, 

calculated adjustments were possible to correct for this drift) 

- in some of the tests, total irradiance exceeded 800 W/sq.m while 

in others it fell below these figures (with no detectable 

de.i;:erture from linearity of closed-circuit currents, however) 

- angles of solar incidence were greater than 10 degrees from 

normal, ranging from 23 to 45 degrees, partially compensated for 

as below 

As discussed in Chapter 6, the Li-Cor pyranometer exhibited a degree 

of cosine-error, relative to thermopile pyranometer readings, measured 

as 0.17%/degree incidence, in steady spectral conditions. The effect 

of incidence angle on module performance is not known, but could be 

expected to be of at least the same magnitude as the pyranometer 

response to tilt-radiance. As partial compensation for the greater 

than recommended angles of incidence in the module tests, the cosine

error of the Li-Cor pyranometer ha.s not been corrected, effectively 

derating the measured insoiation by 4% at an angle of 23 degrees from 

normal, to give an improved indication of expected module performance 

at normal incidence. 

7.3 Assessment of Accuracy 

The following are estimates of uncertainty in measurements which 

related tested performance of modules to measured insolation. These 

estimates pertain to those tests selected for optimality of 

conditions. 
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UNCERTAINTY ESTIMATF.S IN MEASURING ARRAY I=f (V) CHARACTERISTICS 

thermopile pyranometer reference 

absolute error 

inter-pyranometer calibration 

signal measurement 

silicon cell pyranorneter I module 

spectral mismatch 

silicon cell pyranorneter I module 

tilt-radiance mismatch 

pyranometer signal measurement 

current measurement 

voltage measurement 

irraaiance instability 

+ 5% 

(see Chapter 6) 

+ 1.5% 

+ 5% 

+ 2% at 23 degrees 

+ 1% 

+ 1% 

.:t. 1% 

+ 2.5% 

At a given cell temperature, array I*V output characteristics are 

related almost linearly to insolation. In the measurement of these · 

characteristics, the uncertainty of insolation measurements therefore 

predominates. The overall uncertainty of power measurements in 

relation to insolation is estimated as the square-root of the sum of 
' the squares of the components, amounting to ± 8.1%. 

For normalisation of measured IV characteristics to a reference cell 

temperature of 25 degrees c., transposition is required. The 

relationship used for this was derived from monitoring data (see 

Section 8. 3) as 

VOC(Tc) / VOC(25) = l - 0.0028 * ( Tc - 25 ) 

VOC(Tc) 

VOC(25) 

Tc 

Array open-circuit voltage at Tc 

Array open-circuit voltage at 25 degrees C. 

Measured cell temperature in degrees c. 
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Array currents are negligibly affected by small variations in cell 

temperature, so the normalisation based on this relationship is 

approximated by increasing measured voltages by 0.28% I degree C. for 

recorded cell temperatures above 25 degrees. 

In the tests, recorded cell temperatures did not exceed 33.l degrees, 

leading to a maximum voltage adjustment of 2%. The impact of possible 

errors in measuring cell temperature (due to thermocouple location) is 

reduced by using a temperature coefficient derived from monitoring 

data, based on equivalent cell temperature measurement. Leaving that 

aside,·if a cell temperature measurement in the tests was low by 5 

degrees c., the consequent error in voltage adjustment would be less 

than 1.5% of measured voltage. 

Including this uncertainty allowance, overall uncertainty in power 

measurements in relation to insolation is estimated at + 8.2%. 

7.4 Results 

Due to the dry weather, dust had accumulated on the photovoltaic 

modules. Tests were conducted before and after cleaning the surface. 

In each set, the linearity between closed-circuit currents and 

insolation was preserved, while open-circuit voltages were not 

affected. The dusty surface had the effect of reducing array · 

currents, and hence power, by 5. 5%. 

Tests were conducted at POA insolation levels ranging from over 800 

W/sg.m to under 600 W/sg.m. Figures 7.2 and 7.3 show sample curves 

at a measured irradiance of 810 and 723 W/sg.m. and at the cell 

temperatures stated. 

These irradiance levels are as recorded by the Li-Cor.silicon cell 

\ pyranometer. Corresponding measurements by the Kipp and Zonen 

thermopile pyranometer were higher, by 8.5% and 13.6% respectively. 

This provides an indication of tilt-radiance and spectral effects 

registered by the silicon cell pyranometer. These effects are also 

presumed to reduce module performance, relative to thermopile

measured insolation. 
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The measurements taken at 810 W/sq.m have been used for the 

transposition of array IV curves to insolation levels of 1000 and 800 

W/sq.m, and a cell temperature of 25 degrees c., as shown in Figure 

7.4. The conditions for this test most closely fit the recommend

ations referred to above, and are summarised: 

Air Mass: 

Tilt of array: 

Incidence angle of 

direct beam on array: 

Measured cell 

temperature: 

AM 1.55 

30 degrees from horizontal 

23 degrees from normal 

30.3 degrees c. 

In Figure 7.4 voltages have been adjusted to correspond to a cell 

temperature of 25 degrees c., while currents have been transposed as a 

linear function of insolation. 

Constant power curves have been superimposed, to illustrate that under 

these conditions of measurement and transposition, the peak power of 

the array is indica tea to be 135 Wp at 1000 W/ sq.m insola ti on. 

Since the array consists of two modules, average module power is 

indicated as 67.5 Wp. 

The surface area of each module is 1.078 sq.m (outer dimensions) 

giving an optimum module conversion efficiency of 6.26% at a cell 

temperature of 25 degrees c. 

The uncertainty associated with these measurements was estimated as 

.:!: 8.2%. 
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Array IV Characteristics, From Tests 
For Cell Temperature 25 cle<]rees C. 
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FlGORE 7.4 Array IV Chqracteristics Derived From Tests 

(for two PW-P 801 modules in parallel) 

7.5 Comparison Between Test Results and PW-P 800 Specifications 

Comparisons are riow made between the performance characteristics of 

PW-P 800 modules (as obtained from Photowatt specifications) and the 

tested characteristics of the PW-P 801 modules in the array at the 

monitoring site. 

As mentioned earlier, in Section 2.5, two sets of specifications were 

obtained for PW-P 800 modules. The first set, on which the original 

system sizing was apparently based, is referred to below as SPECS#l. 

The second set, made available in February 1988, indicates lower 

performance, and is referred to below as SPECS#2. 

Salient performance indicators are summarised in Table 7.1. 
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It should be borne in mind that the PW-P 800 values are given for 

"typical" modules (at ± 12.5%), while the PW-P 801 values are for two 

particular modules tested in combination in the monitoring site array, 

under the specific conditions described above. 

TABLE 7.1 Comparative Performance of PW-P 800 and PW-P 801 

Photovoltaic Modules 

PW-P 800 

SPECS#l SPECS#2 

(from Photowatt specifications) 

PW-P 801 

as tested 

at site 

At irradiance 1000 W/sq.m and cell temperature 25 degrees c. 

Maximum power 82 Wp 73 Wp 67.5 Wp 

Current at max power 2.41 A 2.1.5 A 2.5 A 

Voltage at max power 34 v 34 v 27 v 

Short-circuit current 2.67 A 2.40 A 2.9 A 

Open-circuit voltage 42.4 v 42.4 v 37.4 v 

Optimum module 

conversion efficiency 0.0835 0.0743 0.0626 

----- ------ -----
·Module area 

(outer dimensions) 0.982 sq.m 0.982 sq.m 1.078 sq.m 

Total cell area 

(approx) 0.565 sq.m 0.565 sq.rn 0.720 sq.rn 

Packing factor 0.57 0.57 0.67 

Fill factor 0.72 0.72 0.62 

---- ----
Average maximum cell 

conversion efficiency 0.145 0.129 0.0937 

at 25 deg c. 
----------------
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Table 7.1 includes values for the "packing factor" and the "fill 

factor" of the modules. 

The pa.eking factor is simply the proportion of module area occupied by 

photovoltaic cells. The PW-P 801 modules have a higher packing factor 

since the square polycrystalline cells are arranged more densely than 

the circ_ular single-crystal cells of a PW-P 800 module. In 

combination with the slightly larger module dimensions, this allows 

for a larger cell surface area in the PW-P 801 module (1.27 times 

greater), which largely compensates for the lower cell conversion 

efficiency of the polycrystalline cells. Despite this, the PW-P 801 

modules still appear to have a significantly lower peak power 

delivery. 

The fill factor of a module is defined as 

optimum power I (short circuit volts * open circuit current) 

and essentially it is an index of the shape of the I=f(V) output 

characteristics of a module. It is regarded as an indicator of cell 

quality, since imperfections contribute to a more rounded IV curve and 

a correspondingly lower fill factor. In I.asnier and Gan Ang (1988:61) 

it is suggested that modules with high quality cells should have a 

fill factor greate.r than 0. 7. The PW-P 800 specifications meet this 

criterion (fill factor 0.72), but the tests on the PW-P 801 panels 

indicated a fill factor below this level (0.62). 

Judging by this comparison between PW-P 801 tests and PW-P 800 

specifications, it is easy to believe that the PW-P 801 version was 

intended as a rough equivalent for the monocrystalline PW-P 800 

module, presumably employing a cheaper production process. 

The PW-P 801 modules have a higher current output (owing to their 

larger ce 11 area), and much lower voltage characteristics (by virtue 

of the impaired transmissi vi ty of polycrystalline silicon). An 

attempt at approximate equivalence is suggested, but with an element 

of arbitrary design (72 monocrystalline cells of 100 cm diameter in 

one case, 72 polycrystalline cells 100 cm square in the other). Due 

to the lower fill factor of the polycrystalline modules, the net 

result is a reduced optimum power output, 82% or 92% of PW-P 800 

7.13 



ratings (depending on whether original or latest specifications are 

used for the com~rison). 

This is a hefty margin of difference, bearing in mind that the 

original sizing of system components, provided by Photowatt SA to the 

supplier com~ny, was apparently based on original PW-P 800 rated 

module performance of 82 Wp per module. According to their sizing 

advice, these modules had been "specially selected" for the task. 

However, the substitution of PW-P 801 modules, according to analysis 

later in this study, has had fortunate implications for optimisation 

of the monitored system and the systems installed in Bophutha"tswanan 

schools. It has not been established why the local supplier com~ny 

made use of the polycrystalline PW-P 801 modules rather than the 

monocrystalline PW-P 800 modules originally recommended by Photowatt 

SA. Nor is it known whether they were fully aware of the different 

performance characteristics of the PW-P 801. But according to the 

analysis in Chapters 8 and 9, the latter modules represent a 

technically better choice for the task in hand. This is because: 

1 An array of modules with the peak power capacity of PW-P 800 

modules (as originally rated) \.YOUld be substantially oversized in 

relation to the design load and prevalent climatic conditions. 

This point casts doubt on the manufacturer~' sizing procedures 

(at least in this instance). 

2 The higher voltages of PW-P 800 modules, when operating at 
' 

optimum power, according to specifications, would be 

considerably in excess of system take-off voltages, when 

batteries are charging, leading to wastage of available array 

power. The PW-P 801 voltage characteristics are better matched 

for battery charging, under expected local temperature 

conditions. This point also casts doubt on the procedures by 

which the manufacturers sized and selected components in their 

recommendations to the local suppliers. 

3 In addition to having an apparently lower power capacity, the 

polycrystalline modules tested have differently shaped, more 

rounded I=f(V) output characteristics. While this is associated 

with lower cell conversion efficiencies, it has the fortunate 
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effect that the deviations from optimum voltage, generation which 

will occur in such a system have a reduced impact on po~r 

output, compared with the specified characteristics of 

monocrystalline PW-P 800 modules. 

The two latter points help to offset the tested failure of the 

monitored array to deliver 160 Wp, which is the po~r rating made in 

the supplier company's specifications. Indeed, technically, the 

installed systems seem to represent a superior, more critically sized 

design than that originally recommended by the nanufacturers but 

for economic optimisation, one would als? need to know the price 

differential between the two models of module. 

These points, together with other observations made in the course of 

testing the I=f(V) characteristics of the array at the monitoring 

site, raise considerations which nay have more general implications 

for sizing such photovoltaic systems: 

4 How reliable are manufacturer~' specifications for photovoltaic 

module performance? In this instance there was an unexplained 

revision in :EW-P 800 po~r ratings from 82 Wp to 73 Wp, while 

specifications for "equivalent" PW-P 801 modules could not be 

supplied. What is the extent of variation in actual performance, 

according to manufacturing batches? The PVJ-P 800 performance 

figures were given "at ;t 12.5 %". If such a margin is valid, and 

needs to be taken seriously, this introduces an uncomfortably 

large margin of uncertainty into critical photovoltaic systems 

design. 

5 How well do manufacturers' performance specifications, measured 

under controlled conditions, correspond with actual performance 

under realistic operating conditions? In particular, for system 

sizing, should module specifications be derated for the angles of 

incidence of direct irradiation, and for spectral variations in 

expected insolation? 

6 To what extent are local suppliers, or local agents of module 

manufacturers, dependent on "invisible" product knowledge and 

sizing methods, without being in a position to scrutinise the 

assumptions made by the manufacturing company? It appears that 
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local system sizing is often dependent, directly or indirectly, 

on manufacturers' proprietary software, which may incorporate 

contestable assumptions about photovoltaic system optimisation as 

well as about module performance characteristics. 

7 In sizing a photovo1 taic system, and also in judging the merits 

of system design (as for instance where a number of competing 

tenders are being assessed), the peak power rating of the 

photovoltaic array is not necessarily a reliable indicator of 

array generating capacity. Apart from the margins of uncertainty 

attached to manufacturers' specifications, and the aevia tions 

from specifications which are probable in realistic operating 

conditions, there are also questions about the shape of array 

output characteristics and the matching of these characteristics 

to what the load requires. This has been highlighted by 

comp:i.ring roughly equivalent monocrystalline and polycrystalline 

modules. Chapter 8 includes a more detailed discussion of these 

issues. 

Finally, the questions and the implied criticisms raised in this 

chapter were genera tea by the results of tests of array current-

voltage output characteristics which are themselves subject to 

critique, focussing on the measurement .of irradiance and the effects 

of spectral distribution on module performance. For perspective, the 

following quotation underlines the difficulties of representatively 

measuring module performance characteristics, and encourages caution 

in applying manufacturers' specifications: 

"The main problem in photovoltaic performance measurement arises 

from the fact that solar cells have a highly selective spectral 

response and are, therefore, very sensitive to the spectral 

composition of the incident radiation. Outdoors, this varies 

considerably with location, weather, time of year and time of 

day. Indoors, it depends on the type of simulator used ••• 

Performance ratings of the same module' by different laboratories 

have been known to disagree by as much as 20%." 

(from "International Test Procedures for Photovoltaic Modules", 

in Lasnier and.Gan Ang, 1988:211) 
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Chapter 8 

SYSTEM EFFICIENCIES 

This chapter reports on observed system efficiencies in the monitored 

system, and then analyses circumstantial, probabalistic and design 

factors which affect the efficiencies of such a stand-alone 

photovoltaic installation. These theoretical considerations are then 

applied in an analysis of the efficiencies of the monitored system, 

with special attention to matching array output characteristics to 

load characteristics. · 

8.1 Observed System Efficiencies 

Observed system efficiencies are evaluated, in this section, in three 

ways. The schematic iri Figure 8.1 shows corresponding measurement 

points. 

(a) MODULE CONVERSION EFFICIENCY 

The ratio of electrical energy output from the array to the 

insolation energy incident on the array (points B and A in Figure 

8.1). 

( b) DELIVERED ENERGY EFFICIENCY 

The ratio of electrical energy delivered to battery and load, 

over the incident insolation energy (points C and A). This 

incorporates energy losses across the charge controller. 

( c) CONSUMED ENERGY EFFICIENCY 

The ratio of electrical energy const.nned by the applications load 

to the incident insolation energy (points D and A). This can 

incorporate further energy losses through the energy storage 

cycles of the batteries. 
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8.1.1 Ci>served module conversion efficiencies 

It should be pointed out that the module conversion efficiency is not 

the same as the conversion efficiency of a single photovoltaic cell in 

the modules. This is because the incident insolation energy is 

calculated as insolation incident on the total area of the modules. 

outer dimensions for the modules have been used for this calculation 

(including the frame), giving a surface area of 2.156 sq.rn. for the two 

modules in the array. 

Secondly, a qualification must be made about the measurement of module 

conversion efficiencies at low currents (and low recorded 

efficiencies) when the Energy Management Unit is acting as a charge 

regulator. As discussed in Section 4.5, the multiplication of 

recorded array voltage by rec<?rded array current does not accurately 

reflect the array output power in these conditions. The effect here 

is that recorded values in the low efficiency range are somewhat 

inflated. 

Figure 8.2 shows the recorded module conversion efficiencies for the 

months July, August and September 1987. In these months, the average 

daily load on the system was 370 Wh/day. 
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The graphs show cumulative frequency distributions over time. The 

horizontal axes show the cumulative percentage of generating hours 

recorded for each of the months. 

To avoid inaccuracies at low insolation levels, generating hours are 

defined here as log periods where the recorded POA insolation was 

greater than 250 W/sq.m. The insolation measurements used here, and 

for the remainder of this study, incorporate the statistical 

correction for pyranometer cosine error described in Chapter 6. 

The vertical axes show the maximtnn observed module conversion 

efficiencies corresponding to the cumulative percentage of generating 

time. For example, Figure 8.2 shows that in July 1987, recorded 

module conversion efficiencies varied from 1.5% to 6.2%. The median 

value was 4.5% (50% of the time the observed module efficiency was 

less than this value, and 50% of the time .it was greater). For 90% of 

the time the module conversion efficiency was less than 5. 7%. 

Observed Module Conversion Efficiency 
July-Sept 1987 (POA > 250 W/sq.m) 

0 20 40 60 80 HlO 

Cumulative percent of <]enerati1'19 time 
0 July + August <> Sept 

FIGURE 8.2 a:>served Module Conversion Efficiency, July-sept 1987 
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The curves for July, August and September are very similar. Slightly 

higher module conversion efficiencies were recorded in September, with 

a 90-percen~ile value of 6.2%, and few isolated maxima greater than 

6.5%. Since the latter are outliers they are regarded with caution. 

The median module conversion efficiency in this month was unchanged at 

4.5%. 

The uncertainty of the insolation measurements used here has been 

estimated in Chapter 6 as_:!: 12%, which is of such magnitude that other 

sources of uncertainty in the efficiency calculations can be 

neglected. 

Within this latitude of uncertainty, there is good agreement between 

the maximum monitored module conversion efficiencies, and the optimum 

module conversion efficiency established in the supplementary module 

performance tests reported in Chapter 7. 

The latter tests indicated an optimum module conversion efficiency of 

6.3% at a ce 11 temperature of 25 degrees C. 

While cell temperature at this stage has not been brought into 

consideration, the cumulative frequency distributions show that the 

array was capable of operating in the region of optimum module 

conversion efficiencies, but that these high efficiencies were 

restricted to a small P,roportion of generating time. 

The monitored months November and December 1986 and June 1987 are 

depicted in Figure 8.3. Data for these months have been combined, 

since load energy demand was negligible. As a conseqilence, module 

conversion efficiencies were very low. For 90% of the time, the 

conversion efficiency was less than 1%. For only 5% of the time, 

efficiencies exceeded 2%, with recorded values again asymptotic to 

the expected maximum of just over 6%. Since the system was never 

stretched during these latter months, they are disregarded for the 

remainder of this section. 
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FIGURE 8.3 Observed Module COnversion Efficiencies in Months 

of Negligible Load Demand. 

These graphs have shown that the system is capable of operating close 

to maximum predicted module conversion efficiencies, but seldom does. 

The main reason for this is that the array is capable of delivering 

more power than the system demands, most of the time, under observed 

operating conditions. The Energy Management Unit is usually therefore 

restricting the i;:ower admitted from the array. 

To an extent, this ;is to be expected in a stand-alone photovoltaic 

system which is sized for reliability in adverse conditions. Higher 

load energy demand, or a smaller array, or lower insolation levels, 

would result in higher average module conversion efficiencies, but 

could affect system availability. These relationships are discussed 

in later sections, and modelled in Chapter 9. 

The question of whether an array is operating in its optimum power 

voltage range is also deferred to later sections. 
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8.1.2 Delivered energy efficiencies 

Delivered energy efficiencies are lo-wer than module conversion 

efficiencies because there is a voltage drop across the the charge

controlling Energy Management Onit. 

At a minimum, the voltage drop is the voltage across the FET 

switch and its protecting Schottky diode during po-wer 

transmission. While values as .low as 0.6 to 0. 7 vol ts are 

observed for this voltage drop in the monitored data, such minima 

over a half-hour log period may include times when the EMU is not 

transmitting, and a safer estimate of low values is 0.9 to 1 

volt. These values were typical at times of high demand, and 

represent a power loss, across the Energy Management Unit, of 

less than 5%. 

When available array power exceeds system demands then the voltage 

drop is made greater by the pulse-width-modulation charge controlling 

circuitry. As a percentage of array voltage, the voltage drop across 

the Energy Management Unit was observed to range up to 28%. 

Lowest values are typical when the system is stretched - when 

batteries are depleted, and/or insolation levels low in relation to 

energy demand. High values occur when batteries are fully charged and 

there is no load energy demand. Under such conditions, the power 

attenuation is even greater than the voltage attenuation, because the 

chopping action of the FET allows current flow only for the portion of 

the waveform where the switch is closed. 

The difference between module conversion efficiency and delivered 

energy efficiency therefore depends on the balance between available 

array power and current energy demand. 

Figures 8.4 shows the cumulative distributions of delivered energy 

efficiency for the months July to September, 1987. (Measurements are 

again restricted to log periods when R:>A insolation was greater than 

250 W/sq.m. and the estimated uncertainty of insolation measurements 

is again .:!: 12%.) 
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FIGURE 8.4 Delivered Energy Efficiency, July-sept 1987 

Medians for these months were: 

July 

August 

September 

3.6 % 

3.8 % 

4.0 % 

100 

For more precise evaluation of maximtnn delivered energy efficiencies, 

data from the month of July was analysed, employing a more detailed 

statistical correction to pyranometer readings which is applicable to 

clear-sky days in mid-July. This correction, described in Chapter 6, 

makes allowance both for cosine errors and spectral response errors in 

the silicon-cell pyranometer in relation to a thermopile reference. 

(Under these conditions, the uncertainty in corrected insolation 

measurements was estimated as ±. 5%.) Using this correction, the 

maximtnn observed delivered energy efficiency was recorded on the day 

of July 20 1987 at a value fractionally under 6%, as shown in Figure 

8.5. The recorded cell temperature.corresponding to this maximum was 

12.5 degrees c. 
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8.1.3 Consaned energy efficiency 

Monthly means for the "consumed energy efficiency" (energy consumed by 

the load divided by insolation energy incident on the array) are 

calculated as follows: 

Mean 

Mean 

Mean 

TABLE 8.1 Mean Consumed Energy Efficiencies, July to September 

1987. 

July August September 

-------------------
POA Insola ti on (Wh/sq.m/day) 5620 5480 4961 

Insolation Energy on Array (Wh/day) 12117 11815 10696 

Load Energy Consumed (Wh/day) 372 378 362 

Mean Consumed Energy Efficiency 3.1% 3.2% 3.4% 

-------------------
The mean consumed energy efficiency depends on load energy demand in 

relation to insolation received, and was therefore negligible in 

months November, December and June. 

At the system design load of 425 to 450 Wh/day, the consumed energy 

efficiencies would have been higher than those observed, namely: 

July 3.5 to 3.7 % 

August 3.6 to 3.8 % 

September 4.0 to 4.2 % 

These figures are based on the assumption that the system could 

support such a design load, under observed climatic conditions. This 

assumption is discussed in Chapter 9. The factors affecting system 

efficiencies are discussed in the following section. 
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8.2 Factors Affecting System Efficiencies 

A variety of interacting factors affect the system efficiencies of a 

stand-alone photovoltaic system with battery storage. In this 

section, the principal factors are assessed, both from a theoretical 

point of view, where appropriate, and also in practical relation to 

the monitored system. 

The factors can be grouped as follows: 

a) cmCUMSTANTIAL FACTORS 

Primarily the energy demand profile put on the system by users' 

utilisation patterns. 

b) PROBABALISTIC FACTORS 

Primarily weather: insolation levels, and to a minor extent 

ambient temperatures. 

c) DESIGN FACTORS 

The sizing of the array, in relation to expected weather 

conditions and system utilisation; orientation of array; 

balance between array size and battery storage capacity; 

balancing array output characteristics and load input 

characteristics; choice of components; component efficiencies; 

method of charge regulation I power conditioning. 

If efficiency is viewed more broadly as efficient provision of 

the service of the applications load, then of course the energy 

efficiency of the applications equipment is of major importance. 

One factor not considered in the following discussion is the level of 

photovoltaic technology employed in the modules, with the exception 

that certain comparisons are made between the performance of 

monocrystalline and polycrytalline .modules. Apart from this, it is 

assumed that modules employing different technologies are 

competitively priced, such that cost effectiveness in Peak Watts per 

Rand is more or less independent of make of module. (If this is not 
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the case, then the cost optimisation of the array size to battery 

storage ratio would be affected; but in other respects the factors 

affecting system efficiencies remain broadly the same.) 

8.2.1 Circumstantial factors 

It was seen in the previous section that system efficiencies depend , 

strongly on levels of utilisation. If a system is designed to support 

a certain load energy demand, and actual load energy demand is much 

less than this, then system ef!iciencies will be very low. Available 

array power is not fully utilised. 

Conversely, if utilisation exceeds an accurately determined design 

load, system efficiencies will be higher on average, but there will be 

a probability of periodic down-time. 

The average consumed energy efficiency of the system.is directly 

proportional to load energy consumed, for given insolation conditions, 

up to a point where performance is interrupted by system non

availability in adverse conditions. Beyond this point, average 

consumed energy efficiency is still likely to increase, up to a point, 

but at the cost of periodic non-availability due to insufficient 

insolation. 

AVERAGE 

CONSUMED 

ENERGY 

EFFICIENCY 

SYSTEM 

AVAILABILITY 

100 % 

,.,,. 

SYSTEM 

AVAILABILITY 

< 100% 

-~ - . 

AVERAGE LOAD ENERGY DEMAND -> 
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The "cost" of interrupted system availability depends on the 

application. If the costs incurred are high, as for example in a 

chain of interdependent solar-powered repeater stations, then it is 

sensible to oversize the photovoltaic systems to achieve very high 

reliability. In non-crucial applications, however, it would seem wise 

to size a system for a definite probability of occasional non

availability, since the gains in efficiency and reductions in capital 

cost could outweigh the costs of possible interruptions of service in 

exceptional weather conditions. 

A problem, however, is that accurately predicting actual load energy 

demand is virtually impossible for applications where utilisation 

depends on the choices and circumstances of users. This is why load 

energy demand here is regarded as a circumstantial variable. 

In the Bophuthatswana Edutel project, actual utilisation of the tele

visions/video in schools depends on a complex of factors, including 

teachers' attitudes, ayailability of eductional software, timetable 

and classroom scheduling. Perhaps if schools regularly followed a 

regular daily broadcast programme of educational television then load 

energy demand could be reasonably assessed; but certainly while 

distributed videotapes remain the main medium of television instruc

tion, actual utilisation .levels could hardly be predicted in advance. 

It was therefore necessary to design for somewhat notional system 

requirements, and these were generously set (10 hours television use 

per day, including 5 with use of VCR, during school terms). Actual 

utilisation levels at this time have not yet been established by a 

representative survey of schools in Bophuthatswana, but based on 

viewpoints of informed observers who visit a cross-section of schools, 

it is safe to say that average actual utilisation levels are 

considerably below the maximum for which the systems are designed. 

The resulting spare capacity has the effects of enhancing system 

reliability, and of allowing for future expansion of usage. But 

average system efficiencies will of course be depressed as long as 

utilisation levels are lower than the design load levels. In 

Chapter 9 estimations are presented for system efficiencies, and 

associated probabilities of non-availability, at varying load energy 

demand levels. 
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The seasonal and daily profiles of load energy demand also have a 

bearing on system efficiencies. If demand profiles corresponded 

closely with the availability of insolation energy over the course of 

a day and over the course of the seasons, efficiencies could be 

maximised. This is generally not the situation for stand-a.lone 

photovoltaic applications (with possible exceptions, such as water

purnping applications). Discrepancies between load profiles and 

insolation profiles bring the requirement for battery storage, and for 

sizing the array large enough to support the load in the worst months 

of the year. 

The proportion of the load energy demand which occurs at night 

requires that amount of short-term energy storage from the batteries. 

This proportion of the load is met at a lower efficiency than daytime 

loads, because of the batterie~' less than perfect energy efficiency. 

Of greater consequence are discrepancies which occur as a result of 

day to day, and seasonal fluctuations in weather. These require 

medium-term battery storage to cope with runs of adverse weather, and 

array size sufficient to cover any seasonal fluctuations. 

If the load energy demand profile is assumed to be constant at 

different times of year (as essentially was the case in designing the 

present systems) then the tilt plane of the modules is generally 

chosen to optimise insolation received in the worst insolation month 

of the year. If load energy demand were higher in months of higher 

insolation, efficiencies could be improved, as less surplus would be 

wasted. 

In the case of the Bophuthatswana installations, however, there are no 

grounds for expecting important seasonal variations in utilisation, 

with the exception of the Christmas period when school usage is likely 

to be low. Similarly, variations in daily load profiles (ie. in the 

proportion of night-time usage) are unlikely to be a major factor, 

since most intended usage should be during school hours. 

In summary, it is probably fair to say that levels of load energy 

demand are likely to be the most important determinant of system 

efficiencies in the Bophuthatswanan school installations. If actual 

utilisation at a school is only say six hours a week, instead of the 
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design load of 70 hours a week (during school terms), then averac]e 

consumed energy efficiencies will be less than a tenth of what could 

be achieved at the design load levels. Such variation in utilisation 

is easily possible, and beyond the control of system suppliers. No 

other design factor has a similar magnitude of impact on efficiencies. 

This points to the importance, despite the difficulties, of making 

best possible estimates of likely load energy demand levels. In a 

situation of such uncertainty as the introduction of new technology 

into teaching, it may be worthwhile to begin with more conservative 

specifications than in the Edutel project, and rather to provide for 

modular expansion of the power subsystem when higher levels of load 

energy demand are demonstrated. 

8.2.2 Probabalistic factors 

Photovoltaic system design is made more complex by the probabilistic 

nature of the primary source of energy, received insolation. 

A comedian qnce pointed out that, since the success rate of BBC 

weather forecasts was less than 50%, it would make more sense to 

expect the opposite of what was predicted. This is not quite true, 

since a multiplicity of deviations could count as "opposites"; and 

fortunately predictions for average conditions over a loriger stretch 

of time have a better chance of accuracy than short-term forecasts; 

but it underlines the point that weather is uncertain, and hence 

received insolation can at best be predicted only as a probability 

distribution. 

The impact of the probabalistic distribution of insolation on th~ 

efficiency of a stand-alone photovoltaic system occurs primarily 

through the need. to oversize the array, and to supply sufficient 

battery storage, to allow continued supply to load in adverse weather 

conditions. Ideally, if weather probabilities are known, this can be 

done in such a way as to predict the probability of system failure due 

to extremes of adverse weather. More usually, rules of· thumb and 

safety margins in design are used for deciding the degree of 

oversizing required. 
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In either case, a system designed to survive periods of low irisolation 

will be oversized for periods of high insolation, if the average load 

demand is constant, and the impact on average consumed energy 

efficiencies will be the same as if the system were underutilised, as 

discussed above. 

In principle, the degree of oversizing can be reduced if the probable 

variance in locally received POA insolation, from day to day, from 

month to month, and from year to year, is low. To some extent, this 

depends on latitude and local climatic patterns, which are of course 

outside the control of the system designer. However, mean seasonal 

variations in POA insolation can be manipulated by changing the tilt

angle of the array. The tilt angle is usually selected to optimise 

POA insolation in the worst month of the year (assuming steady load 

energy demand throughout the year). 

To optimise the degree of oversizing, good information would be needed 

about insolation probabilities for the site. Ideally, this should 

include information about the statistical probability of insolation 

levels over~ of days, since this is what determines continuing 

system availability over time. Such information is generally not 

available. (Using historical weather data for Pretoria, this kind of 

information has been generated for system modelling in Chapter 9.) 

The lack of information about insolation probabilities is a constraint 

on determining the optimal degree of oversizing needed to achieve a 

specified probability of system availability through bad weather 

conditions. To the degree that a system approaches such optimality of 

oversizing, average consumed energy efficiencies will be increased, 

and installed costs thereby minimised. 

Compared with insolation, ambient temperature has a less crucial but 

nonetheless significant impact on system efficiencies. Along with 

insolation levels, it is a co-determinant of operating module cell 

temperature, which affects optimum module conversion efficiencies, and 

optimum-power array voltages. It can also affect battery performance. 

Photowatt specifications for EW-P 800 modules indicate that the opti
mal module conversion efficiency is diminished by a factor of approxi

mately 0.4% for every degree c. above the reference of 25 degrees c. 
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module cell temperature. In principle, then, an array of such modules 

operating at say 60 degrees C. could optimally produce in the region 

of 8% less power than one operating at 40 degrees C. cell temperature. 

While this appears to be a substantial margin, the impact is reduced 

in a system where (a) there is no optimum power tracking, and (b) the 

array operating voltage at times of high demand is effectively set by 

battery charging voltage. This is because the dominant effect on 

array performance of increasing cell temperature is to lov.ier the 

voltage at which the array can generate. Array open-circuit voltage 

is reduced, and the voltage at which the array produces its maximum 

power output is similarly reduced. But as long as the optimum-power 

voltage of the array remains above the battery charging voltage, there 

is little impact on the power which can be delivered to the batteries. 

This is discussed in greater detail in Section 8.2.3, as it raises the 

design issue of how to match array output characteristics to load 

input characteristics, taking into account the expected range of array 

operating temperatures. 

The effect of ambient temperature on battery performance is primarily 

concerned with the fact that battery capacity and battery terminal 

voltages increase at higher operating temperatures, due to increased 

rates of electrochemical activity. (Correspondingly, battery lifetime 

is expected to be less at higher operating temperatures, other 

conditions being equal.) Battery temperature will depend on ambient 

temperatures, on where the batteries are housed, and on charge and 

discharge current rates. Within the range of expected battery 

temperatures for the monitoring site, it is not felt that variations 

in battery temperature enter as a significant efficiency factor. A 

sudden rise in battery temperature can lead to the anomaly that it can 

discharge more energy than it received under charge at lower 

temperatures, but this would of course be a short term effect, and of 

no importance over a period where batteries are regularly cycled and 

where battery temperatures change slowly. 

With regard to system design, the main concern to do with battery 

temperature is the setting of charge and discharge voltage limits. 

Higher charge voltages are recommended for lower electrolyte 

temperatures. This information is generally supplied by the 

manufacturers. Sizing calculations which entail assessment of 

8 .16' 



available installed battery capacity require estimation of battery 

electrolyte temperatures in conjunction with the setting of the lowest 

permitted discharge voltage. 

In the monitored system, battery electrolyte temperature was not 

measured. Since the batteries are stored indoors in an enclosed 

cabinet, and discharge and charge currents are small in relation to 

battery capacity, it has been assumed that the monthly mean ambient 

temperature is a good enough estimation of battery cell temperature. 

8.2.3 Design factors 

The operating module cell temperature was noted above as one 

determinant of module conversion efficiencies, related to the 

probabalistic distribution of climatic conditions. However, of far· 

greater impact upon system efficiencies in a typical stand-alone 

photovoltaic system are considerations based on the sizing of the 

system, in relation to expected load energy demand and expected POA 

insolation. The relationships at work here are most readily seen by 

considering the output characteristics of photovoltaic generators. 

The output characteristics of PV modules resemble those of a current 

generator source, rather than the more familiar case of constant 

voltage generation (as exemplified by grid electricity supply or, 

approximately, by battery supply). The PV generator has similar 

characteristics to a diode, where gate voltage is the photovoltage 

induced by insolation. For a given insolation, and cell temperature, 

the cell, module or array will attempt to output an almost constant 

current, proportional to the photovoltage. Inconstancies arise from 

the effects of series and shunt resistances in the actual cell, module 

or array. (The effects of these are increased by agglomeration, so 

that the output characteristics of an array are less close to those of 

a perfect current generator than the output characteristics of a 

single cell. ) 

The input energy to the array cannot sustain constant current output · 

under any conditions. When connected to a load of infinite impedance, 

no current will flow. More generally, the characteristic output 

current of a photovoltaic generator remains nearly constant up to a 

certain load impedance, after which it falls swiftly to zero. 
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This is illustrated in Figure 8.6 which shows the form of 

photovoltaic output cha.racteristics when load impedance is varied from 

zero to infinity. The three curves represent output characteristics 

at three insolation levels, while cell temperature is held constant. 

(~ta for these curves was derived from Photowatt PW-P 800 

specifications. The curves do not accurately represent the output 

characteristics of the installed PW-P 801 modules, which are discussed 

in Section 8.3.) 
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Example of PV Module output Characteristics at 

Constant Cell Temperature and Varying Insola tion 

The power which can be obtained from a photovoltaic generator, at a 

given insolation and cell temperature, depends on the impedance of the 

load to which it is connected. Optimum power is delivered when output 

voltage multiplied by output current is maximised. Because of the 

shape of the PV I=f(V) output curves, this value is maximised on the 

"knee" of the curve, when the load impedance reduces the output 

current somewhat below the short-circuit value, while avoiding the 

steep decline associated with higher voltages. Approximate optimum 

power points are marked in Figure 8.6. 
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When an array is connected to a loa,d, the opera ting points on the 

array output ·curves will depend on the apparent impedance of the load. 

If the load impedance is independent of what the array is doing, then 

"load lines" cah be superimposed on the same graph to show the I=f(V) 

input characteristics of the load. Array operating points are then 

predicted as the points of intersection between array I=f (V) output 

curves and the load I=f (V) input characteristics. 

For example, a purely resistive 'load has a straight load line which 

passes through the origin, since I= l/R * V for.a resistive load R. 

Loadline A in Figure 8.7 provides an example of such a resistive 

load, and it is seen that connecting such a load to such an array 

would result in operating points well away from the maximum power 

points of the array, as insola tion varies. 

IV Characteristics and Sample Loadlines 
at oonstont cell temperature 
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FIGURE 8.7 Module IV CUrves and Sample Loadlines 

A better match is obtained when the array is charging a battery, 

providing the optimal voltage range of the array is close to the 
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It should be emphasised, though, that while an optimum power tracker 

can maximise available array power, whether the available energy is in 

fact utilised will depend on system energy demand. If energy demand 

were always greater than available array energy (as for instance in a 

photovoltaic generator connected to a grid which will receive any 

surplus power) then optimum power tracking would deliver its potential 

benefits. But in a stand-alone system with battery storage, this need 

not be the case. 

For example, in a stand-alone system where array voltage was adequate 

for battery charging, and where the array/battery combination was 

substantially oversized in relation to load energy demand, there would 

be little purpose in optimum power tracking, because there would be no 

call upon the extra potential power made available. The storage 

batteries would simply spend more time at high charge (with some 

benefit to battery life expectancy). 

This illustrates the interdependence between two sets of design 

issues. The one concerns matching energy demand (over time) to the 

energy which can be supplied by the array and associated energy 

storage in prevailing climatic conditions. Providing the array 

characteristics are reasonably suited to charging the batteries, the 

primary design variables here are the size of the array and the 

capacity of the batteries, which need to be calculated in relation to 

energy demand and climatic conditions. (Chapter 9 deals with this.) 

The second set of design variables concerns optimising the performance 

characteristics of power generation. Here the matching of array 

output characteristics with load input characteristics is of primary 

concern. A well matched combination will allow for higher generating 

efficiencies, and thus enable a more economical sizing of the array 

and batteries. However, if a system is oversized in relation to 

energy demand over time, then improved component matching will be of 

minor interest. 

Thus the improvements in system performance which could be obtained 

through use of optimum power tracking in a stand-alone battery

charging system are on,ly likely to be of significance in a critically 

sized system, which could be defined for present purposes as a system 

where there is a definite but acceptably small probability of system 
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non-availability due to insolation shortfalls in exceptionally adverse 

climatic conditions. If an optimum power tracker significantly 

increased the available array power in such critical conditions, it 

could provide a lower probability of loss of power, or alternatively 

allow the same probability of loss of power with a reduced 

array/battery combination. 

In this situation, the comparative benefits of optimum power tracking 
• electronics would depend (inversely) on how well the array output 

characteristics can be matched to the load input characteristics in 

the absence of such power conditioning. 

This leads to a discussion of the variables which principally 

determine the matching of array output characteristics and load input 

characteristics, in a critically sized system. 

Where storage batteries are in parallel with the applications load, 

the load input characteristics in critical conditions (batteries 

undercharged) will be dominated by the batterie~' loadline at that 

state of charge. The high energy acceptance and low internal 

resistance of the batteries produce an input loadline which is 

effectively set by the battery chargin~ voltage at that state of 

charge. This will vary only slightly with variations in array current 

output at changing insolation levels. (Any voltage drop across 

charge~regulating circuitry will be added to the batteries' charging 

voltage, to set an approximately vertical loadline.) 

On the array side, the I=f(V) array output characteristics will be. 

mainly a function of module design, insolation and operating cell 

temperature. Insolation (energy flux and spectral distribution) has 

little effect on optimum-power array voltages for a given design of 

module, compared with cell temperature. The match (or mismatch) 

between critical loadlines and array optimum-power voltages is 

therefore determined primarily by the choice of module and by the 

opera ting ce 11 temperatures. 

Figure 8.8 illustrates the principles of matching array 

characteristics to battery charging characteristics, in the absence of 

an optimum power tracker, taking into account variations in battery 

charging voltage and operating cell temperatures. 
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Charging Input Characteristics 

Suppose the two array I=f (V) curves shown above represent array output 

characteristics, for an arbitrary level of insolation, at low and high 

expected operating cell temperatures, tl and t2. (The schematic 

emphasises the effect of cell temperature on array voltages, while 

ignoring the small increases in array current associated with higher 

ce 11 temperatures.) 

The two loadlines represent battery. charging loadlines at a high 

battery state of charge (Line Ll) and at a low battery state of charge 

(Line L2), ignoring any variations in battery electrolyte temperature, 

but notionally including any voltage drop across charge-regulating 

circuitry. 

Considering loadline Ll, it can be seen that if the array is designed 

to provide a sufficiently high optimum power voltage at high cell 

temperature to charge the battery at high state of charge (Point A), 

then there will be a deviation from optimum power voltage when the 

array operating cell temperature is lov.ier (Point B). 
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Considering loadline L2, where the battery is at a low state of 

charge, there is an even greater deviation from optimum power array 

voltage (Point C). The deviation is greatest with respect to the low 

temperature ( tl) output characteristics of the array. 

The extent of maximum deviation from optimum power voltages is 

therefore determined, in this case, by (i) the range in battery 

charging voltages, and (ii) the range in operating array cell 

temperatures in conjunction with the temperature-voltage coefficient 

of the array. 

Unfortunately, periods of maximum energy demand might be expected to 

incur the greatest power losses through deviation from optimum power 

array voltages. This would be the case if critical periods, when 

batteries approach their lowest state of charge, are also associated 

with low array cell temperatures, eg. in winter months and at low 

insolation levels. 

An optimum power tracker would remove this problem, and might be 

preferred in a critically sized system_ when there is a large range in 

expected operating cell temperatures, and where lowest cell 

temperatures are incurred in periods of maximum energy demand. 

Alternatively, generating efficiency in critical periods (loadline L2) 

could be improved by using modules with lower optimum power voltage 

characteristics, in effect relatively moving the loadlines to the 

right, closer to low temperature optimum power voltages. 

The danger here would now come at high operating.cell temperatures. 

I.oadline Ll (high~state of charge) if moved to the right would 

intersect the. t2 array output curve on its sharply descending tail, 

for example at Point D. The currents which the array can generate 

would be sharply reduced, and might be insufficient to bring batteries 

to full charge, with cumulative harm to battery life. (The danger to 

battery plate life would be greater in the case of lead-antimony than 

lead-calcium batteries, the latter having less requirement for boost 

charging to prevent sedimentation and acidification.) 

Without an optimum power tracker there must be an inevitable 

compromise in array genera ting efficiencies. However, the compromise 
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which can be made, and the cost of that compromise in terms of power 

generated, is also dependent on the shape of the array I=f(V) 

characteristics. 

The characteristics used in Figure 8.8 were derived from Photowatt 

PW-P 800 specifications, and show typical characteristics for modules 

with a fairly high fill factor. The optimum power voltage is fairly 

well defined, and the power losses associated with deviations from 

optimum power voltages are as shown in Figure 8.9 below. But modules 

with a lower fill factor, such as the polycrystalline PW-P 801 modules 

installed at the monitoring site, do not incur such high power losses 

as a result of deviations from optimum power voltages. This is 

particularly so for operating voltages which are higher than the 

optimum power voltage. This is also illustrated in Figure 8.9, where 

positive values on the horizontal axis indicate operating voltages in 

excess of the optimum power voltage. The vertical axis shows the 

corresponding percentage of optimum power lost. 

Optimum Power and Voltage Deviations 
60 

--

50 

40 

.30 

~ 
~ N... 

~ 
20 

10 

0 

-10 -8 

D PW-P 801 from tests 

FIGURE 8.9 

Comparison of PWPBOO ond PWP801 modules 

'J 

I 
I 

t 

I Cl 

~ I/ v 
~ N.... j Ji 

"' ~ ll v 
~ ~ ~ _ _J:, 

-6 -4 -2 0 2- 4 

(Operating YOlts - Opt. power volts) 
+ PW-P 800 from SPECS 

The Relationship Between Optimum Power and Optimum 

Voltage Deviations For Two Photovoltaic Modules 

8. 25' 



Figure 8.9 indicates that, to the extent that manufacturer's 

specifications for EW-P 800 modules and tested characteristics for 'the 

EW-P 801 modules can be relied upon, there is greater opportunity for 

useful compromise in the case of the latter polycrystalline modules. 

