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The performance of a solar photouolta'ic .system for a do-

mest'ic 'installatzon'is prd,'icted us'ing an ho'urly solar rad'i-

at'ion database. A standard procedure ,ls 'utsed to est'imate

the annual auerage da'ily solar energA collected b'y a tAp'ical

photouolta'ic panel, and 0" system thus s'ized to to suqtply

a defined auerage da'ily energA l,oad uritlt, batt,eries to g'iue

betuteen three and fr're da'ys of energy bac,k'up. It 'is fo'und
that th'is apprlach g'iues a sAstem wh'iclt, should prou'ide full
sert)'ice 0n euery daA of the Aea,r. A matr"ir of alterna-
t'iue comb'inat'ions of numbers of panels and storage batter-
'ies 'uth'ich can also ma'inta'in sert)'ice 'is presented, together
w'ith'ind'icat'ions of tlte /oss of seru'ice due to under'-des'igned

s'ystems. The Ttoss'ib'ility of emplo'y'ing a load management
,strateg'y t0 'imprl'ue the ,seru'iceab'il'ity of a ,scaled doun,,sgs-

tem zs etrant'irred, and it 'i,s fo'un,d that aTL acceptable per-

formarrce m'igh,t ,st'ill be obta'ined 'ut'ith a 15% red'Lt,ct'ion 'iTt,

panel area.

Introduction

Solar photovoltaic panels have been quite rvidely used in
South Africa for powering retrtote colnlnunicatiott lirrks.
Solar energy is of course a vat'iable resoul'ce. not only in the
daily sense, but also due to periods of inclement weather',

so energy storage is an essential part of a system. In appli-
cations of this type, the system sizing has to be suctr that
uninterrupted service is guaranteed, but the relatively high
cost of this is justified by the unique solution offet'ed.

An irnportant developrnetrt in the South African na-

tional electrificatiolr progl'amme is the expandittg applica-

tion of solar cells for the pt'ovisiotr of electricity for do-

mestic purposes irr rut'al oI' non-grid collnected al'eas. In

this application there are altertratives of various sot'ts. and

cronsurrers will also be ternpted to cornpal'e the costs of

their ilstallation with ttrose fortunate enough to be able

to have a glid connectiotr. Thus rninirnising the cost rvhilst
providing acceptable set'vice would be vel'y irnportatrt.

Domestic solar systerrs., comlnonly' t'efet't'ed to as scllar

home systems(SHS), I'ange fi'om a fully electrified home

for several inhabitants down to a single 15 \Y Treok panel

powering a rechargeable lantern.l In general a dornestic

load is made up of differing components each having their
own load schedule. High power applications (space heat-

ing, water heating, and normal cookittg) are best left to
fuel or possibly solar thermal energy, The most common

services that are appropriate to solar photovoltaic powel'
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are lighting (via cornpact fluorescent larnps), refi'igerators.
TV and radio, and microwave cooket's, which by virtue of
their high efficiency have modest power requirements and
Iow total enel'gy demands. An individual consumer may
be tolerant of a reduced level of set'vice on one or rnore
of the loads during periods of low solar insulation and the
installation rnight thus be sealed dowlr and made rnore af-
fordable either in terms of the number of panels or the
number of storage batteries employed

The purpose of this study was to examine a basic
sizing procedure to give uninterrupted service on the worst
duy of the year, using a database of hourly solar insulation,
and to examine rvhether a worthwhile installation economy
can be obtained with a simple load management strategy.

Solar radiation in southern Africa

Global solar irrsolation cornprises direct beatn atrd diffuse
cornponents. Data for global and diffuse t'adiatiotr, mea-

sured on a horizontal surface, are available for a trunrber'

of stations, and these are processed to give ttre net inso-

lation on tilted sut'faces.2 In solat' watet' heating s.1'stetns

the collectors are usuallf installed at a slope 10o greatet'

than the local latitude angle in order to maxirnise the av-

erage winter pet'fot'mance. This is generally inappropri-
ate for photovoltaic panels which might ideally be posi-
tioned to give their best output on the worst dty of the
year', but in practice they are usually rnounted at the lat-
itude angle. A database is available3 giving rnonttrly atrd
yearly average solar insolatiorr olr surfaces tilted at the
local latitude angle. Insolation levels V&t'1r widell' ovel' dif-
ferent locations and seasons ) ttre best area, I'epreseuted

bv data fi'om Keetsrnanhoek, having sumrner insolatiorr
levels around 7 .9 kwh/ ^2 ld.y, whilst Cape To'uvn has a
r,vinter level of 4 kwh/^2 f duy. Annual average daily inso-

lations range from 7 .3 klvh lrn' I duy at Keettnanshoek to
5 k!Vh/ ^'' lday at Durban.

For ttte pl'e.sent purpose, Lrourly data for a tlrpical me-

teorological year at one of the Pretoria stations is used

(Figure 1), having high and low monthly average and an-

nual average insolations of 5.7 ,5.3, and 5.5 kwhl^' lduy.,
respectively.

A function is fitted to the daily variation of ttre aver-
age ambient air temperature for this location.

