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ABSTRACT 

Research o f renewabl e energ y i s capita l intensive . Man y importan t researc h 
tools ar e ou t o f th e reac h o f man y researcher s i n developin g countries . Thi s 
paper discusse s som e researc h equipmen t an d technique s whic h ca n b e acquire d 
and implemente d a t relativel y lo w cost . 

INTRODUCTION 

The oi l crisi s o f 197 3 produced , amon g othe r things , a  tremendou s upsurg e i n 
research o n renewabl e energ y sources , particularl y sola r an d win d energy . 
Although th e initia l impetu s ha s somewha t abated , muc h researc h i s currentl y i n 
progress i n man y countrie s o f th e world , includin g th e developin g countries . 
However, researc h i s capita l intensiv e an d som e o f th e importan t researc h tool s 
and equipmen t lik e sola r simulators , computin g centre s an d dat a acquisitio n an d 
processing system s ar e ofte n beyon d th e limite d facilitie s o f som e researcher s i n 
developing countries . 

In thi s paper , example s ar e give n o f lo w cos t researc h undertake n i n th e area s of : 
solar collecto r behaviou r an d testin g o n a  sola r simulator ; dat a acquisitio n an d 
processing; an d computing . 

SOME EXAMPLES OF LOW-COST RESEARC H 

Small-scale sola r collecto r an d simulato r 

The sola r simulato r i s used t o determin e th e parameter s o f a  sola r collecto r o r t o 
obtain qualitativ e answer s regardin g tes t procedures , contro l strategy , e tc . Th e 
analytical equation s whic h describ e th e temperatur e histor y o f th e sola r 
collector an d tan k indicat e tha t th e energ y gai n o f a  system , pe r uni t collecto r 
area, i s independen t o f th e siz e o f th e system . Therefore , wher e th e tes t i s no t 
to determin e th e parameter s o f a n actua l syste m th e collector , henc e th e 
simulator, ma y b e reduce d b y a  facto r o f a t leas t 10 , resultin g i n th e reductio n 
of equipmen t cost s b y a  facto r o f abou t 100 . Furthermore , a  specia l laborator y 
would no t b e required . 

The small-scal e sola r collecto r syste m describe d b y Munro e (1982 ) consist s o f a 
square coppe r plat e 0.0 9 m 2 i n are a an d abou t 0. 8 m m thick , t o whic h wa s 
soldered a s hea t exchange r a  serpentin e patter n o f thin-walle d coppe r tubin g o f 
internal diamete r 0.3 2 cm . Th e plat e wa s painte d matt-blac k o n th e hea t 
exchanger sid e an d house d i n a  shallow woode n bo x 3 3 x  3 3 x  3. 8 cm . Th e glazin g 
on th e fron t o f th e collecto r consiste d o f clea r perspe x 0.1 6 c m thic k an d th e 
insulation o n th e bac k 1. 0 c m thic k seale d polystyren e foam . 

The storag e tan k consiste d o f a  4-litr e capacit y plasti c container , whic h wa s 
insulated b y placin g i t i n a  large r cardboar d bo x an d fillin g i n th e space s wit h 
styrafoam chips . A  furthe r lengt h o f thin-walle d coppe r tubing , woun d int o a 
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helix, served a s a hea t exchange r i n the tank . A  small electricall y drive n pum p 
(of th e typ e use d b y model aeroplane enthusiast s t o pump fuel) wa s used to pump 
water i n a  close d loo p betwee n th e hea t exchanger s i n th e collecto r an d tank . 
Clear plasti c tubin g wa s use d t o connec t th e pum p and hea t exchanger s i n th e 
loop. 