They can be allowed to operate in a wider voltage range with lest cost 

to optimum power generation than is the case with the monocrystalline 

EW-P 800 version, and in p:irticular, if required to operate at 

voltages higher than their optimum power voltage, the power losses 

wil 1 not be as acute. 

This means that modules with the latter characteristics could be used 

to charge batteries at a charging voltage higher than the module~• 

optimum power voltage. For instance, intersection with a loadline 

three volts higher than the optimum power voltage of the modules would 

lead to a reduction in power of only 5%, comp:ired with a reduction of 
I 

15% in the case of EW-P 800 modules. Such a situation could be 

rratched to expectations for high states of charge of the battery, and 

high operating cell temperatures, without endangering system 

performance. 

The benefit of this would be that in critical conditions, when 

batteries are at low state of charge and when cell temperatures are 

likely to be lower, the deviation between optimum power array voltage 

and take-off voltage will be reduced. In these conditions, if the 

loadline fell to a voltage three vol ts lower than the corresponding 

optimum power array voltage, the loss of potential power would again 

only be 5%. 

The voltage deviations cited here, and as they appear in Figure 8.9, 

are all relative to a 24 V nominal configuration. The aim has been to 

indicate the magnituae of power losses which could be achieved through 

suitable balancing of array and load characteristics, in the absence 

of an optimum power tracker. Losses in potential power are reduced if 

modules have a· lower fill factor. To achieve minimUm power losses, 

the absolute value of optimum power array voltages must still be 

rra tched to load voltage characteristics. Other determining variables 

are the range in permitted battery charging voltages and the range in 

expected opera ting array ce 11 temperatures. Optimum power tracking 

will be of greater advantage when these ranges are high, when modules 

have a high fill factor, and only if a system is critically sized. 
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8.3 Analysis of Efficiencies in the Monitored System 

The foregoing approach is now appliea in an analysis of efficiencies 

in the monitorea system. Array/output characteristics are assessea in 

relation to observed loadlines. Comi;:arisons are also i:nade between the' 

monitorea system ana efficiencies which would be expectea if PW-P 800 

monocrystalline moaules ha.a been installed. These comi;:arisons are of 

.interest firstly because the original system design was based on the 

latter moaules, and secondly because they illustrate the extent of 

efficiency losses which could be incurrea through poor component 

matching. 

8.3.l Cbserved loadlines 

Loadlines have been statistically extracted from the monitoring data, 

for selectea system states. The datapoints represent combinations of 

array voltage and array current, at varying insolation levels, 

corresponding to the selected system states. 

In states of low energy demand, ie. when the Energy Management Unit is 

performing a charge-limiting function, there is no singular loadline, 

since it is then functioning as an active device, variably limiting 

power transmission in response to insolation, cell temperature and 

battery voltage. 

In states of higher energy demand, the loadlines are relatively well 

defined, and are then independent of array cell temperature, being set 

by the load input characteristics. 

Insufficient range in operating conditions was observed (particularly 

with respect to low battery states of charge) to establish input 

characteristics for a full range of system states. However, 

regularity in the observed loadlines allows extrapolation to non

observed system states. 

The loadlines have been portrayed as BMDP scattergrams, to provide an 

indication of variance in the data points. The horizontal axes show 

recorded array voltage (before the Energy Management Unit) while the 

vertical axes show the current delivered to batteries and/or 

television load (ie. array current). 
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In these scattergrams, the numbers/letters indicate the frequency of 

data points at a given position. (When more than 9 data points 

coincide, BMDP uses letters to continue the numbering, so that "A" 

represents a frequency of 10.) 

Definition has been somewhat reduced by the multivariate analysis, 

primarily the need to bracket ranges of system states to obtain 

sufficient datapoints. 

Figure 8.10 shows input load characteristics for states of low energy 

demand. Here the batteries were at or close to full charge, and there 

was no applications load. While these input characteristics are of 

little design interest, they are shown here in order to illustrate the 

im_p3ct of the Energy Management Unit (EMU). 

Figure 8.10(a) corresponds to the period when the EMU was inoperative, 

probably following lightning damage. It is seen that the loadline is 

fairly well defined, in com_p3rison with the spread of amps-volts .i;::ie.irs 

in Figure 8.10(b). 

Figure 8.10(b) shows the im_p3ct of the EMU when batteries were at a 

charge voltage greater than 27.5 vol ts (close to maximum permitted 

charge voltage). It is seen here that the EMU makes varied 

adjustments to power transmission, and hence ap.i;::ie.renl input impedance, 

to achieve its regulating function in varying insolation and 

temperature conditions. 
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ln.PUt Load Characteristics in States of Low Energy 

Demand 

The loadlines become more defined when there is greater system energy 

demand in relation to array power, reducing the vari~bility and extent 

of EMU power limiting. Figure 8.11 corresponds to states where the 

batteries were again at a charge voltage greater than 27.5 volts, but 

where the television load was on. In these conditions, recorded array 

operating voltage ranged from 29 to 32 volts. 

' 
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Input Load Characteristics With Batteries at High 

Charge, and Television Load On. 

When batteries are at lower states of charge, there is increased power 

acceptance, and array opera ting voltages are brought down closer to 

battery charge voltage. Figure 8.12(a) shows the case for battery 

charge voltage between 26.5 and 27 volts, with no applications load, 

while Figure 8.12(b) shows the loadline for the same battery voltage 

range, but where the television was also switched on. In both cases, 

array voltage is fairly well defined, in the region of 28 vol ts. More 

detailed analysis shows the array voltage range for these two system 

states was 27.6 - 28.5 vol ts (no TV) and 27.8 - 28.0 vol ts (with TV 

on). 

Data.points become sparse for lower battery states of charge, but the 

pattern remains the same. At a battery charge-voltage range of 26 ·-

26.5 vol ts, recorded array voltages ranged from 26. 7 - 27.8 vol ts (no 

TV) and 26.9 - 27.5 vol ts (TV on). 
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Input Loadlines at Lolooler Battery States of Charge 

Canparison of these loadlines shows that, as expected, the regulating 

action of the EMU introduces greatest indeterminacy of input 

characteristics when batteries are near full charge. In situations of 

higher energy demand, the load lines are nearly vertical, at a voltage 

level approximately 1 volt above battery charge voltage. In principle, 

this characteristic is favourab_le to efficient array operation, since 

array optimum power points, at varying insolation levels (and constant 

cell temperature), are also close to vertical. The question remains 

whether the array is matched to these load input characteristics. 
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8.3.2 Array output characteristics 

Array output characteristics were measured in the tests reported in 

Chapter 7, and the results are used here to assess the optimality of 

matching between the array and the load. 

Array output characteristics, at varying insolation levels, were also 

extracted from the monitoring data, through multivariate analysis. 

Recorded pairs for array vol ts and array amps were statistically. 

adjusted for recorded cell temperature, to bring them to estimated 

equivalents at cell temperature 25 degrees. Then these pairs were 

comi:artmentalised for R:>A insolation bands of .:!: 50 W/sq.m and array 

voltage bands of ± 0.5 vol ts. The mean temperature-adjusted array 

current was computed for each POA-vol ts cell. These mean values 

constituted datapoints for plotting array output characteristics. 

However, due to the limited range in observed operating conditions, 

the curves obtained from monitoring data were restricted to an array 

voltage range of between 27 and 37 vol ts. The ful 1 I=f (V) curves from 

Chapter 7 are therefore used in preference. 

Both procedures entailed making adjustments for cell temperature. The 

relationship used for this purpose was derived from the monitoring 

data, as follows. 

It was not possible from the monitoring data to obtain a direct 

measure of how cell temperature is related to optimum power points in 

the array's output characteristics. This is because the influence of 

battery charging voltage on array operating voltage masks the 

influence of cell temperature. 

The best indicator of the impact of recorded cell temperatures on 

array voltages was obtained by correlating these variables in 

conditions approaching zero current flow (ie. in conditions 

approaching array open'circuit). Data from two months in mid-summer 

and mid-winter was combined for this purpose. 

The regression relationship was: 
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VOC(Tc) = VOC(25) * ( 1 - 0.0028 * ( Tc - 25 ) ) 

R-squared = 0.81 

Tc: 

VOC(Tc): 

VOC(25): 

Module cell temperature (degrees C.) · 

Open-circuit array voltage at cell temperature Tc 

Open-circuit voltage at cell temperature 25 deg c. 

The temperature coefficient of open-circuit voltage obtained in this 

way was used as the temperature correction factor for al 1 voltages on 

the array IV curves. The derived value of -0.28%/degree for the 

monitored PW-P 801 modules is somewhat lower than that derived from 

PW-P 800 specifications, which is -0.38%/degree. 

The cell temperature coefficient of module current has not been taken 

into consideration in assessing the matching of array and load 

characteristics. It could not be derived from the monitoring data, 

but from theoretical considerations it can be expected to be in the, 

region of +0.1%/degree, while PW-P 800 specifications indicat~ a 

coefficient half this magnitude. Higher cell temperatures are 

accompanied by slight increases in array current, but this has 

negligible effect on the optimum power array voltage at a given eel 1 

temperature. Temperature effects on current were also not considered 

in normalising the tested IV characteristics in Chapter 7, since the 

small temperature range would have introduced an estimated correction · 

of only 0.5% to array currents, negligible alonside other sources of 

uncertainty. However, the theoretical temperature coefficient of 

current is included in later optimum power calculations where a large 

temperature- range is considered. 

To assess the matching of array and load characteristics, it is 

necessary to identify the expected range in operating cell 

temperatures. The summary of monitored data in Chapter 4 showed' that 

the recorded cell temperature in daylight hours averaged between 17 

and 30 degrees (winter to summer), with maxima ranging from 40 to 50 

degrees, depending·on season. Minima fell below zero at times, but at 

times of insignificant insolation, and more representative minima for 

generating periods were in the range 10 to 15 degrees c~ 

The expected operating cell temperature band for this site is 

therefore taken as the range 10 degrees to 50 degrees c. 
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Loadlines can now be combined with the monitored array's tested IV 

characteristics, making voltage adjustments for this expected range in 

opera ting ce 11 temperatures. 

The two loadlines which are superimposed make use of the finding that 

in situations of energy demand, loadlines were approximately vertical, 

and approximately 1 volt above battery charging voltage. Loadline A 

represents the state of system when the batteries have a charge 

voltage of 24 vol ts ( 23.8 vol ts is the lo-west permitted discharge 

voltage) while Loadline B represents the state where batteries are 

fully charged but there is remaining demand from the applications load 

(as in Figure 8.11 above). 
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The array IV curves in Figure 8.13 are for an arbitrary insolation 

level, since by the assumptions made, the insolation level does not 

significantly affect voltage matching of array and load 

characteristics •. 

The intersection of the maximum a~d minimum voltage loadlines with the 

array IV curves at minimum and maximum expected operating temperature 

show that this array appears to be very well matched to the load 

characteristics. 

The voltage of Loadline A virtually coincides with the optimum power 

voltage of the array at cell temperature 50 degrees, while the voltage 

of Loadline B coincides with the optimum power voltage of the array at 

cell temperature 10 degrees. The worst cases indicated are where the 

batteries are discharged (Loadline A) and cell temperature is low, and 

where batteries are charged (Loadline B) and cell temperatures are 

high. In the first case, operating voltage is approximately 3 volts 

lower than the optimum power voltage. · In the second case, it is 

approximately 3 vol ts higher. · 

For this range of operating conditions, therefore, the voltage 

matching could hardly be .improved upon, and given the rounded shape of 

the IV characteristics of this array, the same can be said in terms of 

optimum power deviations. Figure 8.13 earlier showed that the 

deviation from optimum power associated with a 3 volt deviation from 

optimum power voltage, for this array, was only 5% (whether 3 vol ts 

higher or 3 vol ts lower than the optimum power voltage). 

This ideal matching provides a good illustration of how available 

array power can be optimised in a a stand-alone photovoltaic system 

where batteries dominate the input load characteristics •. With maximum 

expected deviations of 5% from optimum power generation, it is 

unlikely that an optimum power tracker could significantly improve 

performance. 

This would not have been the case if monocrystalline IW-P 800 modules 

had been installed. Their higher fill factor and higher optimum power 

voltages would have led to serious mismatching. 
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...... 

To illustrate this, Figures 8.14 to 8.16 portray the main relation

ships needed to make the comp:i.rison. 

Figure 8.14 shows the optimum power voltages of PW-P 801 and PW-P 800 

modules, as a function of cell temperature. (The relationships are 

derived from monitoring data and specifications respectively.) 

The shaded rectangle indicates the expected range in operating cell 

temperature (horizontally) and the expected voltage range of battery 

loadlines (vertically). 

The maximum expected deviations from optimum power voltages are given 

by the vertical distance from the modules' optimum voltage lines to the 

furthest corner of the shaded rectangle. 
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This shows the deviations for PW-P 801 modules more accurately, with 

maximum deviations of -3.5 and +2.5 vol ts from optimum. For the PW-P 

800 modules, however, the voltage deviations would be more severe. 
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The deviation would be -6 volts, with highly charged batteries (plus 

·TV load) and a cell temperature of 50 degrees; and ..,..11 volts with a 

depleted battery and a cell temperature of 10 degrees. 

Figure 8.15 reproduces the relationship between optimum power voltage 

deviations and optimum power deviations used earlier, based on the 

form of the IV characteristics for the two types of module. The 

maximum voltage deviation for PW-P 801 modules of -3.5 volts indicates 

a 6% maximum loss of optimum power, at cell temperature 10 degrees, 

while at 50 degrees cell temperature the maximum loss is 5%. 

The maximum optimum power loss for IW-P 800 modules would be 14% at a 
cell temperature of 50 degrees, and (al though a -11 vol ts deviation is 

off the scale in Figure 8.15) approximately 30% at cell temperature 10 

degrees C. 
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This maximum power loss of up to 30% could unfortunately occur in 

critical conditions, associated with low battery state of charge, low 
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insolation and low ambient temperatures in winter months: an~ in terms 

of system availability, this loss in generating efficiency through 

voltage mismatch would counteract the higher peak power rating of the 

rnonocrystalline modules, in the absence of optimum power tracking. 

Figure 8.16 in conjunction with these estimates allows for a 

comp:i.rison of available power from the two types of module. Their 

optimum power ratings (multiplied by two, for two modules in an array)· 

are depicted as a function of cell temperature, for a nominal 

insolation level of 1000 W/sq.m. The PW-P 800 optimum power line is 

derived from original specifications, while the PW-P 801 power line is 

derived from tests and monitoring data. These power lines incorporate 

adjustment for temperature effects on array currents as well as array 

voltages. 
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When the ra tea optimum power, at the corresponding ce 11 temperature, 

is derat~d by the estimated loss in optimum power at that temperature, 

it is calculated that in the worst cases these two types of module 
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would deliver nearly the same power. The results of these 

calculations are in Table 8.2, for a wider range of cell temperatures. 

PW-P 801 modules are calculated to deliver slightly higher power at 

low cell temperatures, due to the mismatch of PW-P 800 modules in this 

situation. 

TABLE 8.2 Comparative Power output of :EW-P 801 and PW-P 800 
/ 

Modules, Taking Account Of Array/Loadline Matching 

PW-P 801 (polycrystalline) modules 

Two in array 

Tested Peak Power: 135 Wp at 1000 W/sq.rn and 25 degrees C {.::!:8.2%) 

Available Array Power OUtput, per 1000 W/sq.m ____ _..._ ______________ _ 
Array/Loadline Match: BEST CASE WORST CASE 

-------
CELL TEMPERATURE: 10 

{degrees c.) 20 

30 

40 

50 

60 

140 w 
136 w 
133 w 
131 w 
128 w 
126 w 

132 w 
129 w 
130 w 
128 w 
122 w 
118 w _____ ...._ ____ ._ ______ _ 

PW-P 800 (monocrystalline) modules 

Two in array 

Specified Peak Power: 164 Wp at 1000 W/sq.rn and 25 degrees C (±12.5%) 

Available Array Power output, per 1000 W/sq.m 

·---------- ·----------
Array/Loadline Match: BEST CASE WORST CASE 

CELL TEMPERATURE: 

(degrees C. ) 

-------·--------·---
10 138 w 
20 139 w 
30 141 w 
40 142 w 
50 145 w 
60 142 w 
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121 w 

122 w 
122 w 
128 w 
128 w 
134 w 

·---,----



8.4 Conclusions 

Conclusions relating to the optimality of matching array output 

characteristics to load input characteristics are as follows: 

1 The installed PW-P 801 modules are well matched to the system 

load input characteristics. Maximum power loss in expected 

operating conditions, due to operating away from maximum power 

.points, is estimated as 6%. This represents an unavoidable loss,. 

in the absence of an optimum power tracker, and could not be 

significantly reduced. The low fill factor of the modules, while 

concomitant with low cell conversion efficiencies, contributes to 

minimisation of this power loss, in combination with nearly ideal 

matching of array and loadline voltages. 

2 For comparison, the predicted mismatch of PW-P 800 modules, as 

originally recommended by Photowatt SA and according to their 

original module specifications, could have resulted in losses of 

up to 30% of optimum power output, in the absence of optimum 

power tracking. This is primarily due to the higher voltage 

· characteristics of these modules. 

3 The PW-P 801 modules were apparently intended as a poly

crystalline equivalent for monocrystalline PW-P 800 modules. 

According to tests, they had considerably lower peak power, but 

due to superior matching to load characteristics in the present 

application, should have equivalent power performance in mid

range conditions, and slightly superior performance in critical 

conditions when cell temperatures are low and batteries are 

depleted. 

4 The higher voltage characteristics of PW-P 800 modules would suit 

them for battery charging in very hot conditions (desert or 

tropical), or for operation with an optimum power tracker, in 

which case their higher optimum power could be utilised. 

5. The comparison between these two module designs has illustrated 

that peak power ratings of an array (even if they were accurate) 

may not be a sufficient guide to expected array performance. 

Matching of array and load characteristics must be considered. 
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Conclusions relating to average system generating efficiencies, over 
• , I 

time, are deferred to Chapter 9, except to repeat that: 

6 The efficiency gains which can be achieved through the,matching 

of array output characteristics and load input characteristics, 

or through optimum power tracking, will only be of significance 

if a system is critically sized, ie·. if energy generated over· 

time is critically adjusted to the course of energy demand over 

time. Converselyi the optimality of critical system sizing is 

dependent on optimising array generating characteristics in 

critical conditions. 

7 In stand-alone installations where energy demand over time is 

determined by user preferences, this is likely to be the greatest 

and the most unpredictable determinant of average generation 

efficiencies, particularly if these preferences lead to 

underutilisation of potential energy generation. 

Chapter 9 takes up the problem of how to assess the power of an array 

and battery storage .capacity in relation to a design load, climatic 

probabilities and chosen levels of expected system availability. 
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given load profiles. 

Secondly, a more reductive approach was considered, where system 

performance is predicted only for critical conditions, that is to say, 

operating and climatic conditions leading towards system non

availability. This approach requires statistically condensed weather 

data, in order to predict the probability of system failure at 

selected load levels. 

For present purposes, the second approach has been preferred. 

9.1.1 Full simulation 

A fairly full simulation model can be achieved by developing 

algorithms for the following functions. The state of system variable 

is the State of Charge of the batteries, recalculated hourly by means 

of these functions operating on hourly weather data and lead profiles. 

1 Power delivered to load and/or batteries 

as a function of POA insolation, ambient and cell 

temperature, load current, battery SOC, battery temperature. 

This function in effect gives the intersection points of array IV 

output characteristics (dependent on insolation and cell temperature) 

and the input load lines of the system, including charge controller. 

The former can easily be mathematically fitted, but the latter is a 

complex function (especially at higher battery states of charge), 

depending on battery soc, and on charge controller behaviour at that 

SOC, load level, and array power. Such load lines could be 

established through bench tests for the present system (the monitoring 

data has insufficient range for load currents and battery SOC to 

establish this function) but would not easily be generalisable to 

other systems, due mainly to differing means of power regulation. 

2 Charge rate d/dt(SOC) of batteries 

as a function of charge current, battery SOC and battery 

temperature. 
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3 Discharge rate d/dt(SOC) of batteries 

as a function of discharge current, battery SOC and battery 

temperature. 

4 Battery energy efficiency (charge cycle) . 

as a function of charge power, SOC and battery temperature. 

5 Battery energy efficiency (discharge cycle) 

as a function of discharge power, SOC and battery 

temperature • 

Again, temperature controlled battery bench tests would be needed to 

establish these functions accurately. Results could be generically 

specific to type of battery tested. 

Subsidiary functions include: Module cell temperature as a function 

of insolation, ambient temperature and power delivery: Battery 

temperature as a function of ambient temperature, charge/discharge 

current, and battery SOC. 

Battery soc figures as the dependent and as a determining variable. 

Each hour, the present calculated value has a determining .influence on 

the next hour's calculated value, together with other determining 

variables. When battery SOC falls below a set value, the system 

fails, while at full charge, excess array power is wasted. 

Such a model, if accurate, would have a number of advantages: 

- Full modelling of system performance offers time-continuous 

response to continuous.weather-r~cord input data. By inputting 

sequential data for many years, long-term performance 

probabilities can be derived without the errors of statistical 

reduction of weather data. 

Validation of the model against monitored data is aided by 

continuous capability. 'Any observed weather and load conditions 

can be used as simulation input data, and simula tea results can 

be tested against monitored performance. 
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Simplifying assumptions about the performance of components in 

the system are reduced, and replaced where necessary by 

empirically derived functions, providing a more accurate basis 

for assessing the accuracy costs of simplifying the model. 

Disadvantages in the present context are: 

Establishing some of the functions requires additional bench 

tests. 

Empirical functions derived from bench tests can be component 

specific, so that a representative range of tests would be needed 

to establish generalisable functions. 

- The proposed simulation model would be costly of computing time 

(estimated as about 8 hours processing for 1 year's data, on 

standard PC), reducing the time available for mapping sets of 

options across many years' input data. 

This approach would be favoured as a building stage in a project aimed 

tov.ards careful development of heuristic sizing methodologies suited 

to the Southern African region. Development of the_ model would 

require additional empirical work, program development and testing, 

validation of the model against data from monitored PV installations, 

and consequent modifications. Once validated, the model could provide 

predictions against which simplified sizing methods could be 

evaluated. 

A similar project has proceeded at Sandia National laboratories, 
' Albuquerque, New Mexico, under the funding of th~ US Department of 

Energy. It is probably wiser for technologically peripheral countries 

to wait for such research to be done in the centres rather than to 

spend R&D funds on similar research. However, the research output of 

the advanced coutries does not always embrace the concerns of 

developing areas. 

The simulation model developed at Sandia is available as a program 

called PVFORM, authored by 03.vid Menicucci and James Fernandez (1985). 

It follows an hourly energy accounting approach very similar to the 

form proposed above, but contains a crucial assumption which, at 
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present, is generally not applicable to most photovoltaic 

installations in developing areas. This is: that the system being 

simulated has optimum power tracking electronics. 

This assumption enables prediction of available array power without 

reference to interaction of array IV curves and load lines. The 

optimum module conversion efficiency, adjusted for cell temperature, 

and POA insolation are then all that is needed to predict array 

output. 

The structure of the simulation code in PVFORM depends upon this 

assumption, and an alternative model for array generation which took 

account of interaction between array output characteristics and 

continuously changing load lines could not be substituted into the 

existing program. 

Davia Menicucci, on request, advised that in the absence of an optimum 

power tracker, prediction errors would typically not exceed 15%, but 

agreed that a different approach to modelling array generation would 

be required to achieve greater,accuracy. 

Optimum power trackers may be standard equipment in sizable 

photovoltaic installations in the advanced countries, but at present 

, optimum power tracking is generally not widely employed in small 

installations in developing areas. 

A less exhaustive but elegant simulation model developed by Yaw-Juen 

Wang, at the Asian Institute of Technology, Bangkok (Wang, 1987) takes 

the step of modelling array IV curves, but,then incorporates the 

assumption that power takeoff is at a constant voltage, eg. 12 vol ts 

for a 12 volts nominal system. This is equivalent to assuming a 

constant and vertical load line. The effect is that array power would 

be somewhat underestimated, by up to 15% if applied to the present 

system, though by a smaller amount in critical conditions of low 

insolation levels and low battery SOC. 
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9.L2 Reductive model for critical conditions 

Here the approach taken is to ask: what is the minimum information 

needed to predict the probability of system loss of power (due to 

energy deficit) under specifiable climatic and operating conditions? 

Instead of predicting system performance continuously for a full range 

of climatic conditions and system.states, attention is restricted to 

periods of energy deficit - where more energy is consumed by the 

load than is delivered by the array. As daily energy deficits 

accumulate, they bring the system towards its cut-out point, where 

batteries are depleted to their lowest permitted State of Charge. 

Since the model now is based on integrated energy flows, over a 

timescale of runs of days, leading to depletion of system reserve 

energy storage, it is possible to avoid hourly energy accounting and 

instead to use daily or longer-runlength totals and averages for 

insola ti on income and load energy demand. By restricting attention to 

energy deficit periods, certain simplifying assumptions can be made 

about sytem performance, and in fact the modelling burden shifts 

rather to the statistical treatment of insolation data. 

9.2 Form of the Model 

The aim is to produce two sets of curves, sharing a common horizontal 

axis; which represent respectively 

1) The minimum average insolation energy per day required to keep 

the system above its cut-out point, given array size, battery 

capacity, and average daily load. 

2) The minimum expected average daily Plane of Array insolation, 

over runs of days from 1 ton, at selected probability levels. 

Intersections between the two sets of curves allow prediction of the 

probability of system loss of power, due to accumulated daily energy 

deficits. 
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9.2.l POA insolation energy demand curves 

Critical conditions, leading to system loss of power, are likely to be 

characterised by 

low insolation levels 

- relatively low module cell temperatures 

States of system during a run of such critical conditions are likely 

to be characterised by 

- depleted batteries 

high energy demand relative to available array power 

Consequences are that as the system approaches a loss of power point, 

it is likely to,be operating in a convergent efficiency range. 

Optimum module conversion efficiencies are increased at low cell 

temperatures, corresponding to low insolation levels. For the present 

system, monitoring data show typical cell temperatures in the 15 to 20 

degrees range during such periods, and observed module conversion 

efficiencies slightly above the tested value ·of 6.3% (corresponding to 

25 degrees module ce 11 temperature). 

In general, cell temperature is strongly correlated with ambient 

temperature and insolation. In this study, regression of cell 

temperature on these variables yielded a multiple R-square of 0.99 

(all monitored months included) and recorded cell temperature could be 

well predicted as equal to ambient temperature plus 0.015 * POA 

insolation, where POA insolation is in W/sq.m and cell temperature is 

in degrees C. The exact relationship would depend on module thermal 

characteristics and method of array mounting, but it indicates that 

relatively low cell temperatures can be expected when insolation is 

low, especially in winter months. 

Delivered energy efficiencies can be expected to converge in critical 

conditions. Two opposing effect§ are predicted. 

The voltage loss across the Energy Management Unit is expected to move 

to minimum values, due to high system energy demand in relation to 
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available array power. From the monitoring data it was found that the 

voltage drop across the EMU correlated highly (R=0.95) with system 

energy demand in relation to available insolation, using, as an index 

for the latter, delivered energy divided by POA insolation. In high 

demand conditions, the voltage drop across the EMU converged in the 

range of 0.6 to 0.9 vol ts, representing a maximum power loss in these 

conditions of 4% of array power. For purposes of the model, a figure 

of 5% is adopted for the power loss across the charge regulator in 

critical conditions. 

However, losses due to the array operating away from optimum power 

points are expected to increase in critical conditions, since battery 

charging voltage is reduced, and since the modules are expected to be 

operating at a lower range of cell temperatures, increasing optimum 

power array voltage. 

The exte~t of the latter losses will depend on the difference between 

array optimum power voltages and battery charging voltages, and 

d~pends therefore on the modules employed and the expected cell 

temperatures during a critical run. For the present system, in the 

cell temperature range 20 to 30 degrees, losses of between 1 and 5% 

are predictable (from Section 8.3) as the batteries decline from full 

charge to minimum permitted state of charge. In a decline, from full 

charge to full discharge, a mean value of 3% is estimated for the 

average loss due to deviations from optimum power points. 

The estimated average delivered energy efficiency is then 

Fd = Fm * Fe * Fp 

Fd: Average delivered energy efficiency 

Fm: Average module conversion efficiency 

Fe: Average charge regulator efficiency 

Fp: Average optimum power loss-factor 

and values for the present system are taken as 

Fd = 0.063 * 0.95 * 0.97 

= 0.058 
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This allows estimation of the average daily delivered energy, when 

array area is A sq.m and average daily POA insolation is P 

Wh/sq.m/day. 

F.d = A * P * Fd 

Ed: Average delivered energy per day (Wh/day) 

P: Average daily POA insolation (Wh/sq.m/day) 

A: Area of array (sq.rn) 

(3) 

The delivered energy is the energy available for charging the 

batteries and/or powering daytime loads. The portion which is used 

directly for powering daytime loads does not suffer further efficiency 

losses (al though the power const.nnption of the load may depend on 

delivery voltage). The portion which is used to charge the batteries, 

for later const.nnption ~y the load, is subject to the energy 

efficiency of the batteries' charge/discharge cycle. Thus the energy 

available for powering the load is 

Ec=F.d* (1-f* (1-Eb)) (4) 

Ee: Average energy available for load const.nnption 

(Wh/day) 

f: Fraction of this energy cycled through batteries 

Fb: Average energy efficiency of battery cycling 

It was noted earlier that the monitoring data do not allow for 

accurate determination of battery energy efficiencies, and that the 

observed gross values (in the region of 0.9) should be regarded with 

caution. There is also little help from the literature on 

photovoltaic system sizing. Estimations vary. A representative 

figure would be about 0.8, but evidence is seldom cited for the 

estimates used. In the PVFORM simulation program, the default 

settings for battery energy efficiency in the range 20-90% SOC give a 

value of 0.72. This is for lead-antimony flooded batteries. The 

value is user-settable, and evidence is not to hand for the initial 

default value. Chapman (1987) uses a value of 0.75 in his proposed 

sizing methodology. Buresch (1983:146)) adopts a value of 0.85. In 

the professional sizing program reviewed in Section 9.5 below, the 

coulornbic efficiency for Delco batteries is set as 98%, compared with 

9.9 



96% for deep cycle lead antimony batteries. Coulombic efficiency is a 

component of battery energy efficiency. 

Pattery energy efficiencies can be expected to be higher when charge 

and discharge currents are small in relation to battery capacity (as 

is the case in the present system), and when batteries are not above 

90% sex:. Since both are true in the energy deficit conditions being 

modelled, battery energy efficiency is estimated as 0.85 in these 

conditions, somewhat below the monitored values but above more 

conservative estimates. 

The fraction of delivered energy which is cycled through the batteries 

depends partly_ on what proportion of the load is at night. Night 

loads definitely require battery-stored energy. r::aytime loads also 

require battery-stored energy when available array power is less than 

the load power consumption. In order to sustain the night and day 

loads in adverse and variable conditions, more than the night-time 

load energy will need to come from battery storage, on average. But 

the fraction of daytime load also requiring cycled energy is 

unpredictable, depending on the daily timing of the load and daily 

insolation profiles. 

In the present system, major usage of the school television and video 

is assumed to occur during daylight hours. At the specification .load 

of 10 hours' average usage per day, during school terms, it could be 

assumed that at least 6 hours would be during daylight, giving a 

night-time load proportion of 0.4. This proportion is conservative. 

However, some of the daylight load will require power assistance from 

the batteries in adverse conditions, so the proportion is raised to 

0.6 for the average proportion of delivered energy cycled through the 

batteries. 

The average daily energy available to power the load then becomes 

Ee = F.d * ( 1 - 0.6 * ( l - 0.85 ) ) 

= F.d * 0.91 

9 .10 ' 

(5) 



Combining equations (5),(3) and (2), 

Ee = A * P * 0.058 * 0.91 

= A * P * 0.053 (6) 

The average daily POA insolation required to supply this amount of 

average daily energy to the load is therefore 

p = Ee I ( A * 0.053) (7) 

It is now possible to calculate the minimum average daily POA 

insolation which is required to sustain the average daily load, in 

critical conditions, over run-lengths of duration 1 to n days. 

This function depends on the ins~l led battery capacity, which is 

defined as the discharge energy available from the batteries when they 

are discharged from their maximum permitted SOC to their minimum 

permitted soc, at expected discharge current rates and expected 

operating temperature. 

If the installed battery capacity is C Wh, and if the average daily 

load is L Wh/day, then the system has C I L days "autonomy''. That is 

to say, starting from full charge, the batteries could support the 

load without any power from the array for C I L days. 

For the first c I L days in any run, then, zero power is required from 

the array to support the load. However, if the system is to survive 

another day without loss of power to load, then it must have gained 

another L Wh of avai~able energy along the way, through array 

generation. 

Using Equation (7) to convert this energy requirement from the array 

to the corresponding insolation requirement, 

p = L I ( A * 0.053 ) (8) 

Thus for each day of continued operation beyond C I L days, the system 

requires an additional L Wh of available energy, corresponding to 

L I ( A * 0.053) Wh/sq.m/day POA irisolation. 
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To survive for N days, the total POA insolation required is 

( N - c I L ) * L I ( A * 0.053 ) 

for N > ( C I L ) (9) 

and the required minimum average daily POA insolation is 

p = ( ( N - c I L ) * L I ( A * 0.053 ) ) I N 

for N > ( C I L ) 

(10) 

P: Minimum average daily POA insolation (Wh/sq.m/day) 

N: Run length in days 

C: Installed battery capacity (Wh) 

L: Average daily load (Wh/day) 

A: Area of array (sq.m) 

This constitutes the basic model for POA Insolation Energy Demand 

curves. Figure 9~1 illustrates the form of the function for a fixed · 

daily load, and varying battery capacity. Figure 9.2 illustrates the 

function for a fixed battery capacity and varying loads. 
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9.2.2 Probability curves for POA insolation 

To intersect with the POA Insolation Energy Demand curves, a set of 

curves is required which show the expected minimum average daily POA 

insolation, over day runs of length 1 to n, at selected probability 

levels. 

These probability curves will be location specific, and the method 

adopted for generating them made use of historical weather data. 

Hourly records for global and diffuse insolation for 10 years (1966 to 

1975) were obtained from South African Weather Bureau records for the 

Forum weather station in Pretoria. Pretoria was selected as the 

climatically closest centre to Bophuthatswana, which provides hourly 

insolation records. A reasonable assumption is that, in general, and 

allowing for microclimate, areas of Bophuthatswana to the West of 

Pretoria will tend to receive similar or higher average insolation. 

The following steps were taken: 

Hourly data were extracted from SAWB tape, and reformatted for PC 

processing. 

- Records were screened for error codes and missing values. (Errors 

were treated conservatively, with limited monthly-hourly means 

replacement for sporadic errors: otherwise for multiple errors in 

a cay, that day's records were omitted.) Records were rewritten 

in hourly sequence. The code used for this appears in Appendix 

C3. 

A tilt angle of 30 degrees from the horizontal, inclined true 

north, was selected for calculating insolation incident on a 

tilted plane. Previous computations using aggregate data had 

indicated this orientation was close to optimal for maximising 

worst-month mean POA insolation. Surface reflectivity was set at 

0.25. 

- All data were run through a model for calculating hourly tilt

plane insolation, adapted from the anisotropic tilt-plane model 

used in the PVFOR.M simulation program. Total daily POA 

insolation was derived for each day over ten years. The code 
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used for this appears in Appendix C2. 

- Daily POA values were transferred to the mainframe for 

statistical analysis. The principal method was to calculate the 

average daily POA insolation for all runs of days, with run 

length 1 to 20 days, in the ten years data, and then to obtain 

cumulative frequency distributions of these values. The BMDP 

runstream used for this appears in Appendix C4. 

- The probability of obtaining a minimum average daily POA 

insolation of P, for run-lengths of N days, was associated with 

the observed percentile in the cumulative frequency distributions 

over ten years. Thus, if 99.9% of observed values for run 

lengths of 5 days were found to exceed an average daily POA 

insolation P, the probability of receiving less than P in a 5-day 

run was taken to be 0.1% or 0.001. 

More strictly, then, these 11probability11 levels are retrospective 

observed percentiles over the ten years analysed. The results for 

probability levels 0.001, 0.005 and 0.01 are depicted in Figure 9.3. 

For example, the 0.001 probability value for run-lengths of 8 days is 

seen to be roughly 3000 Wh/sq.m/day. This indicates that for 99.9 % 

of all run-lengths of 8 days in the ten year period, the average daily 

POA insolation over 8 days was greater than 3000 Wh/sq.m/day. 

Another way of expressing this is that the 8-day rolling average fell 

below 3000 Wh/sq.m only 0.1% of the time. 

It was felt that this rather cumbersome and computer-hungry method of 

generating the curves was the most reliable. It is an accurate 

representation of probabilities over the ten years analysed (subject 

to the accuracy of the weather data, and tilt-plane computations). 

Long term representivity could be enhanced by analysing more years' 

weather data, or by investigating the probable errors in projecting 

from such a subset of years. 
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The location of percentile levels in large data sets requires greater 

computation time than calculating parameters such as the mean and 

standard deviation. It could therefore be of interest to ask whether 

such POA insolation probability curves could be modelled .from more 

speedily computed statistical parameters. 

If, for run-length N, POA insolation were normally distributed about 

the run-length mean, the run-length standard deviation could be used 

with z coefficients to locate selected probability levels. However, 

run-length POA insolation distributions are skewed, with_ long tails at 

the lower end (low insolation runs). Thus the empirically observed 

percentiles in this region are substantially lower than corresponding 

normal curve percentiles. Figure 9.4 illustrates this, comparing 

observed percentiles at the 0.01 or 1% level with values computed from 

day-run means, day-run standard deviations, and ·the z coefficient for 

0.01 one-tail probability. 
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With increasing run-length, the difference systematically diminishes, 

as would be expected. (Kurtosis is reduced as run-length is 

increased.) It should therefore be possible to model such observed 

percentiles from run-length' location, dispersion and kurtosis 

parametersl. There is no need for this in the present context. It 

could be a useful simplification if the method were intended to be 

applied more generally, for statistical condensation of weather data 

from many stations. A prior study point would be the degree to which 

the kurtosis of day-run distributions is site specific. It is 

expected to be sensitive to type of weather regime. 
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1sorne PV sizing.methodologies (cf. Macomber et al, 1981; Rosenblum, 
1982; Borden et al, 1984) estimate loss of poVJer probabilities on 
the assumption of normal distribution of daily insolation. Figure 
9.4 indicates scope for inaccuracy from this assumption, at low 
percentile levels, particularly for shorter run-lengths. A 
practical consequence of assuming normal distribution could include 
undersizing of the battery storage required to attain a selected 
loss of poVJer probability. 
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Projecting observed percentiles from historical weather data into the 

future entails uncertainty, which could be partially evaluated. If 

long-term trends in climate are insignificant in relation to 

variations from year to year (and the accuracy of solar radiation 

measurements), historical data can be regarded as a sample from a 

population which includes the future, and confidence intervals could 

be constructed around estirrates derived from that sample. 

Two points of view in this respect could be put forwa.rd.l One is that 

observed percentiles should be taken for what they are, and simply 

. used as the best estimates for the future. Further estimates of 

uncertainty will themselves be subject to estimation uncertainties. 

The other point of view would see value in at least constructing 

confidence intervals around the percentile estimates derived from the 

sample data. This would allow better judgement about the stability of 

estimated percentiles, and allow better informed evaluation of how 

much data is required to establish different insolation probability 

levels with acceptable confidence.2 

To obtain such confidence intervals theoretically appears a difficult 

task, given auto-correlation in daily insolation, and variably skewed 

distributions. The favoured approach would be to use "bootstrap" 

methods (cf. Efron and Tibshirani, 1986), generating empirical confi

dence intervals by Monte carlo resampling of the sample data. 

For present purposes of demonstrating the approach and method of the 

proposed Loss of Power Probability sizing model, POA insolation 

percentiles obtained from empirical weather records have.been 

accepted as the basis for judging photovoltaic system sizing and 

performance, without statistical evaluation of further prediction 

uncertainties. If the model were to be used as the basis for a more 

generalised sizing methodology, then bootstrapping the observed 

percentiles would be a recommended future step. 

1These views were suggested by W Zucchini, Professor of Mathematical 
Statistics, University of cape Town (pers. com., 1989). · 

2Klein and Beckman (1987) question the stability of P < 0.01 
estimates from historical weather data. Bootstrapping empirical 
run-length distributions could aid the enquiry. 
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9.2.3 Modelling the POA probability curves 

To assist computation of Loss of Power Probabilities, the curves were 

fitted as mathematical functions of run-length. 

For run-lengths 1 to 20 days, fairly good fit can be obtained from the 

simple logarithmic function 

POA = a + b * ln (run-length) (11) 

Using this function, R-squared values for the regression of fitted 

predictions on observed values exceeded 0.99 for this range of run

lengths. However, this form of function misrepresents the asymptote 

of the dependent variable, and leads to over-estimation at higher 

run-lengths. 

All the curves are finally asymptotic to the mean daily POA insolation 

for the 10 years' weather data (mean daily POA = 6130 Wh/sq.m/day, for 

run-length 3652 days) and ideally a fitted function intended to model 

any run-length should reflect this. 

But the Loss of Power Probability model aimed at here is intended for 

critical sizing calculations, and it is felt that deficit run-lengths 

greater than 1 month should not be considered. The reasons are 

assumptions in the model rray be strained, if applied over so long 

a period 

such long deficit run-lengths, if determinant of system sizing, 

would indicate gross oversizing of battery capacity: battery 

storage would be fufilling a seasonal adjustment function, rather 

than a short term storage function 

in such a situation, l:::atteries would be at low SOC for extended 

periods, instead of for short durations due to non-seasonal 

weather variations, and battery life would be jeo~rdised 
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Accordingly, a conservative approach is adopted for modelling the POA 

probability curves: 

- high accuracy of fit is sought for run-lengths 1 to 20 days 

- conservative extrapolation for run-lengths 21 to 30 days 

- an imposed POA probability ceiling for run-lengths greater than 

30 days1 

These criteria are fulfilled by functions of the form 

for Probability p and Run-length N, 

I):lily MinimlDD Mean roA (p,N) = a + bN + c/N + d(ln(N)) 

where for N > 30, N = 30 (12) 

Regression values for the goodness of fit (R-squared), constants, and 

coefficients for this fitted function were: 

For N = 1 to 20 

Probability 

level, p R-squared 

Constant 

a 

-- Coefficients 

.b c a 

------ --------------------------
0.010 

0.005 

0.001 

0.999 

0.999 

0.996 

30 -64.253 

-1170 -87.414 

-2134 -87.411 

-------

1230 1975.75 

2174 2468.29 

2589 2692.51 

--------

The equations given by (12) are written in Appendix CS (optimisation 

program). They have been used for the curve-fitting in Figure 9.3 

and are .used for subsequent system-sizing calculations. 

---·---------
1 If economical battery storage was available, that was not subject 

to the stratification dangers of prolonged states of discharge, 

the assumptions leading to this constraint should be revised. 
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9.3 Combining the CUrves for Loss of Power Probabilities 

POA Energy Demand curves from (10) can now be superimposed on the FDA 

probability curves from (12). The combined curves are now referred to 

as Loss of Power Probability (LOPP) curves, since the purpose is to 

indicate the probabilities of system loss of power to load, due to 

insufficient insolation energy, given system parameters. Figure 9.5 

illustrates this, using the following values for array area, average 

daily load and battery capacity in (10): 

Array area: 

Average daily load: 

Installed battery capacity: 

2.156 sq.m 

450 Wh/day 

3530 Wh 

These values correspond to the system monitored, and to its design 

load. (Note: an adjustment is made below to battery capacity). 
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Figure 9.5 shows that the POA energy demand curve, for sustained 

system power to load, is considerably below the :EOA supply probability 

curves, for any length of run in the range l to 20 days. This would 

indicate that with this average daily load, the system has a 

negligible chance of failing under Pretoria insolation conditions. 

The large battery capacity provides over 7 days autonomy. Because of 

this degree of autonomy, and the array size in relation to the design 

load, it is indicated that starting from fully charged batteries, the 

system could survive a 20-day run with a minimum average daily POA 

insolation of about 2400 Wh/sq.m/day. The :EOA probability curves show 

that there is a negligible chance of such low average daily POA 

insolation over any 20-day run. The minimum expected at a probability 

of 0.01 is over 4700 Wh/day for a 20-day run. 

9.3.1 Adjusbnent to battery capacity 

The question might be asked: will the system start off with fully 

charged batteries at the beginning of any deficit run? 

1 Two (or more) consecutive POA deficit runs will be subsumed under 

a deficit run of greater run-length, unless in between the shorter 

deficit runs there is sufficient POA energy to make up for the 

deficits. Thus, for example, two successive 5-day deficits, 

separated by say 5 days of surplus, will feature as a 15-day 

deficit, unless the 5 days surp1 us is sufficient to make up for 

the 10 days of deficit. 

2 However, in recovering to full charge after a deficit, system 

efficiencies can be expected to deviate from the assumptions 

which were made for critical conditions. Specifically, as the 

batteries approach full charge, system energy acceptance 

decreases. 

