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Abstract

A new algerithm to simulate all solar components and optimum slopes. fi,,.. based on new
models for direct normal beam and diffuse radiation and an analytical model to predict [,
developed at the University of Botswana 1s applied for complete study of solar conditions in
Mozambique. The components of solar radiation depend to a large extent on the number of
h of sunshine. However, it 15 obvious that cloud-cover is determined mainly by the prevailing
trade winds, which carry moisture and ramn clouds. This 1s of especial concern i coastal areas.
In the current work, hourly, I, daily, H and monthly mean, H components of solar radiation
and the optimum slopes of a north—south aligned collector are simulated and analyzed for 21
synoptic stations m Mozambique. Monthly mean daily direct normal. Hy, solar radiation maps
are plotted for December and June and discussed. It 1s found that, to a great extent. 1somsol-
ation curves are determined by the prevailing trade winds, mountain chains and coastal con-
ditions. Plotted maps of annual mean daily direct normal and global solar radiation also show
tremendous dependence on the prevailing winds. Several special locations 1n Mozambique with
quite high or very low solar radiation components are pointed out and the reasons explained.
© 2003 Elsevier Science Ltd. All nghts reserved.
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Nomenclature
A Altitude in meters above sea level
A; Daily anisotropy index defined as Hy/H
b Empirical coefficient to calculate H,; for partially cloudy weather
C Daily diffuse fraction defined as HyH,y,
Cy Diffuse fraction. defined as ;7
D Day
Dg Thickness of ozone layer
D, Daily diffuse fraction defined as HyH,
If A Correction factors in the computation of diffuse radiation
H, Daily beam radiation. MJ m™? on a horizontal surface
H, Monthly mean daily beam radiation. MJ m ™" on a horizontal surface
Hy Annual mean daily beam radiation, MJ m™
H,, Daily normal beam radiation, MJ m™?
H,, Monthly mean daily normal beam radiation. MJ m™
H;, Annual mean daily normal beam radiation. MJ m™?

Daily diffuse radiation. MJ m™>

Monthly mean diffuse radiation, MJ m™2

Annual mean daily diffuse radiation. MJ m™
Effective thickness of the atmosphere

Daily global radiation, MJ m™?

Monthly mean global radiation, MJ m™*

Annual mean daily global radiation. MJ m™?

Sunrise hour

Sunset hour

Daily extraterrestrial radiation. MJ m ™ on a horizontal surface
Daily total radiation. MJ m™? on a tilted surface
Monthly mean total radiation. MJ m ™ on a tilted surface
Hourly beam radiation. W m™> on a horizontal surface
Hourly normal beam radiation. W m™2

Hourly diffuse radiation, W m™>

Hourly global radiation. W m™

Hourly total radiation. W m™~ on a tilted surface
Hourly ground reflected radiation. W m™>

Solar constant

Daily clearness mndex

Monthly mean clearness mndex

Annual mean clearness index

Month

Mean molecular mass of air

Current air mass

Adr mass at noon
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My Air mass for £=0°

Ne Moles of CO, in the vertical column of air

N; Total number of moles in the vertical column of air
Ny Moles of H;O in the vertical column of air

P, Pressure of water vapour

RH %o relative humidity

S Hours of sunshine

S Duration of day

T Temperature in “C

V Visibality

W Sunset hour angle for a honzontal surface

Z Daily diffuse fraction defined as HyH,

5] Slope (%), facing North negative, facing South positive
Bopt Optimum slope (°) of an absorber plate

