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Abstract

The insolation received on a solar collecting surface is maximized by ensuring the beam component of solar radiation which
is normal to the surface. In this study, optimum tilt angles for fixed and periodically adjusted south-facing solar collecting
surfaces have been estimated for different periods of the year, for locations in Nigeria (Lat. 4-14° N and Lon. 2-15° E). The
spatial domain of interest was discretized into a grid of 1° latitude by 1° longitude cells; and for each cell, monthly aver-
age data of daily horizontal irradiation were obtained from the web-based NASA-SSE meteorological data services. These
were used as inputs to an anisotropic tilt radiation model to search for the collector tilts that maximized incident radiation.
A fixed collector tilt scheme and five periodic tilt angle adjustment schemes: adjustments of tilt angles (i) twice, (ii) thrice,
(iii) four times, (iv) six times, and (v) twelve times in the year, were considered. Negative optimum tilt angles were obtained
during the rainy season (April-August), indicating that for those periods, north-facing collector orientations will result in
higher solar energy collection. Adjusting solar collectors twelve times per year, yielded the most annual irradiation, which
was 3.4-6.7% more than the annual irradiation received by collectors with optimum angles fixed all year round. However,
of the five periodic adjustment schemes, adjusting three times in the year is recommended as ideal, based on a comparison
between the gains in the obtainable solar energy and the complexity/inconvenience associated with implementing the scheme.
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Introduction component is dominant and normal to the collector’s sur-
face. This can be achieved with tracking mechanisms (sin-

Solar collectors harness the inexhaustible solar radiation  gle-axis and two-axes) set up to automatically track the sun’s

from the sun, and find applications in water heating, build-
ing heating, air conditioning, power generation, and indus-
trial process heat. The angles to which these collectors are
inclined with respect to the horizontal (i.e., their tilt angles)
and the directions to which they are oriented greatly affect
their performance and have appreciable effects on the quanti-
ties of received solar energy (Morcos 1994).

To harness maximum insolation, the radiation incident
on a collector needs to be such that the beam radiation
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beam or position (Njoku 2016).

However, the trade-offs between the energy gains and the
high (installation and maintenance) costs of these tracking
mechanisms limit their usage (Oner et al 2009).

Alternatively, solar energy receiving surfaces can be fixed
at optimal positions or intermittently adjusted to periodic
optimal positions to maximize the solar energy received. For
a periodically adjusted collector, as the number of intermit-
tent adjustments of the collector to its optimum position is
increased, the quantity of insolation which it receives would
increase and approach the insolation that a tracking collector
would harness (Notton and Diaf 2016). Compared to track-
ing collectors, the main advantages of solar collectors that
are positioned at optimum tilt angles are cost effectiveness,
ease of installation, and reduced maintenance.

The collector tilt angles that will maximize total inso-
lation received can be determined experimentally, by
employing pyranometers and solarimeters, but these
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equipments are nominally installed to measure insolation
on horizontal surfaces. Inclining them to the infinite num-
ber of possible tilt angles that will be required to determine
the optimum will be practically unrealistic, necessitating
a resort to modeling approaches. For these, numerous tilt
radiation models have been developed, including isotropic
or anisotropic models (Danandeh and Mousavi G. 2018;
Gueymard and Ruiz-Arias 2016; Yadav and Chandel 2013;
Yang 2016). Being more detailed in the analysis of the dif-
fuse component of radiation, anisotropic models offer more
accurate predictions of insolation (Li and Lam 2000; Khoo
et al 2014), and numerous studies have shown that the
Perez et al (1990) anisotropic model gives more accurate
predictions in comparison to others (Elminir et al 2006;
Noorian et al 2008; Gueymard and Ruiz-Arias 2016; Yang
2016).

Using the isotropic Liu and Jordan (1960) model,
Ibrahim (1995) estimated the monthly, seasonal (when
adjusted to four optimum tilts in a year), and annual opti-
mum tilt angles of solar collectors in Guzelyurt Cyprus
(Lat. 35° 11’ N). While the annual Bope Was estimated as
31°, the seasonal f,, were estimated as 22° in spring
(Mar-May), 14° in summer (Jun—-Aug), 40° in autumn
(Sep—Nov.), and 48° in winter (Dec. to Feb.). The monthly
Bop varied between 52° in Dec. and 10° in June. Thus, the
difference between monthly ﬂopt and location latitudes, L,
ranged from 17° in winter to 42° in summer, while the
annual g, — L was ~-4°.