It is possible then that over a period of non-deficit, although 

sufficient POA insolation is predicted to make up for included deficit 

runs, this energy will not be all converted at the efficiencies used 

in the model for critical conditions. Efficiencies will be 

significantly lower as batteries approach full charge. 
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A simple adjustment is therefore introduced in the model, based on the 

premise that significantly lower efficiencies occur when battery 

capacity exceeds 90 % soc. To account for this, and for progressive 

slighter drops in efficiency below this SOC, the assumption is 

made that charging efficiencies for SOC > 90 % are zero. 

It could be objected that battery charging efficiencies above 90% soc 
will ~be zero, and will only approach zero as SOC approaches 100%. 

The rationale for introducing this adjustment is as follows. At 

higher states of charge (perhaps SOC > 85%) it can be expected that 

battery charging efficiency will be a function of state of charge, 

strongly so at very high states of charge. Unfortunately, the model 

cannot provide a prediction of the probability that batteries will 

cycle temporarily in this region, and that uncertainty could be 

significant (a) in the case of longer critical runs which include sub

runs of surplus POA insolation, and (b) as a carry-over from marginal 

non-deficit runs. 

There are further uncertainties in battery electrochemical behaviour, 

which cannot be fully modelled. For example, battery charging 

efficiencies, full-charge battery voltages and full-charge capacity 

are variably affected by electrolyte temperature and by immediate and 

longer-term battery history. 

Since the model is aimed at predicting the minimum required POA 

insolation to sustain power to load, rather than average performance 

(where greater latitude is implied for such deviations), it seems 

reasonable to avoid these uncertainties at the cost of introducing a 

boundary con di ti on, within which the mode 1 assumptions can be expected 

to apply. 

The boundary at SOC > 90% for battery charging efficiency is 

equivalent to aerating the available battery capacity in any run, in 

Equation (10). The amount by which the battery capacity is derated 

depends on the maximum permitted depth of discharge used in setting 

the batteries' installed storage capacity. For the present system, 

batteries are permitted to cycle between 30 % and 100 % SOC. By 

effectively reducing the upper limit to 90 % soc, the installed 

battery capacity is reduced by a factor of (90 - 30) I (100 - 30), or 

approximately 0.86. 
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The function for the POA Energy Demand curve thus becomes 

P = C ( N - c1 I L ) * L / C A * 0.0s3 ) ) / N 

where Cl = C * 0.86 

for N > ( cl I L ) (13) 

P: Minimum average daily POA insolation (Wh/sq.m/day) 

N: Run length in days 

C: Installed battery capacity (Wh) 

L: Average daily load (Wh/day) 

A: Area of array (sq.m) 

This function is used for subsequent LOPP calculations. 

For comparison, Figure 9.6 shows the effect of this adjustment to the 

FDA demand curve, using the same system parameters as before. The 

upper demand curve incorporates the adjustment to battery capacity. 
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9.4 LOPP Predictions for The Monitored System 

The following questions can now be addressed: 

- What average daily load could the present system support at a 

specified Loss of Power Probability? 

In order to support the design load, with existing array size, 

what battery capacity is required for a specified LOPP? 

Could array size be reduced? 

What combinations of battery capacity and array size are 

predicted to satisfy a specified LOPP for the design load? 

The predictions which follow are based on Pretoria weather records, an 

array tilt-angle of 30 degrees, ground surface reflectivity of 0.25, 

and the assumptions for system efficiencies described above. 

Allowances for component degradation, and other design margins, are 

treated as post-sizing factors. 

Predictions are made for a selected Loss of Power Probability of 0.01. 

This is equivalent to saying that on average over the years, the 

system would be expected to fail to supply the load on about 3.7 days 

per year. It is proposed that this is a suitable level for system 

availability in the current application of powering schools 

television, in view of the non-crucial nature of the application, and 

the economic savings of such a design criterion. 

However, predictions are also included fo~ a LOPP of 0.001, to show 

the design costs of achieving this higher level of availability 

(average 3.7 days downtime in 10 yearf?' operation, for predicted 

performance without degradation). It should be noted that the 

uncertainties of prediction for such low LOPP levels will be greater 

than at higher LOPP levels~ 
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9.4.l Maximum predicted daily load 

Figure 9.7 shows POA demand lines when the average daily load is 

increased while other system factors remain unchanged (array area 

2.156 sq.rn: installed battery capacity 3530 Wh). 

It is seen that if the average daily load is raised to 690 Wh/day, the 

demand line intersects the LOPP=0.01 POA supply curve at a run-length 

'ti 
ll .. 
:; 

I 

of 20 days. But as can be judged from the gradient of the demand 

line, long term failures are predicted at this load level: for run

lengths greater than 20 days, the required POA energy exceeds the 

expected POA supply at probability 0.01. 
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Realistic values for the maximum load which the present system could 

support are not convergent in the range shown in the graph. They are 

convergent with expected POA supply at very high run-lengths. This is 
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because the present system has excessive battery capacity in relation 

to the array size. 

For example, according to the model, a load level of 550 Wh/day would 

survive long-term runs at a 0.01 probability. A load of 510 Wh/day 

would survive long term runs at a 0.001 probability. These curves are 

also shown in Figure 9. 7. They almost converge with the POA 

probability curves at very high run-lengths ( > 90 days). 

In the model, conservative assumptions are made about such long 

run-lengths, expressed in the ceiling which is imposed on expected 

minimum POA for run-lengths greater than 30 days. 

It is therefore suggested that the system could safely support a load 

of 550 or 510 Wh/day at the respective LOPP levels. These would be 

regarded as maximum loads for the system. (Note that degradation 

factors have not been included in the computations yet.) However, the 

fact that convergence is not reached for shorter run-lengths indicates 

that the battery capacity is oversized. The combination of array size 

and battery size does not allow for critical sizing, within the 

assumptions of the model. 

Practical consequences are: 

If the system were operated at the maximum load which it could 

support, at LOPP=0.01 or LOPP=0.001, then batteries would be 

fulfilling a long-term storage function, and would be expected to 

cycle at diminished states of charge for extended periods. 

Another way of putting this is that the array power would not be 

sufficient to achieve full recovery of the batteries, over 

extended periods, at maximum load levels. This could be expected 

to be detrimental to the useful lifetime of the batteries. 

If the system is operated at a sub-maximum load (as presently 

designed, with a design load of about 450 Wh/day) then surplus 

array and battery capacity is available. This has the effect of 

extending the lifetime of the batteries, and/or providing a 

margin for degradation, but at the expense of somewhat higher 

initial capital cost per Wh/day load. 

9.27 ' 



As will be seen below, the model predicts that both battery capacity 

and array size could be reduced, to support the design load. 

9.4.2 Could battery capacity be reduced? 

Figure 9.8 shows the predicted minimum battery capacities required 

for LOPP=0.01 and LOPP=0.001, at the existing array size of 2.156 sq.m 

and design load of 450 Wh/day. 

If battery capacity is reduced to 1100 Wh (installed capacity) then the 

POA energy demand line has tangential convergence with the P=0.001 

expected POA supply curve. Similarly, an installed battery capacity· 

of 610 Wh is indicated as sufficient to achieve a LOPP of 0.01. 
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If battery operating conditions are the same as at present, installed 

battery capacity is about 70 % of rated battery capacity, so these 

figures correspond to about 1570 Wh and 870 Wh ra tea capacity, or 
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about 65 and 36 amp-hours respectively. 

These values are very low. They would be treated with caution, and 

would not be recommendable. 

Firstly, caution is called for because the model has less accurate 

definition at such low extremes. The extremes are reached because the 

present array size is somewhat large, in relation to the design load; 

a reduced array area would bring the model towards a more apt critical 

sizing region. (It should be noted again that degradation factors are 

introduced into this sizing approach after calculating Loss of Power 

Probabilities. The actual sizing of the installed system of course 

incorporates such design margins.) 

Secondly, even if the predictions were reliable, economising to such a 

degree on battery size could be Wleconomic for two reasons: 

the continual deep-cycling of the batteries would drastically 

shorten battery life 

the relative cost of battery storage in relation to the cost of 
' 

photovoltaic modules is such that it is cheaper to reduce array 

size close to a minimum rather than to minimise battery capacity 

Optimal combinations of battery and array size are discussed below in 

Section 9.4.4. 

9.4.3 Could array size be reduced? 

Figure 9.9 shows POA demand curves for different sizes of array, when 

battery capacity is maintained at 3530 Wh and the load is 450 Wh/day. 

(For comparison, the existing array area is 2.156 sq.m.) 

An array size of 1.3 sq.rn leads to failure within the range of the 

graph·, for LOPP=0.001 but, as was the case with maximising the 

load, consistent longer-term failures would be predicted: the demand 

and supply lines are intersect and diverge at greater run-lengths. 
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As with maximising the load, tangential convergence is oniy achieved 

at long run-lengths, due to. the large battery capacity in relation to 

the, design load. For example, array sizes of 1.75 sq.m and 1.90 sq.m 

produce demand curves which meet the supply curves at very long run

lengths. These could be regarded as minima for LOPP=0.01 and 0.001, 

before adding any margin for degradation. The curves are shown in 

Figure 9.9. But again, such a system would not be optimally sized, 

since battery capacity could still be reduced. In order to arrive at 

more advantageous combinations of array power and battery storage 

capacity, it is necessary to vary both variables. 
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Beyond this point, as battery capacity increases, the predicted array 

area approaches an asymptotic minimum. This asymptote is accentuated 

by the assumptions of the model (a ceiling on expected POA supply), 

and is used as the criterion for terminating the loops. 

Results of these computations are depicted in Figure 9.10 and Figure 

9.11, which show combinations of array power and battery storage 

capacity predicted to satisfy the design load (450 Wh/day) at LOPPs of 

0.01 and 0.001 respectively. Array area has been converted to array 

Peak Watts, to give a more general indication of the sizing 

combination options. 

(Array area calculations were based on tested Photowatt PW-P 801 

module efficiencies; deconversion to general module Peak Watts uses 

the same specification power to area ratio in reverse.) 

The figures show that there is a choice of combinations of array and 

battery size which are predicted to satisfy the load at these LOPP 

levels. For example, an array of power 140 Wp needs an installed 

battery capacity of 1050 Wh to attain LOPP=.001, while the same array 

needs 570 Wh battery capacity to attain LOPP=.01 for the design load 

of 450 Wh/day. 

An array of 110 Wp attains LOPP=.01 with installed battery capacity 

950 Wh, while Figure 9.11 indicates that such an array is too small to. 

achieve LOPP=.001. 

For system design, the choice of optimum combination entails firstly 

the selection of LOPP level, and then a choice from the battery/array 

ratios predicted for that LOPP level. Design margins can then be 

added to allow for degradation and unpredicted deviations. 

It was suggested earlier that a LOPP of 0.01 should be suitable for 

rural schools television. This predicts average non-availability 

(excluding component failures,) of 3.65 days a year. Because this is 

an average, there will be years when there are a greater number of 

days non-availability. This level of availability is likely to be 

greater than the availability of rural grid supply, but it might still 

be preferred to aim higher, in which .case the 0.001 level might be 

selected. There would be little in favour of sizing non-crucial 
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systems for a higher availability than this. 

When the WPP level has been selected, the choice of which point on 

the curve to select as the design point would depend primarily on the 

relative cost of battery Wh versus array Wp. If only initial costs of 

components are considered, at current prices the substitution line is 

steep. Using present retail prices for Delco batteries and 

competitively priced ~odules, installed battery capacity costs are 

about R 0.27 I Wh and module costs are about R 17 / Wp. The 

substitution line therefore has a gradient of about -63 Wh/Wp. 

If life-cycle costs are considered, then the gradient of the 

substitution line will be less, since batteries can be expected to 

need replacement during the life expectancy of the array. The 

reduction in gradient will depend on the relative expected lifetime of 

batteries and array, and on the discount rate (assuming future 

payments are converted to present value). 

The cheapest point on the WPP combinations curve is where the 

gradient of this curve is equal to the gradient of the substitution 

line. 

In terms of initial installation costs, for both LOPP curves 

portrayed, this occurs at a well defined point: at the kink in the 

curve, where the model brings in a rapid array asymptote. Moving from 

this point to larger array sizes, the gradient of the LOPP curve is 

always less than the gradient of the substitution line. 

This is also the case, according to calculations, when life-cycle 

costs are considered, providing batteries need to be replaced less 

than 5 times in the lifetime of the array (assuming 10% real discount 

rate, and stable prices), or less than 4 times (at a discount rate of 

5%). 

If these conditions are met, then the kink in the LOPP curves will 

again indicate the economic optimum for choosing the array/battery 

combination. 
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If the above battery lifetime expectations were not met, then the 

optimal choice would lie further down the LOPP curves, and modelling 

life-cycle cost optimisation would be more complex: for example, 

tettery life expectancy is itself partly a:· function of the 

array/battery combination, so substitution lines would not be linear, 

but convex; and they would be different for different LOPP levels, 

since a lower LOPP implies less frequent deep cycling of the 

batteries. 

In either event, available components (mOdules and batteries) are not 

continuously variable in size, so combinations further down the curve 

could be selected, depending on the discrete size of available 

components, after incorporating design margins. Substitutions close 

to the optimal point would incur very little added cost, unless 

substitution lines were significantly convex. 

For present purposes, it has been assumed that the kink in the curves 

can be used as the critical sizing reference point, with subsequent 

adjustments to be made for degradation factors and for giving 

consideration to enhancing battery lifetime. 

The kink in the curve is accentuated by the assumptions of the model, 

but represents a predicted discontinuity in the storage function of 

the batteries. This can be seen by examining in Table 9.1 the 

critical run-lengths at which critical sizing combinations are 

obtained. 

It is seen that short runs of bad conditions are determining, up to a 

certain battery capacity. For LOPP=0.001 and battery capacity up to 

1460 Wh, the critical run-length is up to 7.2 days. Above this battery 

capacity, short runs are no longer as much of a threat to availability 

as long term runs ( > 50 days), as predicted by the model. This is 

the sizing region, therefore, where the batteries are predicted to 

change from a short run storage function to a long run storage 

function, at this probability level. If the assumptions of the model 

are acceptable in application to a critically sized system which does 

not have optimum power tracking, then the arguments presented earlier 

for avoiding this long-term battery storage function apply. (The 

avoidance is of course itself a probability estimate, at the selected 

WPP level.) 
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One feature of this moael-predicted breakpoint in critical run-length 

is that it points to parsimonious guidelines for Loss of Power 

Probability system sizing in conditions equivalent to those modelled. 

The salient conditions are: 

1) The system to be sizea has the same average array-to-load path 

efficiencies as the system modelled, over critical run-lengths. 

This is not dependent on the module optimum conversion 

efficiency, which will vary for different makes of module, if 

array size is measured in rated peak watts. But it may be 

sensitive to the mode of power conditioning/charge regulation, 

and to the matching of array output characteristics to load input 

characteristics, as discussed in Chapter 8. 

The moae 1 assumes no optimum power tracker, but it should be 

noted that the system modelled represents a particularly well 

matched system. (For comparison, calculations are repeated in 

Section 9.4. 7 for less wel 1-rna tched modules.) In general, the 

average array-to-load path efficiency will be sensitive to the 

optimum-power voltage of a given array, at expected deficit run 

average module temperatures, in relation to average battery 

charging voltages. 

2) The array is oriented to true north at a tilt angle of 30 

degrees, and is not shaded. 

3) Weather probabilities are the same as those derived from ten 

year~' Pretoria weather station records. 

4) The average daily load is sufficiently steady, or contained, not 

to exceed the average daily design load over critical run-lengths. 

Of these factors, as has been pointed out in other sizing studies (cf. 

Chapnan, 1987:36) the dominating factor is variability in insolation, 

by location and over time. Application of condition (3) above would 

have to be circumspect, with regard to local conditions and strength 

of prediction. 
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If the conditions above are met, then the model predicts the following 

guidelines for system sizing. The predictions here _include post

sizing allowances for performance degradation. Array power is aerated 

by 15%, and installed battery .capacity is derated by 15%. (The 

rationale for these margins is discussed in Section 9.4.6 below.) 

TABLE 9.2 Rules of thumb for judging PV sizing in Highveld 

conditions (based on Pretoria weather) ______________ _,____... _____ _ 
If average daily load is L Wh/day, 

For P=0.01 chance of failure 

ARRAY POWER = L * .275 Wp 

Design margin includes 

for degradation: 

(15% allowance) 

BATTERY = L * 2.8 Wh 

(installed capacity) 

For P=0.001 chance of failure 

(15% allowance) 

ARRAY POWER = L * .30 Wp 

BATTERY = L * 3.8 Wh 

(·installed capacity) 

(15% allowance) 

(15% allowance) 

..-.--------------.----------....-------------------
Note: 1 Local solar radiation is the most unpredictable factor 

2 If more than half the load is at night, battery 

capacity should be increased 

3 System efficiencies equivalent to monitored system 

Using the same derating factors, the model indicates the following 

array/battery sizings for the monitored system, to support an average 

daily ~oad of 450 Wh/day, for Pretoria weather conditions: 

LOPP=0.01 

Array power 

Installed battery capacity 

Delco 2000 equivalent 

(70% max depth of discharge) 

9.38 

124 peak watt~ 

1247 Wh 

74 amp-hours @ 24 vol ts 



9.4.6 Uncertainties in the model, and degradation allowances 

Some of the main areas of uncertainty in the model are as follows: 

a) ~long term stability of climatic patterns. While it can be 

accepted that ten years' ~ather station data may not be a large 

enough sample to obtain satisfactory representivity, it needs to 

be known whether a sufficiently long series of weather station 

records could be adequately predictive, how long such a series 

would have to be, and whether available solar radiation data in 

the region could approach this requirement. The expected 

inaccuracies from using available records in a statistically 

based LOPP sizing methodology could then be assessed relative to 

alternatives (such as the use of monthly mean data). A method 

for assessing the statistical uncertainties of prediction was 

suggested in Section 9.2.2 above. 

b) ~ accura£Y of weather station records for solar radiation. As 

argued in previous chapters, measurement of solar radiation is 

easily subject to error, and the accuracy of any photovoltaic 

sizing methodology which makes use of local records will be 

subject to the accuracy of these records. 

c) The impact on photovoltaic module performance of changing 

spectral composition of irradiance, the extent of .spectral 

variations, and the consequent differences between module power 

output and what would be anticipated on the basis of broad 

spectrum solar radiation measurements, such as weather station 

records. Since this LOPP model is based on minimum expected 

insolation receipts over runs of days, and since spectral 

variations may be more pronounced in such adverse conditions, it 

is felt that some allov.ance must be made for modules operating at 

lower efficiencies due to spectral selectivity .• 

d) Similarly, a critical sizing model based on periods of insolation 

deficit may be more subject to error through losses in module 

efficiency at higher incidence angles of direct irradiation (eg. 

in winter months and in early hours of the day) or the angular 

incidence of totally diffuse irradiation •. To provide some 

allowance both for this possibility and the possible spectral 
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effects in (c) above, an additional aerating of 5% has been aaaea 

to the conventional module lifetime degradation factor. 

e) An avoidable loss of module efficiency can occur through dust on 

the panel surface. For instance, the tested array showed 5.5% 

lower power before the surface was cleaned of dust. Al though 

avoidable, there is a probability of some performance degradation 

through soiling, especially in long dry seasons, and if operating 

conditions warrant it, a further allowance should be added for 

this soiling factor. But it is not included here in the design 

margin. 

f) Atmospheric pollution (industrial, or dust) is not allowed for, 

nor particular effects thereof on spectral composition of 

irradiance: it would have to be assessed as a local adjustment 

to expected insolation. 

g) Expected module lifetime degradation. There appears to be little 

firm evidence on which to base an estimate for performance 

degradation of photovoltaic modules, and a conventional allowance 

of 10% has been made for this factor. This would presumably 

include an allowance for expected cell mismatches occurring - .. 

within an array, which have the effect of limiting array current 

generation, particularly if many modules are in series. 

The factors above, where taken into account, contribute to adopting a 

design margin of 15% for the photovoltaic array. This is higher than 

normal practice. The estimate includes the conventional lifetime 

degradation factor of 10% (which is in line with the guarantee by some 

module manufacturers that their modules will deliver at least 90% of 

ra tea power over a specified period), and then adds a further 5% for 

spectral and tilt-radiance efficiency losses, which could affect 

module performance particularly in those adverse operating conditions 

on which the model is based. 

The degradation allowance of 15% for the batteries is based on the 

convention that a battery's useful lifetime has passed when it has 

fallen to about 80% of its initial rated capacity. If the aim of the 

sizing method is to predict the minimum size of components which will 

satisfy a selected loss of power probability over system lifetime, it 
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is important to allow for expected battery degradation before 

replacement. A margin of 15% does not fully cover expectable 

degradation, but should ensure the required availability of power to 

lciad over most of the batteries' life. 

These proposed design margins are considerable. They nay even seem to 

undermine the aims and rationale of a critical sizing approach.. In 

part, they reflect remaining areas of uncertainty (notably in regard 

to the accuracy of .module performance specifications and the effects 

of spectral composition and til t-radianc~ on operating efficiencies). 

But they also reflect two competing present objectives. 

One is to investigate in principle the savings which could be 

possible through loss of power probability photovoltaic system design, 

and to proPose a suitable method for critical system sizing. 

The other is to provide a fair engineering assessment of the sizing of 

the monitored systems. For this purpose, conservative margins have 

been included to allow for unresolved uncertainties in the sizing 

predictions of a theoretical model. 

When the model predictions are compared with other sizing methods in 

Section 9.5, comparisons are ll'ldde clearer by omitting the various 

derating factors employed in different methods; but for purposes of 

judging the sizing of the installed systems, the design margins above 

have been included in the comparison. 
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TABLE 9.3 Comparison of LOPP Sizings for Modules with 

Differing output Characteristics 

[CONDITIONS THE SAME AS IN TABLE 9.2] 

LOPP=0.01 

Array power 

Installed l:attery capacity 

Delco 2000 equivalent 

(70% max depth of discharge) 

LOPP=0.001 

Array power 

Installed tattery capacity 

Delco 2000 equivalent 

(70% max depth of discharge) 

Module Module 

characteristics characteristics 

as for as for 

monocrystalline polycrystalline 

PW-P 800 PW-P 801 

143 peak watts 

1247 Wh 

74 amp-hours 

@ 24 volts 

152 peak watts 

1718 Wh 

102 amp-hours 

@ 24 volts 

124 peak watts 

1247 Wh 

74 amp-hours 

@ 24 volts 

132 peak watts 

1718 Wh 

102 am~hours 

@ 24 volts 

----------------·-· 

It can be seen that the critical array size would have to be 

increased, by a factor of approximately 15%, to achieve the predicted · 

LOPP levels, using modules with the characteristics of PW-P 800 

modules. This is due to power losses occurring through mismatch 

between expected loadlines and module optimum power voltages. 

It can be noted, though, that the original Photowatt recommendation 

for sizing this system (using two PW-P 800 modules with total 

specified poy;er of 164 peak watts) would have still been in excess of 

the LOPP=0.001 sizing prediction of 152 peak watts, even taking the 

optimum power losses into account. It would appear, then, that the 

original recommended system would have been both poorly matched and 

oversized.· 
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9.5 Comparing Model Predictions With Other Sizing Methods 

It is interesting now to compare the predictions of the model - and 

the sizing of the monitored systems - with the sizing indications of 

other sizing methods. 

In this section, three other sizing methods are examined, in 

application to the monitored system. Two of these follow the LOPP 

concept, although their method is somewhat different. The third is a 

commercial program from a major photovoltaics company, designed for 

international applications, such as would be used by local 

representatives of this parent supplier/manufacturer. 

9.5.1 Method 1 

This method is the most recent to hand, and is authored by Richard 

Chaµnan in association with Sandia National Laboratories, New Mexico, 

(Chapman, 1987). It makes use of a highly simplified system 

simulation model, which is tested for validity against the full PVFORM 

simulation program (Menicucci and Fernandez, 1985): and then Loss 

of Load Probabilities derived from this model are generalised, 

observing simplifying assumptions about insolation probabilities (cf. 

Liu and Jordan, 1960: Klein and Peckman, 1987). 

The simplified system model used for generating Loss of Load 

Probability functions in this method ("LOLP" is equivalent to LOPP) is 

based on hourly energy accounting at the battery, assuming constant 

values for component efficiencies. Chaµnan suggests that, providing 

suitable values for these efficiencies are chosen, the loss of 

accuracy is within an acceptable range. A further simplifying 

assumption is that a 11 energy generated by the array passes through 

battery storage. He states without elaboration that this does not 

introduce inaccuracy in the calculation of LOLPs. These simplifying 

assumptions allow a very trim simulation program. 

Using hourly weather station insolation data, LOLPs were calculated 

for a variety of conditions and the predictions compared against the 

predictions of PVFORM,·which is considered a validated simulation 

model. Both programs made use of the Perez model for calculating the 

diffuse component of POA insolation. 
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The errors, in the order of ±. 50 % in predicted LOLPs, were considered 

acceptable and "within the uncertainty associated with the LOLP values 

given by this sizing technique" (Chapman,1987:39). 

Twenty dispersed American weather stations were used, each providing 

twenty or more years of hourly insolation data, to generate LOLP 

functions for each site. 

Chapman then makes simplifying assumptions about weather probabilities, 

drawn from the work of Liu and Jordan (1960) and Klein and Beckman 

(1987) respectively: 

- the distribution of daily total insolation is not significantly 

dependent on types of climate 

the persistence pattern of weather is not significantly dependent 

on types of weather or locality 

The LOLP functions for each site are derived from the hourly weather 

records used for the simulation for each site. However, using the two 

assumptions above, Chapman finds it possible to eliminate the need for 

any distributional information about local insolation. 

Instead, all that is used, by way of insolation data, to model lOLP 

functions for any site is the mean daily insolation (G) in the winter 

solstice month, for that site. 

In order to achieve this reduction, Chapman .in effect fits a third

order polynomial of (G) to the data-derived LOLP functions. This is 

done separately for different array tilt-angles. Parameters for the 

polynomial are chosen such as to minimise the deviations amongst sites 

between fitted and data-derived lOLP functions. 

Through such fitting, it was possible to achieve "very small" 

deviations amongst sites (1987:40). No measures of goodness of fit 

are provided, but this information may be available in an earlier 

paper (Chapman et al, 1986). 

The product of this approach to photovoltaic system sizing is a series 

of nomograms, from which the prospective sizer should be able to 
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derive the optimum combination of array size and battery capacity, and 

the optimum array tilt angle, which will satisfy a stipulated load 

demand at a given location with a selected Loss of Load Probability. 

Chapman suggests that the predictions should be valid for any 

location, for any daily load demand profile, and for monthly 

variations in average daily load which do not exceed .:t 10%. 

Using the sizing model 

To operate this sizing method, one first specifies the site latitude 

and the mean daily horizontal insolation at the site for June 
/ 

(southern hemisphere) or December (northern hemisphere). These values 

are then applied in twenty separate nomograms, to obtain the "design 

insola ti on" corresponding to four groups of "size sets" and five 

selected array tilt angles. 

The "design insolation" is a quantity peculiar to the model, which 

represents compartmentalised relationships between the site 

insolation, the array tilt angle, and four combinations of 

battery/array ratios which will satisfy subsequent LOLP calculations. 

The four "size sets" denote these battery/array combination 

compartments. 

Next, the number of days' battery storage required to achieve a 

selected LOLP is derived from a further four nomograms (one for each 

size set). Each size set represents a battery/array-ratio 

compartment. Within each compartment, battery capacity is therefore 

taken as the determinant of LOLP. 

After these steps, which are mechanical if laborious, the system sizer 

must now supply: 

a) the average insolation-to-storage efficiency of the system during 

the design month (June, for the southern hemisphere), and 

b) the average storage-to-load efficiency for this month 

These are required to be real-time averages, in the design month, for 

system states where battery SOC is less than 100 %. The second is 
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relatively simple to estimate, but the first requires an assessment of 

the daily average interaction effects between array IV curves and the 

varying load, and the varying efficiencies of intervening components 

such as power conditioners and charge regulators. 

Under the assumption of constant efficiency of the charge regulator, 

and presence of an optimum power tracker with constant efficiency, and 

batteries which operate in a SOC region where constant roundtrip 

energy efficiency is a reliable assumption, this estimation would be 

simplified. (These assumptions are made in an example offered for 

guidance in Chapman's sizing handbook, and they are also effectively 

built into the PVFORM simulation which was used to test the 

assumptions of this sizing method.) 

In difficult situations, it is suggested that a "typical day" should 

be constructed, made up of monthly-averaged hourly insolation values 

for the design month, and then intera~ting component efficiencies 

should be calcula tea across that day, then averaged. 

Normally, however, the sizing method would be used with gross 

estimates for system efficiencies, as is now done, with reference to 

the monitored system: 

For Pretoria: 

Latitude 26 degrees S 

Mean June horizontal insolation 

Surface reflectivity 

3900 Wh/day 

irrelevant to model 

Tilt angles considered 30 degrees considered optimal for 

maximising worst-month mean POA ,, 

insolation: but model only allows 26 

and 36 degrees, so 26 degrees selected 

After setting these initial parameters, the sizer is. told to use a 

number of nomograms to calculate the Design Insolation and the Storage 

capacity necessary for the selected LOPP level. This is to be 

repeated for the four "size sets". 
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Unfortunately, although this method is intended to be applicable to 

any site in the world, Pretoria insolation levels for June are outside 

the range of the nomograms offered, and so extrapolation is necessary. 

Definition is very low, and this may be why the nomograms are 

curtailed. 

Approximately, 

LOPP=0.01 

Design insolation rays' storage 

Size Set 1 6 kWh/day 1.5 days 

Size Set 2 6.1 kWh/day 2.3 days 

Size Set 3 6.3 kWh/day 3.0 days 

Size Set 4 6.3 kWh/day 3.8 days 

----------------

This represents Stages 2 and 3 in the sizing process, after setting 

the site-specific parameters. The lack of definition is apparent in 

the values for design insolation obtained from the nomograms. 

For Stage 4, efficiencies are estimated. Values derived from the 

monitoring data are used: 

Average daily insolation-to-storage efficiency = 

Average module conversion efficiency at average 

module cell temperature 30 degreesl: 

Average regulator efficiency in June: 

0.062 * 
0.95 * 

Average deviation from optimum power points: 0.97 * 
Average charge-energy effici~ncy of batteries: 0.85 

= .062 * .95 * .97 * .. 85 

= .049 / 

---------------------~~~~-----------
1The observed time-averaged module cell temperature for June was 

23.8 degrees C in d~ylight hours (from '!able 5.9). However, for 

present purposes one should presumably use an energy-averaged 

value, so the higher value of 30 degrees has been estimated. 
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It could be difficult to make accurate and valid estimates for some of 

these component efficiencies: it helps to have the benefit of 

monitored system performance data, but even so, since the component 

efficiencies are intended to be averages for all periods in the design 

month when batteries are not at full charge, there is scope for error 

of estimation. 

Average storage-to-load efficiency is easier to estimate, on the 

assumption that battery capacity is reckoned as available energy to 

load: 

Battery discharge efficiency: 1.0 

Load consumption efficiency (al lowing for difference between 

battery voltage and load voltage regulation): 0.96 

The.se ,estimations allow prediction of the array and battery size 

combinations (four) which will satisfy the design lead at a 

probability of LOPP=0.01. 

Array area is given by the equation 

Array Area = Load/(Design Insolation * eff(in) * eff'(out)) 

where eff(in) = 0.049 

eff (out) = 0.96 [by above estimations] 

while the accompanying battery storage, depending on "size set" is 

Days storage * Load I (permitted % depth of discharge) 

The results, for the design load of 45~ Wh/day, are: 

FOR LOPP = 0.01 Rated battery 

capacity at 70% DOD 

Array area Anay Wp (Wh) (A-h at 24 volts) 

Size set 1 1.59 sq.m 100 Wp 964 Wh 40 A-h 

Size set 2 1.57 sq.m 99 Wp 1479 Wh 62 A-h 

size set 3 1.52 sq.m 96 Wp 1929 Wh 80 A-h 
Size Set 4 1.52 sq.m 96 Wp 2443 Wh 102 A-h 
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variations are independent of climate. The optimum tilt angle 

must depend on climate over the seasons if minimum long term LOLP 

is to be achieved. The method, if applied for all tilt angles 

offered by the· nomograms, would predict a greater than optimal 

tilt angle for Pretoria conditions. June POA insolation would be 

maximised, but significantly lower EDA insolation would be 

received in other months than in June at this tilt angle. It 

appears that 

(a) using midwinter as the design month is not a generally 

reliable approach 

(b) the derived relationships for LOLP functions may be weighted 

towards locations where winter clearness indices are 

substantially. lower than in Pretoria (and much of .South 

Africa). 

4 In any simplified s1z1ng model, the estimation of component 

efficiencies is likely to be subject to uncertainties and error. 

However, the problem is exacerba tea in this case, because the 

estimated efficiencies must be valid average values for the whole 

range of system operation. Of course, if the right values can be 

found, the assumption of constant component efficiencies will 

"work": but these right values are not necessarily indicated by 

information easily accessible to the system sizer. Even long 

term monitoring data will not be of great assistance, since 

average system efficiencies depend on the sizing of the system, 

(which is what is being sought). It is felt that the critical 

run LOPP approach suggested earlier in this chapter makes less 

dangerous assumptions about system efficiencies, since attention 

is restricted to critical runs, where component efficiencies are 

expected to be convergent towards more accurately pre~ictable 

values. 

5 The assumptions of constant efficiencies, and the device of 

forcing all array energy through battery storage, which are 

crucial to the elegant mathematical simplicity of the simulation 

model used for generating the LOLP functions, were held to be 

validated by comparing predictions against the PVFORM simulation 

model. This is not entirely convincing, since (a) the validation 
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tests included the assumption, on both sides, of optimal power 

tracking (PVFORM does not simulate systems without optimum po'Wer 

tracking): and (b) PVFORM was set to run for a typical 

residential demand profile. This would increase the proportion 

of load outside daylight hours, and could reduce any errors 

arising from the device of forcing all array energy through 

battery storage 

6 It is felt that the observations of Liu and Jordan (1960) may not 

justify the starkly simplifying conclusion that insolation

distribution-dependent factors in the model can be adequately 

regressed on December/June mean daily insolation for any site. 

Briefly,. Liu and Jordan's presented evidence (1960:10-12) 

indicates the possibility for considerable distributional 

divergence between sites at lo'Wer insolation percentiles, which 

are the.insolation levels most likely to determine system Loss of 

Load. This question is raised in Appendix Dl. 

In conclusion, one would like.to be able to recommend Loss of Power 

Probability sizing methodologies for general application in. 

photovoltaic system sizing. The conceptual approach suits the 

probabalistic nature of the primary energy source, and would provide a 

basis for critical sizing to achieve a specified level of 

availability. However, it is not possible to recommend the method 

described above with full confidence. It is elegant and innovative in 

its simplifications, but is unlikely to be accurate for application in 

a full range of local conditions. 

Chapman (1987:36) sums up the problem well (although with a more 

confident conclusion): 

"The usefulness of the sizing nomograms depends on two factors; 

the accuracy and applicability of the simulation model. If the 

model is accurate, but only valid for one system, the nomograms 

are of little use. The same result holds if the model is 

applicable to any system, but is grossly inaccurate. Normally, 

as a performance model becomes more generic, it becomes less 

accurate. There is, ho-wever, an acceptable compromise." 
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9.5.2 Method 2 

The next method examined also follows a loss of poVJer probability 

approach, and is again an attempt at a unified methodology to size 

stand-alone photovoltaic systems with battery storage for a selected 

LOPP lev~l. It derives from Borden et al (1984) and was published by 

Jet Propulsion laboratories as a recommended sizing method for the 

U.S. Department of Energy. 

At the heart of this method is a single sizing nomogram which 

economically portrays relationships between (a) the degree of array 

oversizing necessary, and (b) the corresponding battery storage 

required to sustain the load at a specified LOEP. LOEP denotes Loss 

of Energy Probability, and the recommended LOEP which defines the 

nomogram is 0.1 for the design month. 

The design month is selected as that month of the year when the ratio 

of average POA insolation to average daily load is lowest •. This will 

depend on the tilt angle of the array, which is selected to maximise 

this ratio in the worst insolation-to-load month of the year. For the 

present system, the optimal tilt by these criteria is very close to 30 

degrees, and the corresponding design month .is June. 

The method only provides for sizing for a LOEP of 0.1 in the design 

month, ie. for a predicted average long-term probability of loss of 

power to load of 10% in that month. There is no direct way of 

assessing the probability of failure in other months, although the 

authors offer the suggestion that a design-month LOEP of 0.1 should · 

correspond to a long-term average annual LOEP of about 0.02 to 0.04. 

In this estimate, Borchers (1989) suggests they are following earlier 

estimates by Rosenblum (1982). The selected design-month LOEP of 0.1 

is put forward as providing a reasonable basis for comparing 

photovoltaic supply with alternatives such as genset supply, at 

comparable availability levels. 

The sizing nomograrn is reproduced in Appendix B7. Each curve portrays 

a relationship between 11array sizing factors" and 11battery storage 

sizing factors". These can be converted to required array power and 

battery capacity through a knowledge of average efficiencies of system 

components in the design month, and the average daily load. 
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All that is required to select a curve (or to interpolate between 

curves) is the average daily POA insolation for the design month. 

Further selection of a particular point on the curve, representing a 

specific array-battery combination, can be done through costs 

analysis. (For initial guidance, a "lowest system capital cost" 

dashed curve is imposed on the nomogram: but for greater accuracy, 

life-cycle costs using local component prices would need to be 

calculated to finC3 the optimal combination.) 

This method therefore presents a simple and fairly rapid means of 

finding array-battery combinations to satisfy load demand at a design

month LOEP of 0.1. Before applying the method for the present system, 

it is useful to note some of the assumptions. 

The fact that curve selection from the nomogram only requires one item 

of information - average daily POA insolation for the design month 

draws attention to simplifying assumptions about climatic 

probabilities and associated photovoltaic system performance. 

These assumptions include (a) that the distribution of daily 

insolation is relatively independent of location and type of climate, 

and that the distributional characteristics can be adequately 

correlated to monthly mean insolation for any month: (b) that it is 

adequate for purposes of probability analysis to assume that 

insolation is normally distributed (see Macomber et al, 1981, 

referenced by Borden et al, 1984). Macornber's approach to estimating 

LOE~'s made use of normal curve probabilities, set by the mean and 

standard deviation of the expected insolation distribution. The 

condensation of this approach, in Borden et al, finds it unnecessary 

to know even the standard deviation. Borchers (1989) provides a 

fuller account of the development of Borden's sizing method from the 

earlier work of Macomber et al (1981) and Rosenblum (1982), and the 

assumptions held in common by these authors. 

Such assumptions could be expected to lead to some inaccuracy in LOEP 

predictions, according to location and climate. To illustrate the 

kind of climatic variations which could lead to deviations from the 

fitted model: the worst insolation month for Pretoria can be 

calculated as June, if an optimum tilt angle of 30 degrees is adopted, 

9 • 55 I 



and if monthly mean POA ~nsolation is the quantity to be maximised. 

However, according to analysis of weather station data, the variance 

in daily insolation is considerably lower in June than in some other 

months, due to generally cloudless Highveld winters; and in other 

months, where mean POA insolation may be fractionally higher, there is 

a higher probability of runs of low insolation days. This suggests 

that an oversizing factor which accurately represented June array 

requirements would be likely to misrepresent weather probabilities in 

other seasons, and vice versa. More generally, it is likely that the 

relationship between the design-month LOEP and annual LOEP would vary 

according to climate. 

Applying the method 

Applying this method to the monitored system, the month of June, for 

Pretoria and a tilt angle of 30 degrees North, provides a mean POA 

insolation level close to 5.80 kWh/sq.rn/day. (This value, chosen from 

Table 6.1, corresponds with the data and tilt calculations used in the 

critical run LOPP predictions of Section 9.4, and is most suitable for 

these sizing comparisons.) 

From the sizing nomogram (Appendix 137) the following array and battery 

sizing factors can be obtained, for a design-month POA insolation of 

5.8 kWh/sq.m/day: 

Array sizing factor: 

Battery sizing factor: 

4.9 kWh/sq.m/day 

1~3 days storage 

This combination coincides with the lowest system capital cost curve 

supplied in the nomogram. More precise economic optimisation could be 

performed using local substitution rates, but for present purposes 

this intersection is sufficient. (Morris, 1988, has modelled the 

relationships expressed in the nomogram, and the economic optimisation 

of array-battery combinations using local prices for life-cycle costs: 

with this refinement, the sizing indicated does not differ signifi

cantly from that obtained below.) 

The array sizing factor is equivalent to a derated POA insolation 

expectancy, which indicates the degree of oversizing of the array 

required for the .specified LOEP. To convert this value to the 

9. 56' 



required array power, the following system performance characteristics 

are neeaea: 

Mean values.for design month 

Daily load energy demand: 

Fraction of load energy 

passing through battery: 

Power regulator efficiency: 

Battery energy efficiency: 

Module conversion efficiency 

at·25 degrees C: 

Module efficiency 

F..stima.tes for monitored system 

450 Wh/day 

0.5 

0.95 

0.85 

0.063 

temperature coefficient -0.0028 /degree c 
Mean operating module temperature 30 degrees C 

Assuming all power to loaa passes through the Energy Management Unit 

(average efficiency 0.95) ana 50% of consumed power passes through 

battery storage, the combined array-to-load efficiency is 

0.95 * (0.5 * 0.85 + 0.5 * 1.00) = 0.88 

and the array power indica tea to meet the loaa (before temperature 

correction) is 

ARRAY POWER = LOAD / (ARRAY SIZING FACTOR * 0.88) 

= 450 I ( 4.9 * 0.88 ) 
= 104.4 Wp 

After temperature correction for expected mean module operating 

temperature in June, this rises to 106 Wp. 

It is recommended to include an array degradation factor~ Assuming a 

conventional factor of 10% for array degradation, the indicated array 

power for this load at LOEP 0.1 is then 118 Wp. · 
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The battery storage sizing factor of 1.3 days is converted to 

installed battery capacity: 

INSTALLED BATTERY CAPACITY = LOAD * 1.3 

= 585 Wh 

and, assuming a maximum depth of discharge of 70%, this can be 

converted to the rated battery capacity required: 

RATED BATTERY CAPACITY= 585 / 0.7 

= 836 Wh 

At 24 volts nominal, this is equivalent to 35 A-h rated storage. 

Comparing the LOEP sizing of this method with the LOPP=0.01 sizing in 

Section 9.4, the LOEP a~ray size is very similar, before aerating and 

degradation margins are included (106 versus 105 Wp). The difference 

of about 5% in final recommendations can be attributed to different 

degradation estimates. For the LOPP model, a further 5% margin was 

added to the conventional 10% degradation factor, to allow for aerated 

array performance in critical conditions due to spectral variation and 

incidence angles of POA insolation. 

However, there is greater difference in the battery capacity 

indicated (35 A-h rated capacity for the LOEP prediction, and 63 A-h 

for the LOPP=0.01 prediction, assuming 70% depth of discharge and 

omitting degradation factors in each case). It should be borne in 

mind here that the LOEP sizing is for a higher probability of average 

long-term failure, in line with the authors' suggestion that a design 

month LOEP of 0.1 should correspond to a long-term average LOEP of 

about 0.02 to 0.04. This higher probability of loss of power could 

then be associated with the reduced battery capacity of the LOEP 

sizing. 

The degree of indeterminacy of long-term annual LOEP could be 

considered a weakness in this sizing method. In this regard, it is 

interesting to apply the critical run LOPP model of Section 9.4 to 

predict the long-term average loss of power expected from this LOEP 

sizing of 106 Wp array power and 1.3 days battery storage. 
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For this purpose, system efficiency assumptions have been made as 

compatible as possible (see Appendix BS for method), and the empirical 

data from 10 years' Pretoria weather records, statistically condensed 

as in Section 9.2.2, have been used. 

Table 9.4 shows the results for runs of days from 1 to 16 (Column A). 

The minimum POA insolation per day required to sustain the load of 

450 Wh in critical conditions, for the LOEP system sizing, has been 

calculated for each run-length (Appendix B8). Columns B and C show 

the percentage of day-runs, over ten years, which fall below these 

~equired POA insolation levels. 

Since shorter run-lengths are subsumed under longer run-lengths, the 

maximum values in Columns Band C predict the relative frequency of 

loss of power to load over these ten years. 

Column B values follow the full LOPP model assumptions of Section 9.4. 

In Column c, the ''battery capacity correction factor" introduced in 

9.3.1 to allow for reduced efficiencies near full states of charge has 

been dropped, to compare the effect of this safeguard in the model. 

The results in Table 9.4 indicate that, according to the predictions 

of the critical run LOPP model, the sizing method of Borden et al 

(1984) applied to the present system would deliver levels of 

reliability within the estimates which the authors propose (between 

0.02 and 0.04 long-term average LOEP). Over ten years, based on local 

empirical data, the model predicts an average loss of power to load of 

3.4%. If the conservative "battery capacity adjustment factor" is 

dropped from the LOPP model, the corresponding incidence of loss of 

power to load would be 0.028. 