Bope Monthly mean optimum slope

Fop: Annual mean optimum slope

o Solar declination (). South negative

¥ Surface azimuth angle (“). East negative

1] Latitude (?). South negative

i Ground albedo

g Angle of incidence of sun’s rays on a tilted surface
= Zenith angle

1. Introduction

The Eepublic of Mozambique 15 located on the eastern coast of Southern Africa
between the latitudes 10712 and 26°52" and longitudes 30°12" and 40°51'E. Its total
area 1s 799,380 km?. including 13.000 km? of inland lakes and rivers. Mozambique
shares borders to the north with the United Republic of Tanzania, to the west with
the Fepublics of Malawi, Zambia, Zimbabwe and South Africa (from north to south.
respectively) and to the south with the Kingdom of Swaziland On the eastern side
of the country the Indian Ocean coast stretches over a distance of 2470 km. The
climate of Mozambique i1z determined by coastal conditions, the prevailing trade
winds and the mountain chains of Manica (central province), Maravia—Angonia (in
the west of the central region). Chire—Namuli. Maniamba and Libombos {1n Maputo
province). The prevailing trade winds (easterlies) over Mozambique are shown in
Fig. 1. In June—July the easterlies blow from the Indian Ocean and determune the
climate of not only Mozambique, but also of Malawi and the eastern province of
Zambia. In December—January two streams of trade winds meets at the so called
Intertropical Convergence Zone (ITCZ).

A large percentage of the population of Mozambique live in remote, thinly popu-
lated rural areas where no power is available from the national grid and where o1l
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Fig 1. Prevailing trade winds (easterlies) blowing over Mozambigue in December—January (left) and
June—July (right).

or coal products cannot be delivered economically. Some areas of Mozambique even
lack wood for fuel due to the climatic conditions. However. Mozambique has excel-
lent solar conditions with an average of 7-9 h of sunshine per day throughout the
country. Hence, 1t is obvious that the power requirements in rural areas of Mozam-
bique can be met. to a large extent. by the utilization of solar energy. Unfortunately.
the solar conditions in Mozambique have been very poorly studied. Investigation of
the monthly mean solar radiation compomnents available in Mozambique is an
important problem. Without knowledge of the monthly mean solar radiation it is
impossible to design the size and estimate the cost and efficiency of a solar device
[1]. The efficiency of solar devices such as plain solar collectors and PV-arrays
depends on the angle of tilt and hence, investigation of monthly and annual mean
optimum slopes for Mozambique 1s also an important task [2-11].

In this paper we aim to show, by simulation and comparison with data gathered
at various synoptic stations, the dependence of the solar radiation components on
the geographical conditions pertaining to Mozambique The study will then be
extended to determine optimum conditions of use for solar collectors and PV-arravs
in this country. factors which should be useful for power generation in a remote.
rural areas of the country.

2. Brief explanation of the algorithm

The new algorithm [12] developed by Nijegorodov at the University of Botswana
to simulate the instantaneous, hourly, daily and monthly mean direct normal, diffuse
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and global components of solar radiation and to predict daily mean and monthly
mean optimum slopes 1s based on four major articles published in the Renewable
Energy Journal [11.13-15]. The algorithm developed allows simulation of all solar
radiation parameters if a slope, [J, 1s known. If [§ is not known the program simulates
Popt- Pope 15 found by maximizing the daily total insolation on a tilted surface with
respect to tilt angle. 1.8

d y
[d—ﬁcﬂa]ﬁm -0 M

A schematic representation of the algorithm 1s given in Fig 2 The solar constant.
I; is considered to be 1367 W/m?® [1]. Input data are: T temperature, RH relative
humidity, §h of sunshine. F visibility and Dy, the thickness of the ozone layer. These
parameters can be daily mean, if the solar components are simulated for a particular
day, or monthly mean daily if monthly mean daily components are simulated for
the Julian days. Jan 17. Feb 16, Mar 16, Apr 15, May 13, June 11, July 17. Aug
16, Sep 15, Oct 15, Nov 14, Dec 10.

If visibility and the thickness of the ozone layer are not known. standard values
can be used (F=23 km and Dn=034 cm) [16.17]. Location and date input data are:
i latitude, 4 altitude, D date and M month. The third set of input data are: ) surface
azimuth angle, [i slope and p ground albedo. If all input data are available the follow-
ing constants can be computed: P, pressure due to water vapour. N, total number
of moles in the vertical column of air. N, number of moles of carbon dioxide, N,
number of moles of water vapour, Heffective thickness of the atmosphere, M mean
meolecular weight of air. & declination. W, sunset hour angle. H, sunrise hour, H,
sunset hour, S, duration of a day, m, 1s mass for #.=0_ m, air mass at noon_ Sub-
sequently, the following variables are computed: m current air mass, & current angle
of incidence of the suns ravs on the tilted absorber plate, Cos 6, cosine of the current
zenith angle. fand /] are two correction factors necessary in the computation of the
diffuse fraction [14]. defined as C=I;T;, The formulae required to compute the
above constants and variables are given in [15]. Next. instantaneous or hourly para-
meters of solar radiation are computed: fp, direct beam radiation. Jp beam radiation
on horizontal, I; diffuse radiation. J. ground reflected radiation and 7, total solar
radiation. The procedure to compute [, 15 thoroughly explained 1 [15] and that for
I 1s given m [14]. Following these, daily or monthly mean daily solar parameters
(Hy Hy H; H, and H,) can be computed for clear cloudless and partially cloudy
weather. In order to compute the dailyv diffuse radiation for partially cloundy weather
the following formula was used;