Too - 24.2 -26251/d + 3.5881trd2 - 1. 925l.Vi + .2625w1 ( 1)

where l/d - D I 45.63 for the fir'st half of the yeal' and A,r -
(365 - D)145.63 for the latter half of the year, D being the
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actual day numbet' of the year. The hourly variation on

each duy is modelled by

To - Too - T, + (2T;) * (-508 - '428cos(h) /?\
-.OS cos(2h) + .267 sin(h)) \L)

where the daily temperature varies bV *"' about the daily
average (taken het'e as +7" ) and h represents the hour
angle.
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Figure 1 Daily solar insolation for Pretoria

Photovoltaic solar systems

A solar electric s),stern basically colrlpl'ises solat' patrels

or rnodules, rnade up of a uutnber of individual solar
cells, corrrlected to a regulator rvhich ideally conditions the
power output for naxirnutn gaitr,4 atrd chat'ges a set of d.c.

storage batteriss. Where 22OV a.c. appliallces have to be

used an inverter is ernplo)'ed.
The PV panel perfornr.alrce is specified by the manu-

facturer in terms of its trorninal powel' output P6., its opelr
r:irc'uit voltage l'o,-o alrd short, circuit cul'I'elrt 1"c6, &t a ref-
ererrce insolation of 1000 W lrn2 .trd cell IIOI'mal operating
tenrperature Trr,.,. of 25.C. Irr operatiorr the short circuit
c:trn'ent Ir. varies linearly rvith the insolation (G) . The
open circuit voltage V'o. is affected by the cell operati.rg
temperature Tr:ey, rn'hich also depends on the insolation
level as well as the ambient tempet'atut'e To and by the
rrunrber of cells in the panel Ncett. A 'fill factot'' F is de-

fined, rvhich is the nominal por,ver divided by the product
of the reference condition open circuit voltage and short
circuit current. The fill factor is assumed to be approxi-
rrrately constarrt.

The relationships used at'e3

Ir.: Ir,roxCl1000

System sizing

The sizing of a system basically requires the delivery by
the solar cell panels of sufficient total enerry to meet the
average daily load, and the provision of sufficient storage
capacity not only to cover night-time operation of domestic
loads, but also to meet a desired autonomy over periods
of overcast weathet'.

The energ-y that a single panel can deliver in kWh lduy
is estimated by dividing the average daily insolation energy
in kwh/ 

^2 ld.y (obtained from Eberhard3 oI' a similar
data bank, interpolating between weather stations if nec-

essary), by the refet'ence insolation level (Go - 1 kw/m2 ),
and rnultipl)'ing by the rated power of the panel Pe in
watts.

The nunrber of panels required is determined by esti-
mating ttre annual average daily domctic loads. Standard

.tr
practiceS is to increase the d.c. loads by 30% and the
a.c. loads by 40% to allow for system losses. The stor-
age capacity is determirred from the average (taily enerry
load, irrct'eased by 30%, multiplied by the number of days
autonotny required.

Basic system performance

A domestic system which has a 12 V d.c. fridge/ freezer ,

four' 18 !V d.c. compact fluot'escent lamps, a 45 W a.c.
televisronf radio, and a 500 W a.c. microwave oven is cott-
sidered. It is assumed that the lights are used frorn sunset
to 22h00. the television from 18h00 to 22h00, and the rni-
cro\vave cooker for 10 minutes at 08h00, 20 minutes at
12h00, and l0 minutes at 18h00. The refrigerator is as-

surned to use a variable averaged powel' depending on the
ambient ternperature, according to an approximate func-
tiorr (50 + 10 x (7" 25) 15) W. This gives an annual
average daily load on the system of 2.50 kwh/day

The solar panels are assurned to be located at Pretoria
arrd to be fixed at a slope equal to the latitude angle and to
fac'e North. The basic sizing procedure gives a total rated
panel power t'equit'ement of 455 W. here taken as thirteerr
35 W panels, and initially ten LzO Ah 12 V batteries are
specified providing " 4t days reserve.

The net energy delivered to or fi'om the storage bat-
teries is calculated every 15 minutes on each d.y of the
year'. lVhen the batteries are fully charged, excess energy
is discarded. The perforrnance of the system is evaluated in
terrns of the residual energy stored in the batteries at mid-
night. Figure 2 shows the residual for each duy of the year.
It is seen that the specified design always provides full ser-
vice according to the above definition, although this would
nr-rt necessarily mean that the refrigerator gets power be'
trveen rnidnight and sunrise or that the rnicrourave oven
can be used at 08h00.