This degree of correspondence between the proposed LOPP model and the 

Borden sizing method does not of course constitute an adequate cross

validation of either approach. The methods could be compared for a 

range of climatic conditions, to establish the variation in 

predictions: and independent validation against a reliable ful 1 

simulation of photovoltaic system performance would be desirable. 
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TABLE 9.4 Model-Predicted Loss of Power for Method 2 Sizing, 

Using Pretoria Weather rata 

Load: 450 Wh/day Array: 106 Wp 

Battery: 1.3 days storage 

(24.4 A-h installed capacity) 

Post-sizing' design margins excluded 

-----
RUNLENGTH RELATIVE FREQUENCY OF SUB-MINIMAL 

POA INSOLATION RUNS, OVER 10 YEARS 

--- -------
[A] [B] [C] 

1 0.0 % 0.0 % 

2 1.4 % 0.9 % 

3 2.8 % 1.8 % 

4 3.3 % 2.4 % 

5 3.4 % 2.7 % 

6 3.4 % 2.7 % 

7 3.4 % 2.8 % 

8 3.4 % 2.8 % 

9 3.3 % 2.6 % 

10 3.2 % 2.7 % 

11 3.1 % 2.7 % 

12 2.9 % 2.4 % 

13 2.8 % 2.2 % 

14 2.6 % 2.0 % 

15 2.4 % 1. 7 % 

16 2.2 % 1.5 % 

-----
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From the comparison above, however, certain advantages for the 

proposed critical run LOPP method can be suggested: 

1 The method of Borden et al (1984), as published, allows only for 

sizing at one LOEP level, a design-month LOEP of 0.1. This 

reduces flexibility of application. In sizing hybrid systems, 

for instance, one may be interested in sizing for higher 

probabilities of failure, while for applications where high 

availability levels are preferred (eg. for vaccine refrigeration) 

lower LOEPs would be of interest. The critical run LOPP model is 

readily adapted for variable LOPP levels. As shown above, it can 

be used to predict the LOPP of a given system configuration, as 

well as used to size system components for a selected LOPP. 

2 The long-term LOEP associated with a design-month LOEP of 0.1 

i~ the Borden method is only approximately indicated, and the 

relationship may vary with climate. A long-term LOEP of about 

0.03 as predicted in the example in Table 9.4 might be considered 

unacceptable, depending on the application: it represents an 

average of 11 days failure per year, at the design load, and in 

any single year could substantially exceed that average. If one 

can only estimate the long-term LOEP as between 0.02 and 0.04, 

that latitude brings extra uncertainty to reliability decisions. 

Perhaps such latitude is not unrealistic, in view of the limited 

statistical accuracy of predictions from historical weather data, 

especially at low percentiles. However, the proposed critical 

run LOPP model provides a firmer empirical base from which to 

make best predictions, and the method allows for statistical 

evaluation of the confidence of predictions, at various LOPP 

levels, through empirically based bootstrap resampling methods. 

3 The assumptions contained .in the Borden method, that insolation 

distributions are independent of climate type, and that 

probabilities can be derived from normal distribution theory, may 

lead to inaccuracies. The single comparison above provides no 

evidence of significant inaccuracy, relative to the predictions 

of the proposed LOPP model. It has been suggested earlier, 

however, that such inaccuracies would be most likely to occur at 

low percentiles, since this is where skewness in insolation 
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distributions causes greatest deviations from normality. The 

Borden method may partly escape such inaccuracies by selecting 

higher percentiles (10-percentile in the design month) as the 

basis for sizing estimates. The proposed LOPP model, however, 

makes no assumptions about theoretical distributions of 

insolation, nor the degree of correlation between mean monthly 

insolation and distributional characteristics. It should 

. therefore provide a firmer basis for predicting system size for 

lower LOPPs than in the Borden method. 

4 The great attraction of the Borden method lies in its 

presentation as a universal system for approximate system sizing, 

requiring minimal input data, and in being "paper-J::ased" rather 

than requiring computer calculations. By contrast, the present 

critical run LOPP approach could offer advantages as the basis 

for a local microcomputer sizing tool. The model's run-length 

approach requires substantial pre-processing of local weather 

data, but this could be done centrally with batch mainframe 

programs, after which very few parameters are needed to model the 

run-length characteristics of local weather for various 

prol::ability levels. The modelled insolation data could then be 

readily incorporated in an efficient and flexible LOPP sizing 

method, to run on a PC. 
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·9.5.3 Method 3 

It is interesting now to examine the system sizing options obtained 

from a professional photovoltaic system sizing program, used by a 

major international com_pany in this ~ield. This software was made 

available for scrutiny by local agents. It is probably prevalent 

practice for local agents, and independent local suppliers of 

photovoltaic systems, to make use of such software, either directly, 

or (as in the case of the systems mdnitored in this study) by 

referring sizing enquiries to the module manufacturers. 

Three points are of main interest here: 

- Since the sizing software examined has presurnably stood the test 

of widespread commercial applications, it is unlikely that it 

should lead to undersizing of photovoltaic systems, for given 

applications. The sizing predictions should therefore serve as a 

conservative criterion by which to judge the Loss of Power 

Probability sizing estimates presented earlier in this section. 

The sizing of the monitored systems followed recormnendations to 

the local .suppliers from the module manufacturers, Photowatt SA, 

France, presumably using their own sizing software. It is 

interesting to com_pare the recommendations of one major 

manufacturer with those of another. 

- It would be interesting to assess the assumptions and method on 

which such a sizing program is based. However, this can only be 

done in a limited way, since the available software is in 

compiled form, and the sizing method can only be inspected 

through inputs and outputs to the programs. 

The software examined provides a sophisticated and quick aid to system 

design. With minimal user inputs, the designer can investigate 

alternative combinations of modules and batteries predicted to support 

the specified load, in local conditions. No detailed input data are 

required, and the programs run on a PC. 

User inputs can be described in three categories. 
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First, basic specification is required of the geographical location, 

and the load profile for which the system is to be designed. A spread 

of locations throughout Africa is offered (in the version examined), 

which the user can denote by name or choose through entering the 

latitude and longitude of the site, followed by choice of nearest 

offered location. System loads can be specified as constant or 

variable, and as de or ac. Minor site specifications, such as ground 

reflectivity, can be entered, or defaulted. 

Second, the user can select the type of modules and batteries to be 

used for the sizing. The range of modules available are of course 

those produced by the company, while a range of commercial batteries, 

as well as "generic" battery types, in smaller units, are offered for 

selection. 

Third, there are options for the designer to add flexibility to the 

sizing process, for instance through overriding default values for 

several aspects of component performance, through entering user data 

in place of the sizing program's database, or through changing the 

optimisation procedure used in the program. 

The sizing calulations will depend on the site-selected weather data, 

held in the weather database· provided, or optionally supplied by the 

user. The weather data used for sizing consist of average daily 

horizontal insolation, per month, and monthly ambient temperatures 

(minimum, mean and maximum) for the selected site. No data for 

climatic variance, ·within months or between years, is processed. 

It is not known whether the insolation data for the wide variety of 

African sites has been obtained from weather records, from theoretical 

calculations, interpolations, or a combination of these: but the 

values stored for Pretoria monthly insolation. were virtually identical 

to the 10-year~' averages derived from weather station data, as 

published by the CSIR (1971), so empirical origin is likely. 

While no information is provided, or solicited, for variations in 

local weather, other than the course of the monthly means, the program 

advises users that system performance at the installation site will 

"vary dependent upon weather conditions"• More conc~etely, an ad-hoc 

assessment of weather variability is invited in the user-set choice of 
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the days of autonomy of the batteries. The default is three days 

autonomy, as a set guideline by which the program seeks an economic 

optimisation of array/battery combinations. But users are told that 

"Five (5) is safer" and that the choice depends on local weather, 

availability of back-up power, site accessibility, etc. Fine tuning 

of the reliability of the system is therefore left in part to the 

user's judgement of local conditions. 

The default mode of arriving at recommended combinations of module 

power and battery capacity, for the specified conditions, is that of 

"economic optimisation" - presumably choosing the array/battery 

combination which will meet the load at cheapest capital cost. It is 

not known whether battery replacement costs are taken into account 

here, but that seems unlikely since no data are stored for the life 

expectancies of different makes of batteries. 

Minimisation of capital costs for alternative combinations of array 

power and battery capacity of course depends on component prices. 

These are held as data, which can be altered within limits by the 

program user. (Attempts to change the manufacturers' module price 

algorithms were unsuccessful!). The ratios of battery prices to 

module prices, in local application, would be susceptible to exchange 

rates and other economic and industry variables, so the optimal 

combinations indicated by the program would not necessarily be 

cheapest at current local prices. However, for present purposes, it 

is interesting to know the range of array/battery sizes indicated as 

sufficient to support a specified load. 

The program was run for location Pretoria, specifying a steady daily 

load of 18. 75 amp-hours at nominal 24 vol ts de. This corresponds to a 

design load of 450 Wh/day. 30% of the average load was stated to 

occur at night. Ground reflectivity was set at 0.2. The supplied 

weather datafile for Pretoria was used. 

Multiple runs of the program were conducted, to search for 

optimisations and to judge the criteria in the sizing procedure. 

The most striking outcome was that for a relatively small system, the 
sizing of components is strongly dependent on the choice of 

components. 
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This is because of the "lumpiness" of corrmercially available 

components. If one selects photovoltaic modules of certain size 

(optimum-power amps, vol ts) and a certain make of battery (of set 

rated capacity) the sizing software will possibly oversize the system. 

For instance, if one of the selected battery-type is not enough to 

provide the required battery capacity, then two will be indicated, 

even if the excess required was only a few percent. Simultaneously, 

if one module of a selected type provides slightly too little current, 

then two modules in parallel will be indicated. 

Selecting modules of similar optimum-power current to those employed 

in the monitored system, and selecting Delco 2000 batteries (as used 

in the monitored system), the program predicted a sizing combination 

as follows: 

Module power: 

Batteries: 

147 Wp 

2 * Delco 2000 = 105 amp-hours @ 24 volts 

(rated capacity) 

This sizing incorporates a 0.9 module aerating factor, and compares · 

with Photowatt's original sizing recorranendation of 164 Wp array power 

and 210 A-h rated battery capacity. 

The lower array power indicated appears mainly attributable to 

selecting a module type which has a lower optimum-power voltage than 

the Photowa tt PW-P 800 modules (32 vol ts versus 34 vol ts). 

The program appears to assess the required module power on the basis 

of amp-hours supplied to load (for de loads) while checking that 

optimum power voltages at prevailing ambient temperatures are 

sufficiently high to exceed the batterie~' recommended float charge 

voltage, again adjusted for ambient temperature. Because of this 

approach, it could be expected that the indicated array power would be 

higher if modules of slightly higher optimum-power voltage were 

selected. If modules of optimum-power voltage 34 vol ts (at 25 

degrees) were selected, having similar amps output, the array sizing 

would then come very close indeed to the Photowatt recommendations: 

approximately 156 Wp. 
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The associated battery requirement, according to this sizing, is half 

the Photowatt recommendation, at 105 A-h rated capacity. (In terms of 

installed capacity, the reduction is even greater, because the data 

stored in this program for Delco 2000 batteries restricts them to 50% 

maximum depth of discharge.) 

However, the danger of arbitrary decision here is illustrated py the 

fact that when the design load was specified only 3% higher (19.3 A-h 

instead of 18.75 A-h) the program indicated a requirement for 210 A-h 

rated battery capacity - the same as the Photowatt recommendation. 

This shows how the "lumpiness" of components could lead to oversizing, 

if the selected modules or batteries have large unit power/capacity 

relative to specified system load demand. 

Subsequent runs of the program indicated that the array power could be 

substantially reduced by selecting modules of more suitable unit size. 

Various combinations were investigated, but the savings are most 

simply illustrated by the device of scaling up the load demand, to 

reduce the lt.nnpiness of selected components. When the average daily 

load was multiplied by 100 and set at a value of 1875 A-h, keeping all 

other factors equal (the same modules, batteries and nominal system 

voltage) the following combination was indicate'd: 

Module power: 

Patteries: 

11858 Wp 

2 * 107 * Delco 2000 = 11235 amp-hours @ 24 volts 

(rated capacity) 

In the sizing program, it appears that line losses, etc., are treated 

as voltage losses, so by keeping the system voltage steady, the sizing 

combinations should be scale neutral. It is possible that the 

database prices for modules are scaled for quantity, which could 

affect the economic optimisation, but if anything this would have the 

effect of increasing the array to battery proportion indicated. It is 

therefore reasonable to regard the combination above as a more 

critical sizing estimate, when scaled down again. 

Scaled back to the design load of 18.75 A-h/day, the required array 

power is indicated as 119 Wp (27% less than the original Photowatt 

sizing) while the rated battery capacity of 112 A-h is slightly over 

half the Photowatt recommendations (47% less). 
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Compared with the installed system, as tested, the ~izing program 

indicates a somewhat smaller array (12% less peak power) and the same 

47% reduction in battery capacity. 

Compared with the LOPP model predictions_in Section 9.4, the component 

sizes indicated by this sizing program fall between the LOPP=0.01 and 

LOPP=0.001 predictions, if aerating factors are omitted, and if 

installed rather than rated battery capacities are compared. (The 

sizing program includes a 10% dera ting factor for array performance, 

and restricts the batteries to 50% depth of discharge.) 

EXCLUDING DERATING FACTORS 

Critical Run Array Battery capacity 

LOPP Model: Power Installed Rated 

LOPP=0.01 105 Wp 44 A-h 63 A-h (70% OOD) 

LOPP=0.001 112 Wp 61 A-h 87 A-h (70% OOD) 

Commercial Sizing 

Program: 107 Wp 56 A-h 105 A-h (50% OOD) 

In a 11 cases, the sizing program indica tea an optimum array ti 1 t angle 

of 30 degrees. 

This sizing program does not follow a loss of power probability 

approach. It would seem, also, that it does not account for 

variations in deviation from optimum power points as battery charge 

voltage declines, al though variations in module conversion efficiency 

due to cell temperature are taken into account. (Power take~off ·from 

the array appears to be programmed as the batteries' temperature

dependent float charge voltage multiplied by the array current 

corresponding to monthly weather conditions - though full features 

of the program here cannot be assessed from the outside.) 

The present comparison suggests that the sizing program can predict 

array power in a range very close to other (loss of power probability) 

methods, providing unit module size is carefully considered. 

Drawbacks are that the choice of battery capacity appears to be guided 

first by arbitrary decision (3 or 5 days autonomy, user-settable, 

around which the program seeks economic optimisation) and that there 

is no direct indication of the availability of power which can be 
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expected from the final choice of battery capacity. 

The comparison has also suggested how using such a program could be 

economically detrimental to the buyers of relatively small stand-alone 

photovoltaic systems. This could occur if the system designers select 

components, either the modules to be used, or the batteries to be 

used, which are of large unit size relative to the design load. 

Significant rounding surpluses can result, and the program would 

indicate a sizing combination which is wastefully large. 

This would not be a fault of the program, but of its application. At 

the same time, manufacturers may have an interest in selling a 

particular module, or may not manufacture ideally sized modules for a 

full range of small system load demands. There could be further 

technical or business reasons for recommending a particular make of 

battery. And there are installation advantages if systems consist of 

a small number of larger components, rather than a larger number of 

smaller units. These kinds of considerations could promote such 

oversizing of small systems. 

Since the photovoltaic modules constitute the largest cost in a 

typical stand-alone photovoltaic system, independent system suppliers 

would be recommended to investigate a wide range of modules, of 

different power ratings and appropriate voltage, from several 

manufacturers, when selecting the optimum array size for powering 

small loads. 
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9.5.4 Sunma.ry of sizing comparisons 

Table 9.5 summarises comparisons between the battery and array sizes 

predicted by the .critical run LOPP model developed in this chapter, 

the sizes indicated by three other sizing methods, the original 

Photowatt sizing recommendations for the Bophuthatswana installations, 

and the actual sizing of the monitored system (as tested). Figure 

9.12 presents the same information graphically. 

The initial aim was to assess whether the Bophuthatswanan systems had 

been oversized for their design load, and if so to what degree. Given 

the probabalistic nature of solar radiation received, and uncertainty 

about the applicability of generalised sizing methods for local 

applications, this led to the development of a sizing model which 

could accept local empirical weather data, and predict loss of power 

probabilities on that basis for varying system configurations. 

As an aid to judging the reliability of this model, its predictions 

have been compared with other sizing methods, and the combined 

indications of various sizing methods have been used to assess the 

sizing of the Bophutha tswana systems. 

The comparisons in Table 9.5 and Figure 9.12 lead to the fol lowing 

observations: 

1 There is very close agreement between the various sizing methods 

as to the required array power for the design load, if aerating 

factors are left out of account. Chapman's method indicates 

lower array requirements: the critical run model indicates 

higher array requirements for the higher availability level of 

LOPP=0.001: otherwise, the discrepancies are remarkably small, 

with predictions between 105 and 107 Wp. , 

2 If post-sizing design margins are included, to allow for array 

lifetime degradation and other derating factors, there is a 

greater range in recommendations. Where other methods adopt a 

conventional 10% lifetime degradation allowance, the critical run 

LOPP model recommendations include a further 5% derating factor 

for the selective spectral response of modules, and power losses 

at higher angles of incidence of light, which could reduce module 
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FIGURE 9.12 Summary of Array and Battery Sizing Indicated 
By Different Sizing Methods 
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TABLE 9.5 Smanary of Array and Bl ttery Sizing Indicated 

By Different Sizing Methods 

__ , _____ _ 
LOSS OF 
PamR 
PROBABILITY 

ARRAY J?CMER (Wp) ~y CAPACITY (A-h at 24 V) __ , ______ _ _ _______ , ______ , _______ _ 
Excluding 
aerating Recommended 
allowance 

Critical Run LOPP Model 

0.01 
0.01. 
0.001 

105 
105 
112 

Chapnan (1987) method 

0.01 
0.01 
0.01 
0.01 

100 
99 
96 
96 

[derating] 

124 [15%] 
124 [15%] 
132 [15%] 

Borden et al (1984) method 

0.1 in 
design 
rnonth1 

Collnercial Sizing Program 

LOPP 
unknown 107 

118 [10%] 

119 [10%] 

Installed Rated Recommended 
--- -- rated 
(no degradation) capacity 

44 
44 
61 

28 
43 
56 
71 

24 

56 

___ , ________ _ 
[COD] [dera ting] 

63 [70%] 74 [15%] 
88 [50%] 104 [15%] 
87 [70%] 102 [15%] 

40 [70%] 
62 [70%] 
80 [70%] 

102 [70%] 

35 [70%] 35 

112 [50%] 112 _________________ , ___ ..... _____________ _ 
BOPBCJTBATSWANA SCHCX>L TELEVISION SYSTEMS 

Original Photowatt sizing 

164 210 

Installed systems 

135 (as tested) 210 

, ____ , ------
Note 1: Corresponds to estimated annual LOPP of about 0.03 
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conversion efficiencies in adverse conditions. The validity of 

these assumptions needs further investigation, in conjunction 

with assessment of applicability of manufacturers' performance 

'specifications under such conditions. 

The aims of critical system sizing, the main purpose of improved 

sizing techniques, can be undermined by adding uncertain margins 

to basic sizing predictions. One purpose, however, in including 

cautious margins in the critical run LOPP recommendations was to 

provide a fair comparison for judging the conservatively 

engineered monitored system. 

3 Greater variation is evident in the required battery storage 

predicted by different sizing methods. Again omitting 

degradation allowances, the minimum installed battery capacity 

varies from 24 to 71 A-hat 24 volts, and it is in this respect 

that the sizing methods differ most. Given the convergence in 

array power predictions, this variation in predicted storage 

requirements indicates that varied availability levels could be 

expected from the different sizing methods. 

4 Recommended rated battery capacity varies from 35 to 112 A-h, 

according to method. The recommendations depend on maximum 

permitted depth of discharge (as shown in Table 9.5), and in the 

case of the critical run LOPP method, a lifetime degradation 

factor of 15% has been included to ensure that the required 

storage is available for most of the batteries' service life 

(battery replacement is assumed to take place when initial 

capacity has fallen to 80%). 

5 The predictions of the critical run LOPP model are consistently 

in the range of other methods' predictions. 

Except for Chapman's method, the LOPP=0.01 prediction for array 

power (before derating) is essentially the same as other methods; 

but the model also has the flexibility to predict array power for 

other loss of power probabilities (eg. 112 Wp for LOPP=0.001). 

The battery predictions of the cri ti ca 1 run LOPP mode 1 are within 

the range of other methods (installed capacity, for LOPP=0.01) 
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but avoid the lowest values of the Borden and Chapnan methods. 

The Chapman method values appear internally inconsistent. The 

Borden minimum of 24 A-h is associated with a higher loss of 

power probability level (0.1 in the design month, which was 

estimated earlier to represent an annual LOPP of about 0.03). In 

the case of the commercial sizing method, the LOPP is 

indeterminate, and battery capacity seems subject to arbitrary 

decision. 

The critical run model appears to provide a more rational and 

more empirical basis for calculating the battery capacity 

required for a selected IDPP, than other methods reviewed. Given 

the suitable form of the model for incorporation into a PC-based 

sizing method, and its flexibility, it may merit further 

investigation and development. Chapter 11 includes suggestions 

for doing this. 

6 The original recommended Photow:itt sizing for the monitored 

systems stands out as a clear outlier, with both array power and 

battery capacity considerably above the indications from a 

variety of other sizing methods. Possible i::easons which have 

been considered include (a) doubtful validity of the solar 

radiation data used for the Photowatt sizing, (b} the sizing 

methodology used, and (c} possible inattention to the "lumpiness" 

of components, perhaps related to a prior choice of 82 Wp module 

units and 105 A-h battery units. 

7 The sizing of the monitored system (and of the systems installed 

in Bophuthatswana schools}, however, is less excessive than the 

original Photowatt reconunendations. By comparison with the 

critical run IDPP model predictions, and now including post

sizing degradation allowances, the installed array power is 

suitable for providing a loss of power probability of 

approximately 0.001. The battery capacity appears unnecessarily 

large, and could be halved without incurring a LOPP > 0.001. It 

can also be suggested that such a high level of predicted 

availability is not essential in the present schools television 

application, and that a LOPP=0.01 level would be more suitable. 

This would permit a further saving (according to the model) of 

about 8% on array size. 
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Chapter 10 

PHOTOVOLTAIC-POWERED SCHOOLS TELEVISION IN BOPHUTHATSWANA: 

SOCIAL, EDUCATIONAL AND ECONCIHC ASPECTS 

Previous chapters have taken up technical issues generated in the 

monitoring study. Part of the reason for devoting most attention to 

technical issues in the evaluation of the monitored system was that 

these enquiries may have scope for generalisation, pointing to problem 

areas, and directions for further research, in photovoltaic system 

design for local applications. 

Returning now to the specific application of solar-powered schools 

television in Bophuthatswana, the present chapter presents a broader 

socio-economic assessment of this attempt at educational innovation. 

When considering the "appropriateness" of a particular technological 

intervention, the technical appropriateness of the hardware is one 

important ingredient. In earlier chapters, it was concluded that the 

photovoltaic generators, with associated applications equipment, 

provided an effective technical solution to the problem of equipping 

off-grid schools with video and television facilities. The systems 

promise reliable service, high levels of expected availability of 

power, facilities for easy maintenance, and features which make the 

equipnent easy to use by inexperienced operators. Furthermore, the 

power source is renewable, silent and ecologically sound. 

The technical appropriateness of hardware, however, while it may be a 

necessary ingredient, is not a sufficient condition for the success of 

a technological innovation. This comes through very clearly in such a 

complex and ambitious application as schools t~levision. A host of 

social, organisational, educational and economic factors intervene. 

Such factors are pre-eminent in affecting the course of a programme 

such as the Bophuthatswana Edutel project. 

For this Chapter, the information which has been obtained about the 

social actuality of Edutel is of a different status from the physical 

measurements underlying the technical evaluation. Firstly, the 

information includes subjective appraisals, made by educationists, 
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media specialists, Edutel planners and others (mainly from central 

observing positions in Mrnaba tho/Mafeking), as we 1 J: as from a· srna 11 

haphazard sample of school teachers and pupils in other areas of 

Bophuthatswana. To a degree, subjectivity is inescapable in social 

enquiry subjective opinions, and how they are formed, are in fact 

part of the enquiry - but it is necessary to be a ware that 

particular interests of informants may colour their viewpoints or even 

condition their access to knowledge. 

Secondly, both objective conditions and subjective opinions can be 

expected to vary according to time and location, so the information 

required is therefore distributed in nature. It was desirable to 

canvass a wider spectrum of viewpoints fewer than 50 informants 

were interviewed (mainly in 1986/1987) - but certain obstacles 

prevented this: time constraints, resistance to enquiry amongst some 

officials, and a witholding of permission to conduct research at 

schools. A representative survey of schools was planned, both to 

collect a representative cross-section of teachers' opinions and also 

to gather reliable, representative information about more objective 

indicators, such as quantitative levels, of utilisation of the 

facilities in schools. Permission to proceed was not granted by the 

Bophuthatswana Secretary for Education, who referred the research 

proposal to the Bophutha tswana cabinet for their decision. After 

lengthy delay, permission was refused. 
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10.1 Motivation for the F.dutel Project 

A broad context of attempts to reform Bophuthatswanan education, in 

the period fol lowing acceptance of "independence" from South Africa, 

formed the decision-making environment for the Edutel initiative. A 

documented landmark in this process was the publication of the 

"Popagano Report" (Rep. Bophuthatswana, National Education Commission, 

1978), which proposed a unifying indigenous educational philosophy, as 

well as a number of practical steps towards restructuring 

Bophuthatswana's inherited educational system. 

Amongst other elements in the Popagano philosophy, there was a stress 

on education for emerging nationhood a common theme in newly . 

independent African state philosophies, but perhaps complicated in 

this instance by Bophuthatswana's ambiguous nation-status, having 

accepted independence from South Africa, but lacking international 

recognition as a sovereign state. A pre-occupation with the quest by 

the government to gain measures of international recognition appears 

to have influenced the Edutel project, as noted below. 

D:spite Bophuthatswana's considerable continuing dependence on the 

South African economy and state, there is little doubt that the 

acceptance of formal independence opened opportunities for limited 

autonomy in developnent decisions. Besides embarking on a number of 

national-symbolic prestige projects, funds were also allocated to 

crucial developnentareas, amongst which education was prioritised. 

As De Clercq (1984:23) has argued, (with qualifications): by 

accepting independence as a "National State" in 1977, Bophuthatswana 

gained a relative freedom to introduce educational innovations, 

breaking with the philosophy and largely by-passing the bureaucracy of 

South African "Bantu Education". The Edutel initiative emerged in 

this context of educational innovation and repair. 

Key problems faced in the educational system were a shortage of 

suitably qualified teachers, a shortage of' adequate school facilities, 

and rapidly increasing school enrolments. 

School enrolments at secondary level had incr~ased from 16 000 in 

1972, to 66 000 in 1977, and to 146 000 by 1984, when Edutel was 

initiated (Ce Clercq, 1984:36-37; Rep. Bophuthatswana National 
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Assembly Debates, 1984:336). The 1984 figures include a change in the 

composition of "secondary schools", since by that time, following 

recommendations o~ the Popagano Report, secondary schooling had been 

broken down into "middle schools" (standa.rds 5 to 7) and "high 

schools" (standa.rds 8 to 10). These middle and high schools were to 

be the target for educational television. 

18.1.._1 F.ducational motives 

Increasing school enrolme.nts, resulting from demographic and socio

economic factors, had increased the strain on educational resourc~s. 

Eetween 1977 and 1983, the average teacher-pupil ratio in secondary 

schools had worsened from 1:34 to 1:38, while the percentage of 

secondary teachers without a Senior Teaching Certificate had risen 

from 50% in 1977 to 60% by 1982 (De Clercq, 1984:36-37). In middle 

schools alone, the teacher-pupil ratio had increased to 1:45 by 1984. 

Some schools had to operate double shifts. Underqualified primary 

school teachers were moved into middle schools, while expatriates were 

being employed to fill the acute qualifications gap at senior levels, 

especially in science, mathematics and English (Rep. Bophuthatswana, 

National Assembly Debates, 1983:799: 1984:336). 

Educational television was put forward as a means of alleviating some 

of the problems of an overstretched education system. The goal was to 

bring standardised, high quality educational programmes into the 

classrooms, not to replace teachers, but to provide pupils with addi

tional learning facilities, including expert presentations of subject 

matter in areas where teachers' qualifications or expertise were 

lacking. Sirnul taneously it was hoped that educational television 

could contribute to in-service upgrading of existing teaching staff, 

by setting good examples of teaching methods, as well as by extending 

teachers' substantive knowledge. 

Qualified teachers were not the only shortage facing Bophuthatswanan 

educational developnent. Improved physical facilities, notably more 

schools and more classrooms at existing schools, were urgently 

required. Many schools needed improved basic amenities, such as water 

supply: most lacked electricity - about 80% of middle and high 

schools (as estimated by the photovoltaic supplying company) were not 

connected to the grid. 
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Other deficits at schools included books, libraries, teaching aids 

and laboratory equipment. To some extent, according to the 1986 

Acting Director of Edutel, it was envisaged that school television 

could help meet some of these further needs, by opening a window to a 

world of richer educational resources, and by "bringing laboratories 

into the classroom". 

There were therefore coherent educational motives for embarking on a 

school television project - or to express this more cautiously, the 

. circumstances prevailing in Bophuthatswanan schooling provided a 

rationale for introducing educational television. 

The precise ways in which the project was initiated have been 

difficult to establish. The initial impetus is commonly ascribed to 

one person, working at the time in educational technology at the 

university of Bophuthatswana (UNIBO), who subsequently became the 

first director of Edutel, before moving to commercial television in 

South Africa. There are suggestions that the initiative was, to a 

degree, technology-led, rather than based on a rounded assessment of 

educational needs. Bophuthatswana had recently acquired its 

television broadcasting station, and
0

equipmeht was on the market for 

solar~powered television and video for remote areas. Over two decades, 

educational television projects had already been tried in a number of 

developing countries (with mixed consequences critical 

commentators suggest that the lessons learnt in other countries had 

not been adequately heeded by the planners of EC!utel). At least from 

a technical point of view, leaving aside the production of software 

and the social organisation of the Edutel project, the proposed scheme 

was feasible. In addition it carried a number of political and 

commercial attractions. 

10.l.2 Political and coomercial motives 

Obvious corrunercial attractions derived from the scope of the proposed 

project. From the outset, the intention was to equip virtually all 

middle and high schools in Bophutha.tswana with television/video 

facilities. The systems, in the event, were installed at a unit price 

of R7 500 (1984/85 prices) in·more than 350 schools, amounting to a 

contract worth in the region of R2.6 million for school installations. 
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Political attractions of the project have been suggested at two 

levels, regional and international. At both levels, the theme of 

"nation-building" is prominent. It is difficult to assess whether 

political motives actually predominated in the implementation of the 

Edutel project. Two centrally placed informants, with access to 

government policy, claimed this to be the case. 

Eophuthatswana is a geographically fragmented territory. At the level 

of regional politics, the geographical fragmentation of Bophuthatswana 

aggravates problems of political unification, and of the dissemination 

of government policy and services to scattered populations. Judging 

by Assembly Debates, broadcasting in general has been viewed by 

politicians as a po~rful and prestigious way of representing the 

Bophuthatswanan nation to its people. This political attraction, 

which played a considerable part in the President's 1983 decision for 

urgent acquisition of a television service, seems to have extended to 

educational television as well. The geographical scope of the 

proposed schools television project would have added to its appeal, 

promising reception of central messages across the entire territory. 

Amongst others, Minister C K Sehurne, responsible at that time for 
" 

broadcasting, gave expre.ssion to this point- of view in 1984: 

"The develbpnent of television will enable the Government to 

establish a closer relationship with the Batswana wherever they 

reside, television being the great communicator... [T]he service 

will also proceed apace ••• until the bulk of the people will be 

able to watch television even in the remote areas, where 

electricity will be a problem for some years, through the use of 

solar..;.powered receivers, perhaps viewing under community 

circumstances, in village centres or schools.11 

(Rep. Bophutha tswana, National Assembly Debates, 1984:531) 

At the same time as Mmabatho politicians wished to exploit 

broadcasting as the "mouthpiece of the Bophutha tswana na tion11 (Rep 

Bophuthatswana, National Assembly Debates, 1985:170), another 

dimension of political demand came from regionally based politicians 

and chiefs, calling for a more equal distribution of resources to 

their constituent areas. Specifically with regard to the school 
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television proposals, regional representatives were happy to be 

assured by central government that the Edutel project would extend to 

all areas of Bophuthatswana. The promise of equally distributed, 

centrally supplied, high quality educational television made some 

amends for existing regional inequalities in educational provision 

(such as provision of classrooms). 

Such politically-based aspects of the motivation behind the Edutel 

project are of some relevance to the path it took. For example, they 

contribute part of the explanation for the decision widely 

criticised by educationists to start the project from the outset 

on such a large scale, without pilot investigations. Experience from 

a number of other developing countries has indicated that it is wiser 

to proceed in careful stages (cf. Schramm, 1977:153), and that to 

mount a successful educational television project which would reach 

all middle and high schools and be directed at all school ~tandards 

within those schools, wo~ld require far greater resources than 

Bophuthatswana has had at its disposal. 

Interestingly, American Samoa, which was the early flagship for 

educational schools' television beginning in 1964, also proceeded at 

headlong pace, targetting all elementary schools in its first year of 

operation and all secondary schools the f_ollowing year. While judging 

this in retrospect as a procedural mistake, Schramm notes (1977:152) 

two sources of motivation for being "in such a hurry": firstly 

political reasons of incorporation, secondly a Samoan egalitarian 

ethic whereby it would have been distasteful to favour some children 

with the new service and not others. These observations could equally 

be applied to the Bophuthatswana venture. 

International politics also entered into the combination of motives 

leading to schools television. It has been claimed that the project 

" ••• all tied up with politicians, trying to set up relationships 

with the French. Bophuthatswana isn't internationally 

recognised. By signing business deals with French businessmen, 

maybe influential in government, this led to a later 

establishment of a trade mission in France ••• " 
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This observation was made in confidence (in 1986) by a centrally 

placed officiall, and the suggestion was independently supported (in 

1988) by another informant with access to government policy and 

decision-making. It is notable that preceding the inception of 

E.dutel, both the President and the Minister of Education travelled to 

France. Their visit gained applause from the Bophuthatswana Assembly, 

where it was f e 1 t that progress was under way towards achieving a 

measure of international recognition. 

As one Assembly member put it: 

"[W]e have not achieved recognition, but we have connections with 

leading countries in this world. When we have connections with 

countries like France and our leaders go to France and are 

welcomed by France and these are shown to us, this is showing 

that we are going to be recognised. The future of our 

recognition is very bright by touching these individual countries 

that make up the United Nations. Stea di 1 y and sof _tl y we have 

connections with the Five great powers that run the security of 

the United Nations." 

(Rep. Bophuthatswana, National Assembly Debates, 1984:548) 

The vulnerability of regions like Bophuthatswana to international 

conunercial overtures, owing to their national aspirations, form of 

government and ambiguous sovereignty, has been demonstrated to 

unfortunate effect in other South African "Natl.anal States" and 

"homelands". Sales· of technology for third world developnent, 

--· -----·--- ------------------
1 Methodological Note: In general, informants have not been 

identified by name, except if their statements have been published 

elsewhere. Where information was offered on an implicit 

understanding of anonymity, or where it could be judged to have 

potential for harming the informant, informants have been 

identified in a sufficiently general way to avoid personal 

attribution. This caution is regretted, as it limits 

opportunities to assess the context and origins of information, 

but it is considered advisable on ethical grounds. 
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including solar technology, have figured in obscure deals made at 

highest levels and without adequate assessment of local needs. In the 

Republic of Ciskei, for example, an Israeli proposal for solar-powered 

lighting, television and refrigeration for rural centres led to an 

untendered contract with an Israeli-based company for over-priced 

equipment, inappropriate for local needs, which in any case did not 

work satisfactorily. 

The latter example contrasts with the technical superiority of 

equipnent, purchased from French manufacturers, and the efficient 

operation of the local supplying company, in the Edutel project. But 

more general points survive the comparison. There is the potential 

for influential decisions to be made by relatively isolated political 

leaders, often without adequate depth of local technical support to 

judge, size and select what is offered, and often without adequate 

assessment of needs, potentials and infrastructural/ organisational 

requirements associated with successful implementation of development 

ini tia ti ves • 

With what degree of justification one cannot be sure, but opinions 

have been expressed both by F.dutel staff and by informed observers 

that the Edutel project is something of a political inheritance, 

brought into being for other than purely educational motives, and that 

the remaining task of trying to make Edutel serve an educational 

function is a remedial one. 

This is not to imply that political motivations have no place in 

corrmissioning developnent projects. Especially in developing 

countries, they are likely to be central. Schramm (1977:171), in an 

evaluation of factors promoting success in educational television 

ventures in third world countries, has identified the commitment of 

top leadership to such projects as centrally important. What is 

of concern, in evaluating the course of the Edutel -project, is the 

articulation between political motivations and educational motives, 

and the implications of the mixture for the way the project was set in 

motion. 

McAnany (1978°:18-19), in a similar evaluative survey of third world 

communication-technology projects, observed that typically "the 
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promoter of the project sells his ideas on a political or long-range 

criterion and the implementors and evaluators often concentrate on a 

short term educational goal. 11 This observation corresponds well with 

sentiments expressed by Edutel implementors as well as critical 

observers: from Edutel, a feeling that the scheme had been set up by 

decisions outside their control, 11 
•• .and then we had to make it 

educational 11 7 from critics, the opinion that centralised top-down 

decision-making had prevailed, with insufficient consultation, 

research and forward planning, leading not only to difficulties in 

realising the potential of the educational technology, but even 

creating blocks to short term educational goals. 

10.10 



102 F.dutel Delivery to Schools 

Robin Welsh, the principal promoter of schools television in· 

Bophuthatswana, as interviewed by Roodt (1984:30), envisaged in 

advance of the project that Edutel would develop over 4 to 5 years to 

a p:>int where educational programmes would be broadcast for 53 hours 

each week. 

Initially, for schools not within the range of television reception, 

pre-recorded videotapes would be distributed by post, by circuit 

inspectors and by maintenance teams. Local production of educational 

software would be in the hands of three production teams, each 

producing about 4 to 5 hours' material per month. In the early 

stages, there would be three script-writers (recruited from the 

teaching profession) advised by programme committees, and five 

"utilisation officers" resp:>nsible for producing manuals and guides, 

arranging utilisation workshops, and providing feedback from 

schoolteachers to the production teams. 

In addition, two fulltime researchers would monitor and explore the 

course of the project. 

According to the new acting director of Edutel at the end of 1986, and 

information from other observers in subsequent years, these ambitious 

broadcasting and organisational aims have not been and seem unlikely 

to be attained. 

First, Edutel has had to rely heavily on the rhysical distribution of 

videotape cassettes. F.ducational programmes were obtained from 

overseas, mainly from America and Britain, and equipment was purchased 

for simultaneous duplication of videotapes (fifty at a time), 

typically containing a variety of educational/instructional material 

suitable for different school levels in various subjects. One of the 

recurring areas for criticism of Edutel delivery has been the quality 

and suitability of the imported software, while local production of 

programmes for schools has been severely constrained by economic and 

organisational factors discussed below. 
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Broadcasting could be a cheaper means of distribution than reproducing 

and distributing videotape cassettes, but constraints here have 

included the infrastructural expense of extending microwave links, or 

gaining a satellite link, in order to extend broadcast reception to 

all areas in Bophuthatswana. In 1987, the Minister of Broadcasting 

announced the inception of telecasting to schools for an hour each 

morning and in an afternoon slot at 16h00, while videotape 

distribution was continuing to "the 485 Middle and High Schools in the 

country" (Rep, Bophuthatswana, Assembly Debates, 1987:551); but 

judging by published programme guides, broadcast delivery has 

fluctuated. Beginning in June 1989, a regular Edutel broadcasting 

slot has been advertised from 15h00 to 17h00 on weekday afternoons. 

In the same budget speech, the Minister noted that of the 

R45 million requested that year for broadcasting services, only R25,7 

million had been allocated, necessitating cutbacks in many areas. Top 

priority was being given to moving all broadcasting facilities to a 

new prestige building. RS million for this move had to be obtained 

at the sacrifice of other developnents in the broadcasting service, 

including educational television and staff training. "The 

transferring of these funds from the entertainment and educational 

television programmes will by necessity mean a reduction in the amount 

of local programmes which can be produced during the current financial 

year" (Rep. Bophuthatswana, Assembly Debates, 1987:550). 

With regard to Edutel staffing, the nominal staffing structure in 

1986/87 was characterised by gaps and vacancies. In the important 

Utilisation section, responsible for liaison between Edutel and 

schools, five appointments had been made. A need was expressed for a 

further five, to cover all areas, but of the original appointees 

(according to one source, in 1987) several resigned, partly through 

finding the lines of communication too unidirectional: they found 

the feedback they communicated from schools was not sufficiently taken 

into account. In the Production section, no staff were employed in 

1986. The Research section similarly had no staff; a previous 

appointee had left. The Technical function, responsible for repairing 

television sets, etc., appeared at this stage to devolve on 

maintenance support from the supplier company. The original Director 

of Edutel first moved to take responsibility for entertainment 

programming. in Bophuthatswana Television, adding to his commitments 
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and leaving less time for Edutel, and then left altogether to join 

commercial television in South Africa. The Acting Director at that 

stage therefore lacked adequate organisational ~upport. 

Limitations of finance no doubt played a part in holding back the 

staffing of Edutel, but further problems arose through the lack of 

sufficiently qualified and skilled recruits. To aggravate the 

situation, an informal policy of separation from the University had 

prevented Edutel from making full use of the relative concentration of 

media, production and educational expertise at UNIBO •. (According to 

one source, for example, Utilisation Officers had been instructed to 

have no dealings with university personnel.) 

Three reasons have been suggested for the restricted communication 

between Edutel and UNIBO. One was that university educationists and 

media people tended to be critical of the process and planning of 

Edutel, and were therefore not viewed as supportive. Another was that 

university staff would prefer to keep some autonomy and "not get 

constricted in the political imperatives". Finally, it was suggested 

that concerns about status and qualifications had led to a degree of 

defensiveness amongst less well-qualified staff in parastatal posts. 

From this point of view, university academics could be perceived as a 

threat to status. 

Inadequate production studio facilities available to Edutel were also 

claimed, by observers with production experience, to add to the 

problem of producing local programmes. Such locally commissioned 

programmes as have been made, have generally been contracted out to 

independent commercial production companies, drawing on South African 

professionals. 

Experience in other countries has indicated that the financial and 

organisational resources required for mounting a schools television 

project are considerable. For instance, two of the countries which 

undertook such projects, which were cited as examples by Edutel moti

vator Robin Welsh (in Roodt, 1984:30), were Niger and the Ivory Coast. 

Niger began with a production team of about fifty people skilled 

specialists from France (Schramm, 1977:144) - a capital budget of 

about some $1.5 million, and a recurrent budget of more than $500 000 
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per year, in 1964 currency. Ivory Coast, starting in 1971, drew on 

international aid to a value of approximately $18 million over five 

years, made use of an elaborate organisational structure within Ivory 

Coast, and made use of further French assistance for programme design 

and production, and evaluation (Valerien, 1981:11-14). By comparison, 

the financial and organisational resources available to Edutel, as a 

minor subdivision of the broadcasting service, have been of small 

nagnitude, and appear insufficient for undertaking such an ambitious 

project. Both Niger and the Ivory Coast progressed more slowly than 

Bophuthatswana attempted to do, addressing only one school grade per 

year. 

It could be argued that, to the extent that Bophuthatswana is able to 

make use of imported rather than locally-tailored software, financial 

and organisational needs could be reduced. However, as already noted, 

the imported software has been reported as a major reason for 

·dissatisfaction with Edutel's delivery to schools • 

• 
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10.3 Utilisation 

Any evaluation of the benefits of the Edutel project would require 

reliable knowledge about the extent to which the services are actually 

being used in schools. More qualitative information would then be 

needed, to evaluate the quality of the service and its educational 

contribution. However, quantitative levels of utilisation are a 

necessary baseline for enquiry, and (assuming teachers are free to 

make use of the service, or not) a primary indicator of levels of 

acceptance of the educational technology. 

Unfortunately, reliable information about utilisation levels in 

Bophuthatswanan schools has so far not been obtained. An attempt to 

conduct a representative survey' of schools in selected education 

circuits was halted when permission to proceed was.witheld by the 

Secretary for Education, who said he was obliged to submit the 

research proposal for cabinet approval. This could indicate 

sensitivity about the origins of the Edutel project, and its progress 

to date (including low utilisation levels)1 or simply bureaucratic 

caution following the attempted coup d'etat in 1988. It is also 

understandable that organisa ti9ns would prefer to conduct their own 

research, and control the research findings, rather than entrust 

independent researchers with possibly sensitive information. 

In the absence of a representative survey, available information about 

utilisation levels is not encouraging. 

Although company representatives estimated that some 80% of schools 

were making use of the equipnent within six months of installation, no 

estimates were obtained either from the company or from Edutel 

officials about the extent of usage within schools which make use of 

the facilities. Company maintenance records could provide some 

indirect evidence. On maintenance reports, after the technical 

condition of equipment has been checked, school principals (or 

delegates) are invited to make comments. From inspection, by courtesy 

of the supplier company, these records include a proportion of 

appreciative comments from school principals, and a smaller minority 

of frankly negative comments. The majority of responses however 

appeared either to be non-commital, or else the maintenance reports 

had merely been signed without comment. 
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Educationists and media specialists from UNIBO, who have observed the 

project, expressed uniformly sceptical views about actual levels of 

utilisation. One, who regularly visited a cross-section of schools in 

the region, reported never having seen the sets in use for classroom 

purposes, after the project had been operational for over a year, 
i 

although teachers had sometimes been observed watching the television 

in of.f-duty moments. 

Eoth company personnel and Edutel staff expressed the opinion that 

there is considerable variation in utilisation from school to school, , 
depending to a great extent on the approach of the school principal. 

Other observers have also suggested that there are regional 

variations, pointing out that'some areas experience greater difficulty 

in obtaining videotapes, and that intentional damage to the equipment 

and theft of components has been more prevalent in certain areas of 

Eophuthatswana. 