. Ha ,
H'y = S + b(Sau—9)] @

max
where b 1z an empirical parameter which gives the relationship between the daily
diffuse fractions for partially cloudy and clear cloudless weather. For Southern
African climatic conditions it was found that & should be equal to 1.6. The procedurs
and all necessary formulae required to compute the optimum slope, [i,,, are given
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Fig. 1. Schematic representation of the algonthm to simulate hourly, daily and meonthly mean daily solar
radiation components and optimum slopes (all notations are given in the nomenclature).

i [11]. The remaining symbols i Fig. 2 are: 4; anisotropy index, C diffuse fraction
defined as Hy/H;, and £ diffuse fraction defined as Hy/H, and D, diffuse fraction
defined as HH_. All notations used are shown m the nomenclature.

3. Application of the algorithm

The algorithm developed 1s applied in this paper to study monthly mean and annual
mean daily solar radiation components and monthly and annual mean optimum slopes
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in Mozambique. The locations of the synoptic stations of Mozambique for which
the meteorological parameters were available, are shown in Fig 3. The altitude. A
1s given in meters above sea level An example of simulation of monthly mean daily
and annual daily solar components and optimum slopes 1s given in Table 1 (for the
Maputo observatory). The median monthly temperatures. also shown in Table 1.
were calculated as follows:

Tma.l; + 1r]:ni]l.
Ji

3

Clearness indices, Ky were also simulated. The simulated solar radiation parameters
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Fig. 3.

WNames, locations and altitudes of 21 Mozambican synoptic stations.



NI Nijegorodov et al / Renewable Energy 28 (2003) 1965-1983

1972

8L FL o9 89 Ll [ g8 P8 <8 oL BL s 8L s
99 69 0L 0L 99 ] 19 09 £9 9 L9 89 89 (%) HY

EIEp [EMS0[aI0Mma
8TC 1'sT 0T L'TT L A ToT 6l 6l o bl L'tT 1'sT 8¢ B DelL uEauL AjLuojy
£6l— L9 80 LZl- L6I- 9Fh— 8~ T€— 90— T6t— TET— 8- LE G () adojs
0Or0 SBEOD  6SE0 [BEO  POFO  EECD BESO LSO IPEO LSrO  TYFO  &ZF0  ROFO 5 wmnundo
6l o8l 'Ll 991 9l &'l 8Tl il FEl £Fl 691 98l 06l " pus
08 s BIS FLY Loy e 0e 6T T1E 89°E @ty 90t oS FH xpu

e

Apnop
281 &8I a1 691 el Foe 661 Fal 8al gLl BBI 261 tel “H Apeg ssaupnop
f6l— 'L BOOD F¥EI-— LOE— TSP— PBEC— BEC— T16— 1T'O¢P— IT¥I-—- BE-— 6€ **d (wrg)
0L9°0 9990 TL90  SL90  [890 9890  8LO0  SL90  L[990 890 1990 8590 1990 | UOETpal
1TT 68T T8 el YT T8l 0¢l Tl 8el el FET T9C £t H Apep
oF € L4 Flt SEE 9F'€ B0E &LT Loc €80 al'e 85t ot LY H L

T

sse[pmop
L6t 323 333 FlE 6l 6'9C L¥L L'+ nee L9t £6L Fle Tt “H A Auop

23] AON] 120 dag Ay Amp aunf Ay 1y IE qad uef

Sap saajad
Enmry (8 el B [ENTO[OIC0I PUE IE[0S

uotEs andouss omdepy aog sadops wnundo pue saxpul ssama]d Seumed uonepeE oS AEp UEall A[IUow paRnung