Effect of panel area and storage capacity

It would seern logical to suppose that more solar panels
and fewet' batteries, oI' vice-versa, could also service the
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Vo.: Vo.o - 0.0023 x N."-11 x (7."-u - 25) (4)

where Tr",tt : To * (Trrr.,. - 20) x G lB00
The actual power output is

(3)

(5)P-l".XVrr.x^F
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dernand. Whilst investigating combinations of panels and
batteries it is also useful to consider the effect of under'-
sizing the system. This is done by finding the number of
days in the ymr on which the batteries are depleted by
midnight. This concept is expanded to a further criterion
which identifies the nurnber of occasions on which the sys-
tem is exhausted at rnidnight on two consecutive days and
on three consecutive days. Two oI' three such 3-day peri-
ods might be the limit of acceptability by most consumers,
although it must be noted that there is always collection
of diffuse radiation on ovet'cast days, and also that a I'e-

fi'igerator has its own therrnal energy stot'age capacity, so

service is not totally lost.
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Figu re 2 State of the batteries at mid night

The findings al'e pl'esented in a matrix in Table 1.

where the set of three numbers repl'esent the l-day, 2-

duy, and 3-day failures, respectively (NB: a sequence 61312

would irnply a continuous 6-day period) . It is seen that the
4+ days reserve initially specified is longet' than necessal'y

for Pretoria - 31 days or eight batteries would maintain
full service. It is also seen that serviceability is mot'e crit-
ically dependent on the numbet' of solar panels than the
nurnber of batteries. A general trend is seen between the
numbers of panels and batteries which will give various
levels of set'vice, but as the cost ratio between 35 W pan-
els and 120 Ah batteries is at'ound 4 to 1, saving panels b1,

increasing the number of batteries would not norrnally be

an attractive option.

It is worth noting that the days on which service is
Iost are rnostly overcast, so beam radiation is small or non-
existent and the direction the panel faces is not likely to
be impot'tant. Performance calculations with panel slopes
l0o above and below the latitude angle, and azimuth an-
gles +45" from North confirm that in terms of the present
criteria the orientation of the panels has little effect,

The effect of load shedding

In the interests of rninimising the cost of the initial instal-
lation, but retaining some control over ttre effects of insuf-
ficient energ-y delivery, a conscious load shedding strategy
might be invoked. One possible approach would be to
monitor the state of the batteries and when the energy
resel've has declined to certain levels, to disable the mi-
crowave oven assurned to be the least i-portant load

-- ttre TV, and then the lights, in that order. leaving the
refriget'atot' conllected. Arr example is shown wtrere the
nurnber of panels has been reduced frorn 13 to 11 (a 15 %
reduction) , but B storage batteries retained. Without con-
trol there are 21 occasions on whictr the systenr is depleted
at rnidnight for three consecutive days. If the three services
above al'e disabled when the battery capacity has fallen to
I.25 kwh , 750 Wh, and 300 Wh, r'espectively, the 3-day
depletions are reduced to two occurrences. The availabil-
ity of the different services is depicted by the rvtrite areas
in Figure 3. The oven would not be available on 37% of
the rnornings of the year (bottom black band) , but could
rnostly be used in the evening (top white band) . Total
loss of lighting would occur on 9 days in the year, but
since there is always collection of diffuse radiation, the re-
frigerator would never lose power completely.

Discussion and conclusion

The use of a typical year solat' radiation database can only
give an expectation of the average perforrnance of a solar'

photovoltaic system over a number of years. It does hou'-
ever serve to emphasise that system sizing depends orr the
required perfol'mance for a few bad solar days in the year.
This further suggests that since these days have little or no
beam radiation component, panel orientation is not criti-
cal. The results obtained suggest that for locations with
similar insolation patterns to the Pretoria area, the basic

12e
=510
o+,(!+,@8
-
o
H6o

Table I Number of one, two, and three day failures with various pane/battery combinations

Peak watts
No. of panels

Days reserve

385

11

420 455

12 13

490

14

560

16

700
20

No. of batteries

1

2

4

6

8

r0
15

20

.45

.9

1.8

2.7

3.6

4.5

6.7 5

9

4/2/ r
r/o/o

2/r/o
o/o/o

12/4/2
3/2/1
o/o/0

s2/ 32/ 2t

38/21/ t2
o/o/o

ro/6/ 4
7 /3/2
o/o/o

tt/ 6/ 3

3/1/o
o/o/o
o/o/o
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Figure 3 Availability of the services with load management

sizirrg 1tt'oc:edul'e used git,es t,he correct rru rnber of solar'

ltatrels [o provide c:otrtitruorrs serrrice. arrd tlrat fcrrrr clal'g
back-up battery storage rvould be arnple. It is ant,icipated
ttrat coastal areas rvould require nlol'e storage capacitl',
atrd s)/stetn design strould possibly be based on the lowest
monthly dailv avel'age insolation rather than the annual
average.

An exatnitration of possible systern configurations
shorvs a general trend in which increasing the nurnber of
storage battet'ies allows a t'eduction in the nunrber of s<-r-

Iar panels, although wittr the present cost structure there
rvould be uo adr,antage in ttris course of action. Undersiz-
itg the systetn to t'educe initial cost leads to periods
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r,t'lLeti irrsufficierrt elrel'gy is available frorn the systerrr, al-
thorrgh this can be rnitigat,ed b1, a load shedcling strategy
to eIISuI'e that essetrtial needs are rnet. The apprclach ex-
atnitred tret'e of nronitoring the status of the storage and
beginnirrg to shed load when around half a day's energy
t'emains would not, however', appear to allorn' much rnor.e
than a L5% r'eduction in the number. of panels.
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