Informal interviews (by Setswana ... speaking interviewers) with teachers 

and pupils from a small haphazard sample of rural and peri-urba.n 

schools have provided no evidence of substantial utilisation. Due to 

the small non-systematic sample however, this information cannot be 

regarded as representative, and is merely suggestive. Pupils inter

viewed reported watching videos as infrequently as once a year. A few 

teachers pointed out that although they had very rarely shown videos, 

they had signed forms saying that they had. This suggests that 

central records held by Edutel are unlikely to be a reliable indicator 

of actual utilisation levels. An independent survey would be 

desirable. 

From the available evidence and opinion, it seems almost certain that 

average utilisation levels are considerably lower than those for which 

the systems were designed (10 hours television/video use per day). 

Average levels could be of the order of hours per month rather than 

hours per day. On the one hand, this would have implications for the 

technical design of the systems, and the cost-effectiveness of the 

equipment installed, as discussed in Section 10.6. On the other, low 

utilisation levels would preclude any widespread delivery of the 

intended benefits of the educational television project. 

10.16 



10.4 Problems and Constraints 

A number of problems have been identified to account for limited 

utilisation in schools, and these are now discussed. It should be 

repeated that the status of the information in this section is that of 

subjective opinions, expressed by a number of key informants (as 

described at the beginning of this chapter). Most of these opinions 

were gathered at the end of 1986, with selected informants re

interviewed in 1988. The bulk of the information was therefore 

current in 1986, and would need further research to bring it up to 

date. 

In most cases, the problems which are discussed below were raised 

independently by several informants, giving an indication of perceived 

generality. However, it is likely that the experiences of educational 

television in schools would vary across the schools of Bophutha tswana. 

The problems and perceptions of teachers would therefore need to be 

representatively surveyed to provide a firmer basis for 

generalisation. 

10.4.l F.ducational software 

The value of having TV/video facilities in schools depends very much 

on the quality and appropriateness of available educational software. 

This has been a central area for concern in the set of opinions 

gathered from educationists and teachers in Bophutha tswana. 

As previously discussed, Edutel has relied principally on reproducing 

and distributing videotape material obtained from overseas suppliers. 
Several difficulties have been identified in making effective use of 

such material in local classroom teaching. 

Some of the recorded complaints were directed at the general quality 

of the available video programmes. 

Fo~ instance, charges were laid against the "faded 195~'s-style 

American presentation" of some of the programmes; (but since software 

was procured from several sources in America and Europe, such a 
criticism must be restricted in application). An Edutel 

representative, commenting on the variable quality of softwa~e 
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obtained, classed the American material as generally stronger in 

professional presentation, while software bought from British sources 

tended to be superior in content. A number of informants, however, 

shared a belief that at least the initial procurements of video 

material had been guided more by opportunity and expedience than by a 

coherent educational strategy. 

Still at this general level of criticism, it was suggested that the 

purchase of educational software had failed to take into account 

distinctions between instructional television and educatio~l 

television programmes. As a consequence, the material purchased was 

difficult to apply systematically in a classroom environment. Some 

programmes had been designed for directive instruction, while others 

were rather of "general" interest. It was felt that this unevenness 

could confuse and frustrate teachers, especially if they had little 

means of knowing in advance whether a given programme would function 

as a substitute for a lesson, as a supplementary component within a 

lesson, or perhaps as supplementary material of educational interest 

but not directly related to syllabus teaching. 

In an interview, the acting director of Edutel in 1986 shared these 

misgivings and said that a forthcoming goal was to p3.y more attention 

to the ''methodology'' of using material more effectively, drawing more 

careful distinctions between different categories of software for 

example, programmes which would facilitate drill learning, those which 

carried forward or amplified the set syllabus, and programmes of more 

general educational interest. To what extent this goal has been 

effectively achieved is uncertain. The corrments from certain school 

pupils, informally polled in 1988, that they only watched videos when· 

one of the teachers was sick, suggest that there are least cases of 

schools where the available video programmes are lumped together as 

"educational extras". 

A number of observers commented about the unsuitability of the 

language, in imported programmes, for use in local schools. One 

problem here was the accents of presenters, "too British or too 

American ••• for our pupils to follow." American pronunciation was 

counted especially difficult for Tswana pupils to understand. For the 

majority of pupils, English is a second language, and the English they 

encounter in their lives is not based on American pronunciation. 

10.18 



Apart from the accents, it was felt that the vocabulary employed by 

presenters was too advanced for most Tswana pupils. Hence pupils 

could sit through a whole programme comprehending almost nothing. It 

wa.s felt that 1oca11 y produced programmes, with native Se tswana 

speakers, even if of lower technical standard, would be much more 

comprehensible to local pupils, and would also serve as a more useful 

role model for local teachers. 

The issue of environmental congruence (cf. Michel and Thomas, 

1985:251) was raised by a number of commentators. They pointed out 

that the imported programmes frequently used i~lustrations which would 

be totally foreign to pupils in rural schools, even at such simple 

levels as talking about a fish as if every member of the audience 

should be familiar with what a fish looks like. Or as one observer 

pithily put it: "An American voice says, 'Now go outside and turn 

over a leaf and look at it ••• ' In this climate! Our pupils will be 

lucky if they can find a leaf anywhere the best they could do 

would be to study some ants!" 

At a less obvious level, the modes of presentation, self-expression 

and interaction of overseas presenters could be jarring to Tswana 

pupils, accustomed to different norms of polite behaviour (cf. Gana, 

1980:15 for parallel observations about how children respond to "Sesame 

Street" in Nigeria). 

All such comments point to a degree of inevitable mismatch between the 

intentions of overseas programme design and what would be received 

from the programmes by pupils living in quite different physical and 

cultural environments. At the same time, there is a partial counter

argument, in that one intention of the educational television service 

was precisely to expose school pupils to information which would 

otherwise remain outside their experience. 

Company representatives gave the opinion that programmes in subjects 

which were less context-sensitive, such as mathematics, science and 

perhaps biology, were generally more successful than subjects which 

needed greater local content (geography and history were suggested as 

instances of the latter). 
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In recent years, Edutel has gradually increased its locally produced 

software resources, beginning with production of a useful local 

history series, and further investigation would be required for a more 

current evaluation of the degree to which software problems continue 

to be a source of dissatisfactlon. With limited resources, however, 

it seems that Edutel could at best play a: supplementary role in 

providing educational aids, and perhaps (within the present framework) 

intervene most effectively by focussing its production and 

distribution resources around selected school subjects and at selected 

school levels. 

10.4.2 Scale of implementation 

Criticisms of the scale of the Edutel project have already been 

mentioned above. The issues are explored further in this section. 

Some of the relationships between the scale of technological 

innovation, the choice of technology, and the peripheral status of 

rural education in an underdeveloped region will be discussed in 

Section 10.5. 

Three argmnents were commonly put forward to support the contention 

that Edutel began on too ambitious a scale. The first was simply that 

Edutel lacked the financial and human resources to take on a ful 1-

scale schools television scheme successfully. By spreading available 

resources over such a large target area, overall quality had to 

suffer, thereby hindering acceptance of what was offered. 

A second line of argument was that overcormnitment from the beginning 

severely restricted the ability of Edutel to learn from and adapt in 

response to emerging experience. Introducing schools television on a 

more exploratory scale could have allowed Edutel to refine its aims 

and methods in the course of growth. 

Allied to this argument, some observers (reflecting a popular current 

theme in the international educational media literature) pointed to 

the different philosophy and practice expressed in "formative" and 

"sumrnative" evaluation respectively. Summative evaluation would 

represent an assessment of achievements and failures once the project 

was substantially in place, by which time options for change might be 

greatly reduced, the costs of change increased, vested interests 
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entrenched, and teachers' attitudes perhaps adversely set in place. 

Formative evaluation, on the other hand, would entail finding out, at 

each stage in the process, how teachers and pupils responded to what 

could be offered, and building these discoveries into subsequent 

directions for development. 

Ml.y comprehensive form of formative evaluation could be both time

consuning and expensive, perhaps restricted to such huge and well

funded ventures as the production of the American "Sesame Street" 

series. To this extent, the appeals for formative evaluation in 

Edutel's development could be idealistic: but they do clearly point 

to the concern, amongst these educationists, over the relatively 

unguided transplant of technology and imported commodity software into 

local schools. 

The third common argunent was concerned with the dynamics of spreading 

an educational innovation. By offering schools television across the 

board, in middle and high schools, and throughout the region, little 

scope was entertained for spontaneous organic growth by demand. 

The Bophutha tswana "Primary Education Upgrading Programme•i ( eg. see 

Holderness, 1986) has frequently been held up as an example to show 

how new methods in education should, and can, disseminate organically 

in response to growing demand. This Programme, which has been widely 

acclaimed both locally and internationally for its achievements, 

expanded from a kernel of education activists, almost contagiously, as 

teachers in other primary schools became aware of-and excited by the 

achievements and morale of school teams which were already taking part 

in the Programme. The implementation of Edutel was seen as a sharp 

contrast to this model: the over-extension and under-delivery of the 

Edutel project, from a centralised office, was viewed as inhibiting 

teacher~' enthusiasm and participation. Related points of criticism 

included the charge of "technology-dumping", and of fol lowing a 

"solution-based" strategy instead of finding out and responding to 

teachers' felt needs. To quote one observer, 

"To get projects like this going successfully, they must start 

off slowly and on a small scale, and then if they are seen to be 

valuable, they will spread by themselves. I like to make a 

distinction between a problems-based approach and a solution-
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based approach.. ·With a problems-based approach you find out 

first what teachers say their needs are, and then you try to 

respond to these needs - and in a flexible way.· You don't 

present them with a package and say 'this is your solution'. You 

might have to try out various different options, and the best 

options themselves might change over time... I understand that a 

solution-based approach is more convenient to people at the top, 

and to companies selling equipment. The companies of course want 

to sell their products and as many as possible they like 

things to be simple and they like them to move fast. This of 

course is typical of capitalism. I don't blame the companies for 

what they do that's their business and we should know what 

their business is. The trouble comes when decision makers do not 

take the trouble to set out all the options offered. When we see 

advertisements saying _'Drink Coca-Cola for a good life' we don't 

necessarily run off to the store to buy Coke." 

Important ingredients in the dissemination and adoption of an 

innovation such as schools television could include 

the role of individuals who act as prime movers 

the development of demand for a facility that has not previously 

been part of users' experience, and is therefore imperfectly 

understood 

the ability to adapt the innovation to particular needs 

the receptiveness of different sections of the target population 

the development of a feeling, amongst users, that they "own" the 

facilities and are responsible for their creative use 

It can be argued that blanket dissemination from a central source 

would tend to act against these potentially important dynamics. 

Individual prime movers cannot effectively motivate new users on such 

a wide scale, especially when they are geographically dispersed and 

channels of communication are limited. (It is notable here that the 

initially appointed "utilisation officers", whose task was partly to 

motivate and train teachers in schools, were reported to find their 

work unsatisfying due to shortage of time at each school, but were 

then instructed to cut their time and travelling costs even further 

because of Edutel budget pressures.) 
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The growth of demand for what schools television could offer, due to 

systematic installation of sets throughout the region, could really 
' only take form after the sets had already been installed in schools. 

It is debatable whether demand grows more strongly when people lack 

something they know they want, or when. they are provided with 

something when they are not sure that they want it. There is a 

possibility that facilities which have not been used before could 

generate their own demand, once teachers find out what can be done 

with the equipnent. The alternative, though, or at least a powerful 

complementary factor, would be the communication of interest and 

enthusiasm through example. If one school in an area had demonstrated 

the use of television to good effect, others might more strongly want 

to follow. Further, it is reasonable to expect that some schools, 

their principals and staff and pupils, would offer more fertile ground 

than others for making use of educational television. Blanket 

dissemination could obscure the more fertile routes for adoption of 

the technology. 

A complicating factor in the generation of well-founded demand, in 

this p:trticular case, is that television itself {along with somewhat 

similar technologies, such as radio and h1-fi) is a popular consumer 

demand. On the one hand, this engenders a superficial level of demand 

for something like schools television, since television itself is seen 

as a desirable technology. But there are misleading differences, 

since in the case of schools television the unit of consumption (and 

control) is not the household or other established consumer unit, and 

of course the service is different in appeal from entertainment 

television. Subject to income levels, it is relatively easy to market 

domestic commodities, such as solar-powered music centres. To market 

a communal facility such as schools television in a demand-led 

commercial way would be mo~e difficult. There are further economic 

reaso!1s against the viability of piecemeal dissemination which are 

discussed presently. 

The issue of who controls, or who "owns", a technological innovation 

appears to be central to acceptance and utilisation, over a wide range 

of application areas, and no less so in the field of educational 

technology. It is possible that blanket dissemination of a centrally

controlled project could reduce teachers' feelings of power and 
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responsibility, and take on the aspect of an imposed choice. From the 

authorities above (according to Edutel and the supplier company) it 

was made clear that schools could decide whether or not to purchase 

the TV/video facilities, but judging by the perceptions of some 

teachers interviewed, there were effective pressures to join the 

scheme, if not in the first round of installations, at least 

subsequently. The reported practice mentioned earlier, of teachers 

signing forms saying they had used the facilities when they had not, 

also points to a perception of pressures and expectations from E'.dutel 

or the Department of Education authorities. Lines of control within 

schools, from school principals downwards, could further affect 

teachers' and pupils' subjective and ·objective "ownership" of the 

facilities. 

Some of these considerations would have been affected by the style and 

scale of implementation of the project. However, it needs to be added 

that issues of control within schools, and within classrooms, and of 

control from education authorities, are also structured into the 

edµcation system, extending well beyond the terrain of the Edutel 

ini tia ti ve. 

More narrowly, it appears that teachers generally did not have control 

over introduction of the technology, and they do not hav.e control over 

the software available, but they do have effective control over how 

much they use the equipnent. In commenting on utilisation of 

educational television in developing countries, Potts (1979:26) 

claimed: "Teachers want the same things the world over, regardless of 

whether they make up their own curriculum or whether it is laid down 

by central government. They want to be in charge of the situation in 

the classroom." For a variety of reasons, some of which are discussed 

further in the following section, it rnay be that teachers do not see 

the television facilities as contributing to this want, and this may 

in turn contribute to low average levels of utilisation. 

10.4.3 Teacher and pupil attitudes 

Evaluative reports of educational/instructional television in other 

countries have frequently stressed the issue of teacher resistance to 

the innovation. In comparing television projects from different 

countries, and their progress over time, there appear to be a number 
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of variables which can influence acceptance or resistance. For 

example: 

(a) The status of teachers prior to the innovation. Where teachers 

have diminished status, or are clearly too few or too 

underqualified for the educational tasks in hand, resistance is 

likely to be less. 

(b) The degree to which schools television is instructional (largely 

replacing traditional teaching, or a pivotal component in new 

styles of teaching) or rather educational (serving as a 

supplement to traditional instruction). Where television plays a 

greater role in dictating classroom procedures, resistance from 

experienced teachers is likely to be greater. 

( c) Consultation and training. Where teachers are brought into close 

consultation about the planning and implementation of a project, 

resistance is likely to be less. Additionally, where teachet"s 

are offered special training in utilising the medium within their 

practice, resistance may be less. 

(d) Educational level.. It appears that teachers at primary school 

levels are generally more open to the innovation. (A number of 

studies have also suggested that pupils are more accepting of 

school television at primary levels.) 

(e) Changes over time. A number of possible interrelated effects 

have been noted whereby initial levels of acceptance may tend to 

diminish over time. 

In Niger, for example, the problem of resistance from experienced 

teachers was by-passed by employing inexperienced "monitors", after 

six weeks' training, to oversee television instruction in primary 

grades. This appeared t_o work well (cf. Schramm, i977) except that 

progressively.the lack of integration of trained teachers and 

integration into the ministry of education undermined national support 

for the project (1977:158). 

In the Ivory Coast, great emphasis was placed not only on serving the 
expansion of primary schooling, but also on teacher training aided by 
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television. In the initial expansion period, from 1971 to 1977, 

nearly 40% of broadcasting time was allocated specifically to teacher 

retr=aining (Valerien, 1981:13) as part of a coordinated drive to 

increase the quantity and quality of available teachers. During this 

time, broadcasting rose to over 400 programmes per year, thereafter 

levelling off to about 300 programmes per year, up to 1980. Primary 

enrolments rose from 20 000 to 650 000 in this period. However, after 

1980, educational television broadcasting in the Ivory Coast dropped 

to less than 20 hours per year, and part of this sudden decline was 

associated _with increasing teacher resistance. "[T]eachers who are 

increasingly better-qualified react against a pedagogy which imposes 

many constraints" (Valerien, 1981:15). Also, "secondary school 

teachers openly criticise teaching by television, accusing it of 

giving lessons to pupils who are not sufficiently-prepared, who are 

too active and who lack discipline" (1981:15). These themes, of 

increasing resistance from teachers as they gain in their 

qualifications, and increased resistance at more advanced school 

levels, are echoed by a number of other writers. 

Schrarrm (1977) notes that in response to such changes in attitude over 

time, it is likely that television projects would contract, that the 

medium would be used more sparingly and discriminatingly, adapting 

more to a supplementary than instructional function. Hawkridge (1982) 

makes the same comment, less positively. "[M]any projects which began 

using television for direct instruction in the classroom have been 

modified to provide supplemental or enrichment content. Such 

transitions may reflect changing needs in the system. It is more 

likely, however, that utilisation problems eroded the effectiveness of 

the direct instruction projects. Recognition of this erosion may have 

produced a drift to supplemental or enrichment content simply to 

salvage something from a system which continues." 

A further compounding factor, however, in the progress over time of 

third world educational television projects is the availabil ty or 

otherwise of supporting resources. In many cases, projects have 

fallen by the wayside, or undergone sharp transitions, following the 

withdrawal of overseas aid or expertise. Thus, even if as Schramm 

suggests there might be a natural course of expansion and contraction, 

this may be pre-empted by other factors. 
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In the Bophuthatswana Edutel project, no firm evidence has been 

obtained about the nature and extent of teachers' resistance to 

schools television. Diverse opinions which have been collected 

largely coincide with the points raised above. 

The acting director of Edutel dismissed teacher resistance as a 

significant obstacle (1986 interview). His opinion was that teachers 

did not view schools television as a threat. "If they were equally 

strong they might see it as a threat, but since they are not, only a 

very few see it as a threat rather as an aid." This could be 

linked with the way in which television was put forward as a 

supplementary aid to teachers rather than as an instructional 

replacement for them. However, other observers were less sure, and 

attributed greater importance to teacher resistance. The fol lowing 

extended quote from an educational media specialist is representative 

of this and related concerns: 

" ••• a certain amount of resistance is inevitable with any 

innovation - but this can be minimised and overcome if teachers 

are well consulted and drawn into the project, and if they can 

see that the innovation really helps them. But the teachers 

weren't drawn in at the beginning, and now anyway they are very 

frustrated with the material which is made available to them. In 

general, they find it very hard to fit this material into the 

syllabus they are teaching. Edutel never made or understood the 

distinction between educational and instructional television ••• 

And they went to obtain material, they were not clear about this 

difference, and most of it should be classified as educational 

television - it may be of general interest to the pupils, to 

the extent that they can get anything out of it, but it doesn't 

help them with their syllabus and exam work." 

Apart from the claim of inadequate prior consultation with teachers, 

this opinion also suggests that Edutel could be falling between tW'O 

stools. Almost certainly, an imposed prograrrune of fully-fledged 

instructional television would have incurred strong resistance from 

existing teachers in secondary schools; and this probability is 

avoided by offering a supplementary rather than instructional service. 

However, teachers who feel strongly constrained to teach within the 

prescribed syllabus find it difficult to incorporate educational video 
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material which is not coherently related to their syllabus teaching. 

This frustration is said to be compounded by timetable-scheduling 

problems, and sometimes by space constraints. 

School timetables are already tightly filled with the existing 

·curriculum, and only in exceptional circumstances (like staff illness) 

are teachers amenable to diverting time for activities outside the 

syllabus curriculum. Secondly, it has been suggested that the 

television/video facility can compete for space in schools which are 

already desperately short of accommodation. A few educationists 

observed that in some schools the set was housed, for security 

reasons, in a special room, which could not then be used for general 

classroom teaching. 

It is probable that such problems would be felt more strongly in 

secondary than in primary schools. Judging evidence from a number of 

other countries, Hawkridge (1982) noted that "the sequence of changing 

classes in secondary schools complicates scheduling problems in using 

broadcast materials. The primary teachers, who usually have 

responsibility for a single class during the entire day, have much 

greater flexibility in fitting broadcast materials into their teaching 

schedule." 

Further problems contributing to unfavourabre attitudes amongst 

secondary teachers concerned disciplinary contact between teacher and 

class. 

At a milder level, it was suggested that the contact between pupils 

and the television set is too passive and univolving to keep pupils 

alert and interested. Factors such as high temperatures in the 

classroom, too many pupils viewing one screen, and inability to follow 

the language, were said to lead to pupils losing concentration and 

falling asleep. More strongly, it was suggested that some teachers 

regarded the intrusion as a threat to their authoritarian disciplinary 

control, in as far as programme material could show or imply deficits 

in the teacher's expertise, or illustrate teacher-pupil relationships 

which were less authoritarian and more participative. Such teachers, 

already feeling over-extended, would then have to expend greater 

efforts to recover and maintain their authority in the classroom. 
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In this context, the views of an external corrnnentator are of interest. 

An educational media specialist with the South African ~partment of 

Education and Training (D.E.T.) in Pretoria was interviewed for his 

opinions about Edutel in Bophuthatswana and possibilities of a 

similar venture in South African "black" schools administered by the 

D.E.T. Speaking in his personal capacity, he noted the problems which 

Edutel had experienced with educational software, and observed that 

software production was an area currently being contested within the 

sou~h African Broadcasting Corporation and the D.E.T. He believed 

that innovations such as educational television would have a greater 

chance of success at primary school level, partly because more primary 

school teachers were women and because primary teachers in general 

were less concerned about maintaining an authoritative, disciplinarian 

stance in the classroom. A further advantage of introducing the 

medium at primary school level was that pupils' attitudes and 

expectations at that stage would be less moulded by the existing 

authority patterns. By being exposed to pedagogical approaches which 

encouraged greater participation and questioning, pupils might then 

enter secondary education with greater expectations of their teachers 

and a greater inclination to question what teachers taught and the 

style of teaching. The new generation of pupils might then help to 

transform the character of secondary school teaching by demanding more 

from teachers. 

It can be assumed that this viewpoint would not be fully shared 

throughout the D.E.T. in view of well-demonstrated preferences for 

tight discipline and controlled syllabus teaching. It could also be 

expected that strong differences of opinion would be_expressed in 

conflicts about who should produce South African educational software 

and how its content and pedagogy should be controlled. 

Returning to the Bophuthatswanan case, pupils' attitudes towards 

schools television could not be adequately assessed without careful 

research in a cross-section of school populations. The information 

collected in this preliminary study only provides some incidental 

indications. 

Supplier company representatives suggested that on the whole, pupils 

were enthusiastic, and at times frustrated by not receiving enough 

10. 29 



from the television facilities: that pupils at times exert pressure 

on teachers to show more videos. A somewhat different interpretation, 

offered by several critics (and some pupils and teachers) is that in 

"community schools" where the television equipment had been paid for 

by funds collected from the school community, there was. anger that the 

community had been pressured to pay for expensive equipment and then 

received very little. benefit from it. Further comment, at this broad 

level of overall attitudes towards the innovation, was that in more 

politicised schools (specifically urban and peri-urban schools close 

to Pretoria) the equipment was taken as a symbol of an educational 

authority and state authority to which pupils were opposed, this being 

a reason for intentional damage to the conspicuous photovoltaic 

panels. It is clear that fine-grained research would be required to 

separate out the complex factors affecting pupils' attitudes towards 

the innovation. 

Finally, a common theme in negative assessments of schools television 

was that compared with other pressing needs in schools, it could not 

be regarded as a high priority need. Other material needs which were 

mentioned included more classrooms and better accommodation: improved 

Yater supply and sanitation: books and libraries: simple teaching 

aids, such as maps and charts: laboratory equipnent: and electricity 

supply for a range of applications, including lighting, rather than a 

dedicated supply just for television/video. Competing needs are not 

only a problem for planners choosing priorities. Teachers, pupils and 

parents also have views about priority needs, and if solutions offered 

do not correspond with their evaluation of what is most needed, this 

can contribute to negative attitudes. 

Educationists further suggested that the primary need was for a 

sufficient supply of teachers, suitably qualified, to sustain 

Bophuthatswana's educational expansion and reforms. They expressed 

scepticism that this problem could be leapfrogged by replacing 

teachers or teachers' skills with a limited television offering. They 

felt that the resources should rather have been devoted to teacher 

training. A commitment to teacher training and the provision of 

schools television are of course not mutually exclusive, al though ~hey 

may involve a degree of competition for resources. 
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W.5 Aspects of "Appropriateness• 

It is readily apparent that an assessment of a technologically

supported innovation such as solar-powered schools television cannot 

be limited to a narrow assessment of the technical appropriateness of 

the hardware. The value of the technology used is dependent on 

project implementation. The course of the project, in turn, is 

contingent on a complex range of individual, organisational, 

structural and historical factors. Evaluation and analysis are made 

difficult both because of the variety of determining variables and 

because of their interconnections. 

The focus of this study has been on the photovoltaic power-supply, 

which plays a crucial role in enabling off-grid schools to use 

television/video equipnent. Beyond that, the photovoltaic component 

has a rather minor impact in determining the appropriateness of the 

overall enterprise. However it is interesting to take up some themes 

which, on the one hand, are often present in debates about appropriate 

developnent initiatives, and which, on the other hand, reflect upon 

the characteristics of the technology used in Bophuthatswanan schools 

television. 

W.5.1 Centralisation versus decentralisation 

One of the interesting "tensions" in the Edutel project has been the 

interplay between centralised planning and decentralised end-use. 

This tension is mirrored in the technology itself. Photovoltaics 

offer a decentralised power source, especially suitable for local 

small-scale applications. Broadcasting technology is, of course, 

generally centralised technology. As mass media, the purpose of 

broadcast television or mass-distributed videotapes is to distribute 

information widely from central facilities. 

It could be added that state systems for mass schooling tend to show 

the Same tension, between central planning and widely distributed 

"end-users" (teachers making use of central services, and finally 

pupils). While this is true generally, across school systems the 

degree of centralised control is variable and dynamic; within a 

particular system, it can be the subject of intense conflict. 
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A relevant example from such contested terrain was expressed by a 

South African scholar of education systems. In response to the idea 

that the South African Department of Education and Training might 

follow Bophuthatswana in introducing schools television, he suggested 

that any technology which increased centralisation within the D.E.T. 

system should be viewed with apprehension. Similarly, from 

counterparts in Bophuthatswana, several of the opinions recorded in 

earlier sections can be linked with conflict about appropriate degrees 

of cen tra 1 isa ti on. 

In various ways, centralisation issues have also been prominent in 

debates about "appropriate technology". Notions of appropriate 

technology have moved through several shifts, from early focuses on 

suiting capital- or labour-intensive techniques to prevailing factor 

prices, through to later concerns with ecological compatibility 

(originating mainly as a first-world concern) or the management of 

international dependency relationships between underdeveloped and 

advanced economies in the course of technology and commodity transfer 

(mainly a third-world concern). The changes in conception of 

appropriate technology can be viewed as historically relative, for 

they can be associated with political and economic changes in the 

industrialised nations, technological advances, and with politico

economic experiences of development options and constraints in 

. underdeveloped regions. 

In most conceptions of appropriate technology, other than the most 

narrowly technical, the debate about centralisation versus 

decentralisation of productive capacity and lines of control has 

tended to go in favour of promoting decentralisation both in 

application to the course of first-world industrial growth and to 

third-world developnent. There are certainly counter-arguments, 

hoW"ever, and there have been a range of viewpoints and policy 

practices '(china's dramatic reversals of policy providing clear 

examples in this regard). What is probably true is that there has 

been common ground in the varied debates in so far as they recognise 

strong interrelationships between the distribution of productive 

resources, the character of technology employed and socio-political 

configurations. This breadth of view is not always shared by agents 

of technical change and technology transfer. Hence centralisation/ 

decentralisation issues are typically contested at a "policy" level. 
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TABLE W.l 

Co-ordination 

allows planned . 
development 

provides node for 
communication with 
periphery 

provides node for 
ex ternel communication 

enlarges scope of 
· central leadership 

directives 

Promotes equity 

more equal 
distribution 

reduces 
monopollaatlon 

counteracts rural/ 
urban disparities 

Some Developnental Features of Centralisation and 

Decentralisation 

CENTRALISATION 

Economy 

et fioient use of 
scarce expertise 

eHidsnl use of 
scarce capl tat and 
lnl restructure 

promotes ooncentratlon 
of resources and 
Inter linkages 

economies of scale In 
central production 

DECENTRALISATION 

:Empowers• 

distributes 
decision-making 

favours adoption and 
adaptation 

localises control and 
responsibility 

distributes productive 
capacity 

favours distributed 
learning 

10.33 

Control 

can 'engineer' 
change 

can propagate 
consistent pol Icy 
line 

can control 
distribution of 
resources 

central decisions 
easier to monl tor 

central ex pendltures 
easier to audlt 

can reduce local-level 
arbitrariness or 
corruption 

Independence I Autonomy 

reduces dependence 
on weak centre 

reduces dependence on 
weak distribution 
channels 

encourages 
self-sufficiency 

encourages action and 
participation 

reduces impact of 
central arbitrariness 
or corrupli.on 



As applied to an underdeveloped region such as Bophuthatswana, some of 

the salient .arguments for decentralisation or centralisation are sum

marised in Table 10.1. They address issues of motivation, efficiency, 

power, political control and scarcity of resources. The fulcrum of 

the debate is scarcity of resources (human and material resources) for 

development, and the policy-level decision should be how to optimise 

the utilisation and further development of available resources. 

In relation to the educational technology represented in the Edutel 

project, several of the arguments summarised in Table 10.l can be 

associated with motivations for or objections against the schools 

television venture. 

The br03d characteristics of the project can be depicted as: 

Centralised 

Control, 

Acquisition 

and 

Production 

EOOTEL 

--------> 
-· --------> 
-------> Distributed Products 

----------> 
-·--·----·> 

TEACHERS, PUPILS 

Objections to the project, referring issues discussed earlier to items 

· in Table 10.1, include: insufficient involvement of teachers in 

decision-making, hindering acceptance and decentralised 

responsibility: over-reliance on a weak central organisation and weak 

distribution channels: lack of adaptability to local needs. 

Motivations for the project included: a desire for more equal 

distribution of educational resources, partly to help counteract 

rural/urban disparities; "engineered" planned change: efficient use 

of central resources to compensate for weakness of regionally

distributed resources (human and material). 

However, it could be maintained that the "centre" (the central Edutel 

organisation) has had weak production and delivery capacity, and hence 

weak penetration into the decentralised.arena of classroom teaching. 

The unfortunate position, by this view, is that the attempt to 
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harness and efficiently employ scarce resources through centralised 

control has been less than successful due to insufficient human, 

financial and organisational resources at the centre. At the same 

time, potential advantages of decentralised development have not been 

achieved, partly because the method of project implementation did not 

promote this. 

Focussing more narrowly now on the technology employed, are there 

features of the technology itself which helped "set" the terms of the 

project? The photovoltaic component wil.l be discussed before 

considering the broader communications technology of educational 

television. 

The photovoltaic component is essentially an "enabler" and does not 

inherently set the application for which it is used. Clearly 

photovolta~c generation could be used to power other electrical 

teaching aids, such as overhead slide projectors (more expensively), 

or other electronic aids such as computers. It is true that for 

reasons of cost, photovoltaic power is most attractive for light 

electrical loads, favouring electronic applications, which in turn can 

imply software dependence and hence dependence on central distribution 

sources. However, photovoltaic power supply in itself is attractive 

in developing areas largely because of its degree of independence from 

cen tra 1 ised sources. 

Yet, as applied in the Edutel project, there have also been logistical 
and economic aspects which have promoted centralised decision-making 

in the installation of photovoltaic systems, and it is worth listing 

these: 

l 

Centralised decisions 

PV power supply for all 

relevant schools not connected 

to the grid. 

[even where schools were 

physically close to power 
lines] 

Reasons 

Economy of sta~dardisation, 

bulk supply, and systematic 

installation. 

[PV contractors could not be 

expected to take on 

responsibility for comparing 

costs and time for grid

connection, where a possibility] 
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2 

3 

4 

5 

PV i;:ower dedicated to 

TV/video load, not available 

for other purposes. 

The use of (expensive) 

PY-adapted TV systems, even 

in grid-connected schools. 

Standard sizing of 

PV systems, irrespective 

of location • 

The standard, seemingly 

excessive, specification 

load for which the PV systems 

were sized. 

Expense of PV generating 

capacity, and in relation to 

this, the special adaptation of 

the TV and power-conditioning 

circuitry. 

The logistics of standardisation 

especially with regard to 

maintenance. 

Installation advantages of 

standardisa tio,n: lack of 

detailed local climatic inform

ation: dependence on overseas 

sizing technology. 

(i) Presumably a desire to 

ins ta 11 "ful 1-capaci ty" sys terns 

from the outset, rather than use 

modularity benefits of PV 

modules (which would entail 

further installation costs at a 

later stage) : 

(ii) Lack of advance knowledge 

of delivery potential of Edutel 

and acceptance by users. 

Some of these central decisions, btiil t into the contract with the 

supplying company, would have entailed cost penal ties in particular 

instances, but often with the motive of achieving higher overall 

efficiency of supply, installation and maintenance. Some decisions 

(eg. point 5, perhaps point 2) could be argued to increase the 

cost:benefit ratio generally. 

In the context of the broader discussion about centralisation/ 

decentralisation, it can be pointed out that the "users" of the 

technology did not and perhaps were not in a position to take part in 

such decisions (although it is said that individual schools had the 

option of accepting or rejecting the package). Thus, while 
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photovoltaic technology is suited for decentralised applications, in 

this case central control predominated in the installation of 

photovoltaic systems .• 

Turning now to the communications technology, television broadcasting 

or mass videotape distribution are primarily media for unidirectional 

communication. Feedback is of course possible by other channels, but 

the technology differentially empowers information flow from sender to 

receivers. The same is true of other mass media, for example 

within the educational context text books or radio broadcasts 

(except that there have been sporadic uses elsewhere of two-way radio 

in rural education). 

The essential characteristic of such media is their ability to repeat 

messages, in many locations or across time, and that is also their 

economic attraction. Educa tiona11 y, the repetitive function has both 

strengths and weaknesses, depending on the content of messages and how 

they are used. 

Assimilation and learning require interaction with information 

sources. Encouraging greater interaction is an aim of many 
" pedagogical approaches, and is often considered an important factor in 

the choice o~ educational technology. In the Edutel schools 

technology, at a technical level, teacher interaction with video 

material is restricted to being able to switch on and off and to 

repeat sections of the video. The facility for recording broadcas.ts 

on videocassette brings this same flexibility of use to broadcast 

programmes. The scope for interaction with 'source material of course 

depends more importantly on the pedagogical design of the software 

whether a programme is presented as a resource or trigger material, 

inviting participation, elucidation, critique, or whether it 

functions rather as autonomous stand-alone instruction. (This applies 

equally to text-books.) It may well be that, properly used, video 

programmes could offer greater scope for interactive participation in 

the classroom, for instance by providing stimuli to which both teacher 

and pupils can respond more freely than if the teacher were presenting 

a lesson unaided. Judging by collected opinions in earlier sections, 

however, it appears unlikely this has been the trend in Bophuthatswana 

classrooms, and more likely that the users have been essentially 

"receivers" of centrally disseminated messages. 
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One question here is the extent to which teachers could participate in 

the production of educational programmes. Edutel 's intention was to 

train teachers to be script-writers in the .production teams (implying 

career change, rather than opportunities for participation by 

practising teachers). The level of technical and professional skills 

required for both preparing and presenting good television programmes 

would tend to limit participation, although Michel and Thomas 

(1985:254) have reported effective participation by trainee teachers 

and university personnel in Haitian educational television. One 

educationist from Mmabatho suggested that educational radio has been 

more accessible for teachers. The demands on production and 

presentation skills are less, and because production is technically 

simpler and cheaper, there has been greater opportunity for teachers 

to contribute. It appears that radio broadcasts are being used most 

constructively in Bophuthatswana at primary school level. 

The expense of producing television programmes must be counted the 

most important limiting factor, constraining scope for participation, 

scope for pedagogical experimentation, and, overall, the quanti_ty of 

local production that is possible. In relation to this, the costs of 

production must also be justified in terms of potential "market size". 

Unless Edu tel could export its products beyond the region - and this 

is certainly feasible, to a limited extent - does Bophuthatswana 

have a sufficiently large school audience to justify the expense of 

extensive local television productions? The limited allocations 

available from Broadcasting and Education budgets point to the 

difficulty, and enforce an unwanted degree of dependence on imported 

software (produced, of course, for considerably larger markets). 

It could be argued that there would be a case for regional cooperation 

in producing educational software. At present, political differences 

and disparate educational systems are limiting factors, although there 

must also be areas of cormnon interest, and good educational software 

in some subject areas could be widely acceptable. Such conjectures, 

however, return one to the question of whether educational television 

is an optimal medium for aiding education in the Southern African 

region, and bring back the dilemma that to run efficiently and cost

effectively, a schools television system presupposes centralised 

resources of considerable magnitude, needs to achieve wide coverage, 

10.38 



but for that requires decentralised acceptance by teachers and pupils,, 

which can be imperilled by attempting a comprehensive service before 

the benefits have been established. Because of the nature of the 

medium, educational television with local content would be very 

expensive to "pilot" in underdeveloped regions, yet without proceeding 

through pilot stages has a reduced probability of success. Because of 

these factors, it is difficult to envisage other regions comparable to 

Bophuthatswana adopting similar educational television projects, or at 

least not wisely. 

10.5.2 Self-sufficiency versus Dependency 

Like the issue of centralisation/decentralisation, the issue of self

sufficiency versus dependency is also a prominent theme in debates 

about appropriate technology, and in developnent strategies more 

broadly considered. 

It is understandable that "self-sufficiency" should also often feature 

in national political pronouncements, especially in regions where 

there are perceived strategic reasons for avoiding interdependence, or 

where there has been a history of past (and perhaps continuing) 

political/economic domination. 

In Bophuthatswana, "self-sufficiency" is a key theme in national 

political discourse, and extends into the "Popagano" philosophy of 

education. In this respect, Bophuthatswana does not differ from 

neighbouring independent states, such as Botswana. However, in common 

with other "national states" or "homelands" brought into being by the 

South African government, Bophuthatswana has a higher degree of 

continuing dependence on South Africa. Economically, this is 

illustrated by the high proportion of Bophuthatswanan wage earne~s who 

work, as migrants or commuters, in the South African economy. 

Politically, it is illustrated by the intervention of South African 

armed forces in 1988 to quell an attempted coup d'etat and restore the 

Bophuthatswana government to power. Consequently, "self-sufficiency' 

can be only pursued in a rather limited terrain, and the expressed 

fervour for it is complicated by powerful contradictory forces. 

In any case, "self sufficiency" is an awkward concept to attempt to 

apply, in any complex society. There are two main problems. First, 
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the concept implies some unit around which one can draw boundaries, 

and the practical implications will vary according to the unit or 

level of organisation being considered. For example, self-sufficiency 

at a national econom·ic level is different from self-sufficiency in the 

economy of a rural community school. Similarly, for a national unit 

to be self-sufficient in energy resources there is no presumption that 

self-sufficiency obtains at every level, or that where it does (as in 

an isolated village) that this is advantageous. The second problem is 

that the term can obscure the diverse character of exchange 

relationships which are virtually inevitable both between societies, 

and within societies at every level, some of which can be synergistic, 

others antagonistic. It seems more useful to consider the "terms of 

exchange" in particular social, economic and political relationships. 

However, the concept of self~sufficiency still has a useful and more 

specific central thrust, if it is understood along the fol.lowing 

lines: at a specified unit-level, sufficient access to internal 

resources (cognitive and material resources, and powers of social 

control) to allow the unit both to reproduce itself and to further 

increase its internal resources. 

This need not exclude access to external resources, as schematically 

illustrated below, providing the above conditions are met. 

rnal Exte 
Resources 

,. 
INTERNAL 

RESOURCES 

I 

Increase 

I 
REPRODUCTION 

I + 

Exter nal 
tlon Extrac 

In distinction to this, the notion o~ "dependency" focuses on 

social, economic and political interrelationships, specifically where 

the terms of exchange are adverse, thus hindering potential for 

autonomous development. In this sense, dependency is a concept 

associated with theories that view underdevelopment as an active 

process, caused in part by such adverse terms of exchange (schematised 

as [A] below). Dependency can also be used in a less theorised way, 

simply to indicate dependenc~ on external assistance for internal 

survival and reproduction, as in [B]. 
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External 
Resources 

External 
Resources 

[A] 

I 
INTERNAL 

RESOURCES 

[B] 

I 

INTERNAL 
RESOURCES 

I 

External 
Decrease Extraction .. .... 

,.... 
REPRODUCTION 

+ 

REPRODUCTION 

+ 

Table 10.2 attempts to set out some of the cognitive, material and 

social power resources which might be required to attain increased 

self-sufficiency at various levels in the school education process in 

Bophuthatswana. Clearly it does not provide a comprehensive picture, 

but helps to draw attention to areas of weakness, and to necessary 

interdependencies between different levels of organisation. 
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Pupil level 

INTELLECfUAL/<XJGNITIVE 
RESOURCES 

I Acquiring learning skills 
I Knowledge competence 
I self-esteem 

MATERIAL 
RESOURCES 

Basic material needs 
Finance for fees, etc. 

POWER/ 
CONTROL , ____ , ______________________ _ 
Ability to challenge 
their education 
career mobility 

----------------·-------------
Teacher level 

School level 
/ 

I Teacher competence 
I.Satisfactory social'environment 
I Self-esteem 

I 
I 
I 
I 

calibre and supply of 
teachers 
Attainment of pupils 
congruence of school 
and c011111unity aspirations 

Necessary material resources 
for teaching 
Satisfactory pay 

Physical structures 
Finance for O & M 
Finance for developnent 

Control over teaching process 
Control over educational content 
Classroom discipline 

Independence from adverse 
interference (eg. 
from tribal authorities) 
Constructive relationship with 
Department of Education 

----------------------- ------·-------------------------------
Education system I 
level I 

I 
I 
I 
I 
I 
I 

Ernancipation from "Bantu Ability to provide schools Freedom from or constructive 
Education" and equipnent relationship with government 
Indigenous curriculum Ability to recruit and Ability to respond to challenge 
developnent pay teachers from teachers/pupils 
Planning expertise Finance for developnent initiatives Ability to monitor schools 
Research and developnent· Finance for comp.ilsory education effectively 

Teacher training capacity 
Ability to produce and distribute educational materials 

--------------------
Government or 
national level ' I I 

I 
I 
I 
I 

Internal legitimacy 
Nationhood 
International recognition. 

Economic independence 
Infrastructure 

sufficient technical expertise/capacity 
Sufficient organisational expertise 

Viability of 
national economy 

Poli ti cal independence 
Political power 



Any materially-based perspective on developnent causalities would 

attribute a measure of primacy to the central column in Table 10.2. 

As would be expected in an economically underdeveloped region, 

Bophuthatswana experiences lack in almost every item at each level in 

this column. Critics of the political formation and national 

administration of Bophuthats~ena would further identify weakness in 

the bottom row of the table, as a whole, and attribute causal 

consequence to these areas of weakness. In combination, the central 

column and bottom row mark out an inverted T, and what remains in the 

table marks out the principle terrain for reform aspirations in the 

educational system, subject to the base constraints of the inverted T. 

It can be noted that attainment of "self-sufficiency" goals at one 

level can be dependent on other levels. Also, attainments at one 

level may be in conflict with or prejudicial to attainments at other 

levels. For example, the degree of self-determination which pupils or 

their parents could achieve over school education could be in conflict 

with teachers' control over the teaching process, educational content 

and classroom discipline. (As shown in South Africa, pupils' 

educational demands can extend as far as to challenge the political 

power of the state.) 

To illustrate another aspect of conflicting interests, instances have 

been reported of rural teachers selling centrally distributed text

books to pupils at inflated prices, refusing to allow them to purchase 

books from other sources, and refusing to register pupils who have not 

p::i.id for these books in advance. Such strategies promote the material 

self-sufficiency of teachers at the expense of other groups, and can 

be traced to other causative weaknesses in the system. 

Endemic scarcities and complex, often antagonistic, interrelationships 

are familiar characteristics of underdevelopment. A purpose of 

raising this framework is to address a narrower set of questions which 

relate to the educational technology used in the Edutel project. To 

what extent can this technology promote increased self-sufficiency and 

capacity for autonomous developnent? To what extent does it reflect 

and perhaps aggravate relations of dependency? 

First, the educational technology of schools television will be 

considered, before focussing in on the photovoltaic power supply. 

10.43 



School pupils are the target of the school education process, unless 

one takes a broader view of the function of schooling in reproducing 

suitably educated and disciplined entrants into the adult society. 

The "Po_pagano" philosophy of education, as expressed in the report of 

the National Education Corrnnission (Rep. Bophuthatswana, 1978), valued 

the attributes of self-sufficiency at both levels. School education 

should promote the capacity and powers of self-determination of school 

leavers: at the same time, the aim of achieving sufficient supply of 

well-educated and well-trained school leavers was viewed as one of the 

most vital steps towards achieving greater national self-sufficiency, 

reducing dependence on ex_patriates and foreign expertise. In the 

latter respect, inculcation of a distinctive national culture was 

included as a requirement of suitable education for promoting national 

self-sufficiency. 