1 |qeL



NI Nijegorodov et al / Remewable Energy 28 (2003) 1965-1953 1973

for the Maputo observatory were compared with experimental data obtained over
several yvears at this station. Such comparison showed that the error i the simulated
values of direct beam radiation 1s 4%, for the simulation of global radiation this
15 16% and the error limits i the simulation of diffuse radiation is within £12%.
For example. for June (Maputo station) experimental values of Hy, H, and H, are
19.6. 3.29 and 12.9 MJI/m*. The corresponding simulatad values are 19.4, 2.93 and
12.2 MI'm? For December experimental values are 18.4, 6.26 and 19.3 MJI/m? and
corresponding data are 18.3, 5.91 and 18.6 MJ/m®. The same limits of error have
been observed for Gaborone, Botswana. The low accuracy in the simulation of H;
15 explamed by the following. H,; 1s affected to a large extent by the visibility but.
monthly mean visibility data are not available. Hence, the standard visibality (23 km)
was used i all simulations even though visibility can vary over a large range.

The error limits in the simulation of the optimum slopes for a north—south aligned
absorber plate (either a flat plane collector or a PV-panel) is within 0.5°.

Simulation of monthly mean daily solar radiation components and monthly mean
optimum slopes. f3,,, were actually carried out for 30 synoptic stations from Mozam-
bique. Malawi and the Eastern province of Zambia. For this purpose the algorithm
developed was used.

The sumulated results for the 21 Mozambique synoptic stations have been analyzed
and are presented in the form of maps of monthly mean daily direct beam radiation
for December and June (Fig. 4). of annual mean daily direct beam and global radi-
atton (Fig. 3) and of monthly mean optimum slopes for December and June (Fig. 6).
Annual mean daily parameters and annual optimum slopes are presented in Table 2.

INDIAN OQCEAN

Fig. 4. Maps of monthly mean daily direct beam normal radiation (values indicated are in MJ m™) for
December (left) and June (rnight) for Mozambigue.
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Fig. 5. Maps of annual mean daily global radiation (left) and of annual mean daily direct beam normal
radiation (right) for Mozambique Values indicated are in MI m™2
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Fig. 6. Maps of monthly mean optimum slopes for December (left) and June (right) for Mozambigue.
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4. Results and discussion
4.1. Maps af monthly mean daily direct normal solar radiation for Mozambique

Since knowledge of monthly mean daily direct normal components are 1mportant
for designing solar devices that can be adjusted for monthly changes m solar con-
ditions, 1t 1s useful to produce maps of Hy, for Mozambique. Such maps are highly
valuable since thev allow the estimation of Hj, for any location by extrapolation.
Figs 4-6 were produced manually by joming poimnts of the same value. The changes
in solar parameters between neighboring synoptic station were simulated by changing
location parameters and by extrapolating meteorological data. Fig. 4 shows maps of
Hyy, for December and June. Two main principles were used while producing these
maps: (1) 1soinsolation curves should not cross one another and (11) the curves should
be smooth, without sharp turns. It was necessary to make some simulations in
between neighbouring stations while producing these maps. In these cases meteoro-
logical parameters were found by extrapolation. Comparing the maps for December
and June it can be seen that they are completely different and verv complicated. In
June there are several notable locations such as Ribaue, Quelimane, Vilanculos and
Quissico. Ribane 1s of particular note. Moving from Angoche to Lichinga via Ribaue
in June, one would find H,, first decreases from 19.0-12.2 MJ/m? (Ribaue) and then
increases to 21.5 MI/m? at Lichinga. It is clear from these data that the weather at
Fibaue 1s much cloudier. Careful analysis shows that the number of h of cloud
June and December. at different locations, 1s correlated with the prevailing trade
winds blowing in Mozambique during these months. The southeasterly winds that
blow in Mozambique in June are quite shallow and so are affected by mountain
ranges. The streams of trade winds blowing from the southeastern region of the
Mozambique Current. over Chinde and Quelimane (another notable location) are
affected by the Maniamba—Amaramba Mountains and so clonds concentrate over the
Eibaue region. In the south. the southeasterly winds are affected by the Libombos
mountain range in Maputo province. In the southern part of Mozambique isoinsol-
ation Hj, curves almost coincide with the direction of the prevailing winds. Isoinsol-
ation curves for the month of December are determined, to a large extent, by the
prevailing trade winds blowing from the northeast. The highest insolation (20.4
MI/m?) is at Vilanculos. The only explanation of this fact 1s the Mozambique Cur-
rent, which flows from the Indian Ocean straight to Vilanculos. The whole region
of Mozambique from Maputo to Beira 1s under the influence of this warm current.
Excepting Vilanculos. there are two other notable locations on the December map:
Beira and Lichinga stations. Again, this could be explained by the increased amount
of cloud at Lichinga compared to Beira. Moving from Beira (Hz=19.7 MI/m®) to
Chimoio (Hy,=17.5 MI'm?®). H,, 1s seen to decrease (see Fig. 4). The amount of
cloud increases from Beira to Chimoio. In June, Hj, 1s verv high at Zumbo (23.9
MI/m?) but is much lower in December (17.7 MI/m®). This apparently surprising
observation is again explamed by the amount of sunshine in the Zumbo area: in June
there are 9.1 h of sunshine while i December, only 6.5 h. The difference between
S5/8 ez the fraction of davlight h that are cloudless. for June and December 15 quite
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large. Thus, one can conclude that maps of Hyy for JTune and December have special
characteristics that are determined by the prevailing trade winds, the warm Mozam-
bique Current and the mountain chains surrounding Mozambigue from the north,
west and southwest. For completely clear, cloudless weather, the annual mean H,,
is highest (see Table 2) at Lichinga (H,,=35.4 MI/m?). which is explained by the
altitude (4=1356 m).