Thermocouples inserte d int o th e flo w monitore d th e temperatur e o f wate r 
entering an d leavin g th e collector . Thre e furthe r thermocouple s monitore d th e 
temperatures a t th e to p an d botto m o f th e storag e tan k an d th e ambien t 
temperature. Th e volume flow rat e of wate r throug h th e collector wa s measure d 
using a  smal l digita l flo w rat e mete r o f th e typ e markete d fo r measurin g fue l 
consumption rate s i n cars . Th e outpu t o f th e flow  rat e mete r wa s a  trai n o f 
pulses with frequency proportiona l t o flow rate . 

The sola r simulato r consiste d o f a  single , hig h intensit y lam p (Thor n OM1000 , 
CSI, 100 0 watts) . Thi s provide d a  unifor m intensit y o f abou t 96 7 w/m 3 a t a 
distance of about 1.5 m away . Tabl e 1  shows a breakdown o f cost s fo r th e small -
scale system an d simulator . 

Work done using the small-scale system an d briefly discusse d belo w include: 

1. Validatio n o f a n equivalent electrica l circui t mode l of th e flat-plate sola r 
water heatin g system (Munro e 1980). 

2. Transien t testin g of th e flat-plat e sola r collecto r (Munro e 1983). 

3. A  method o f determinin g th e tim e constan t o f a  flat-plat e sola r collecto r 
(Munroe 1981). 

Equivalent electrica l circui t mode l 

In orde r t o evaluat e th e performanc e o f sola r collectors , i t i s first necessar y t o 
establish th e criteri a o f performance . Thes e ar e base d o n th e mathematica l 
model o f th e collector . Th e bes t know n mode l i s tha t b y Hotte l an d Whillie r 
(1955). Th e mode l assume s zer o therma l capacitanc e fo r th e collecto r an d 
expresses th e energ y outpu t i n terms o f th e inciden t radiation , th e differenc e i n 
temperature betwee n th e collecto r an d th e ambien t air , an d th e collecto r hea t 
loss coefficient . 

The basi c mode l o f Hotte l an d Whillie r wa s extended b y Close (1967) to include a 
single therma l capacitanc e fo r th e collector , reference d t o th e mea n 
temperature o f th e collecto r plate . A  transien t mode l fo r th e collecto r b y 
Munroe (1981 ) assume s a  singl e therma l capacitanc e fo r th e collector , 
referenced t o th e mea n temperatur e o f th e collecto r liquid . Th e transien t 
energy balance equation fo r th e collector ma y then be expressed a s 

(1) 

The energy balance of th e storage tank on a unit collecto r are a basi s wil l be 

(2) 

If a n artificia l hea t transfe r coefficien t U 3 i s introduced , define d a s th e mea n 
heat transfe r coefficien t betwee n th e collecto r an d storage tank , such tha t 
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(3) 

substituting (3 ) i n (1 ) an d (2 ) an d re-arrangin g i n matri x for m an d takin g Laplac e 
transforms, give s 

(4) 

A solutio n t o equatio n (4 ) fo r th e specia l cas e wher e I  i s a  constan t o r ste p 
function, a s obtain s o n a  sola r simulato r ca n b e expresse d a s 

(5) 

where A 0, A 1, A 2, B 0, B 1 , B 2 , and  ar e constants . On e advantag e o f 
equation (4 ) i s tha t i t ca n b e use d t o deriv e a n equivalen t electrica l circui t fo r 
the syste m b y inspection . 

An equivalen t electrica l circui t fo r th e typica l close d loop , force d circulation , 
flat-plate sola r wate r heatin g syste m i s show n i n Figur e 1 . A  differentia l 
temperature controlle r ha s bee n adde d fo r completeness . I n th e equivalen t 
circuit, voltag e i s analagou s t o temperatur e an d curren t i s analagou s t o hea t 
flow. Syste m simulatio n i s reduce d t o determinin g th e respons e o f th e circui t t o 
any chose n time-dependen t curren t input . 