Typically, school pupils are dependent on their teachers to a large 

degree, and (as discussed earlier) a primary educational aim of 

introducing schools television was to diminish the negative aspects of 

dependence on an inadequate supply of suitably qualified teachers. To 

what degree this aim has been achieved is debatable, and not fully 

known. No evidence has been gathered that the autonomous learning of 

school pupils has been enhanced. Critical educationists, who have 

expressed doubts that school television has been effective, tend by 

contrast to see teachers as the agents in the system who need to 

achieve a greater measure of self-determination, and they do not 

regard the school television facilities as materially contributing 

towards this. Low levels of utilisation are attributed partly to the 

dependence of teachers upon central provision of software and 

supporting materials. 

Dependency shows itself most clearly .in the hardware/software split. 

The frequent unsuitability of imported software, and the difficulties 

in the way of producing local software have already been discussed. 

It appears that local production is often contracted out to basically 

South African producing com_panies. There have also been reports of 

private contracts being sought through under-the-counter offers of 

extra _payment to government officials. Su~h irregularities, while not 

unexpected from some sections of the business world, would be less 

likely to occur if Edutel had the resources to operate autonomously. 
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Software dependency may be typical of transfers of modern electronic 

technology to underdeveloped regions. It could be thought of as a 

kind of "transparent" dependency, because on the surface, through 

hardware acquisition, it appears that the receiver nation has gained 

tools for its own use, promoting autonomous development. However, if 

the receiver nation is not in a position to produce the software, then 

both financially and perhaps culturally there is a continuing 

indebtedness to the more highly industrialised producer nations. In 

the case of educational television in Bophuthatswana, the dependence 

here has been evident. The software dependency includes a limitation 

on inculcating a "national culture" or, at least, transmitting locally 

selected values through the medium (as had been hoped). One 

consequence appears to be that local software production, including 

programmes classed as adult education, may have concentrated more than 

is optimal on national-symbolic matters, leaving the more strictly 

educational content in the hands of foreign production. 

Concerns about software dependency have been strongly expressed by 

local educationists in relation to other electronic educational 

technology as well, notably computer assisted instruction. Large 

computer companies have solicited Bophuthatswanan educational 

authorities (as in some other South African "national states" or 

"homelands") and even offered considerable quantities of free 

hardware. In particular, American offered computer-based literacy 

technology has been criticised for pushing against the view that 

literacy should first be taught in the mother tongue of young 

children: for lack of local congruence: and for downline expenses 

even if initial pilot facilities are offered free. 

A feature of dealings between government officials and representatives 

of powerful companies offering technology for developnent, in a 

context like Bophuthatswana, is an imbalance in expertise. The 

officials may ·lack the technical backup necessary to evaluate what is 

offered, and this problem is exacerbated if decisions are made by 

politicians without adequate consultation. This becomes a serious 

concern of educationists who worry that, even if motives are benign, 

decisions taken between state officials and powerful companies will 

effectively lead to "dumping" of expensive technology in schools: 

that the technological solution sold to high-level decision makers 

will not be a useful solution to needs at grassroots level. 
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There are broader dimensions of dependency which plague the educa

tional system and in particular rural schooling in a region like 

Bophuthatswana. Urbanisation, industrialisation and the growth of 

central bureaucracy take place to a certain extent within the region, 

reducing the attraction of rural subsistence and pulling resources and 

people away from rural areas. Amongst other things, this dynamic 

reduces the supply of willing rural teachers, and relatively well

trained teachers are attracted into other jobs, especially during the 

honeymoon period of an expanding government bureaucracy. Urban 

employment opportunities however are not sufficient to absorb 

extensive migration from rural areas, which are therefore likely to 

remain sites of subsistence and family reproduction. There is a sense 

in which, to use the terminology of dependency theorists, rural areas 

become increasingly peripheralised relative to the urban centre/s, and 

the terms of exchange can become increasingly adverse as relatively 

fewer resources flow to rural areas, and as the countryside is 

depopulated of its most productive people. Rural areas then become a 

reproductive support system for the centre, and get little in return. 

But in Bophuthatswana's case, the major demographic dynamic which 

sucks off the attainments of the schooling system arises from 

proximity to highly industrialised areas of south Africa, where 

employment prospects are relatively much greater. Thus Bophuthatswana 

as a whole can be viewed as a reproductive system for providing South 

African labour, and the irony appears that the resources which 

Bophuthatswana allocates to its education system largely bear fruit in 

the South African economy. This process is not total, but sufficient 

to establish a definite dependency cycle: within the context of 

Bophuthatswanan schools television, it -is illustrated by the profits 

made by South African companies in supplying equipment or by 

undertaking contract software production, followed by the probability 

that if educational television were successful in raising the 

educational attainments of Bophuthatswanan school pupils, the 

gains would be transferred out of Bophuthatswana through migration of 

qualified school leavers to south Africa. 
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Turning now to the specific technology of photovoltaic power supply 

for schools television, there are a number of features of 

photovoltaic technology which bear on the issue of self-sufficiency 

versus dependency. 

At a local level, photovoltaic power supply stands out as an autono

mous source of electricity, with minimal dependence on infrastructure, 

no fuel requirements and very little maintenance. In these respects, 

photovoltaic generators provide a classic instance of a "self

sufficient" power supply, ideally suited to remote applications on 

earth or in space. 

From a developmental perspective, however, there are more complex 

factors to consider. Some of these factors can be regarded as 

disadvantages of this particular technology transfer. The 

disadvantages will be outweighed if the "leverage" of the technology 

is high enough. Photovoltaic power is expensive, the mqdules are 

imported, and there are few beneficial multiplier effects in the 

acquisition of photovoltaic technology ~ ~' but if photovoltaic 

power enables development initiatives of high value relative to the 

cost of the equipment, then the disadvantages are acceptable. 
I 

Some of the disadvantages can be listed as follows. 

1 Photovoltaic generators, for underdeveloped regions, constitute a 
11package" technology. Sane viewpoints on appropriate technology 

for developing areas stress that such technology should be 

readily understood, maintainable and adaptable by local people: 

this encourages their autonomous development. In the case of 

photovoltaic modules, the appropriateness consists rather in 

their resilience and the minimal intervention required from 

users. 

2 The extensive research and development necessary for the 

production of photovoltaic modules has taken place in the 

advanced economies. There is virtually no transfer of this 

expertise and productive capacity to underdeveloped regions. 

3 Expertise in designing and sizing photovoltaic-powered systems 

has also tended to concentrate in advanced economies, although 
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there is greater scope here for local developnent. 

4 Since modules are imported, there are no socio-economic 

multipliers and there is no local employment generation in the 

production of modules. In the supply, installation and 

maintenance of systems there is limited employment generation, 

but labour requirements are smal 1 compared with capital expenses. 

Typically, underdeveloped regions would be dependent on foreign

based companies for design and supply functions. 

5 Foreign exchange demands reduce the capacity of underdeveloped 

economies for autonomous development. 

The above listed features fall within the concerns of "technological 

dependency" theorists, and illustrate respects in which the transfer 

of photovoltaic technology in itself does not contribute to the 

potential of an underdeveloped region to increase its productive 

capacity. 

Further limitations include, of course, the expense of photovoltaic 

power. Al though in remote areas photovoltaic supply may indeed be the 

cheapest feasible electricity source, over a period, the expense 

nonetheless calls for minimisation of electrical loads, and for the 

sake of efficiency this may imply dedication of the photovoltaic 

generator to a particular designed load (as in the present school 

television systems). Where this is the case, there can be further 

loss in potential "utilisation multipliers" - the potential that an 

electrical power supply, for instance, will spawn a variety of 

productive applications in a multiplicative way. 

This issue connects with debates about rural electrification through 

grid extension, and contrasts the value of photovoltaic supply where 

there is no forseeable possibility of grid supply with the possibility 

that stand-alone supplies like photovoltaic genera tors could be used 

as a substitute for grid extension, when the latter would be socially 

and economically preferable. If this were the case - and in the 

South African context, it would be most likely in peri-urban non

electrified areas - the "self-sufficiency" of a photovoltaic supply 

would be at the cost of scale economies and utilisation multipliers of 

central generation and grid supply. 
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Finally, a feature of photovoltaic technology is that the ratio of 

capital cost to running costs is high. This can be an advantage for 

sustained autonomy in underdeveloped locations where future income 

flows are uncertain. There is less likelihood of the equipment 

falling into disuse through lack of income (as with diesel gensets 

when there is no money for fuel or for repair). On the other hand, 

high initial costs call for satisfactory credit finance and where 

capital is scarce, represent competition for scarce investment 

resources. A further consequence of the high ratio of capital to 

running costs is that the electrical energy generated by a 

photovoltaic system must be fully utilised to minimise unit energy 

costs. The costs of not doing so will be discussed in the following 

section. 

The possible disadvantages of photovoltaic technology raised above can 

of course be outweighed if the application, which photovoltaic poVJer 

makes possible, has high developnental leverage. In the case of 

schools television, the photovoltaic component is a subsidiary 

companent of the overall educational technology. The leverage the 

ratio of product to inputs - can be considered in three stages. 

(i) First, at a technical stage, the leverage is high, because 

energy-efficient applications equipnent allows provision of a 

television/video service in schools for relatively low electrical 

power requirements. The photovoltaic proportion of overa 11 sys tern 

costs can be reduced. 

(ii) Secondly, at the utilisation stage, the leverage of the 

technoiogy would depend on the beneficial impact of the service on 

pupils and teachers, multiplied in some way by the number of people 

benefitting. Both aspects are difficult to quantify: the educational 

impact would be complex and qualitative, while lack of information 

about the numbers of people benefitting from schools television 

prevents any confident assessment. In pri~ciple, the leverage could 

be high, but in practice this may not be the case, for reasons 

discussed earlier. 
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(iii) Thirdly, there is the stage of broader development muitipliers. 

Improved education is widely seen as a critical lever in an overall 

development path, raising the level of "human capital" in the 

population, which can have have multiplicative effects on capacity and 

productivity. Even if there is attrition, for example through urban 

drift and migration from the region, educational gains within the 

region must remain a priority for promoting internal autonomous 

development. With respect to schools television, this stage of 

leverage however is contingent on (ii). Utilisation is the crucial 

factor. 

10.50 



10.6 Photovoltaic Supply to Schools: Economic Assessment of 

Energy Costs 

A full economic assessment of the costs of providing schools 

television in Bophuthatswana would require information not available 

for this study. Instead, a narrow economic assessment of the costs of 

electrical energy supply for off-grid schools is provided in this 

section. 

A number of other local studies have explored the corn_parative costs of 

photovoltaic supply, for a variety of applications, with those of 

alternatives such as diesel generation (cf. Muller, 1987: Morris, 

1988: Sinclair, 1989). Here, the focus will not be on making 

com_parisons with alternatives, but rather on pointing out the strong 

relationship between utilisation levels and unit energy costs: and the 

sensitivity of energy costing to capital discount rates, and to 

assumptions about component lifetimes and project lifetime. 

At the outset, it should be stated that in a _particular application 

such as powering schools television, it is the service which should be 

costed and valued, rather than simply energy costs. For instance, 

through the use of energy-saving applications equi~nt, the use value 

of the electricity generated is increased. More broadly, if the 

service is of high value and energy consumption is low, then 

relatively high energy costs can more easily be justified. 

However there is also purpose in calculating energy costs in 

isolation. On the one hand, the value of the service delivered is 

very difficult to evaluate economically. On the other, energy costs 

in isolation can more easily be extended to geneneralised 

applications. One aim of this section is to Qraw attention to factors 

which, in a range of developmental applications, would reduce the 

cost-effectiveness of photovoltaic generation. 

The approach in calculating photovoltaic energy costs has been to add 

the initial costs of installed equipnent to the net present value of 

future _payments and receipts, discounted at selected rate/s of 

interest, and then to calculate the levelised annuity over the 

project lifetime which corresponds to this life-cycle cost and the 

same rate/s of interest. The levelised unit energy cost is obtained 
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by dividing these annual levelised energy costs by annual electricity 

consumption. 

Several simplifying assumptions or estimates are made. 

1 Energy conversion sub-system. The energy conversion sub-system 

is taken as the photovoltaic array and battery storage. This 

excludes the power-conditioning electronics (since in this 

application, that formed an integral part of the applications 

equipnent). However, a cost margin is included for initial 

"balance of system" costs - array support, wiring, etc. - and 

for installation. 

2 System sizing. It was argued in Chapter 9 that the installed 

battery capacity of systems in Bophuthatswana schools, as well as 

the nominal capacity of the array, were oversized for the 

intended application. To obtain more representative estimates of 

potential costs of photovoltaic power in this application, the 

costs are based on a more critical sizing, following the model 

predictions of Chapter 9. Array power is taken as 135 Wp and 

battery capacity is halved to 2.52 kWh,, (rated). With this sizing 

of components, it was predicted that the design load of 450 

Wh/day could be supported with approxiffi9-tely 0.001 Loss of Power 

Probability. Photovoltaic module and battery costs are based on 

this recormnended sizing. 

3 Utilisation. Except where otherwise stated, it is assumed that 

the full design load of 450 Wh/day (corresponding to 70 hour~' 

television and video use per week, or an electrical energy 

consumption of 164 kWh/year) is actually utilised. However, t~is 

is not a realistic assumption, so unit costs are also calculated 

as a function of utilisation levels. 

4 Component costs. 1988 South African retail prices for Photowatt 

modules and Delco batteries have been -used. Without quantity 

discount, these were: Photowatt modules Rl8/Wp, Delco batteries 

R205/kWh (rated capacity). Based on 1984 Photowatt information, 

a quantity discount of 15% has been applied for bulk purchase of 

modules. The same quantity discount has been applied to battery 

prices. 
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5 B.O.S. and installation. Balance of system costs and initial 

installation costs have been estimated as 15% of module and 

battery initial costs. 

6 Component lifetimes. It has been assumed that the service 

lifetime of the array is at least 20 years. Battery service 

lifetime is estimated in the range 5 to 10 years. Battery 

lifetime would depend on a number of factors, principally 

utilisation patterns. Where not treated as a variable, battery_ 

lifetime has been assumed as 5 years. 

7 Project lifetime. Except where otherwise stated, project 

lifetime has been taken as 20 years. This is the period used for 

calculating life-cycle costs and annuities. 

8 Replacement and salvage. Unless otherwise stated, the 

photovoltaic modules are assumed to have no salvage value after 

twenty years and do not require replacement within the project 

lifetime. The cost of .installing replacement batteries is 

assumed equal to the salvage cost of the expended batteries. 

9 Operation and maintenance. Operation and maintenance costs are 

assumed to be zero (maintenance costs are attributed to the costs 

of maintaining the applications equipment). 

10 Escalation and inflation. It is assumed there is no escalation 

in prices (ie. future battery costs are stable) and inflation is 

not considered (ie. calculations are in "real" terms, indexed to 

1988 prices) • 

11 Discount rate. The real discount rate is taken to be in the 

range 2.5% to 10%. 

assumed to be 5%. 

Where not treated as a variable, ·it is 

12 Exchange rate. Since the local prices of modules and Delco 

batteries are influenced by exchange rates, some costings have 

been converted to US dollars, using an average 1988 rand-dollar 

exchange rate of 1 rand = 0.44 US dollars. 
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Figure 10.1 depicts the annual levelised cost of consumed electrical 

energy for real discount ~ates varying between 2.5% and 10%. In this 

graph, battery service lifetime is also varied, up to a value of 10 

years' service before replacement. Other assumptions are as noted 

above. 

FIGURE 10.1 Annual levelised unit cost of conslDOed electrical 

energy, varying discount rate and battery service 

life. 

PARAMETERS: 
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·BATTERY SERVICE LIFETIME (IN YEARS} 

With a battery service lifetime of 10 years, it is seen that the 

levelised cost of utilised electrical energy would range from 

approximately Rl.40/kWh (at a discount rate of 2.5%) to R2.25/kWh (at 

a discount rate of 10%). If battery service life is 5 years, the 

range would be Rl."60/kWh to R2.60/kWh at these discount rates. 
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Corresponding unit energy costs per kWh in US dollars, at the 1988 

exchange rate, would be: 

DISOOUNT RATE 

2.5% 5% 10% 

BAT'1$RY LIFE 5 YEARS $0.70 $0.84 $1.14 

BATTERY LIFE 10 YEARS $0.61 $0.68 $0.99 

Given that initial costs constitute a relatively high proportion of 

the net present value of lifecycle costs of such a photovoltaic energy 

sub-system, levelised unit energy costs are also quite sensitive to 

project lifetime assumptions. It ·could be suggested that, in a 

specific application such as the present educational television 

project, it is unlikely that the project would survive for twenty 

years. Figure 10.2 depicts the relationship between unit energy costs 

and project lifetime, assuming now a fixed discount rate of 5% and a 

battery service life of 5 years. 

In considering shorter periods for the project life (and corresponding 

periods for calculating life-cycle costs and annuities), the possible 

salvage value of the photovoltaic array at the end of the period is 

included in Figure 10.2. 

If, at the end of the project, the array has negligible salvage value 

(for example, as a consequence of rapid technological advance in the 

interim) Figure 10.2 indicates that over a project lifetime of 10 

years, levelised unit energy costs at full load consumption would be 

about R2.85/kWh as comp:ired with Rl.90/kWh for a project lifetime of 

20 years. 

However, if the array has a salvage value of 50% of its initial value 

at the end of the project, the corresponding figure for a 10 year 

project lifetime would be in the region of R2.25/kWh. 

(The kinks in the curves arise from battery replacement assumptions.) 
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FIGURE 10.2 Annual levelised unit cost of consumed electrical 

energy, varying project lifetime and array salvage 

value. 
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In practice, however, the levelised cost of consumed energy is likely 

to be determined most strongly by utilisation levels. All the 

costings above assume full utilisation of available electrical energy 

up to the design load of 450 Wh/day, or ten hours' use of the 

television and video each day of the year. As proposed in previous 

sections, this assumption is not realistic in the present context, and 

it is likely that actual energy utilisation is on average a small 

fraction of the design load. 
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Figure 10.3 illustrates the relationship between utilisation levels 

and unit energy costs, when other factors are held constant. (The 

width of the curve indicates a range in battery lifetime from 5 to 10 

years.) 

FIGURE 10.3 Annual levelised unit cost of consumed electrical 

energy, as a function of utilisation levels. 
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The full design load corresponds to 70 hou~~' use per week. It is 

evident from Figure 10.3 that if average utilisation is only 20 hours 

per week (which, as an average throughout the year, is a quite 

conceivable level for schools making regular use of the facilities, 

and a likely overestimate for other schools) the ·levelised unit cost 

of consumed_ electricity would rise to about R6/kWh (or US$2.64/kWh). 
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At a utilisation level of only 10 hours/week, unit costs would be in 

excess of Rll/kWh. No other single factor has such a powerful bearing 

on unit energy cos ts. 

The range of levelised unit energy costs obtained above, using varying 

assumptions for discount rates, battery lifetime, project life, array 

salvage value and utilisation levels, can be compared with similarly 

calculated cost estimates from other recent local studies. 

Mill ler (1987) investigated the costs of stand-alone photovoltaic power 

for domestic electricity requirements in off-grid households in two 

locations in South Africa. In one (at Omdraaisvlei in the Karoo, 

latitude 30 degrees s., semi-arid climate) he estirrated base case 

levelised unit costs as Rl.49/kWh. At the other (Uitsig in the South 

Western Cape, latitude 34 degrees s., with mediterranean climate) 

estimated costs were R2.51/kWh. These estimates corresponded with the 

following assumptions: project life 20 years; real discount rate 4%; 

battery lifetime 3 years. The battery life expectancy here applied to 

cheaper SLI batteries; sirnila:r costs were estimated on the assumption 

of solar batteries with a lifetime of 7 years. These estimates 

assumed full utilisation of the design output of the systems. 

From the present study, the cost estimates most comparable with 

Muller's assumptions are in the region of Rl.70/kWh. This is of 

course a notional costing assuming (a) full utilisation of pov.er up to 

the design load, and (b) a photovoltaic system more critically sized 

than those actually installed in Bophuthatswanan schools, in line with 

the indications of the sizing method in Chapter 9. 

Morris (1988) monitored a number of photovoltaic and diesel genset 

installations in the Kruger National Park (latitude about 25 degrees 

s., sub-tropical lowveld climate) and obtained levelised unit costs of' 

utilised photovoltaic energy in the range R3.93 to Rl0.35/kWh. The 

latter estimate was for an AC system where inverter efficiencies were 

very low, adding to the inefficiency costs of an oversized system. 

The load factors corresponding to the above figures were approximately 

0.77 and 0.24 respectively. Costing assumptions included: discount 

rate 4%; project life 20 years; battery lifetime 10 years. 
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From the present study, estimates of actual unit costs of consumed 

energy in the Edutel installations, taking into account utilisation 

levels, could even exceed Morris's highest estimates (which were also 

· largely attributable to overdesign or underutilisation). 

The main purpose of the present economic assessment, hoW"ever, rather 

than supplying canparative energy cost estimates, has been to draw 

attention to salient factors which have a bearing on cost-efficient 

design of stand-alone photovoltaic systems for applications in 

developing areas. 

In the medium term, a continuing predicted decline in the cost of 

photovoltaic modules should add to the economic competitiveness of 

this poW'er source, subject to local exchange rates. These factors are 

largely outside the control of local system designers. 

For economical design, especially for non-crucial applications in 

developing areas, photovoltaic systems should be critically sized, 

preferably through use of a reliable Loss of Power Probability sizing 

method, in conjunction with valid local climatic data, to allow more 

accurate estimation of the economic tradeoffs between smaller system 

sizing and probability of occasional loss of power to load. Further 

progress is required to establish such reliable methods. Through 

adopting such an approach, and if present uncertainties and 

engineering margins can be reduced, there could be cost savings 

compared with prevalent sizing methods. 

Critical sizing, of course, presumes accurate estination of load 

energy demand, according to application, and in many applications this 

may constitute the largest area of uncertainty. Even where 

photovoltaic systems are powering technical loads, less subject to 

user intervention, accurate prediction of energy demand may be 

difficult (for instance, in refrigeration) while in applications where 

utilisation is largely determined by user preferences, energy demand 

can be even more difficult to predict. Large margins of error here 

could substantially outweigh any benefits from improved sizing 

techniques. 
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The Edutel example shows the danger, from an economic point of view, 

of over-generously specifying a design load, perhaps without adequate 

foresight into the likely development of the Edutel project, and 

perhaps without an appreciation of the cost penalties incurred by 

over-designing a photovoltaic system. Since the ratio of initial 

capital costs to running costs is high in the case of photovoltaic 

systems, underutilised generating capacity is essentially money 

wasted. The penalties are greater than would be the case with power 

systems where running costs are a higher proportion of total costs, 

such as diesel generation: spare capacity still represents an 

avoidable capital expenditure, but with diesel genset running costs 

(cf. Williams, 1986) typically greater than 50% of total lifecycle 

costs, the penalties of underutilisation are less severe. 

There may be situations where accurate load prediction is less vital 

in photovoltaic system design. In a stand-a.l~ne setting, if there are 

readily substitutable loads, which are optional in nature but still 

have significant utility to the user, there can be greater scope for 

the user to maximise available electrical energy, thus reducing unit 

energy costs. At the other end of the scale, in crucial applications 

(such as vaccine refrigeration or repeater stations} where the costs 

of reliable power are small compared with the costs of loss of power, 

then safely over-sized systems may be justified. !n hybrid systems, 

where photovoltaic power is a substitutable component of generation, 

or in grid-interactive systems, where in addition there can be 

effectively infinite storage for photovoltaic power, the precise 

sizing of the photovoltaic component will be less critical, since the 

costs of moving from the optimum substitution point will be less 

sharply defined and less severe. 

But in stand-alone systems, without substitutable loads, the matching 

of photovoltaic supply to energy demand remains a difficult empirica 1 

question. If there is great uncertainty in predicting energy demand, 

it would seem advisable to make use of the modular characteristics of 

photovoltaic panels, sizing conservatively to begin with, and 

extending the array area if demand grows to exceed the installed 

generating capacity. Allied with this suggestion, it would seem 

advisable to make use of modules which are not excessive in unit size 

relative to the size of the expected load. 
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Finally, it should be pointed out again that in assessing the costs 

and benefits of technology used in the Edutel project, it is the value 

of the service which matters. Unit energy costs are relevant in 

assessing energy supply options, but if the value of the service is 

high, and energy requirements are low, even above-optimtnn unit energy 

costs can be acceptable. Another way of costing schools television in 

Bophutha tswanan schools is to observe that the photovoltaic systems 

provide reliable power for showing television and video programmes for 

up to 10 hours per day, and (through energy-efficient applications 

equipment) the levelised energy cost of providing for this service is 

a relatively modest RS - R6 a week, more or less irrespective of 

utilisation level. !n many respects, this is a more informative 

costing of the photovoltaic energy. However, the value of the service 

to users still depends on the facilities being utilised. 
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10.7 Stmnary 

This section summarises some of the main points from the assessment of 

social, educational and economic aspects of Bophutha.tswana's schools 

television project. 

Advantages and disadvantages of photovoltaic power supply for this 

purpose were discussed, but it ¥.as stressed that the photovoltaic 

technology is only a minor contributing component in the project. 

Social, organisational and educational factors are pre-eminent in 

determining the success or failure of such a project. 

Many received criticisms of the project were discussed in detail, 

against the background of Bophuthatswana's political and economic 

situation within South Africa. An overall assessment must be that the 

television and video facilities in schools are under-utilised, 

dimishing the potential benefits. Major reasons for difficulties in 

realising the potential value of the project, as suggested by 

interviewed observers and participants, included the following: 

1 The scale of the project was too ambitious, in view of 

Bophutha.tswana's limited financial, organisational and pt"oduction 

resources. Other developing countries which have tried schools 

television with some success, such as Niger and Ivory Coast, 

proceeded much more slowly and started with considerably greater 

resources. By contrast, Edutel from the outset targetted all 

school standards, all middle and high schools, and all school 

subjects, for the educational television service. 

2 It appears there may have been inadequate consultation with 

teachers before embarking on the project and inadequate response 

to feedback from teachers once the project was under way. The 

project has been characterised as a "top-down" and "technology

led" initiative, offering a package solution rather than a 

negotiated response to felt problems and needs. 

3 It was claimed that political motivations and commercial 

interests played a dominant role in the decision to proceed with 
the project, and that to some extent this undermined the 

educational rationale, through premature central decision-making. 
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4 The nature of a mass-medium technology such as schools 

television/video places the distributed users of the service 

(teachers and pupils) in a position of dependence upon 

centralised organisation, production and distribution. It is 

suggested that central resources for Edutel's expansion were 

insufficient, in tenns of person-power~ organisation, production 

facilities, support facilities, and finance. 

5 Considerable dependence on imported educational software has led 

to dissatisfaction with much of the software available to 

schools. Complaints were that many programmes were not readily 

comprehensible to local school pupils, lacking environmental 

congruence and posing language difficulties: that no clear 

distinction was made between instructional, educational and 

supplementary/enrichment programmes in acquiring software: and 

that teachers find it difficult to incorporate the available 

software in their syllabus teaching. 

6 It has been difficult to meet requests for increased local 

production of software, because of scarcity of resources and 

production costs. 

7 In view of the costs of delivering an appropriate schools 

television service, it has been questioned whether television was 

an appropriate choice of educational technology. 

8 The implementation of the schools television project must be seen 

against other needs in.the educational system (some of which 

educational television was intended to alleviate). There have 

been reports of community resentment over having been pressed to 

pay for the school television facilities, when other needs were 

seen as more immediate: low utilisation levels may add to the 

discouragement. 

10.63 



Chapter 11 

TECHNICAL CONCLUSIONS AND REC<Xt!MENDATIONS 

This chapter reviews the main technical conclusions reached in the 

course of this study, and presents recommendations for photovoltaic 

system sizing approaches and for further related research. 

First, conclusions specific to the photovoltaic systems for schools 

television in Bophuthatswana are summarised, before discussing aspects 

of more general applicability. 

11.1 Installed Systems for Solar Powered Television and Video 

The installed systems were judged to provide a reliable and 

appropriate technical solution to the problem of equipping off-grid 

schools with television and video facilities. The main threats to 

reliable operation appeared to be human abuse (damage to or theft of 

components) and lightning-induced component failures •. The incidence 

of lightning damage did not appear to warrant the added expense of 

elaborate lightning protection. The modular design of the television 

and pov.er control electronics provides a major benefit in allowing 

rapid onsite repair by relativel.Y inexperienced maintenance staff. 

User maintenance requirements are minimal. The expected service life 

of the sealed lead-calcium batteries was estimated in the range 5 to 

10 years but could well exceed this range under prevailing levels of 

usage. The servi.ce life of photovoltaic panels is commonly estimated 

to be in the region of 20 years, barring mechanica1 damage. 

The energy-efficient design of the television receiver/monitor and the 

VCR allow provision of high quality full colour rendition at a 

fraction of the power requirement of equivalent domestic appliances. 

Solid state electronics allow efficient operation from the system 24V 

DC supply. Battery charging and undervoltage protection are tightly 

controlled by an integral energy management unit, operating at high 

transmission efficiency through pulse-width-modulated power control, 

with benefits for battery life expectancy and system efficiencies. 
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The sizing of the installed photovoltaic array and battery storage was 

assessed, and can be summarised under three sub-headings. 

Generating and storage capacity in relation to desigri load 

With tVJO Photowa tt PW-P 801 photovoltaic modules and 210 A-h rated 

battery storage at 24V, it was calculated that the installed systems 

could be expected reliably to meet the design load of 450 Wh/day under 

the full range of probable weather conditions. Calculations from the 

Loss of Power Probability model developed in Chapter 9 indicate that 

the installed battery capacity could be halved, while retaining an 

expected Loss of Power Probability of less than 0.001. It was noted 

that the· surplus install~d battery capacity, although unnecessay, 

could have the effect of.extending battery life. 

The local supplying company relied on sizing advice from the module 

manufacturers, and this was critically assessed. Originally the 

module manufacturers stipulated the use of two Photowatt I=W-P 800 

monocrystalline modules, rated at 82 Wp each. Calculations showed 

that an array power of 164 Wp would have been wastefully excessive, by 

a factor of between 20 - 30%. 

The installed modules, however, were measured to have a power rating 

of. approximately 67.5 Wp (converted as closely as possible to Standard 

Test Conditions) at the monitoring site. The corresponding array 

power of 135 Wp was judged well sized to attain a Loss of Power 

Probability of 0.001. 

It is suggested that lower levels of expected power availability (eg. 

a long term Loss of Power Probability of 0.01) would be acceptable in 

non-crucial applications such as schools television, and preferable in 

terms of economy. This would permit a further reduction in array 

power of about 8%. 

These calculations were based on ten years' hourly weather data from 

the Pretoria-Forum weather station, and included generous 15% margins 

for uncertainties in performance specifications and lifetime 

performance degradation of modules and batteries. 
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Matching of array output and load input characteristics 

The installed Photo\<>0.tt PW-P 801 modules appeared very well matched in 

their measured output characteristics to. the system input loadline 

characteristics. This resulted from module optimum power voltages 

well suited to the battery charging voltage range under expected 

climatic and operating conditions. In addition, the low "fill factor" 

of these polycrystalline modules serves to reduce the power penal ties 

of operation away from optimum power points on the array's output 

characteristic curves. Maximum expected deviation from optimum 

power, in energy qemand conditions, was estimated at 6%. 

With such good matching, it would not be worthwhile to make use of 

optimum power point tracking, unless cheap and highly reliable. 

By contrast, the originally specified PW-P 800 modules, according to 

calculations based on the manufacturer's original specifications, 

would have been poorly matched, under expected local temperature 

conditions, having optimum power voltages excessively above system 

take-off voltages. Such modules would be suited to tropical or desert 

applications, or f()r use with an optimum power point tracker. If such 

modules had been employed in the _present installations, maximum 

expectable losses due to operation a\<>0.y from optimum power points 

could at times reach 30%. This hypothetical examination illustrated 

the importance of matching array ouput characteristics to load input 

characteristics in photovoltaic system design. 

System sizing and actual load energy demand 

There is little doubt that the design load which was specified for 

school systems was excessively generous, allowing for up to 10 hours 

television use and S hours use of the VCR each day of the year. The 

potential benefits of critical system sizing and careful component 

matching will unfortunately be of little significance in situations where 

generating capacity is grossly underutilised. While actual load 

demand is difficult to predict in an application of this nature, since 

it depends both on user preferences and more broadly on the whole 

organisation and delivery of the educational television project, the 

costs of over-specifying a photovoltaic-powered system can be severe. 
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Lifecycle costing (following assumptions ·stated in Chapter 10) 

indicated that unit levelised energy costs for this application could 

be in the region of Rl.50/kWh, for a well designed system, if actual 

load demand corresponded with the design load. Given the potential 

service value of television and video facilities in rural schools, 

their energy-efficiency, and the absence of competitive alternatives 

for off-grid electricity for light loads, ·such costs would be entirely 

acceptable. But through over-specification or underutilisation, unit 

costs in excess of RS or Rl0/kWh are more likely, and less acceptable. 

(These unit costs would correspond to about eight and three hours' TV 

and video use per weekday, respectively.) 

It is not realistic to hope for exact correspondence between actual 

load demand and design load in stand-alone photovoltaic systems with 

no load diversity, and where consumption depends on user behaviour. 

This is likely to remain the dominant factor in the economics of 

photovoltaic supply in such applications, and is a constraint on the 

benefits of critical technical design. However the margin of discre

p:incy between design load and actual energy demand could be reduced 

through realistic appraisal of probable utilisation levels, consul ta

tion where possible with users, and more conservative approaches in 
" the design of photovoltaic systems, making use of the relatively 

scale-neutral ct:aracteristics of the technology which allow for 

modular expansion if load demand is demonstrated to exceed installed 

capacity. 

In light of the generality of this problem in designing small stand

alone photovoltaic systems (for further local examples, see Mill ler, 

1987; Morris, 1988; Eberhard and Sinclair, 1989) it is recommended 

that in parallel with ongoing technical research into sizing methods 

for photovoltaic systems, there could be efforts to develop and 

publicise user-oriented methodologies providing a guide for more 

accurate assessment of expectable load demand profiles. 

Without conducting a representative survey of schools to obtain 

reliable utilisation data, it was not possible to provide accurate 

unit energy costs for powering schools television in Bophuthatswana, 

but it appears likely that they are an order of magnitude higher than 

optimum costs. This is largely a consequence of adopting an over

generous design load and of subsequent underutilisation. 
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11.2 Project Implemen.tation and Technical Choice 

Al though this concluding chapter focusses on technical issues, and 

the discussion of social and educational aspects of the Edutel project 

in Chapter 10 will not be reviewed here, it is important to note the 

interaction between these broader dimensions of project implementation 

and the technical appropriateness of the installed systems. The 

photovoltaic power is dedicated to a particular service, and the value 

of that service depends on software, distribution, institutional and 

educational support, and utilisation. Levels of utilisation, which in 

turn are contingent on broad aspects of project implementation, have a 

direct bearing on the appropriateness of the technical design, and 

reflect on the appropriateness of the educational technology itself. 

The experience of Edutel serves as a reminder that technological 

innovations seldom P,rovide a "quick fix" for problems in 

underdevelopnent. Technological initj.atives take place within a 

context, and should not be expected to act as a primary agency of 

change. It can be observed that planners, technologists and suppliers 

are often not directly part of the context in which the technology is 

applied, and that wise and effective technological choice is promoted 

by well-informed participative decision making. 

11.3 General Points For Local Photovoltaic System Design 

A number of points emerged in the course of the monitoring study which 

could have implications for photovoltaic system design more generally. 

A brief synopsis follows, with recommendations (where appropriate) for 

further enquiry. 

1 Local vendors are typically reliant on overseas manufacturers of 

photovoltaic equipnent for system sizing expertise. Often, the 

assumptions built into such sizing methods are not available for 

local scrutiny (for instance, they may be embodied in proprietary 

software). However, it appears that critical scrutiny is 

warranted, since corrmercial suppliers may be basing their designs 
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on arbitrary decisions about "system autonomy" (days of battery 

storage), dubious solar radiation data, sizing methods which do 

not permit estimation of Loss of Power Probabilities, and 

conmercially driven but otherwise indeterminate matching of 

system components, subject to the "lumpiness11 of chosen 

photovoltaic modules and batteries. These criticisms may not 

hold in every instance. Manufacturers could instill greater 

confidence and assist comparability by providing more explicit 

information about the assumptions and methods used for sizing 

systems. 

2 In view of the uncertainties and apparent limitations in 

commercially used sizing methods on the one hand, and the 

simplifying assumptions built into currently published Loss of 

Power Probability methodologies on the other, it appears 

worthwhile to develop a more sophisticated but practically useful 

LOPP sizing tool for the critical design of stand-alone 

photovoltaic systems, employing local historical weather data. 

Practical advantages of a reliable LOPP sizing methodology 

include the promise of reduced system costs and consequently 

greater affordability of photovoltaic supply for developing areas 

applications: better-informed assessment of the trade--offs 

between high system reliability and acceptable economies in 

system sizing: and enhanced ability to comp:tre alternative energy 

supply options at comp:trable reliability levels. 

3 It appears that peak power ratings of photovoltaic modules, from 

manufacturers' performance specifications, may not be 

sufficiently accurate, reliable or representative of array 

generating capacity in operating conditions. There is also doubt 

about the representative accuracy of I=f(V) output 

characteristics routinely provided by manufacturers (present 

investigations at the Energy Research Institute indicate greatest 

discrepancies around the important "knee" of I=f(V) curves). In 

general, the margin of latitude within which manufactures specify 

module performance in Standard Test Conditions, eg. ::t,12.5%, 

introduces from the outset an uncomfortably large margin of 

uncertainty for critical system design. 
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Specific questions for further enquiry are 

What is the extent of variation in output amongst modules 

from the same batch or of the same designation? 

By what magnitude should module output, specified under 

Standard Test conditions, be derated for spectral variations 

in natural light, in local operating environments? 

By what magnitude should module output be derated for 

radiation received at higher incidence angles than in 

Standard Test Conditions? 

These magnitudes need to be assessed to see whether deviations 

from manufacturers' performance specifications pose a ~ignificant 

threat to critical system sizing procedures. The model proposed 

in Chapter 9, based on predicted failure in adverse climatic 

conditions, could be particularly susceptible to such deviations 

from specified module performance. 

4 Critical photovoltaic system design depends on optimum prediction 

of expected solar radiation rece.i ved by the array. Long term 

historical weather station records appear the best data from 

which to make predictions. Recognising the intrinsic 

difficulties of insolation measurements, and the increasing call 

from solar technologies for accurate and continuous local data, 

the calibration of weather station instruments should be checked 

at regular intervals and mechanisms set in place to minimise data 

disruption from instrument malfunction. The implications of 

using data obtained from instruments with a broad spectral 

response. for sizing photovoltaic arrays which .have a selective 

spectral response need further assessment. 

5 Using different extractions of solar radiation data from the same• 

weather station (Pretoria-Forum) and different currently-used 

methods for calculating radiation received on a tilted surface 

from horizontal insolation records, discrepancies up to 12% ~re 

obtained in the present study. This points to the value of 

carefully screening raw weather station data in the course of 

statistical condensation, and of us~ng ~he best known methods for· 
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calculating tilt-plane insolation receipts. It appears that 

anisotropic methods are superior, and the so-cal led Perez method 

has performed well in validation tests. The main effect of using 

this method, in place of the isotropic methods commonly used in 

commercial programs, is that diffuse comi;onents of tilt-plane 

insolation are estimated higher. In some climatic regimes, this 

could lead to savings in critical system design. 

6 It was noted earlier that the dominating factor in cost-efficient 

photovoltaic system design, in many applications in developing 

areas, will be the degree of match that can be obtained between 

energy demand profiles and system generating capacities. The 

i;oint is generalisable to include seasonably variable or 

otherwise periodic demand profiles, and seasonal or shorter term 

variations in photovoltaic generation. Where demand profiles are 

contra-seasonal, or where there are occasional peak loads greater 

than battery storage capacity, average capacity factors are 

likely to be low, and it is unlikely that stand-alone 

photovoltaic systems wil 1 be an economic proposition. since 

photovoltaic systems have relatively low running costs and high 

capital cost, economic operation requires high capacity factors. 

Besides <;:areful research into probable demand profiles in the 

design of a stand-alone installation, there is a need for 

investigation of design strategies to minimise the penalties of 

design-demand mismatch. For small systems, these could include 

the encouragement of load diversity, and provision for greater 

discretionary consumer/user control over maximising the utility 

of available energy. For somewhat larger systems, or in 

applications with peaking loads, hybrid systems should be 

investigated to assess both the economic benefits and the 

conditions for optimising the contribution of each energy supply 

comi;onent. 

11.8 



11.4 Specific Proposals for Evaluating and Developing a Locally

Applicable Loss of Po~r Probability Sizing Method 

The Loss of Power Probabilty model presented in Chapter 9, if 

validated, could provide the basis for an effective design tool for 

sizing photovoltaic systems with battery storage in local 

applications. 

Potential advantages of the approach suggested; compared with other 

known LOPP methodologies, are that local historical weather data can 

be used (avoiding the inaccuracies resulting from over-generalisation 

of climatic asstnnptions in other methods reviewed); that although 

computer intensive work is needed to establish the required 

statistical solar radiation database, this can be done centrally, 

using batch ma.inf rame processing, and the results readi 1 y incorporated 

in a PC-compatible sizing program; that the method takes into 

account, empirically, the seriality characteristics of local climates; 

that the specification of component performance parameters required 

for the model is restricted to a narrower range of critical oper~ting 

conditions: that it does not asstnne array operation at optimtnn power 

points: and that the model provides a rational basis for se.lecting 

combinations of array power and. battery storage to satisfy a required 

load and reliability level. General advantages of a LOPP sizing 

methodology compared with other sizing methods were outlined in 

Section 11.3 above. 

The emphasis in the present study has been on putting forward a method 

for LOPP calculation, rather than on refining relationships within the 

model. The model was developed around the performance of a specific 

system, using data from one weather station. From here, the 

assumptions of the model need to be subjected to further critical 

scrutiny,· tested for validity, and steps taken towards generalising 

its scope of application. Suggested steps are: 

l Seek critical assessment of the logic, asstnnptions and method 

of the model, through publication and/or direct contact with 

international workers in the field of LOPP sizing methodologies. 

2 Test performance predictions of the model against a full 
photovoltaic simulation program. PVFORM, written by Menicucci 
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and Fernandez of Sandia National laboratories, is an available 

simulation route. Al though PVFORM does not simulate photovoltaic 

systems which do not have optimum power point tracking, it could 

be used to test a subset of model perfonnance predictions. A 

more generalisable simulation program in under development at the 

ERI. It would be important to operate such simulation software 

on untreated solar radiation data over all available years, from 

several differing climates, rather than use data in a "Typical 

Meteorological Year" (TMY) form, since TMY data may not adequate

ly preserve the serial characteristics on which the present model 

depends. This implies considerable computation and is a main

frame option (PVFORM can take several hours to process one year's 

data on a simple PC). For such simulation testing, there would 

be no need to restrict tests to South African data, if cleaner 

hourly solar radiation and temperature data over a longer 

timespan could be obtained elsewhere. An important consideration 

would be the method of handling bad or missing data to avoid 

misrepresenting runlength values, especially at low percentiles. 

3 Analyse the levels of statistical uncertainty attached to 

predicting future solar radiation probabilities from historical 

weather records. Assuming no discernibly significant long-term 

trends in climate, available historical records can be considered 

as a sample from a population which includes the future. The 

best predict~on of future probabili~ies should be provided by 

observed sample percentile levels. Empirically derived 

confidence. intervals for the percentile estimates from the sample 

data can be obtained by a resampling technique, such as Efren's 

"Bootstrap" method (cf. Efron and Tibshirani, 1986), in 

preference to any parametric transformation approach. It would 

be useful, on this basis, to model confidence intervals of 

percentile estimates as a function of the sample size (ie. number 

of years' weather records) in order to assess minimum data 

requirements for statistically reasonable LOPP predictions. The 

confidence interval around very low percentile estimates will 

encompass higher percentile estimates, and investigation is 

needed to evaluate statistically reasonable lower LOPP limits 

according to data sample size and empirical distributions (these 

·are likely to be climate-dependent). The analysis suggested 

would be computer intensive, and is a mainframe option. 
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4 Subject to the previous steps and tests, and any consequent 

modificationsl, evaluate the sizing predictions of the model more 

carefully in comparison with simpler corranercial sizing methoqs, 

to assess the potential benefits, bearing in mind remaining 

margins of uncertainty in component perfonnance characteristics 

and solar radiation data. 

5 If justified by potential benefits for system design, investigate 

more detailed implications of following a run-length approach to 

system optimisation, for example the monthly distribution of 

critical runlengths, as a function of run-length, for typical 

local climates. This could have implications for selection of 

optimal tilt-angles and hence the subsequent processing of 

weather station data. 

6 Consider any variations in model assumptions or in the 

statistical treatment of data required for sizing systems for 

intermittent and seasonally variable loads, and for hybrid 

applications of photovoltaic arrays. For example, in the latter 

case, much higher "Loss of Power Probabilities" for the 

photovoltaic component might be of interest, again with 

implications for subsequent processing of weather station data. 

7 Screen, process and curve-fit solar radiation data from available 

local weather stations to obtain functions, for each site, of 

expected minimum plane-of-array insolation per day as a function 

of run-length, at selected probability levels, and selected 

angles of tilt. 

8 Incorporate these functions in a menu-driven microcomputer 

program with user input for perfonnance parameters of system 

components, refined code for generating LOPP predictions and 

array/battery substitution curves, and updatable data for 

economic optimisation. (In principle, sizing computations should 

take a minute or two at most on a PC.) 