4.2, Maps of annual mean daily direct beam and global solar radiation

In order to estimate the annual mean values of Hy, and H, at any location, maps
of the anmal values have been produced for Mozambique (Fig. 5). Agamn one can
see that Ribaue is a special case where HY, and HY are at their lowest. The maps
for Hy, and B have the same character and four special areas can be identified in
Mozambique. The first area is around Ribaue. where clouds are concentrated around
that station. The second area is located along the Zambezi river valley where the
solar radiation steadily increases from Quelimane and Chinde stations towards
Zumbo station. The third area 1s that between Vilanculos and Beira stations where
the amount of radiation is relatively low and slowly increases from Beira in the
direction of Espungabera. The fourth area stretches from Maputo northward to Vilan-
culos. In this area the amount of solar radiation increases slowly from Maputo 1n
the direction of Chikualacuvala. In the northwestern part of Mozambique and also in
Malawi and the eastern part of Zambia the isomsolation lines follow the direction
of the prevailing trade winds. Analysis of these maps allows the conclusion thar all
of the isoimnsolation curves are determined by the number of h of sunshine, which.
in its turn. 1s determuined by the clouds carried by the trade winds and the mountain
chains. If monthly mean monthly daily components were simulated for more stations
in neighbouring countries then 1t 1s possible that the maps may be shightly altered.
but only bevond the borders of Mozambique. More simulations must be carned out
for synoptic stations in Tanzania, Zambia, Zimbabwe and South Africa to extend
the maps of Mozambique to the neighbouring countries. There are three climate
zones in Mozambique: (1) rainy in the north. (2) dner i the south and (3) relatively
cool and ramy on the plateaux, mountains and central area. All three zones can be
easily traced on the maps of the annual mean solar radiation parameters for Mozam-
bique 1 Fig. 5. The two maps are correlated to a large extent. which 1s unsurprising
smce the greatest contribution to H, 1s Hy—the beam component on the horizontal
surface. The mmportance of annual mean solar radiation maps 1s discussed by Rabl
[18]