Transient collecto r tes t 

A transien t tes t fo r sola r collector s require s a  transien t mode l fo r th e collecto r 
and equatio n (1 ) i s use d fo r tha t purpose . Th e transien t efficienc y equatio n i s 
given b y 

(7) 

where k  =  U 1/C1 

steady-state collecto r line , wit h intercep t o n th e axi s an d slop e (-U 1). T o 
use equatio n (7)  a s a  basi s fo r transien t tests , i t i s necessar y t o determin e th e 
value o f k , th e rati o o f hea t los s coefficien t t o therma l capacity . Thi s ma y b e 
obtained fro m a  coolin g test . I f th e collecto r cool s fro m a n initia l temperatur e 
T1(i) t o a  fina l valu e T 1(f) i n tim e t  (wit h th e circulatio n pum p turne d off) , the n 
from Newton' s la w o f coolin g 

(8) 

which ma y b e re-arrange d t o giv e 

The grap h o f is a  straigh t lin e simila r t o th e 



- 160 -

A transient tes t wa s carrie d ou t o n th e smal l tes t collector , connecte d u p t o th e 
storage tan k i n th e conventiona l configuratio n use d fo r wate r heating . Th e 
result o f th e tes t indicate s tha t th e syste m i s linea r an d th e grap h o f 
ln( T / T 0) VS . t  i s a  straigh t lin e wit h slop e k . Thi s valu e o f k  i s substitute d 
in equatio n (7 ) an d th e grap h o f collecto r efficienc y vs . (T 1-
Ta)+kdT1/dt i s a  straigh t lin e wit h in tercepte d on th e 1  axi s an d slop e (-U 1). 

Collector tim e constan t 

Equations (5)  an d (6)  indicat e tha t th e time-dependen t behaviou r o f th e collecto r 
and storag e tan k i s determine d b y tw o tim e constants , an d .  Th e 
time constan t o f th e collecto r i s ,  wher e i s a  functio n o f th e parameter s 
not o f th e collecto r only , bu t al l th e othe r parameter s o f th e flat-plat e sola r 
water heatin g system . Thi s dynami c collecto r tim e constan t ca n b e show n t o 
influence onl y th e ver y short-ter m minutes ) behaviou r o f th e collector . 
The transien t behaviou r o f th e collector , however , i s dominate d b y th e dynami c 
time constan t o f th e system , ,  whic h i s of th e orde r o f severa l hours . 

The dynami c tim e constan t o f th e collecto r i s directl y proportiona l t o th e 
thermal capacit y o f th e collector , bu t furthe r simulatio n studie s indicat e tha t 
collector capacitanc e ha s ver y littl e effec t o n th e dail y o r long-ter m 
performance o f th e sola r wate r heatin g system . 

Computing facilitie s 

Most computin g centre s hav e mainfram e computer s wit h a n extensiv e librar y o f 
subroutines i n Fortra n whic h ar e readil y accessibl e t o user s an d thi s ca n provid e 
formidable suppor t i n an y researc h project . I n th e cas e o f som e developin g 
countries, computin g facilitie s ma y b e ver y limite d o r entirel y absent . 

For thos e researcher s wh o d o no t min d learnin g anothe r compute r language , i e 
basic, an d ar e willin g t o develo p thei r ow n program s i n basic , the n ther e exist s a 
range o f relativel y inexpensiv e "home " computer s whic h ca n provid e som e 
research support . 

Two low-cos t microcomputer s whic h ca n b e discusse d fro m firs t han d experienc e 
are th e Sinclai r ZX8 1 an d th e Sinclai r Z X Spectrum . Th e ZX8 1 i s a t th e lowe r 
end o f th e compute r marke t an d a  machin e wit h 1 6 kilobyte s (16k ) o f memor y 
sells fo r abou t £70 . A  machin e wit h 64 k o f memory , th e maximu m possibl e fo r 
an 8-bi t computer , sell s fo r abou t £95 . Progra m storag e i s b y ordinar y cassett e 
recorder, althoug h specia l compute r grad e cassette s ar e available . Suitabl e 
cassette recorder s ar e availabl e a t abou t £25-£30 . 