--~~--~~~------

loiscussions with Dr F Iasnier, of the Asian Institue of Technology, 
Bangkok, have already suggested that avoidance of any medium-term 
battery storage function may be a revisable assumption in the 
model, depending on the type of battery employed. 
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9 Continue with research, in consultation with manufacturers, to 

investigate performance characteristics of components, including 

those aspects of photovoltaic module performance referred to in 

Section 11.2, the charge and discharge efficiencies of commonly 

used batteries, and their cycle life, and the efficiencies of 

power-conditioning equipment, with the aim of reducing 

uncertainties and reducing design margins in photovoltaic system 

sizing. 

It is anticipated that the steps suggested above would not constitute 

a comprehensive or fully adequate programme fo~ further research. 

They are offered rather as a sketch, at this stage, of how the present 

research could be taken further, to contribute to improved sizing 

methods for photovoltaic systems in local applications. 
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Appendix B.l 

Pyranometer Test Method 

-------------------------------·---
The Li-Cor silicon-cell pyranometer (model LI-200SZ-05, S/N PY7653) 
was tested for accuracy against two Kipp and Zonen thermopile 
solarimeters, ·in a variety of natural conditions. 

Comparison of absolute calibration against South African Weather 
Bureau instruments was not possible, and the reference adopted for the 
tests was the mean inter-calibration of the two Kipp and Zonen (KZ) 
instruments. This entailed a 2% adjustment to the specified 
calibration of each KZ solarimeter. Using this adjustment, horizontal 
insolation measurements taken at the monitoring site with a KZ 
solarimeter were within 4% of measurements recorded for the same hours 
at the Pretoria-Forum weather station. A reasonable estimate of the 
uncertainty of the KZ calibration is !5%. 

output from the KZ instruments was measured by digital voltmeter, 
with expected inaccuracy < ±1%. output from the Li-Cor (LC) 
pyranometer was measured both by d~gital ammeter and by digital 
voltmeter readings across a calibrated 100 ohm shunt. Discrepancies 
between the latter measurements were less than · 0.5%. Multimeter 
inaccuracy in the relevant measurement ranges should be < +1%. 

For tests at the monitoring site, a KZ instrument was mounted on a 
til table platform adjacent to the array, to allow measurements for 
horizontal as well as plane of array insolation. The LC sensor was 
fixed in the plane of the array. Measurements were taken over two 
days at varying angles of incidence of the direct beam. Climatic 
conditions were steady, with clear July skies but a slight haze, and 
visibly discernible atmospheric pollution. 

Further tests were conducted in the Ka.roe, in arid stable clear-sky 
conditions. The KZ and LC instruments were co-mounted on a tilting 
table, with facilities to measure the angle of tilt and the angle of 
incidence of the direct beam. Readings were taken at noon, to 
minimise effects of the sun's "motion" and to obtain an air mass (at 
mid-July noon elevation of the sun) of close to AM=l.5, which is used 
as a reference for photovoltaic module performance specification. 

To investigate possible errors in KZ measurements due to tilt-mounting 
of the instrument (which could disturb convection in the dome), 
measurements from horizontal to vertical mounting positions were taken 
in close succession, and -compared according to the cosine of 
corresponding incidence angles. Allowing for the diffuse component of 
irradiation (measured as 8% of global horizontal) and assuming 
isotropic distribution of diffuse irradiance (a reasonable assumption, 
given the srna.11 diffuse component) the deviations of tilt-mount 
readings from expectations thus calculated from global horizontal 
readings were typically around 1% and did not exceed 2%, which .is 
within the accuracy of incidence angle measurements. It was concluded 
that errors due to operating the KZ instrument in a tilted position 
were not significant relative to other sources of discrepancy. 

Pairs of-readings for the LC and KZ instruments were recorded, in 
these stable sky conditions, for a range of angles of incidence of 
direct insolation, from zero to over 60 degrees, by tilting the table. 
These results appear in Figure 6.2 in the text. 
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The results for the monitoring site comp:3.rison (where different angles 
of incidence were associated with different elevations of the sun 
through the day) also appear in Figure 6.2. 

Further tests were conducted in cape Town, in clear but more humid 
mid-winter conditions, with the instruments mounted horizontally, at 
different times of day, and a consequent range of angles of incidence. 
The relationship between the angle of incidence and the deviation of 
LC measurements from KZ measurements was again linear, with a gradient 
approximately midway between the two relationships depicted in Figure 
6.2. 

Conclusions from these tests are reported in Sections 6.2.4 and 6.3 in 
the text. 
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Appendix B2 

Method for Assessment of Shading of Monitored Array, by Month 

A plan was made of the building surrounding the installed array, 
together with the heights above array height of its skyline. The 
orientation of the plan relative to solar north was recorded •. By 
simple trigonometry, the elevation of the skyline relative to the 
array was calculated as a function of angle on the horizontal from 
true north. calculations were performed in spreadsheet form. 

The time of day, at different times of year, when the sun would first 
rise above or set below the skyline was found by calculating the sun's 
elevation as a function of hour angle from noon, julian day, and 
latitude. The following equations were used for the spreadsheet 
calculations: 

Elevation of sun 

@ASIN(@COS($LAT)*@COS($D50)*@COS(F$47)+@SIN($LAT)*@SIN($D50))/$DTOR 

where cell references referred to 

$LAT: 
$D50: 
F$47: 
$DTOR: 

latitude of site 
declination vector (column) 
hourangle from noon vector (row) 
degrees to radians constant 

and where the declination vector was 

@AS!N(0.39795*@COS(0.98563*$DTOR*(C50-l73))) 

where 

C50: julian day-number vector 

To evaluate the shading in each month, julian days for the mid-day of 
each month were used to table solar elevations as a function of hour 
angle for each month, and values were compared with skyline elevation 
angles of the building at the corresponding azimuth angles. Thus the 
"rising" and "setting" times of the sun on the array were found for 
the middle of each month (subject to the sun moving back of the array 
at late hours in surmner months). 

From rising and setting times, it was possible to evaluate the average 
monthly direct insolation lost to the array. South African Weather 
Bureau data for Pretoria-Forum weather station were used, to find the 
average horizontal insolation, for each month, for each hour of the 
day when the array would be shaded. For each month, these average 
hourly shaded components were totalled, and expressed as a percentage 
of total average daily horizontal insolation. 
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Appendix B3 

calculation of Battery Lifetime 

Formulae for estimating battery 1 ifetime, using manufacturers' 
information for the batteries, and based on the depth of cycling o-f 
the b.:ltteries and their electrolyte temperature, are available from 
I..a.snier and Gan Ang (1988:116). They were used as follows: 

CYCLE l.1FE cJ o. ~1:£.r.Y , whe.r. c~ded -lo a 
Se.I: l>EM"tl OF D1s~aE al: ~ru~urc. T, 
i& ~j1Ven i,:-

CL:: (b-c.,..T)e~p(-cU· ~D) [1) 

wl.ue. CL: life.t"1,..c. (;.. cyclu) 
T: . .bai:ur, -lc.o.percd .. re (cJ~us C.) 
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Appendix B4 

Interface Design Parameters and Treatments 

Measurement: 
Signal source: 
Range for variable: 
Signal range: 
Waveform: 
output range: 

Treatment: 

calibration: 

Measurement: 
Signal source: 
Range for variable: 
Signal range : 
Waveform: 
output range: 

Treatment: 

ca 1 ibra ti on: 

Measurement: 
Signal source: 
Range for variable: 
Signal range: 
waveform: 
output range: 

Treatment: 

calibration: 

POA Insola tion 
Pyranometer 
0 - 1500 Watts/square metre 
0 - 82 microamps 
Steady 
0 - 220 mV 

Voltage drop across 100 ohm (1%) resistor, 
then instrumentation differential amplifier 
circuit. 
Variable current source and digital ammeter. 

Ambient temperature 
IC zener transducer, LM335 
-10 - +40 degrees c 
2.632 - 3.132 v 
Steady 
0 - 2,2 v 

Power supply and adjustable calibration voltage to 
sensor. Input signal from sensor dropped across 
voltage divider, before differential amplification 
against calibrated reference voltage. 
Ice and boiling points to establish 
zeroing reference voltage, and slope, set with 
digital voltmeter. Checked against thermocouple. 

PV cell temperature 
IC zener transducer 
-10 - +60 degrees C 
2.632 - 3.332 v 
Steady 
0 ~ 2,2 v 

Power supply and adjustable calibration voltage to 
sensor. Input signal from sensor dropped across 
voltage divider, before differential amplification 
against calibrated reference voltage. 
Ice and boiling points to establish 
zeroing reference voltage, and slope, set with 
digital voltmeter. Checked against thermocouple. 

B4.l , 



Measuremertt: 
Signal source: 

Range for variable: 
Signal range: 
Waveform: 
output range: 

Treatment: 

calibration: 

Measurement: 
Signal source: 

Range for variable: 
Signal range: 
waveform: 
output range: 

Treatment: 

calibration: 

Measurement: 
Signal source: 
Range for variable: 
Signal range: 
waveform: 
output range: 

PV array voltage 
av between Array positive and battery 
positive (interface ground}. Added to 
battery voltage by calculation. 
0 - 50 v 
-30 - +20 v 
Ripple 
0 - 2,2 v 

After voltage divider, filter on input: 100 k + 
2*100 uF back-to-back capacitance to ground. 
Differential amplification against buffered 
reference voltage to bring output signal always 
positive. 
Variable voltage source, digital voltmeter. 
Checked with varied waveforms against d.v.m. 

Battery voltage 
av between battery positive (interface 
ground) and system earth, battery 
negative. 
22 - 30 v 
-30 - -22 v 
Steady 
0 - 2,2 v 

Voltage divider, then filter on input: 100k and 
100uF to ground (unnecessary). Differential 
amplifier and inverter. 
variable voltage source, digital vol trrteter. 

Battery current 
dV across current shunt 
-4 - +6 amps 
-33 - 50 mV 
Ripple 
0 - 2,2 v 

Treatment: Filter on input: 100 k + 2*100 uF back to back 
capacitance to ground. Differential amplifier 
circuit with buffered offset to bring output 
always positive. 

calibration: Variable current source, digital ammeter. 

Measurement: 
Signal source: 
Range for variable: 
Signal range: 
Waveform: 
output range: 

Treatment: 

calibration: 

Load current 
av across current shunt 
0 - 4 amps 
0 - 33 mV 
Ripple 
0 - 2,2 v 

Filter on inputs: 100 k + 100 uF capacitance to 
ground. Differential amplifier circuit. 
Variable current source, digital ammeter. 
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The active components used in these amplifying circuits were low 
consumption LM324 oi;:amps; o:i;::erating from a split+ 5 volt supply. For 

. the voltage reference section of tem:i;::erature measuring circuits, 

. LM10's were us,ed. The interface power supply, derived from dry cells 1 

was -switched on just before logging by a trigger signal from the data 
logger, in order to prolong battery life. 
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Appendix BS 

Circuit Diagrams for Signal Conditioning Interface 

1 Solar radiation measurement 

!Sok 

+ 

+ ! Y1N H 

4-

100.A 

v,: 

2 Voltage measurement with buffered offset 

+5v 

-sv 

BS.l 

331t 

lk 

.. 
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Sv 

f n• 

-sv 

Yo'" 

A: LM324 
B: LM335 
C: LM 10 



3 Negative voltage measurement with inversion 

_[ 
• 

v,: 

-. 

ISok 

4 Temperature measurement (with Reference voltage) 
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5 current measurement, with buffered offset 

.. . 
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B: LM335 
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Appendix B6 

Array and Battery Combinations Predicted To Satisfy LOPP 0.01 and 
0.001 in Pretoria Weather, Using PW'-P 800 (monocrystalline} Modules. 

Array/Battery Combinations, LOPP=0.01 
Pret.oria. wea.lher; load "50 Wh/d!Q' 
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Array/Battery Combinations, LOPP=0.001 
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Appendix B7 

Sizing Nomogram Used in the Borden et al (1984) Loss of Energy 
Probability PV System Sizing Method. 

For a design month IDEP of 0.1: 

2 3 4 5 6 7 8 9 10 11 12 

I (kW h/m2-DAY) 
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Source: Borden et al (1984, page 2-9) 
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Appendix B8 

Assessing the long-term loss of power probability of the system sizing 
indicated by the Borden et al (1984) method, through comparison with 
critical run LOPP model predictions. 

------------------------------------------------
System Efficiencies and POA Insolation Requirements 

For the Borden method sizing, average system efficiencies for the 
design month are required. On average, it was estimated that 50% of 
the load energy would pass through battery storage (battery energy 
efficiency 0.85 for this component) and all array-to-load energy would 
be subject to an average power-regulator efficiency of 0.95. Module 
conversion efficiency at 25 degrees C was taken as 0.063. Mean module 
operating temperature for the month was taken as 30 degrees c, and the 
temperature coefficient of module efficiency as -0.0028. Effective 
average insolation-to-load efficency, including module efficiency and 
temperature correction, was 0.0547. 

The critical conditions LOPP model needs efficiency estimates for 
adverse runs leading to system failure, rather than monthly average 
estimates, and this leads to slight differences in order to make as 
fair as possible a comparison. For these conditions, module operating 
temperature is taken as 25 degrees, and associated module conversion 
efficiency is 0.063, but a factor for deviation from optimum power 
points is included, 0.97. For critical runs, 60% of load energy is 
taken to be cycled through batteries (battery energy efficiency 0.85). 
Power regulator efficiency is unchanged at 0.95. The net path 
efficiency to load is therefore 0.053. 

These efficiencies are employed in the critical run LOPP model as 
follows. The minimum required array output to sustain the design load 
of 450 Wh/day, over a run of N days, starting from fully charged 
batteries, is: 

A = ( 450 I (0.95 * (0.6 * 0.85 + 0.4 * 1) ) * ( N - AUTONOMY ) 

where AUTONOMY is the available OO:ttery capacity, for the purpose of 
this sizing comparison 1.3 days. 

If a, "battery capacity adjustment factor" (see Section 9.3.l) is 
included, this has the effect of limiting maximum state of charge of 
the batteries to 90% SOC. Given that the permitted depth of discharge 
considered in this example is 70%, this has the effect of derating 
AUTONOMY by 6/7 to 1.11 days battery storage. 

calculations proceed bel9w with and without this battery capacity 
adjustment. 

Minimum required array output per day, for run-length N, is simply 

A IN (Wh/day) 

For an array power of 106 Wp as indicated by the Borden method 
sizing, the corresponding POA insolation requirement is 

( A I N ) I ( 106 * 0.97 ) * 1000 Wh/sq.m/day 

where 0.97 represents the factor for optimum power deviations. 
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Long-term Loss of Power Probabilities 

The critical run LOPP model estimates these from observed percentiles 
using, in this case, 10 years hourly solar radiation data for 
Pretoria-Forum weather station, converted to a tilt-plane of 30 
degrees, and processed to provide the cumulative frequency 
distributions for runs of days from 1 to N. 

The tables below show the minimum insolation requirements for 
sustained power to load, for the Borden method system sizing, and the 
corresponding relative frequency of POA insolation runs which are 
below this minimum requirement, derived from the data. 

Since shorter runs are subsumed under longer runs, the predicted loss 
of power level for this sizing is provided by the maximum observed 
relative· frequency of sub-minimal runs, ie. for the first case, using 
the model's battery capacity adjustment factor, the LOPP prediction is 
0.034, whl. le in the second case, where this factor is omitted, the 
prediction is 0.028. 

WITH BATTERY CORRECTION LOSS OF PCMER 
LEVELS 

Minimum Minimum Minimum 
Array Array POA Percentage of 

output Output Insolation Runs Below 
Required Required Required Required 

(Wh) (Wh/day) (Wh/sq.m/day) Insolation 
----------------~ 

Runlength: 1 0 0 0 0.0 % 
2 463 232 2256 1.4 % 
3 983 328 3194 2.8 % 
4 1503 376 3663 3.3 % 
5 2024 405 3945 3.4 % 
6 2544 424 4132 3.4 % 
7 3064. 438 4266 3.4 % 
8 3584 448 4367 3.4 % 
9 4105 456 4445 3.3 % 

10 4625 462 4508 3.2 % 
11 5145 468 4559 3.1 % 
12 5665 472 4601 2.9 % 
13 6186 476 4638 2.8 % 
14 6706 479 4668 2.6 % 
15 7226 482 4695 2.4 % 
16 7746 484 4719 2.2 % 

------ ---
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WITHOUT BATTERY CORRECTION LOSS OF POWER 
LEVELS 

Minimum Minimum Minimum 
Array Array POA Percentage of 

output Output Insolation . Runs Below 
Required Required Required Required 

(Wh) (Wh/day) (Wh/sq.rn/day) Insolation 
---------------------- -----

Runlength: 1 0 0 0 0.0 % 
2 364 182 1775 0.9 % 
3 884 295 2873 1.8 % 
4 1405 351 3423 2.4 % 
5 1925 385 3752 2.7 % 
6 2445 408 3972 2.7 % 
7 2965 424 4129 2.8 % 
8 3486 436 4247 2.8 % 
9 4006 445 4338 2.6 % 

10 4526 453 4411 2.7 % 
11 5046 459 4471 2.7 % 
12 5566 464 4521 2.4 % 
13 6087 468 4563 2.2 % 
14 6607 472 4600 2.0 % 
15 7127 475 4631 1.7 % 
16 7647 478 4659 1.5 % 

------ ------------
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Appendix Cl 

Program for calculating Insolation on a Tilted Plane, Using an 
Isotropic Trigonometric Method 

' ' ' 

10 CIS 
20 I..a;ATE 7 
30 PRINT SPC!(30) 11SJLAR TILT" 
40 PRINT SPC!(30) II II 

50 PRINI' :PRINI': FRINI': PROO 
60 PRINT 11 Program rncx3ules for estirra ting solar irradiation" 
70 PRINT 11

· received by a tilted surface, given insolation11 

80 PRINI' " &.ta for a horizontal surface" 
90 r.cx::ATE 20:PRINI' "Bill Cbvan, U.C.T.":PRINT 11M3.rch 1986" 
100 G:SUB 130:<DIO 190 
110 I 

120 I 

130 LOCATE 23,10 
140 PRINI' "Press any key to continue 
150 A$=INKEY$:IF A$="" THEN 150 
160 REI'URN 
170 I 

180 I 

190 CIS 
200 r.a:ATE 5 
210 PRINT II Access:" 

II 

220 PRINI': PRINI' II 

230 PRINT II 

240 PRINI' II 

Estirrate gld:al daily irradiation for tilted" 
plane fran daily means (or totals) of direct" 
and diffuse horizontal irradiation" 

250 PRINT II 

260 PRINI':PRINI' II 

270 PRINT II 

280 PRINT II 

l" 
Estirrate hourly or daily irradiation for " 

tilted plane using HOURLY insolation &.ta .for" 
direct and diffuse horizontal irradiation" 

290 PRINT II 

300 LOCATE 17 
310 PRINT II 

320 PRINT ." 
330 I..a;ATE 20 

Exit" 

340 INPUI' "Enter option nunber: 11 ,A 
350 IF A=8 THEN END 
360 I 

370 I 

380 'Defining functions and ·entering fixed far:ameters 
390 cr.s · · 

2" 

400 DEF FNAR<DS(X)=l.5708-A'lN(X/~(l-X*X)) 'arc cos, with X in radians 
410 PI=3.1416 
420 DEF FNRAD(X)=X/180*PI 'to convert degrees to radians 
430 IF N'.JI'FlRST THEN 490 
440 DlM RN(l) ,mN(l) 1TIME(l) ,H(l) ,RI'(l) ,DRT(l) ,GRT(l) ,Ct.MRI'(l) ,ctMIRT(l), 

ClMGRT(l) '(durmy arrays, so they can be ei::ased) 
450 DlM SIDRE(l2) I VF(l2) . 
460 N'.JI'FIRST=l 
470 I 

480 I 

Cl. l ' 
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490 PRINI':PRJNI':FRINI' "Please enter·the following fixed i:ararreters 
for the site:-" 

500 PRTI'Il':PR!NI':PRINI' 
510 PRINl' "The latitude, in degrees South (fQsitive for.the Southern" 
520 INPU1' "hemisphere):",LA.T 
530 LATR=FNRAD(LAT) 
540 PRINI':PRINI' "The effective reflectivity of the horizontal 

surface around the" 
550 INPur "tilted collector (as a decirral fraction):" ,RHO 
560 ON A OOSUB 600,880 
570 ooro 190 'return to rrain rrenu 
580 ' 
590 I 

600 REM SUBROUI'INE FCR DAILY-MEANS DATA 
610 <DSUB 4490 'to choose b:b.een daily means and daily totals 
620 CIS:I.O:ATE 5 
630 PRINr " Estirrating daily tilt-plane means fran daily horizontal means." 
640 PRINl':PRINr:PRINI':PRINT "You need to supply, for each day, 11 :PRINr:PRINI' 
650 PRINT SFC(l8) "-the daynunber (eg.Feb 15th--46)":PRINI' 
660 PRINr SFC(l8) "-the ":B$:" direct and diffuse radiation" 
670 PRINI' SFC(l8) " measured on a horizontal surface":PRINI':PRINl' 
680 PRINT"First, sp:cify the tilt angle/s of the tilted collector": 

. OOSUB 130 '~use 
690 OOSUB 2590 'Entering tilt angle/s 
700 CIS:I.O:ATE -10:PRJNI"'The data and results are not stored, in this rnOOule, so 
710 INPUT "do you ..ant a printed listing of data and results (Y/N) ":LPF$ 
720 IF LPF$="n" OR LPF$="N'' 'lHEN 760 
730 PRINl':PRINT 11PRJNI'ER READY? 11 

740 P$=INKEY$: IF P$=1111 'lHEN 740 EISE IF P$="n" OR P$="N" '!HEN LPF$="N" 
750 <nSUB 3170 1 print heading . 
760 CIS:PRINl' "DATA ENI'RY" :PRJNI' " ":PRJNI':PRINT 
770 INRJ.l' "03.ynunber: ",DN 
780 INPUI' "Direct: ",MFANRN 
790 INPUI' "Diffuse: ",MEANDRN 
800 IF LPF$=11y" OR LPF$= 11Y11 '!HEN <nSUB 3260 'print data 
810 CDSUB 2810 'calculations, and display results 
820 PRINI':PRINl':INPUI' "IX> you want to continue (Y/N)":C$ 
830 IF C$="n" OR C$= "N" THEN 850 
840 GJro 760 
850 RETURN . 
860 I 

870 I 

880 REM SUBROUI'INE FOR HOORLY IlmIATION DATA 
890 OOSUB 950 'for data entry or retrieval 
900 <DSUB 1760 'for calculations 
910 <n5UB 3430 'to display and print results 
920 RETURN 
930 I 

940 I 

950.REM SUBROUI'INE FCR ENI'RY OR REl'RIEVAL OF HOORLY Ilmr.ATION DATA 
960 cr.s 
970 PRINl' "DATA ENI'RY OR REIRIEVAL" 
980 PRINT "DJ you want to ••• " 
990 PRINI'." Enter a new set of readings (l)" 
1000 PROO' " Use a previously written d3.ta file (2)" 
1010 PRINT " Enter new data to a~nd to an existing file (3)" 
1020 PRINI':INPUI' "OPI'ION Nt:MBER:",OPl 
1030 ON OPl 0010 1050,1700,1100 
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1040 REM NEW DATA OPI'ION 
1050 PRINI':PRINI':PRINI' "Iata will be stored in a diskette data file." 
1060 PRINl':LlNE INPUl' "Provide a new file narne 

(in the form B: f ilenarne. DAT) 11
: DATAFILE$ 

1070 OPEN DATAFIIE$ FOR OOI'PUI' AS #1 
1080 QJIO lll0 
1090 REM APPEND NEW DATA 'IO EXISrIN3 DATA FILE option 
1100 PRINl':LlNE INPUT "Give narne of existing data file 

(in the form B:filenarne.Ol\.T): ":DATAFILE$:0PEN DATAFILE$ FOR APPEND AS #1 
lll0 CIS 
1120 PRINI' "Ehtering data for hourly readings, a day at a time:" 
1130 PRINI' II " 

1140 PRINI': PRINI': PRINl' 
1150 PRINI' "First, enter the day-nunber, then enter hourly readings for tlat" 
1160 PRINI' "d3.y (ie. the direct and diffuse radiation measurerrents for a " 
1170 PRINI' "h::>rizontal collector, in W3. tts per meter-squared)." 
1180 PRINI':PRINT "If measurerrents are not available for a 

given time of d3.y, enter" 
1190 PRINI' "zeros, and these will be treated as missing valu:s." 
1200 CDSUB 130 ' (fS.use) · 
1210 CIS:I.02ATE 5 
1220 INPUI' "Iaynunber11 ;DN:PRINI' 
1230 CDSUB 1570 'Returns the nunber of full daylight hours (Nlli'l'%), 

the nunber of p::>SSible readings taken on the h::>ur (NRE'AD) , 
the sunrise angle in radians (S) 

1240 REM HOURLY MEASUREMENI'S EN'I'RY 
1250 ERASE RN,DRN,TJME 'Arrays for direct and diffuse readings, horizontal 
1260 DIM RN(NRFAD) ,DRN(NREAD) ,TJME(NRFAD) 
1270 PRINI' / "DIRE~I"' , "DIFFUSE" 
1280 FOR HOUR = 0 'IO NREAD-1 
1290 TJME(HOUR)=l2-NIN1'%/2 + Ha.JR 
1300 PRINI' TIME(HOUR)"h00:": 
1310 PRINI' I ::INPUI':"" ,RN(HOUR) 
1320 PRINI' I ::INPUT'"' ,DRN(HOUR) 
1330 NExr HOUR 
1340 LOCATE 23, 15: PRINI' "WAIT" 
1350 REM WRITIN3 EACH DAY'S MEASUREMENI'S 'IO DISK FILE 
1360 PRINI' #1,DN;DECL;S;NREAD: 
1370 FOR HOUR = 0 'IO NREAD-1 
1380 PRINI' #1, TIME(HOOR) :RN(HOOR) :DRN(HOUR): 
1390 'Fonra t of data file: 

. 1400-' . DN: I:ay nurrber 
1410 ' DEx:::L: teclination angle on this day, in radians 
1420 ' S: SUnrise angle, in radians 
1430 '· NREAD: Nt.Inber of _possible on-the-h::>ur sets of readings 
1440 'and then NREAD times the following: 
1450 ' TJME: time of the readings (24h00 clcx::k) 
1460 ' RN: direct radiation on horizontal plane 
1470 ' DRN: diffuse radiation on horizontal plane 
1480 NEXT HOOR 
1490 LOCATE 23,lS:INPUI' "com'INUE (Y/N) ":C$ 
1500 IF C$="N" OR C$="n" THEN 1530 
1510 QJIO 1210 
1520 REM I.roP BACK FOR NEXT DAY'S READIN:iS 
1530 CICSE #l:OPEN DATAFILE$ FOR INR1I' AS #l:RETORN I for calculations 
1540 I 

1550 I 

1560 REM SUBROUI'INE FID1 DAYNOMBER, SEI'l'IN3 •• 
1570 'teclination of sun's plane, in radians 
1580.DECL=FNRAD(23.45)*SIN(FNRAD(360*(oo+l01)/365)) 
1590 'SUnrise angle·, in radians 
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1600 S=FNARCDS(-TAN(DOCL)*TAN(IATR)) 
1610 'Hours of light 
1620 N=24*S/PI 
1630 'Number of full clock hours in the day 
1640 NINI'%=2*INI'(N/2) 
1650 'Number of p::>ssible readings "en the hour" 
1660 NREAD=NINI'%+1 
1670 RErURN 
1680 I 

1690 I 

1700 REM FOR TAKJN:; DATA FR'.:>M AN EXISI'IN3 DATA FILE 
1710 PRINT:PRINI' 
1720 LINE INPU1' "Give name of data file (in the form B:filename.DAT)":DATAFILE$ 
1730 OPEN DATAFILE$ FOR INPUl' AS #l:REI'URN 
1740 I 

1750 1 

1760 REM PERFOFMIN3 CALCULATIONS m::M Fil..ED DATA, AND FILIN3 
'IRE RESULTS IN A RFSULTS FILE (Hourly data) 

1770 RFILE$="B:Results.dat" 'sets up default results file 
1780 CI.S 
1790 CDSUB 2590 'for entering tilt angle/s 
1800 CLS:INPUI' "D:i you v.ent to store your results in a 

st:Eciall y named file (Y/N)" :A$ 
1810 IF A$="N" OR A$= "n" THEN 1830 
1820 PRINT:LINE INPUr "Provide a new filename 

(in the form B:filenarne.DAT):" :RFILE$ 
1830 OPEN RFILE$ FOR cmFUI' AS #2 
1840 DlM ME'ANRI'(l) ,MEANDRT(l) ,MEAN3RT(l) ,'ICYl'RI'(l) ,'IOI'DRT(l) ,'KID'.:RI'(l) 'Dtmnies 
1850 REM READ INPUI' VARIABLES FRCM DATA FILE 
1860 IF EDF ( 1) THEN 2490 
1870 INEUl' #11 DN,DECL,S,NREAD 
1880 ClliRN=0:a.MmN=0:MISSIN3=0 
1890 ERASE TIME,RN,DRN,H 'erase and redimension arrays 
1900 DlM TIME(NREAD) ,RN(NREAD) ,DRN(NREAD) ,H(NREAD) 
1910 CLS 
1920 PRINI' "03.lculating for daynunl:Er ":DN 
1930 REM ***************************************************************** 
1940 ERASE RT,r:RT,GRT,ct.1'1RT,CTMI:RT,CTMOO' 'erase and dimensicn working arrays 
1950 DIM RT(NREAD,NI'ILT) ,IRT(NREAD,NI'ILT) ,GRT(NREAD,NI'ILT) ,CTMRT(Nl'ILT) I 

CTMIRT(NI'ILT) ,Ct.MGRT(NI'ILT) 
1960 FOR HOlR = 0 'IO NREAD-1 
1970 INPUl' #11 TIME(HOOR) ,RN(HOUR) ,DRN(HOOR) 
1980 H(HOUR.)=(12-TIME(HOUR))*PI/12 'gives the hour angle of the sun in radians 
1990 REM 
2000 T='IMIN 
2010 FCR TILT=l 'IO NI'ILT 
2020 TILTR=FNRAD(T) 'converts tilt angle to radians 
2030 REM 
2040 ' Direct radia ticn on tilted collector, at given hour and tilt angle: 
2050 I 

2060 RT(HOOR,TILT)=RN(HOUR)*(SIN(DEJ:L)*SIN(LATR-TILTR)+ 
. CDS(DECL)*CDS(IATR-TILTR)*ABS(CDS(H(HOUR))))/ 

(SIN(DECL)*SIN(LATR)+cas(DECL)*CDS(LATR)*ABS(CDS(H(HOOR)))) 
'2f!j/0 ' Diffuse radiation on tilted collector, at given hour and tilt angle: 
2080- 1 

2090 GRN=RN(HOUR)+DRN(HOUR) '(glol:e.l radiation on the horizontal plane) 
2100 DRT(HOUR, TILT)=. 5* ( 1 +cas (TILTR) )*DRN(HOUR )+. 5* ( 1-COS (TILTR) )*RHO*GRN 
2110 ' Total radiation on tilted collector, at given hour and tilt angle: 
2120-, 
2130 GRT(HOUR,TILT)=RT(HOUR,TILT)+ml'(HOUR,TILT) 
2140 REM Stoking accunulators: 
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2150 Ct11RI'(TILT)=Cl1'1RT(TILT)-+RI'(HOUR,TILT) 
2160 ClMIRT(TILT)=ClMI:'RT(TILT)+DRT(HCXJR,TILT) 
2170 Ct.MGRT(TILT)=CU1GRT(TILT)+GRI'(HOUR,TILT) 
2180 T=I'+IN: 
2190 NEXl' TILT 
2200 REM ************************************ 
2210 CU1RN=CU1RN+RN(HOUR) 'counting up for horizontal direct rrean 
2220 CUVJmN=Cl.MIRN+DRN(HCXJR) 'and diffuse mean 
2230 NEXl' Hex.JR 
2240 REM ********~******************************************************** 
2250 MISSIN3=0 

.... 2260 00.SUB 2520 'for missing ea ta treatment 
2270 I c:alCula ting means and totals for the ray 
2280-, . 

. 2290 ' (1) Horizontal measures: 
2300 M=NREAD-MISSIN3 ' (valid number of non-zero measurements) 

· .-2310 MEANRN=ClliRN/M:MEANmN=CtMmN/M:~( Ct.MmN-IClliRN) /M 
2320 rrorRN=MEANRN* (NREAD) :'IOI'DRN=MEANrnN* (NREAD) :~* (NREAD) 
2330 ' (these give approxirrate totals, leaving missing C!ata out of 
2340 _ ' means calculations) 
2350 ERASE MEANRT ,MEANDRT ,MEAN3RT I 'IOIRT I 'IOTI:RT I 'IDl'GRT 
2360 DIM MEANRT(NI'ILT) ,MF.ANDRT(NI'ILT) ,MEAN3RT(NI'ILT), 

TCYI'RT(NI'ILT) ,'IDTIRT(NI'ILT) I 'IOI'GRT(NI'ILT) 
2370 ' ( 2) Tilt calculations: 
2380 FOR TILT=l 'IO NI'ILT 
2390 MEANRT(TILT)=Cl1'1RT(TILT)/M 
2400 MEANDRT (TILT) =ClMIRT(TILT) /M 
2410 MF.Al'ml'(TILT)=CtMGRT(TILT)/M 
2420.'IOl'RI'(TILT)=MEANRT(TILT)*(NRE'.AD) 
2430 'lOlmT(TILT)=MEANOO.T(TILT)*(NREAD) 
2440 'IOJ.mT (TILT )=MEAN3RT (TILT)* (NREAD) 
2450 NExr TILT 
2460 I 

2470 <DSUB 3340 'Write ray's results to results file 
2480 roro 1860 'next cay 
2490 CLOSE #l:CLCSE #2: RETURN '(if end of C!ata) 
2500 I 

2510 I 

2520 REM SUbroutine for missing values 
2530 FOR HOUR = 0 'IO NRFAD-1 
2540 IF RN(HOUR)=0 THEN MISSIN3=MISSIN3+1 
2550 NEXl' 
2560 RETURN 
2570 I 

2580. I 

2590 CIS: ' Subroutine for entering tilt angle/s 
2600 PRINT "ENI'ERIN3 '!HE AN3LE/S OF TILT for the TILTED CDI:llX:'IDR11 

2610 PR.rnr " ••••••••••••••••••••••••••••• ·• •••••••••••••••••••••••••• " 
2620 PRINI':PRINI' 11 Do you wmt calculations for 11 :PRINI' 
2630 PRINI' " ·A single tilt angle ( 1) 11 

2640 PRINT " A range of tilt angles (2)" 
2650 PRINI':INPUI' "Ehter option: 11 ,0PI'ILT 
2660 PRINI':PRINI':PRINI' "Enter the angle/s in degrees fran 

the horizontal, p:>sitive for" 
2670 PRINT 11a l'brtffi..ards tilt (in the Southern hemisphere)":FRINI':PRINI' 
2680 ON OPI'ILT roIO 2690,2730 
2690 PRINI': INPUT "TILT AN3LE" ;TANG 
2700 'Il'1IN=I'AN::;: IN')::0 

2710 NI'ILT=l 
Z720· RETURN 
2730 PRINI':INPUI' "Enter minirnun tilt angle:" ,'Il'1IN 
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2740 INPtJr "Enter rraxirnun tilt angle:", ™AX 
2750 PRINI':PRINI' "With what size ste_ps inl:eh.een?" 
2760 INPUT" Size of increments, in degrees:",INC 
2770 NI'ILT=INI'( ('IMAX-'IMIN)/INC)+l 
2780 RETURN 
2790 I 

2800 I 

2810-REN SUBRCXJI'INE FCR CALCUIATIN3 FID1 DAILY ME.ANS (OR 'lUl'AIS) 
2820 PRINI':PRINT"TILT-AN3LE" ,B$;" DIRECT" ,B$;" DIFFUSE" ,B$;" GLOBM." 
2?30 IF LPF$="N" OR LPF$="n" 'IHEN 2850 
2840 LPRINT "TILT-ANSLE" I B$; II DIRECT" I B$; " DIFFUSE" I B$; II GLOBM." 
2850 <nSUB 1560 _'to get sun's declination and hours in the day 
2860 T='lMIN 
2870 FCR TILT=l 'IO NI'ILT 
2880 TILTR=FNRAD(T) 
2890 CDSACDUN1'=0:CDS~:ME'ANRI'=0:MEJ\Nrn.T=0:~ 
2900 ERASE H,TIME:DIM H(NREAD) ,TIME(NREAD) 
2910 Fm HOUR=0 'IO NREAD-1 
2920 'Mean direct radiation on tilted plane, sunming cosine ra tics, ~ighted by 
2930 'the radiation-loss factor, estirrated hourly. 
2940 TIME(HCXJR)=l2-NlNI'%/2+HCXJR 
2950 H(HOOR)=(12-'l'IME(HOUR))*PI/12 'gives hour angle of sun, in radians 
2960 CDSALPHA=SIN(DOCL) *SIN ( LATR)+cns (oo:L) *CDS ( LATR) *CDS (H (HOUR) ) 
2970 ALPHA=FNARCXlS(CDSALPHA) 
2980 CXlSBEl'A=SIN(DECL)*SIN(LATR-TILTR)+cns(DECL)*CDS(LATR-TILTR)*CDS(H(HCXJR)) 
2990 R=(Lm(91-ALPHA*l80/PI))/4.5 'radiation loss factor at this hour angle 
3000 CDSAOJUNI'=CDSACXXJNI'-+R*CDSAI.ffiA 1 SUrrming the ~ighted cosine ratios 
3010 CDSa::nuNI'=COSBCXXJNT-+R*CDSBEI'A 
3020 Nfilcr' HOOR 
3030 ME'ANRT=ME'.ANR*CDSB'.XXJNI'/CDSACXXJNI' 
3040 'Mean diffuse radiation on tilted plane 
3050-MFAN3RN=MEANRNiMFANDRN 
3060 MF.ANIRT = .5*(1-troS(TILTR) ):*MEANDRN+.5*(1-COS(TILTR) )*RID*MEAN:;RN 
3070 'M:a.n glotal radiation on tilted plane: 
3080-~RT 

3090 PRINT T,.MEANRT,MEANIRT,~ 
3100 IF LPF$="n" OR LPF$="N" 'IHEN 3120 
3110 LPRINT T ,.MEANRT ,.MEANDRT ,~ 
3120 T=I'+INC 
3130 NEXT TILT 
3140 RETURN 
3150 ' 
3160 I 

3170 1SUbroutine for printer heading (d3.ily means data) 
3180 LPRINT "DAILY ";B$;"S, HORIZONrAL AND TILTED SURFACES"· 
3190 LPRINT II II 

3200 LPRINI':LPRINT "Latitude of site: ";IAT; " degrees S." 
32i0 LPRINI' "SUrface reflectivity: ";RHO 
3220 LPRINT II 

3230 LPRINT:RETURN----------------

3240 I 

3250 I 

3260 'subroutine for printing &ta (d3.ily means/totals) 
3270 LPRINT:LPRINT "Laynunl:er ";DN 

II 

3280 LPRINT:Ll?RINI' "IDRIZCNI'AL DATA: ";B$;" DIRECI' ";MEANRN;" 
II ;B$; II DIFFUSE "; .MEANDRN; " " ;B$; " GLOBM. II ;MEANRN-+ME'ANOR 

3290 Ll?RINI' "TILT CALCULATIONS:" 
3300 RETURN 
3310 ' 
3320 ' 
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3330 ' Subroutine for filing calculated results fran hourly calculations 
. (output file is already op:n as #2) 

3340 PRINI' #2,00;MFANRN;'.IOI'RN;MEANDRN;'IOI'mN;MEANGRN;'IOI'GRN;NI'ILT; 
3350 T=!IMIN 
3360 FOR TILT = 1 'IO NI'ILT 
3370 PRINI' #2,T;MEANRI'(TILT) ;'IOI'RI'(TILT) ;MEANDRT(TILT); 

3380 T=r+m: 
3390 NEXT TILT 

'IDI'ffiT (TILT) ;MEANGRT (TILT) ;'IOIGRT (TILT) ; 

3400 RETURN 
3410 1 

3420 I 

3430 'Subroutine for reading results file and displaying/printing results 
3440 OOSUB 4190 'select print/display options 
3450 OPEN RFILE$ FOR INPt1l' AS #2:CLS 
3460 IF P THEN PRINI' "ESTIMATIOOS AT LATITUDE ";I.AT;" degrees S.":PRINI' "(with 

surface reflectivity ";RHJ;")":PRINI' 
3470 IF L THEN LPRINI' "EST+MATIONS AT LATI'IUDE ";I.AT;" 

degrees S.":LPRINT "(with 
surface reflectivity 11 ;RH0;11)":IPRINI' 

3480 ' read fran results file DN,MEANRN,'IUI'RN,MEANmN, 
'I\'.JI'OON I MEAN3RN, 'IOIGRN, NI'ILT 

3490 IF EOF(2) THEN CWSE #2:REI'URN 
3500 INPUI' #2,DN 
3510 FOR V=l 'IO 6:INPUI' #2,SIORE(V):NEXT 
3520 INFUl' #2,NI'ILT . 
3530 IF p THEN PRINI' ".taynumrer: ";DN 
3540 IF L THEN LPRINT 11.caynunber: 11 ;00 
3550 OOSUB 3790 ' headings for horizontal variables 
3560 EOR V=l 'IO 6 
3570 IF VF(V)=0 THEN 3600 
3580 IF p THEN PRINr S'IORE(V) I 

3590 IF L THEN LPRINI' SIORE(V) I 

3600 NEXT V 
3610 PRINI': IF L THEN LPRINI' 

. 'Printing the selected horizontal 
1 variables · 

3620 <DSUB 3980 'headings for tilt variables 
3630 FOR TILT = 1 'IO NI'ILT 
3640 INFUl' #2,T 
3650 IF L THEN LPRINI' T, 
3660.IF P THEN PRINr T, 
3670 FOR V=7 'IO 12 
3680 INrur #2, S!rnE(V) 
3690 IF VF(V)=0 THEN 3720 
3700 IF p THEN PRINT SIDRE(V) I 

3710 IF L THEN LPRINl' SIORE(V) I 

3720 NEXT V 
3730 PRINI':IF L 'IHEN LPRINI' 
3740 NEXT TILT 
3750 IF P THEN 00StJB 130:CLS 'p:mse 
3760 0010 3490 . '(till end of results file) 
3770 I 

3780 I 

3790 '· Subroutine for printing headings, hourly data, horizontal variables 
3800 IF L THEN LPRINT 11IDRIZONI'AL MEASUREMENI'S" 
3810 IF VF( 1) AND L THEN LPRINI' "MeanDir", 
3820 IF VF( 2) AND L THEN LPRINT 11'lb'l'Dir11

, 

3830 IF VF(3) AND L THEN LPRINl' 11.MeanDif", 
3840 IF VF( 4) AND L THEN LPRINT 11'IbtDifli I 
3850 IF VF(5) AND L THEN LPRINI' 11M:anGlo011 

I 

3860 IF VF ( 6) AND L THEN LPRINT "'IbtGlobl It I 
3870 IF P THEN PRINr 11HORIZCNI'AL MEASUREMENI'S" 
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3880 IF VF(l) AND P THEN PRINT "MeanDir", 
3890 IF VF(2) AND P THEN PROO' '"IbTDir", 
3900 IF VF(3) AND p THEN PRINT "M:::anDif" I 
3910 IF VF(4} AND p THEN PRThTI' '"IbtDif" I 
3920 IF VF(5) AND p THEN PRINT "M:anGlob" I 
3930 IF VF(6) AND p THEN PROO' '"IbtGl.obl" I 
3940 PRlNT:IF L 'IHEN LPRlNT 
3950 REI'URN 
3960 I 

3970 I 

3980 ' Subroutine for printing he:idings, hourly data, tilt \lariables 
3990 IF P THEN PRINT "TIT..T ESTIMATICNS" 
4000 PROO' "Tilt" I 
4010 IF VF(7) AND P THEN PROO "MeanD:i.r", 
4020 IF VF(8) AND P THEN PRINT "ToTDir", 
4030 IF VF(9) AND p THEN PRINI' "MeanDif" I 
4040 IF VF(l0) AND P THEN PRINT "TotDif", 
4050 IF VF(ll) AND p THEN PRINI' · "M:::anGlob" I 

4050 IF VF(l2) AND P THEN PRINT "TotGlobl", 
4070 IF L THEN LPRINI' "TILT ESTIMATIONS" 
4080 IF L THEN LPRINT "Tilt" I 
4090 IF VF(7) AND L THEN LPRlNT "MeanDir", 

.4100 IF VF(8) AND L 'IHEN LPRINT "ToTDir", 
4110 IF VF(9) AND L THEN LPRINl' "MeanDif", 
4120 IF VF(l0) AND L THEN LPRINT "TotDif" 1 

4130 IF VF(ll) AND L 'THEN LPR1NI' "M:!anGlob" I 

4140 IF VF(l2) AND L THEN LPRINT "TotGlobl" I 
4150 PRINI':IF L THEN LPRINr 
4160 RETURN 
4170 I 

4180 I 

4190 CIS:I:CCATE 10 
4200 PRINl' ti PRINI'IN3 

AND/OR DISPIAYit'l3 RESULTS": PR1NI': PRINl': ERINl' 
4210 INPUI' "D:> you \.ant a.print.ea listing of results (Y/N)":LF$:PRINI' 
4220 INPUI' "Do you \.ant results diplayed on the screen (Y/N) ":PF$ 
4230 CIS:IF LF$="Y" CR LF$="y" '!HEN L=l EISE L=0 . 
4240 IF PF$="Y" OR PF$="y" THEN P=l EI.SE P=0 
4250 PRINl' "SEUr.r THE VARIABLES YOU WANI' DISPLAYED/PRINl'ED FCR EACH DAY'' 
4260 PRINT "Ehter Y for inclusion, and N (or <REI'ORN>) for exclusion" 
4270 I:CCATE 5:FRINI' "HJRIZONI'AL INSOLA.TICN:" 
4280 LOCATE 5,30:PRINT "TIT..T IlmLATICN:": 
4290 DIM X$(2) ,Y$(3) . 
4300 X$(l)="Mean ":X$(2)="Total II 

4310 Y$(l)="direct":Y$(2)="diffuse":Y$(3)="global" 
4320 LOCATE 7 
4330 FOR I=l 'IO 3:FOR J=l 'IO 2 
4340 PRINT X$(J)+Y$(I) TAB(30) X$(J)+Y$(I) 
4350 NEXT J:NEXT I 
4360 SET=0 
4370 ROW=7:CDL=l5:V=l 
4380 FOR I= 0 'IO l:FOR J=l 'IO 6 
4390 LO:ATE RCM,CDL 
4400 INPUI' IN:WDE$ 
4410 IF JN:LUDE$= "y" CR m:LUDE$="Y" 'lHEN VF(V)=l EISE VF(V)=0 
4420 V=V+ 1:RCliV=RCW+1 . 
4430 NEXI' J:Jnr-7:CDL=45:NEXI' I 
4440 IF P=0 THEN 4480 
4450 w:ATE 22 
4460 PRTh"I': PRINT "PRINI'ER READY?" 
4470 P$=INKEY$:IF P$='"' THEN 4470 EISE IF P$="n" OR P$="N'' 'IEEN P=0 
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4480 RETORN 
4490 I 

4500 I 

4510 'Subroutine for choosing daily rreans or caily totals 
4520 '('Ihe ~lculations are the same, cnly the headings are changed) 
4530-CIS:I..OCATE 5:PRINI' "Do you ...ant to use":PRIN.r 
4540 PRINI' SPC(l0) "Iaily means (l)":PRINI' SPC(7) "or" 
4550 PRINI' SPC ( 10) "Iail y totals ( 2) ": PRlNI' 
4560 INPt1I' "Ehter option: ",CTvl 
4570 IF Qvl=l THlli B$=".MEAN" Er.SE IF Qvl=2 THEN B$="'IOI'AL" Er.SE 00I0 4530 
4580 RETI'URN 
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Appendix C2 

~ogram. for calculating Tilt Plane Insola tion, Using the Perez 
Am.sotropic Approach for the Diffuse Component. Code Adapted from 

PVFORM (Menicucci and Fernandez, 1985). 