4.3, Maps of monthly mean optimum slopes

Maps of monthly mean optimum slopes for December (left) and June (right) are
presented in Fig. 6. The the mean monthly slopes in this work are defined as follows.
If }=0 (collector faces South) then [§ changes within 0=/3=180" but if }=180°
{collector faces North) the [ changes within 0=F=—180" As one can see in this
figure. the monthly mean slopes for December are positive {collector facing South)
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and vary from 7° (at Maputo) to 197 (in the northern part of Mozambique). The
monthly mean optimum slopes for June are negative (collector facing North) and
vary from —33% (Maputo) to —41.3° (Mocimboa da Praia). Once again Ribaue 1s a
notable location. The curves linking similar optimum slopes are bent towards greater
tilt angles around the Ribaue area. This 1s especially evident for the month of June.
Such behaviour of the curves is explained by the amount of cloud, which 1s higher
at Ribaue than anvwhere else. The mean monthly optimum slope at Eibaue in June
should be —44 7% for clear weather, but due to the cloudy conditions it is actually
—43° Hence, the optimum slope is decreased due to the higher cloud cover. This
15 quite clear from a physical point of view. In a completely cloudy sky the optimum
slope would have to be 07 in order to intercept all diffuse radiation. In December
the Ribaue area 1s less cloudy and so the optimum slope curves are less deformed
in this area than for June. Such maps of monthly mean optimum slopes can be made
for every month of the year. These maps are of great importance: for example, if
the angle of tlt of a PV-panel were to be corrected once a month then the efficiency
of the panel would be boosted by 13% at little additional cost [19].

4.4, Variation of optimum slope with davs of the year

The optunum slopes for Maputo shown i Table 1 are simulated for the Julian
days. Jan 17. Feb 16, Mar 16, Apr 15, May 15, June 11, July 17, Aug 16, Sep 15.
Oct 13, Nov 14, Dec 10. Using values of monthly mean optimum slopes one can
plot the varnation of daily optimum slope with day of the year. Such graphs for
Maputo and Mocimboa da Praia stations are given i Fig. 7. From this figure 1t can
be seen that the variation of [, resembles a cosine function. These smooth curves
are for clear, cloudless weather conditions. For partially cloudy conditions the curves
would be slightly different. Looking at the graph it can be seen that the slopes can
assume etther negative (North facing) or positive (South facing) values. One can
also conclude that the annual mean optunum slope should be negative. The shaded
area shows the manifold of positive and negative slopes of an absorber plate for
different cloud conditions. As an example. at the Maputo station the slopes are North
facing from February to October and only from November to January should the
absorber face South. Again, for Maputo, the maximum North facing optimum slope
is —55.8° {on 21st June) while the maximum South facing optimum slope 1s 7.1°
{on 21st December). For Mocimboa da Praia the picture 1s very different. The posi-
tive shaded area 15 greater for Mocimboa da Praia than for Maputo and the negative
shaded area 15 less. Thus. for Mocimboa da Praia. the maximum value of the opti-
mum slope facing North is —44.0° on June 21st (less than for Maputo) and facing
South is 22.0° on 21st December (greater than for Maputo). This can only be
explained by the difference in latitudes. since the optimum slope 1s mostly determ-
wmed by the latitude [14].

4.5. Variation aof hourly selar radiation components with time af day

Fig. 8 gives an example of the variation of the hourly solar radiation components
for the Maputo station on the 21st June and 21st December during winter and sum-
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Fig. 7. VWanation of optimum slope with days of the year for the Maputo (top) and Mocimbea da Praia
(bottom) lecations in Mozambigue.

mertime, respectively. From the curves it can be seen that in both June and
December. the solar radiation 1s symmetrically distributed over the day, the highest
value being at solar noon (no phase shift). All the graphs show that the normal beam
radiation. [y, at sunrise and sunset 15 not equal to zero. This is due to the effect of
air mass, which 1s non-infinite at the hour of sunrise and sunset [13] The curves
also show that the solar radiation components have their highest values m December
{summer) rather than i June The direct normal beam radiation. Jp,. 15 greater than
the global radiation, I, (where I, 1s on the horizontal plane) mn almost all cases.
However. in December. symmetrically and close to the solar noon I, becomes larger
than [, This is due to the influence of the zenith angle £. on the beam radiation
1. The graphs in Fig. & are obtained for monthly mean meteorological conditions
in June and December. In reality however, the humidity in Mozambique can vary
from 30-100%. Hence the spread of the hourly solar radiation components could be
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within £20%. At solar noon in December, direct beam radiation in the southern
province of Mozambique could be as high as 1070 W/m? and could approach 1200
W/m? at Lichinga (due to the altitude).