If printou t o f result s i s required, the n th e ZX8 1 ca n b e interface d t o mos t o f th e 
commercially availabl e printers . Th e printe r currentl y availabl e fo r th e ZX8 1 a t 
the lowes t possibl e cost , calle d th e Alphaco n 32 , sell s fo r abou t £70 . A  smal l 
computing syste m incorporatin g man y o f th e mathematica l function s o f large r 
computers an d wit h storag e an d printou t ca n b e assemble d a t a  cos t o f les s tha n 
£200. A n ordinar y UH F televisio n se t i s require d t o monito r th e inpu t an d outpu t 
of th e computer . Wit h thi s included , th e tota l cos t i s abou t £250 . 

The ZX8 1 i s however , no t withou t it s drawback s whic h include : 

(9) 
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1. ver y slo w compare d wit h th e mainframes ; computin g time s ar e measure d 
in minutes , rathe r tha n second s 

2. no t ver y man y off-the-shel f program s ar e availabl e fo r scientifi c 
computing; progra m mus t b e develope d b y th e use r 

3. doubl e precisio n no t availabl e 

4. hig h resolutio n graphic s no t available ; wit h th e exceptio n o f ba r charts , 
good qualit y graph s canno t b e draw n o n th e monito r 

5. poo r keyboard . 

Some o f th e drawback s o f th e ZX8 1 ma y b e overcom e b y usin g a  Z X Spectrum . 
The 16 k machin e cost s abou t £9 0 an d th e 48 k machin e cost s £130 . Mas s storag e 
using flopp y disc s ar e availabl e fro m abou t £24 0 fo r 200 k o f storag e t o abou t 
£280 fo r 800k . Th e Spectru m ha s it s ow n inexpensiv e mas s storag e uni t -  th e 
microdrive whic h start s a t abou t £15 0 fo r 100 k o f storage , bu t thi s ma y no t b e 
suitable i n al l cases , since th e storag e uni t ma y b e damage d i f turne d o n wit h th e 
disc i n position . Th e compute r ca n als o b e connecte d t o a  wid e rang e o f printers . 
A 16 k syste m wit h microdriv e an d Alphaco m printe r woul d thu s cos t abou t £310 . 
The Spectru m offer s ver y goo d hig h resolutio n graphic s an d ha s th e advantag e 
over th e ZX8 1 tha t i t ca n stor e th e result s o f a  progra m withou t havin g t o stor e 
the entir e progra m -  a  worthwhil e featur e whe n larg e volume s o f dat a ar e t o b e 
stored. Th e Spectru m i s stil l muc h slowe r tha n th e mainfram e compute r an d 
does no t offe r th e doubl e precisio n facility . A n additiona l plu s fo r th e abov e 
microcomputers i s tha t ther e ar e severa l magazine s devote d exclusivel y t o the m 
which giv e goo d subroutines , hint s o n programing , e tc . 

The lis t o f suitabl e microcomputer s ha s o f cours e no t bee n exhauste d an d ha s 
been confine d s o fa r t o th e lowe r en d o f th e compute r market . On e o f th e mor e 
popular up-marke t machine s i s th e Appl e II , wit h price s fo r a  48 k machin e wit h 
disc driv e an d printe r startin g a t mor e tha n £1000 . Wher e researc h fundin g i s 
not a  seriou s constraint , thi s categor y o f machin e ma y b e considered , sinc e ther e 
is a  wide r rang e o f off-the-shel f compute r program s availabl e an d th e machin e 
can b e programe d i n Fortra n an d Pascal , a s wel l a s i n Basic . 