10 REM 
20 REM 
30 REM 

TILT PLANE INSOIATION USIN3 PEREZ MODEL 
FOR DIFFUSE C01FCMN.r / FOIUWING PVFORM CODE 

40 REM Bill C.ov.an, 12.87 
50 REM 
60 REM 
70 REM 

For original program annotation refer PVFCR'-1, 
subroutines INSOL and DIFSE. 

80 REM ~--....---------------....-~--....---~~--....-----......,,_ 
100 00.SUB 200 ' Initialise, dirrension, read parameter &.ta. 
120 OOSUB 400 ' Solicit user input 
130 IF MULTI THEN OOSUB 10e'OO 'Option for multiple &ta.sets 
140 REM Loop through -available &ta (t:er d3.y * 24 hours) 
150 OPEN DI'A$ FOR INFUr AS 1 
155 OPEN otJrPI'$ f(R OUl'PUI' AS 2 
160 WHILE NJl' IDF(l) 
170 OOSUB 600 ' Read one d3.y' s &.ta 
180 OOSUB 1100' Perform calculations 
190 OOSUB 3e'OO ' a.rtput results 
195 WEND 
196 CIDSE 1,2 
197 IF MULTI THEN roIO 130 'Loop tack if multiple d3.tasets requested 
198 END 
199 REM ~--....-------------------------~~-----------~ 
200 REM SUbroutine fran 200, to define functions 
210 REM ~--....-------~----------------------------~ 
215 PI=3.141593 
220 DEF FNASIN(X)=ATN(X/S('R(l-X*X)) 'where x in radians: ARC SINE 
230 DEF FNACX>S(X)=PI/2-ATN(X/~(1-x*x)) ' : ARC ens 
240 REM 
250 REM Dimension arrays 
255 DIM IJI'A$(1) 1aJI'PI'$(1) '(Dwmy arrays for filename specs) 
260 DIM HOR(24) ,HrnDES(24) ,DIRNRM(24) ,ITILT(24) ,F(618) 
261 REM 
262 REM 
263 REM 
264 REM 
265 REM 
266 REM 
267 REM 

HOR 
HCRDFS 
DIRNRM 
ITILT 
F 

Global insolation on horizontal 
Diffuse insolation on horizontal 
Direct norrral insolation 
calculated Plane of Array insolation 
rata for Perez mcdel parameters 

270 REM Read &ta for Perez pararreters: 
271 FOR J=l TO 8 
272 FOR I=l 'ID 6 
273 READ F(I,J) 
274 NEXI' I 
275 NE)ff' J 

W/sq.m 
W/sq.m 
W/sq.m 
W/sq.m 

276 DATA -0.011, 0.748, -0.080, -0.048, 0.073, -0.024, -0.038, 1.115 
277 DATA -0.109, -0.023, 0.106, -0.037, 0.1661 0.909, -0.179, 0.062 
278 DATA -0.021, -0.050, 0.419, 0.646, -0.262, 0.140., -0.167 I -0.042 
279 DATA 0.710, 0.025, -0.290, 0.243, -0.5111 -0.004, 0.857, -0.370 
280 DATA -0.279, 0.267, -0.792, 0.076, 0.734, -0.073, -0.228, 0.231 
281 DATA -1.180, 0.199, 0.421, -0.661, 0.097, 0.119, -2.125, 0.446 
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282 REM 
300 RETURN 

400 REM ----------~--------~--~ 
401 REM Subroutine fran 120, to solicit user inputs 
402 REM ----------------------~ 
403 REM 
410 CIS 
415 PRINT "PLANE OF ARRAY INSOLATION, Fro-1 HCORLY WEATHER REO'.)E,00" 
416 PRINT 

417 PRINT "h:Bptea fran PY.FORM Ver 3.2 by ravid Menicu:::ci and James 
418 PRINT "Fernand:z of Sandia labs, USA.. Employs the Perez model for" 
419 PRINT "calculating diffuse insolation canµ:>nent on tilted plane. 
420 PRINT "This model contains errpirical i;:arameters (\arning) and 
421 PRINT "is intended to improve on isanorphic models of diffuse 
422 PRINT "radiation. 
423 PRINT 
424 PRINT "The origiral PVFORM code requires as input Direct N::>rrcal Insolation 
425 PRINT "and Glol:::al Horizontal Insolation (hourly records) 
427 PRINT 
428 PRINT "'Ihis ad3.ptation requires as m:inimun inp.it d3.ta: 
429 PRINT " Julian d3.te of hourly records 
430 PRINT " Hourly glol:::al horizontal insolation (W/sq.m) 
431 PRINT " Hourly diffuse insolation on horizontal (W/sq.m) 
432 PRINT "(3 vall..'es fer record and exactly 24 hourly records fer d3.y) 
434 PRINT 
435 PRINT "O..rtput to file are 
436 PRINT " Julian d3. te Hour [option] 
437 PRINT II calculated Plane of Array insola tion I 

for given location and tilt. 
438 PRINT 
439 rosuB 9000 'continue? 
440 CIS 
441 PRINT "h:Bptation by Bill OJv.an" :PRINI' "D:i;:artment of Sociology" 
442 PRINT "University of <:afe 'lbwn 
443 PRINT "D:c 1987 
444 FOR I=l 'IO 2700:NEXI' 
445 CIS 
446 PRINT"Run once [l] Run for multiple d3.ta sets [2] Exit [9]":FRINT 
447 INPUI' "ENIER OPI'ION NU1BER: ",OFM 
448 IF OFM=9 THEN END 
449 IF OFM=2 THEN MOLTI=l:REWRN 
450 CIS:ffiINT "Sp:cify file containing inp.it data 
452 PRINT II (eg. B:INSOr.85-87) 
453 PRINT 
454 LINE INPUI' DTA$ 
455 PRINI':FRINI' "Specify file for output 
457 PRINT "(eg. B:IDA) 
458 PRINT 
459 LINE INPUI' OUI'Pl'$ 
460 FOR I=l 'IO 500:NIDcr':CIS · '- - - Also sub-entry point fran 10045 - - -
461 PRINT "USER INPUl'S" :PRrNr 
462 PRINT "Ehter the following: 
463 PRINT " LATITUDE (negative for southern hemisphere) 
464 PRINT " Til..T OF ARRAY (degrees from horizontal) 
465 PRINT " AZIMUI'H OF ARRP:Y (degrees W of North for S. hemisphere) 
466 PRINT " REFLEX:!'I'IVITY OF SURROUNDS (eg 0.3 for grass) 
467 PRINT 
468 INPUI' "Ia ti tude: II I TLAT 
469 INPUI' "Tilt: "I TILT 
470 INPUI' "Azimuth: ", TAZM 
471 INPUT "Reflectivity ", REFL 
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472 PRINT:PRINT "vrat output do you v.ant?" 
473 PRINr:PRINr " Hourly roA insolation [l]" 
474 PRINT " I:aily totals for roA [2]" 
475 PRINT:INPUI' "Ehter option:",ClJI'PUl'FIAG 
476 IF OUI'PUI'FIAG> 2 OR aJl'PUI'FLA.G<l THEN 472 
490 PRINI': PRINr: <D5UB 9000 
491 REM 
492 TILT=TILT*.017453 'convert tilt angle to radians 
493 REM 
495 RE'IURN 

600REM ---~------------------~ 
610 REM Subroutine fran 170 to read one cay's d:lta fran cata file 

620 REM .-----~-----------~------------------~ 
630 FOR I=l 'lO 24 
635 IF EDF ( 1) THEN REIURN 
636 Ra-l ******************************************************* 
640 INPU.I'# l,YEAR, JLDATE,HOUR, GLOEAL.IDRZ.INSOLA.TION, 

DIFFUSE.IDRZ.INSOIATICN,ZZ 'The last is a dumny 
645 REM ************Change to suit input cata****************** 
650 HOR(I) = GIDBAL.OORZ.INSOIATION 
660 HORDFS(I) = DIF'FUSE.HORZ.INSOLATION 
665 NE}IT 
670 REM 
680 REM Assumed: d:lta file has these variables and 24 reds/cay 
690 RETURN 
700 REM 
1100 REM ---------------------
1110 REM Subroutine fran 180, INSJL + DFSE calcula ticns 

1120 REM ------~----------------
1130 D'IOR=. 0174533 'degrees to tadians 
1140 REM 
1150 FCR I=l 'IO 24 
1160 IF OOR(I) > 0 THEN 1180 
1170 ITILT(I)=0:G:JIO 2245 
1175 REM 
1180 REM Hour angle and declination 
1185 REM 
1190 SOL'IME=I-.5 
1200 IF SOL'IME <= 12 THEN HOURAN=(l2-SOL'IME)*l5 ELSE HOURAN=-(SOL'IME-12)*15 
1210 ARG=.39795*CDS(UIOR*.98563*(JLDATE-173)) 
1220 DEC=FNASIN(ARG) 
1230 HOURAN=HOURAN*DIOR 
1235 REM 
1240 REM Elevation of sun 
1250 REM 
1260 ARG=COS (TLAT*DIOR) *CDS (DEC )*CDS (HOURAN )+SIN (TLAT*D'lOR) *SIN (DB:) 
1270 IF ARG > 1 THEN ARG=l ELSE IF ARG < -1 THEN ARG = -1 
1275 REM 
1280 ELV=FNASIN(ARG) 'Sun's elevation 
1285 REM 
1290 REM Sun's azimuth 
1300 REM 
1310 ARG=COS(DEC)*SIN(HOURAN)/CDS(ELV) 
1320 IF ARG > 1 THEN ARG=l ELSE IF ARG < ... 1 THEN ARG=-1 
1330 AZTEMP=FNASIN(ARG) 
1340 IF CDS(HOURAN) > TAN(DEC)/TAN(TIAT*UIOR) THEN AZM=AZTEMP:CDID 1420 
1345 IF CDS(HOURAN)=TAN(DEC)/TAN(TIAT*D'IOR) THEN 1400 
1346 REM cos ( houran) <tan (etc. ) 
1350 IF AZTEMP < 0 THEN AZM=-PI-AZTEMP ELSE AZM=PI- AZTEMP:CDID 1420 
1400 IF HaJRAN < 0 THEN AZM=-:PI/2 ELSE AZM=PI/2 
1420 REM 
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1430 CST=0 
1440 IXM=0 
1450 DH=0 
1460 ~IN(ELV) 
1470 CE=CDS(ELV) 
1480 SA= SIN(AZM) 
1490 CA=COS(AZM) 
1500 SB=SIN(TILT) 
1510 CB=CDS(TILT) 
1520 Tl'=PI/2-ELV 
1530 Cl'=COS(Tr) 
1531 'REM 
1532 REM *************************************** 
1533 REM 
1534 REM 
1535 REM 
1536 REM 

Here is a p:itch, changing PVFORM code to allow for 
different inp..lt &ta, ie. for Glol::al and Diffuse Insolation 
on horizontal rather tlan Direct No:mal and Glol:el Horizontal 

1537 DH=HORDFS(I) 'fran &ta inp..lt D!FFlEE ON HORIZCNI'AL 
1538 REM Origiral: DH=IDR(I)•(SE*DIRNRM(I)) 
1539 REM 
1540 IF SE < .01 THEN DIRNRM(I)=0:QJID 1544 
1541 REM 'Ib avoid zero di vision or inaccuracy below: 
1542 HORDIRECr=HCR(I)-DH 
1543 D!RNRM(I)=HrnDIRECT'/SE 'dividing by sine of the elevation 
1544 REM *************************************** 
1545 REM . 

1550 DIR=DIRNRM(I)*3.6 
1560 REM Convert va tts to kJ/h for next mcdel 
1570 DH=OH*3.6 
1580 REM 
1590 REM 
1600 REM 

Going into Perez model for fixed tilt array 

1610 AAT=(SB*CE*CDS(AZM-TAZM*OIOR)+cB*SE) 'Cosine of incidence angle 
1620 CST--AAT 
1630 TA=FNA<D.5(CST) 
1640 S=TILT 

'Incidence angle 
'Tilt angle 

1650 REM 
1660 REM 
1670 REM 
1680 REM 
1690 REM 
1700 REM 
1710 REM 
1720 REM 
1730 REM 
1740 REM 
1750 REM 
1760 REM 
1770 REM 

DH diffuse on horizontal (kJ/hr) 
DIR direct no:mal radiation 
·T solar zenith angle 
TA solar incidence on tilting plane (KJ/hr) 
IXM calculated diffuse on tilted plane 
s slop: angle 
CST cosine(TA) 
CI' cos(T) 
F(6,8) &ta natrix for Perez paz:a.neters 
F(LY,1)-f (LY,3)= Parameter Fl ) 
F(LY,4)-f(LY16)= Paz:a.neter F2 )[doesn't fit later eqis] 

1780 REM Paz:a.neters EPSILCN and DELTA: 
1785 IF DH<=0 THEN DH=l 'avoid division by zero fran &ta inaccuracies 
1790 EPSl;,,,(DIR+DH)/DH 
1800 CSS::(I)S(S) . 
1810 DELTA=(DH/CI')/4921 
1820 REM 
1830 ALP=25*PI/180 ' half angle of circumsolar region 
1840 REM 
1850 IF EPSl <= 1.056 THEN LY=l: QJID 1950 
1860 IF EPSl < 1.253 THEN LY=2: QJID 1950 
1870 IF EPSl <l.586 THEN LY=3:<DID 1950 
1880 IF EPSl < 2.134 THEN LY=4:QJID 1950 
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1890 IF EPSl < 3.23 THEN LY=5:QJIO 1950 
1900 IF EPSl < 5.98 THEN LY=6:QJIO 1950 
1910 IF EPSl < 10.08 THEN LY=7:QJIO 1950 
1940 LY=8 
1950 Fl=F(l,LY)+F(2,LY)*DELTA+F(3,LY)*T 
1960 F2=F(4,LY)+F(5,LY)*DELTA+F(6,LY)*T 
1970 REM 
1980 SAL=2*(1-COS(ALP)) 
1990 TB=PI/2-ALP 
2000 TC=PI/2+ALP 
2010 CS=(l+css)/2 
2020 REM 
2030 IF T <= TB THEN XH=CT:YH=l:GJIO 2060 
2040 YH=(PI/2-T+ALP)/(2*ALP) 
2050 XH=YH*SIN(YH*ALP) 
2060 REM 
2070 IF TA <= TB THEN XC=YH*CSI':GJIO 2100 
2080 IF TA<=I'C THEN YC=(PI/2-TA+ALP)/(2*ALP):XC=YH*YC*SIN(YC*ALP):QJIO 2100 
2030 XC=0 
2100 REM 
2110 AA=SAL*XC 
2120 CC=SAL*XH 
2130 IXM=DH*(CS*(l-Fl)+Fl*(AA/CC)+F2*SIN(S)) 
2140 REM 
2150 REM Ehd of Ferez m:iiel for diffuse ccmponent 
2160 REM 
2170 IXM=D::M/3.6 'Convert back to ~atts 
2180 REM 
2190 DIRFOR=CST*DIRNRM(I) 
2200 IF DIRFOR < 0 THEN DIRFOR=0 ' Check for sun behind collector 
2210 REM 
2220 REFI..01=.5*(1-cas(TILT) )*REFL*HOR(I) _' Reflected cc.mp:ment 
2230 REM 
2240 ITILT(I)=DIRFOR-HXM-+REFI..01 
2245 NEXT I 
2250 RETORN 
2260 REM 
3000 REM --~~~~~---.~~~~~~~~~~~~~~ 
3010 REM SUbroutines fran 190, to write results to file 
3020REM ~~~~~~~~~~~~~~---~~~~~~ 
3025 ON CXJI'PUrFIAG GJIO 3040, 3110 
3026 REM 
3030 REM Hourly data option 
3035 REM 
3040 PRINT,PRINT 11r:ay no. 11 JLDATE 
3050 FOR I=l TO 24 
3055 PRINT I: 
3060 PRINT# 2, JLDATE, I, ITILT{I) 
3070 NEXT 
3080 RETORN 
3090 REM 
3100 REM I:aily totals option 
3105 REM 
3110 DAY'IOI'=0 
3120 FOR I=l 'IO 24 
3130 DAYIDI'=DAYIOI'+ITILT(I) 
3140 NEXT I 
3150 PRINT "I:ay No. II JLDATE,DAY'IOI' 
3160 PRINT# 2, JLDATE,DAY'IOI' 
3170 RETORN 
8990REM ~---~~~--~~~~~~~~---~~~~~~~ 
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8991 REM Screen })'2use . 
8992 REM ~~~~~~~~~~~~~~~~~~~~~~~ 
9000 PRINT " 
9005 Z$=INKEY$ 
9010 WHILE Z$="" 
9020 roro 9005 
9030 WEND 
9040 RETORN 

Press any key to continua 

9050 REM ~~~~~~~~~~~~~~~~~~~~~~~ 
10000 REM ~~~~~~~~~~~~~----~~~~~~~~-
10010 REM Subroutine fran 130, to name and later read rnul tiple files 
10020 REM ~~~~--~~~~~~--~~~~--~~~~~~-
10030 PASSES=PASSES+l 
10040 IF PASSES>l THEN 10270 'Qnit following, except on first entry. 
10045 OOSUB 460 ' Nips off last })'2rt of Sub 400 for user pararreters 
10050 CIS:PRINI' "Ehter names of files for input and output. 
10060 PRINT "SUitable input fonrat is assured. If in dot:bt check Line 640 
10070 PRINI' "in program listing, and rncdify if necessary.": PRINl' 
10080 PRINT "First enter numl::er of datafiles to be processed as a batch:" 
10090 INPUI' "NFILES= II ,NFILES 
10100 ERASE Dl'A$,CUI'PI'$:DIM Dl'A$ (NFILES) ,OUI'Pl'$ (NFILES) 
10110 CIS:PRINI' "Please give a unique output file for each datafile to 
10120 PRINT "be processed." :PRINI' 
10130 FOR I=l 'IO NFILES 
10140 PRINT "~t "I 
10150 LINE INPUI' "Hourly data filename: 
10160 LINE INPUI' "output filename: · 
10170 NEXI' I 
10180 CLS 
10190 FOR I=l 'IO NFILES 
10200 PRINI' Dl'A$(I) ," II ,o:JI'Pl'$(I) 
10210 NEm' I 
10220 PRlNI':INPur "OK (Y/N) ":CN$ 

":IYrA$(I) 
II ;OUI'PI'$ (I ) 

10230 IF CN$ <> "Y" AND CN$ <> "y" 'IHEN 10050 'loop back for new entry 
10240 REM 
10250 REM 
10260 REM. 

Read filenames and OP=n files 

10270 IF PASSES>NFILES THEN END 'Last data file has been finished 
10280 Dl'A$=DI'A$ (PASSES) :aJI'Pl'$=UJI'Pl'$ (PASSES) 
10299 RETURN 
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Appendix C3 

Program for Screening and Reformatting Solar Radiation Data 
From South African Weather Bureau Tape. 

10 REM 
20 REM 
30 REM 
40 REM 
50 REM 
60 REM 
70 REM 
80 REM 
90 REM 
100 REM 
110 REM 
120 REM 
130 REM 
140 REM 
150 REM 
160 REM 
170 REM 
180 REM 
190 REM 
200 REM 
210 REM 
220 REM 
230 RE1'1 
240 REM 
250 REM 
260 REM 
299 REM 
300 REM 
310 REM 
320 REM 
390 REM 

Program to read chta fran S.A. Weather Bureau '!apes, 
transferred to FC disk, for GWBAL and DIFFUSE radiation 
recorded on a horizontal surface (hourly records). 

This data is recorded per year, per mmth, per hour, and 
then for each hour there are up to 31 values, for the cays 
of the month. 

This program outputs to FC file the following variables in 
their HOORLY sequence, with 24 records per day: 

YEAR 
JULIAN 
TIME 
GLOML 
DIFFUSE 

19XX 
xxx 
xx 
xxxx 
~ 

Juliar! date 
on 24 hr clock 
Mean W/sq.m per oour 
Mean W/sq.m per hour 

In ad::li tion, there can be added to these records an 
estirra ted prediction of PMBIENI' TEMPERATURE (for use in 
fl\! simulation models) , derived fran the data for 
glol:al radiation, and fran further required d3. ta for the 
average mean and rraximun temperatures for each rocnth at 
the location: giving 

PMBIENl' xx Degrees c. 

Bill Cbwm, D:p:1.rt:ment of Sociology, tcr 
D:c 1987 

400 CDSUB 1000 'User inplt, specify and open files. 
410 GJSUB 2000 ·,Dimension arrays and ini tia1ise 
415 REM -Loop through all SAWB data, check for rratching between 
416 REM file records and read into rronthly arrays 
417 WHILE IDr EDF ( 1) : WHILE IDr EDF ( 2) 
420 FDR HOUR=l 'ID 24 
430 GJSUB 8000 'Read data for this rnooth and hour, thru 24 hrs, into array 
435 NEXI' HOUR 
436 <DSUB 11010 'Check for error/missing codes and take awropriate 
437 REM steps 
440 IF AMBIENI'FLAG > 0 THEN GOSUB 9000 'Estirrate and add AMBIENl' 
450 GJSUB 10200 . 'Write hourly sequence to file 
460 IF JULIAN < 40 THEN <DSUB 12000 'Check in time whether a leap year 
570 WEND: PRINI': PRINI' "EDF on #2" :mo 
580 WEND: PRINI': PRINI' "EDF on #l":END 
700 REM 
1000 REM 
1500 REM 

SUbroutine: User specifications, fran 400 

1510 crs!PRINI' "SPECIFY FILE FDR GWBAL INSOIATION DATA" 
1520 PRINT "(eg. C:DIR. 70)" 
1530 INPUI' II " ,Fl$ 
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1540 PROO' 
1550 PRINl' "SffiCIFY FILE Fm DIFFUSE RADIATIOO DATA":PRmI' 
1560 INPUI' " ",F2$ 
1570 PROO' 
1580 PROO' "SPECIFY FILE FOR OUTFUI'":PRmI' 
1590 INPUT II ",F3$ 
1600 OPEN Fl$ FOR INPUI' AS 1 
1610 OPEN F2$ FDR INEUI' AS 2 
1620 OPEN F3$ Fm OUI'FUI' AS 3 
1999 RETURN . 
2000 REM 
2010 REM SUbroutine fran 410, to initialise and dimension arrays 
2020 REM 
2030 DIM GIDBAI..(31,24) 
2040 DIM DIFFU5E(31,24) 
2050 DIM AMBIENr(31,24) 
2055 DIM WRITEFIAG(l) ,REPS(l) 'Dt.mrry arrays for later dimensioning 
2060 DIM DAYSIN(l2) 'cays in month 
2070 DIM JULIANFIRST(l2) 'the Julian cay preceding each month 
2071 REM -
2072 REM Set n~r of days in each month of the year 
2073 REM 
2080 FDR MCNIH = 1 'IO 12 
2090 READ DAYSIN(MONL'H) 
2100 NExr MCNI.'H 
2110 DATA 31,28,31,30,31,30,31,31,30,31,30,31 
2111 REM 
2112 REM 
2113 REM 
2114 REM 
2120 J=0 

Set Julian cutpJints (adjustments made later for 
leap years, after reading YEAR value in data) · 

2130 FOR MCNI'H = l 'IO 12 
2140 JULIANFIRST(MCNIE) ::;J 
2150 J::;J-©AYSIN(M::NI'H) 
2160 NEXI' MONI'H 
2999 RETURN 
8000 RElvl 
8001 REM 
8010 REM 
8020 REM 
8030 REM 

SUbroutine from nnn to read cata fran two files, 
check record identifications for match, and read 
the <= 31 monthly values into arrays 

8040 LINE INPUI' #l,LINE1$ 
8050 LINE INEUI' #l,LINE2$ 
8060 LINE INPUI' #l,LINE3$ 
8070 LINE INPUI' #2 I LINE11$ 
8080 LINE INPUl' #2, LINE21$ 
8090 LINE INEUI' #2, LINE31$ 
8100 REM Check Station ID and Year and Month are the same 
8110 REM for each input record. 
8120 IF LEFT$(LINE1$,16) <> LEFT$(LINE11$ 116) THEN 13000 
8130 MONI'H=VAL(MID$(LINE1$,15,2)) 
8140 YEAR=VAL(MID$(LINE1$,ll,4)) 
8150 TIME=VAL(MID$(LINE1$,17,2)) 
8160 TIMEl=VAL(MID$ (LINE11$ I 17 I 2) ) 
8165 REM Check the hour-cede is ~tible 
8170 IF TIME+24 <> TIMEl THEN 13100 
8171 REM Check the data time = the output hour 
8172 IF TIME <> HOOR THEN 13200 
8180 REM Read lines 2 and 3 in fields 
8185 REM 
8190 REM Read second record 
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8200 FOR X=l 'IO 15 
8210 Sl'ARTFOS=6*X-5 
8220 DAY=X 
8230 GIDBAL(DAY,HXJR)=l0*VAL(MID$(LINE2$,Sl'ARTFOS1 6)) 
8240 DIFFUSE(DAY,H::XJR)=l0*VAL(MID$(LINE21$,STARTFOS,6)) 
8250 REM (The 1'10*" converts decaW3.tts to Watts/sq.m) 
8260 NEXI' X 
8270 REM Read third record 
8280 FOR X=l 'IO 16 -
8290 STARTFOS=6*X-5 
8300 DAY=lS+X 
8305 IF DAY>DAYSIN(M:Nl'H) THEN 8330 'Don't read if _past end of mcnth 
8310 GIDBAL(DAY,H'.XJR)=l0*VAL(MID$(LINE3$,Sl'ARTFOS,6)) 
8320 DIFFUSE(DAY1H'.XJR)=l0*VAL(MID$(LINE31$,Sl'ARTFOS,6)) 
8330 NEXI' X 
8350 REM 
8999 RETURN 
10000 REM 
10010 REM 
10020 REM 
10030 REI-1 

SUbroutine fran 450, writing data to file in hourly 
sequence 

10035 FOR DAY = 1 'IO 31 
10036 IF DAY > DAYS IN (f\mlli) THEN 10070 'Don' t write _past end of tla t men th 
10037 JULIAN=UULIANFIRSI'(MONI'H) + DAY 
10040 FOR HOOR=l 'IO 24 
10050 PRINI'# 3, USIN3 "####. ":YEAR, JULIAN, Hex.JR, GIDBAL(DAY,H:XJR), 

DIFFUSE (DAY I Ha.JR) ,AMBIENl' (DAY' IDUR) 
10060 NEXI' HOOR 
10065 PRINI' "Iay numl:er "JULIAN,YEAR 
10070 NEXI' DAY . . 
10080 RETURN 
11000 REM 
11010 REI-1 
11020 REM 
11030 REM 
11040 REM 
11050 REM 
11060 REM 
11070 REM 
11080 REM 
11090 REM 
11100 REM 
11110 REM 
11120 REM 
11130 REM 
11140 REM 

SUbroutine fran 4361 to tandle error cbdes in data 

In data, zero re-3.dings (night) are cod:d -7777 while 
error readings are coded -9999. These values becane 
-77770 and -99990 after "conversion" to W/sq.m 

The -77770's are now recod:d to zero. When -99990's 
are encountered, an atterrpt is made to interpolate 
replacement values. If this fails, the subroutine 
returns a WRITEFIAG set to skip writing of tlat day's 
data. The cunula ti ve total of days thus skipped is 
displayed on the screen, along with e-3.Ch day's tally 
for successfully inteq;olated datapoints. 

11142 ERASE WRITEFIAG,REPS 'Erase before redimensioning 
11145 DlM WRITEFIAG(31) ,REPS(31) •.set flags/counters to zero 
11160 FOR DAY=l 'IO DAYSIN(M:NIH): FCR HOOR=l 'IO 24 
11170 G=GLOBAL(DAY,H'.XJR): D=DIFFIBE(D.?1.Y,HOUR) 
11180 REM Test for -77770 
11190 IF G+77770!<1 THEN GIDBAL(DAY,H'.XJR)=0:GJIO 11580 'continue for diffuse 
11200 REM 'n:?st for -99990 
11210 IF NO'l'(G+99990!<1) THEN 11580 'continue for diffuse 
11220 REM ***ERROR. If error at night, ignore and set to zero: 
11230 IF HOOR<4 OR HOOR>20 THEN GIDBAL(DAY,HXJR)=0:G:Jro 11580 'Continue 
11240 REM otherwise assess extent of damage on tlat da.y: 
11250 ERRORSG=0: ERRORSD=0 
11260 FOR H=4 'IO 20 
11270 IF GIDBAL(DAY,H)+99990!<1 THEN ERRORSG--ERRORSG+l 
11280 IF DIFFUSE(DAY,H)+99990! <l THEN ERRORSD=ERROOSD+l 
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11290 NEXI' H 
11300 IF ERRORSG>4 OR ERRORSD>4 THEN 11305 'Too much uncertainty 
11301 GCSUB 11310 'Atterrpt oonthly rreans replacement 
11302 IF WRITEFI.AG(DAY)=l THEN 11810 'Skip to next &.y' s &.ta 
11303 REPS(DAY)=REPS(DAY)+l 'count nunl::er of replacements 
11304 GOID 11800 ' to next hour 
il305 REM Replacement not atterrpted: skip &.y 
11306 WRITEFI.AG(DAY)=l: OOID 11810 'next day 
11309 REM 
11310 REM 
11320 REM 
11321 REM 

If sufficient valid records in month, replace with me:m 
monthly values for ttat hour 

11330 NrEMP=0:StMTEMP8=0:SlMI'.EMPD=0 
11340 FDR M=l 'IO DAYSJN(MJNI'H) 
11350 Gl'EMP=GIDBAL(M,HXJR) 
11360 IF GI'EMP<=0 THEN 11420 
11370 DI'EMP=DIFFUSE(M,HXIR) 
11380 IF UI'EMP<=0 THEN 11420 
11390 SU1TEMFG=St.MTEMroiGI'EMP 
11400 St.M'Ifl1PD=SlMIIl1PD+UrEMP 
11410 NI'EMP=NI'EMP+l 
11420 NEXI' M 
11425 REM 
11430 IF NI'lliP<DAYSlN(M:NI'H)-5 THEN WRITEFI.AG(DAY)=l 'too few valid p:iirs 
11440 GIDBAL(DAY,HOUR)=StMI'EMPG/NI'EMP 
11450 DIFFUSE(DAY,fa.R)=SlMI'EMPD/NTEMP 
11460 RETURN 
11461 REM 
11570 REM 
11575 REM 
11580 REM 
11585 REM 

tb.r do the same for PIFFUSE: readings 

'lest for -77770 

11590 IF D+77770!<1 THEN DIFFUSE(DAY,EOJR)=0: 0010 11800 'next hour 
11600 REM 'lest for -99990 
11610 IF IDI'(D+99990!<1) THEN 11800 'next hour 
11620 REM ****ERROR. If error at night, ignore and set to zero: 
11630 IF HOOR<4 OR HOOR>20 THEN DIFFUSE(DAY,HXJR)=0:GJID 11800 'next hour 
11640 REM Otherwise, assess extent of darrage on tia.t day: 
11650 ERIDRSG=0: ERRORSD=0 
11660 FDR H=4 'IO 20 
11670 IF GIDBAL(DAY1H)+99990!<1 THEN ERRORSG---ERRORSG+l 
11680 IF DIEFIBE(DAY,H)+99990!<1 '!HEN ERIDRSD=ERRORSD+l 
11690 NEXI' H 
11700 IF ERRORSG>4 OR ERRORSD>4 THEN 11705 'Too much uncertainty 
11701 <DSUB 11310 'Atterrpt monthly rreans replacement 
11702 ~ WRITEFI.AG(DAY)=l THEN 11810 'skip to next &.y' s &.ta 
11703 REPS(DAY)=REPS(nn.Y)+l 
11704 GJIO 11800 'next hour 
11705 REM Replacement not atterrpted: skip day . 
11706 WRITEFI.AG(DAY)=l: OOID 11810 'next day 
11707 REM . 
11800 NEXI' HOOR 
11806 IF REPS(DAY)=0 THEN 11810 
11807 PRINT "ray ",JULIAN, REPS(DAY), " replaced values." , 
11810 IF WRITEFI.AG(DAY)=l THEN CXXJNI'SKIP=l-+ro.JNI'SKIP:PRINI' "Skips " cnJNI'SKIP 
11830 NEXI' DAY 
11999 RETURN 
12000 REM 
12010 REM 
12020 REM 

SUbroutine from 460 to adjust for leap years 

12030 IF (YEAR MOD 4) >0 THEN 12999 
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12040 DAYSrn(2)=29 
12050 FOR MCl\ll'H=3 'IO 12 
12060 ·JULIANFIRST(M:Nl'H)=JULIANFIRST(M:Nl'H)+l 
12070 NEXT MONI'H 
12999 REIURN 
13000 REM 
13010 REM SUbroutine from 8120. Files don' t ne. tch 
13020 MIS>1ATCH=MIS'1ATCH+ 1 
13030 PROO' "Mismatch between glol::al and diffuse files #11 MIS'1ATCH 
13040 RETURN 
13100 REM 
13110 REM SUbroutine from 8170. Hour codes don't natch 
13120 MIS>1ATCH=MIS'1ATCH+ 1 
13130 PRTh'T 11Misrnatch in hour codes between input files #11 MISl1ATCH 
13140 Rfil'URN 
13200 REM 
13210 REM SUbroutine from 8172. Hour codes <> loop HOOR 
13220 MIEMATCH=MIS1NICH+l 
13230 PROO' "Mismatch beb-leen data hour code and program loop #"MLSMA'ICH 
13240 REI'URN 
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Appendix C4 

. 'Excerpt from BMDP Runstream for CUmulative Frequencies and Percentiles 
for Average rBily POA Insolation, OV~r Runs of rays 

-------------------------~------~------~~--------~-------------~ 

USING PROGRAM BMDP2D - DETAILED DATA DESCRIPTION 

Input data: 10 years' daily records, containing julian date and 
total daily plane of array insolation (converted for 30 degrees 
tilt) 

/PROB TITLE= 'DATA SUMMARY DAILY FORUM POA 19666-1975 AT TILT=30'. 
/INPUT VAR=2. FORMAT=FREE. -
/VAR NAMES= JULIAN, l?OA, RUNl, RUN2, •••• RUN19, RUN20. 

ADD = 20. 
RETAIN. 

/TRANS 
if (POA gt 100 and l?OA lt 10500) then ( 
RUN20=(RUN19*19 + POA)/20. 
RUN19=(RUN18*18 + POA)/19. 

RUN2 =(RUNl + l?OA)/2. 
RUNl =POA. 
) . 
if (KASE l t 20) then USE = -1. 

/COUNT ROUND=(3)20*20. 
/END. 
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Appendix CS 

Code for Obtaining Convergence Beb.>een POA Insolation Supply and 
·System Energy Demand, for Given LOPP Levels, By Varying Array Size and 

Battery capacity. 

10 REM 
20REM 

LOPP CALCULATICNS·FOR MCNI'IORED PV SYSTEM 

30 REM Bill Cov.an, I:eI=Brtrnen t of Sociology, University of cap? '.Ibwn 1/88 
40 REM 
50 REM Ad3.pt ·for optimisation required. 
60 REM 
70 REM Eqns for avg d3.ily roA, Pretoria, by runlength N: 
80 REM 

for Probability 0.01 
P=30-64,2527*n+l230/n+l975.748*log(n) 

90 REM 
100 REM 
110 REM 
120 REM 
130 REM 
140 REM. 
150 REM 
160 REM. 
170 REM , 
180 REM 
190 REM 

for Probability 0.005 
P=-1170-87.4139*n+2173.5/n+2468.285*log(n) 
for Protability 0.001 

All in Wh/sq.rn/d3.y 
P---2134-87.4106*n+2589.4/n+2692.507*log(n) 

All in Wh/sq.rn/&y 
on 30 ~gree tilt-plane 

200 REM 
210 REM 
220 REM 
230 REM 
240 REM 
250 REM 
260 REM 
270 REM 
280 REM 

Eqn for avg roA Energy Derrand, by nn length N: 

PD=((n-c*.86/L)*L/(a*.053))/n 
where C: installed ba.ttery ca.i;:acity 

L: avg daily lead 
A: array area 
N: length of deficit run 

(Wh) 
(Wh/&y) 
(sq.m) 
(cays) 

290 CIS: PRINr "Press crr;.BREAK to interrupt" :PRINl':PRINr 
300 INPur "Results file":F$:0PEN F$ FOR OOI'PUl' PS #l 
310 REM 
320 L=450 
330 01IN= 400 : .CMAX = 3000 
340 AMIN= 1.3 : AMAX = 3 
350 CSI'EP= 20 : PS'IEP = .005 
360 REM 
370 REM 

'Set I.Dad 
'Set range for ba.ttery ca.i;:acity 

. 'Set range for array area 
'Set amounts for increments 

380 G:Bt.JB 780 'Find first cawergence 
390 REM Having found first convergence, step up battery ca.i;:acity 
400 REM and decrease array size to find rninirrun array size for any 
410 REM length of run 
420 REM 
430 FOR C= 01IN 'IO 01AX SI'EP CS'IEP 
440 FOR AI.J:JJP = PM.AX 'IO AMIN SI'EP -ASTEP 
450 A=AFIRST 

460REM ~--~------~~--~--~----------------------
. 470 REM Iength-of-&ynm loop to find next convergence 
480REM ~--~--------~~~--~------------~--~-----
490 NNExr=NFIRST . 
500 FOR I = 1 'IO 45 STEP .2 
510 N=NNEXI.' 
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520 IF N > 30 THEN N=30 'force early asyrrptote for expected roA 
530 FO.JND=0 
540 REM 
550 REM Select desired prob:ibility by t<X}gling ai;:ostrophe: 
560 REM 
570 'P=3~.2527*N+l230/N+l975. 748*L03(N) 'prob:ibility 0.01 
580 P=-2134-87.4106*N+2589.4/N+2692.507*L03(N) 'protability 0.001 
590 N=NNEXT 'reset N for energy derrand function 
600 PD=( (N-c* .86/L)*L/ (A* .053) )/N 
610 IF PD >= P THEN FUJND=l: G'.Jro 670 
620 NNEXI'=NNEXT+.2 
630 NEXT I 
640REM ~~~~~~~~--~~~~~~~~~~~~---~ 
650 AFIRST=AFIRST-ASTEP 'Return to ALDJP with decriment 
660 NEXT ALDJP 
670 IF .RXJND THEN PRINI' #1,A;C;N:PRINI' A,C,N 
680 IF Af..AST AND A AND (Af..JlST-A)/A < .0001 THEN ASYMCNT=l+ASYMCNI' 
690 IF ASYMCNI' > 5 THEN PRINl' "Array asyrntote reached":QJIO 730 
700 ALASr=A 
710 AFIRST=A:NFIRST=N 'Return to CICOP with last valoos 
720 NEXT C -
730 CI.OSE 1 
740 :El'ID 
750REM ~~~~~~--~~~~~~~~~~~~~~~ 
760 REM Subroutine fran 380 for first convergence 
770REM ~~~~~~~--~~~~~~--~~--~~~~ 
780 C=CMIN:FOUND=0 
790 FCR A=AMAX 'ID AMIN STEP -. 01 
800 FOR N=l 'ID 5 
810 REM 
820 REM Toggle ai;:ostrophe for desired prcabability level 
830 REM 
840 'p=3~.2527*N+l230/N+l975. 748*L03(N) 'prob:ibility 0.01 
850 P---2134-87.4l06*N+2589.4/N+2692.507*I..03(N) 'probability 0.001 
860 PD=( (N-<::* .86/L)*L/(A*.053) )/N 
870 IF PD >= P THEN FaJND = 1: G'.Jro 920 
880 NEXI' N 
890 NEXT A 
900 PRIN1' "First convergence not found. I:ecrease minimum tattery capacity. 
910 S'IDP 
920 IF A<AMAX THEN 960 
930 PRINr "First convergence not found. Increase max an:ay area." 
940 PRINr "Or increase rninirnun ta ttery capacity. 
950 S'IDP 
960 AFIRST=A+.01 
970 NFIRST=N-1 'Set these values for prior to convergence 
980 PRINr "First convergence: Array area "AFIRST" 
990 PRINI' " in dayrun length "N 
1000 RETURN 
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Appendix Dl 

Questioning the asstimption that distribution of daily insolation is 
independent of locality or type of climate as employed in Chapman's 
(1987) Loss of Load Probability sizing methodology. 

This assumption draws.on a subsidiary observation by Liu and Jordan 
(1960), in a paper primarily directed to other purposes. It has been 
adopted as an attractive simplifying possibility by a number of 
writers aiming for generalisation of expected insolation incomes, 
without regard to local climate, as a step towards simplified 
photovoltaic system sizing. 

Liu and Jordan's observation may be valid, but the evidence cited in 
the paper does not appear conclusive, although the statistical 
presentations are in a visually persuasive form. 

The section of the paper referred to is where the authors (1960:10-12) 
investigate the cumulative frequency distributions, by month, of the 
observed "clearness index" for groups of disparate weather stations. 
The clearness index is defined as the ratio of daily total radiation 
measured on a horizontal surface to the extraterrestrial calculated 
daily insolation on a horizontal surface. 

In presenting the comparisons, for groups of three selected "typical" 
weather stations at a time, the authors arrange the data so that for 
each comparison, the mean clearness index for each station-month is 
approximately the same. This has the effect of bringing 50 percentile 
values for each compared station-month into a narrow band, reflecting 
(a) the technique used for selecting station-months for comparison, 
and (b) the fairly consistent relationship between mean and median 
clearness indices for the station-months thus selected. 

It is felt that the apparent "closeness" of the cumulative frequency 
curves prese~ted in this way could mislead through visual inspection 
(and no stat~stical measures for distributional identity were provided 
by the authors in this paper). 

For example, one set of curves shows the cumulative frequency 
distributions for San Antonio (June), Newport (September) and Blue 
Hil 1, Ma (July). All these station-months have an average clearness 
index of about 0.5. This set of curves could therefore be regarded as 
the most representative of likely clearness indices, with respect to a 
wide variety of weather stations. Other sets presented for the 
comparison are at average clearness indices of 0.3 and 0. 7 which (as 
shown in Table 2, pl3) are distributionally infrequent. 

For San Antonio, Newport and Blue Hill, the selected months show 
clearness indices which are very close at the 50 percentile, and 
nearly identical at the 60 percentile, and although the curves snake 
around this convergence point, the visual impression is one of great 
similarity. However, this is a characteristic of cumulative frequency 
distributions. If the data were portrayed in the form of a non
cumulative frequency distribution, the disparities would be more 
visually evident. 

For example, at the 20 percentile level, Newport has a clearness index 
of 0.26 while Blue Hill shows a value of 0.36 higher by almost 
40%. This shows the higher probability of cloud, etc., in adverse 
insolation conditions, at one station in comparison with the other, 
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even when the selected months for the compared stations have been 
selected for near-equality of clearness index means. 

Since Loss of Load Probabilities in photovoltaic system sizing are 
particularly sensitive to the distribution of adverse insolation 
conditions (low percentile values), such disparities could be expected 
to have a significant impact. · 

(This is irrespective of the question of differences in the persistence 
of weather, amongst sites.) 

The statistical presentation in Liu and Jordan (1960) does not permit 
definite conclusions about whether such disparities at lower 
percentiles are systematic; but equally does not seem to warrant the 
inference that variations in daily insolation distributions 
especially at lower percentiles - are independent of climate and 
locality. 
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