4.06. Fariation of monthly mean daily Solar components with davs af the year

Examples of the vanation of monthly mean daily solar components with day of
the wvear for the Maputo, Lichinga and Mocimboa da Praia locations are given in
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Fig. 9. These curves are simulated for clear. cloudless conditions. As can be seen
m this figure. H,, H,. H, and H; are smooth curves but are not symmetric about
21st June. The distortion from symmetry 1s explained by the variation of monthly
mean meteorological parameters (I, RA) which affect the solar components. The
absolute values of H,, H, and H_ for Lichinga are much higher than for Maputo
and Mocimboa da Praza. This 1s explamed solely by the differences mn altitude. The
same graphs can be produced for partially cloudy weather (for real monthly mean
meteorological conditions) However, such graphs would not be smooth since the
number of h of sunshine, 5. changes more randomly than temperature or humidity:
5 1s determuned by the cloud-cover. while T and RH are determuned mostly by the
5EASOnS.

4.7. Annual mean solar radiation parameters and annual mean optimum slopes of
Mozambigue

Table 2 represents all annual mean solar radiation parameters @"ﬁ_@ﬁdﬂ%} annual
mean clearness indices. K% and annual mean optimum slopes. (¥, for 21 locations
of Mozambigque for clear. cloudless and for partially cloudy weather (monthly mean
meteorological conditions). Analysis of Table 2 allows the conclusion that all solar
radiation components for clear, cloudless weather are quite high. B}, varies between
28.3_3.5[1-"1113_35_4 MI/m?, the country average being 30.4 MI/m*. The country average
of Hy 1s also quite high (239 MJ.-’mz_}_ The average clearness index 1s 0.692. For
partially cloudy conditions Hy, and HY are less but the values are still guite high.
Countrv average values for partially cloudy conditions are 194 MJI/m® and 16.8
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Fig. 9. Vanaticn of monthly mean daily selar radiation components for the Maputo (left), Lichinga
(centre) and Mocimboa da Prata (right) locations of Mozambicue (monthly mean meteorological para-
meters were used in the simulations).
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MI/m? respectively. Annual mean optimum slopes. [F; (°) given in the right hand
column of Table 2. are all negative. Values of [, are found as follows. Yearly
Hyy values were simulated as 3%, Hy(n) for different values of § until maximum
H7 is found [11]. The corresponding value of § would be the mean year optimum
slope.

Careful theoretical consideration of this problem. carried out using special
software [11]. showed that for the Southern African region (SADC countries) the
following empirical formula can be used to calculate (%,

Bop(21 June) + 3,21 December) N Q

Bipe = 5 - (4)

Az an example, for Maputo this formula gives:

- —5358+71 26
[FopdMaputo) = - 5 5 - —29.5°.

Annual mean optimum slopes [, for clear, cloudless and partially cloudy weather
are practically the same (see Table 1). Hence. in the Southern African region. where
monthly mean cloudy h are quite low, values of [#, for clear, cloudless weather can
be used throughout the vear.

. Conclusions

Lh

1. Maps of monthly mean daily direct normal insolation for June and December and
maps of the annval mean direct normal and global msolation show that the behav-
1our of the isoinsolation curves is affected. to a high degree, by the prevailing
trade winds and mountain chains of Mozambique.

2. Maps of the annual mean daily direct normal and global insolation components
produced for Mozambique can be used to design the size and to estimate the cost
and efficiency of different solar devices.

3. Annual mean optimum slopes simulated for 21 Mozambican synoptic stations can
be used in the mstallation of PV-arrays and plane collectors at different locations.
Monthly mean optimum slopes could be of especial importance if PV-arrays were
designed and manufactured so as to allow adjustment of the optimum slope of
the array whenever necessary (e.g. once a month)

4. To produce more precise maps of the solar msolation components for Mozam-
bique and neighbouring countries, more simulations for synoptic stations of neigh-
bouring countries should be conducted.

3. Mozambique is a very suitable country to utilize direct beam radiation since Hgy,
values are high and do not vary much throughout the year. For example. at Maputo
the lowest value of Hy, 15 16.6 MI/m” in November and the highest 1s 20.4 MJI/m?
in August (see Table 1). The annual mean value of Hy, 1s 18.8 MI/m*.

6. The H, component 1s also quite high throunghout Mozambique and can be effec-
tively used for heating domestic water and for communication purposes if PV-
arrays are used. The annual mean value of H, for Mozambique is 16.8 MJ / m”.
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