All th e computations , simulations , analysi s o f collecto r tes t results , e t c b y th e 
author whic h hav e bee n reference d i n thi s pape r wer e carrie d ou t o n on e o r 
another o f th e thre e above-mentione d microcomputers . I n addition , th e autho r 
has serve d a s conveno r o f a  subcommitte e whic h dre w u p th e initia l 
specifications fo r a  microcomputin g centr e a t th e Federa l Universit y o f 
Technology, Owerri , Nigeria . Th e centre , consistin g o f a  networ k o f eigh t Appl e 
II microcomputers , i s presentl y use d i n teachin g a  secon d yea r compute r cours e 
in Basi c an d Fortra n a t th e University . Thi s facility , intende d t o serv e unti l a 
mainframe compute r i s acquired , i s likel y t o b e expande d t o includ e mor e 
microcomputers i n th e network . 

Data acquisitio n an d processin g 

Data acquisitio n an d processin g i s ye t anothe r are a i n whic h reasonabl y goo d 
equipment ca n b e acquire d a t relativel y lo w cost . I f a  smal l numbe r o f 
measurements ar e t o b e taken , e g a  se t o f temperature s ever y te n second s fo r a 
period o f abou t on e hour , the n th e equipmen t require d i s relativel y simpl e an d 
much o f i t availabl e off-the-shelf . Fo r thi s typ e o f measurement , th e autho r 



- 1 6 2 -

uses a  ZX8 1 wit h a n eigh t inpu t analog-to-digita l (A/D ) converter . Th e A/ D 
converter presentl y i n us e wa s purchase d fro m Thurnal l Electronics , Manchester , 
at abou t £50 . 

Where a  larg e numbe r o f measurement s ar e t o b e take n ove r a n extende d perio d 
of tim e th e abov e syste m i s no t adequate , sinc e additiona l equipmen t woul d b e 
required t o contro l th e cassett e recorder , th e onl y presentl y availabl e mas s 
storage uni t fo r th e ZX81 . Th e simpl e syste m woul d thu s no t b e suitabl e fo r sa y 
a dat a managemen t syste m fo r sola r o r win d energy . Th e Z X Spectru m i s mor e 
suited t o thi s purpose , sinc e i t ca n directl y contro l a  mass-storag e device , suc h 
as th e Z X microdrive , a  dis c driv e o r on e o f th e severa l high-spee d cassett e 
drives. A n A/ D converte r i s require d fo r th e Spectru m an d thoug h thi s i s likel y 
to b e availabl e off-the-shelf , th e autho r i s currentl y assemblin g one . Th e fina l 
cost o f thi s ite m i s no t include d here , bu t wil l b e reporte d a t a  late r date . I n 
fact, a  complet e dat a managemen t system , incorporatin g dat a acquisition , 
analysis, reductio n an d storag e i s presentl y unde r construction . Th e syste m i s 
being buil t aroun d th e Spectru m microcompute r an d whe n completed , woul d b e 
used t o monito r sola r an d win d energ y parameters , i t i s describe d i n mor e detai l 
in th e followin g paper . 

CONCLUSIONS 

This pape r ha s attempte d t o sho w tha t som e research , thoug h limite d i n scope , 
can stil l b e carrie d ou t o n a  smal l researc h budget . I t als o demonstrate s tha t 
computing facilitie s nee d no t alway s b e i n th e for m o f a  large , mainfram e 
computer. Th e ne w rang e o f "home " computers , thoug h smal l an d slo w b y 
comparison, ca n stil l provid e adequat e facilitie s a t reasonabl e cost . 
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TABLE 1: Estimate d cost of small-scale collector system and simulator 

Item 

Solarimeter 

Simulator (Thor n OM1OOO , CSI Lamp, 100 0 W ) 

Circulation pum p 

Flow rat e mete r 

Solar collecto r 

Miscellaneous (clea n plasti c tubing , plasti c 
tank, insulatio n etc.) 

Total 

Estimated Cos t (£) 

200 

250 

6 

25 

15 

5 

511 
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FIGURE 1 . 
An electrical equivalen t circui t o f th e flat-plate  sola r wate r heatin g system . 
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