With the typical meteorological year as weather data
input, Chow and Chan (2004) estimated the insolation
received on inclined surfaces with different orientations and
slopes, and for different periods of the year in Macau (22.2°
N), South China. Annual f,, of 25° (f,, — L = ~4°) and
orientation of y = 40° were suggested, while seasonal f,
estimates were between 14° (f,, — L = ~-8°) during sum-
mer and 45° (B, — L = ~23°) during winter.

Bari (2000) developed a polynomial regression for esti-
mating daily and seasonal f,, for south-facing solar col-
lectors in Malaysia (Lat. 1-7° N), based on the isotropic
Liu and Jordan (1960) model. Sample computations for
locations at latitudes 2.5° N, 3° N and 7° N, yielded both
positive and negative f, depending on the season of the
year. The negative f, implied that for certain periods of
the year, collectors ought to be oriented towards the pole
(rather than the equator) for optimized solar radiation col-
lection. Alternatively, Nijegorodov et al (1994) developed
linear correlations in the form of g, = aL + b for calcu-
lating global monthly optimum tilt angles of south-facing
solar collectors, with the location latitude, L, as the sole
dependent variable, where a and b are constants that differ
for the different months.

Elminir et al (2006) computed the optimum tilt angle
that gave the maximum total radiation on collector surfaces
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at Helwan (Lat. 29° 52°N and Lon. 31° 20’E) Egypt, based
on the anisotropic Perez et al (1990) model. The g, was
approximated as 43.33° during the winter season, 15°
for the summer months, and 28.75° for collectors fixed
throughout the year. These corresponded to B, — L =~
14°, —14° and —1°, respectively. Similarly, for solar col-
lectors in Syria (Lat. 34.8° N, Lon. 39° E), Skerker (2009)
obtained S, that were approximately equal to the latitude
for the months of March and September. The seasonal S,
were estimated at 60° in winter, 19.34° in spring, 1.6° in
summer, and 47° in autumn, while the yearly f, was esti-
mated at 30.65°.

A number of studies for locations in Nigeria have also
been reported. The study of Oladiran (1995) relied on the
isotropic Liu and Jordan (1960) model and considered only
three locations: Maiduguri (Lat. 11.8° N, Lon. 13.2° E),
Tlorin (Lat. 8.5° N, Lon. 4.5° E), and Lagos (Lat. 6.4° N,
Lon. 3.4° E) in Nigeria. Also, only three collector tilts (f =
L — 10, L, and L + 10°) were considered to obtain the results
that suggested that during the dry season (between Novem-
ber and December) f = L + 10° gave the highest insolation
at an azimuth angle of 0° for the three selected locations,
while f = L — 10° was optimum during the rainy season.
Idowu et al (2013) analyzed B, for solar heating collectors
at locations within latitudes 1-14° in Nigeria, but based on
insolation data for a 6.45° N location only. The f,, obtained
were predicted as ﬁopt = L + 25° for November, December,
and January; L + 15° for February, September, and October;
L — 15° for August; L — 25° for May, June, and July; and L
for March and April.

Whereas the dependence of optimum collector tilt angles
on location is established, the inherent diversity of the loca-
tions in Nigeria has not been adequately accounted for in the
existing studies. In this paper, we undertook to determine the
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Fig. 1 The major cities in Nigeria (Njoku 2016)
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Fig.2 Flat solar energy receiving surfaces in northern hemisphere
with surface azimuth angle, y = 0°

optimum tilts of surfaces receiving solar radiation at loca-
tions on a 1° by 1° grid within latitudes 4—-14° N and longi-
tudes 2-15° E. Collector tilt adjustment schemes analyzed
included surfaces fixed all year round and those periodically
adjusted two, three, four, six, and twelve times per year. Data
of monthly average daily insolation on horizontal surfaces,
H, were obtained from the NASA Surface Meteorology and
Solar Energy (NASA-SSE) database (NASA-SSE 2016) and
used for computing monthly insolation on surfaces inclined
to different slopes based on the Perez et al (1990) model.
The optimum tilt angles for solar radiation reception were
determined by searching for the § values for which the total
radiation on the collector surface was a maximum for the
periods of interest or the entire year.

Materials and methods
Study domain

Figure 1 shows the study region which lies within latitudes
4-14° N and longitudes 2—15° E, encompassing all locations

— —2 —3
o _ [ 13913560, +4.189K, ~ 2.137K,
7\ 1311 - 3.022K, + 3.427K, — 1.821K,

(for 0.25 < K, < 0.8; o, < 81.4)
(for 0.25 < K, < 0.8; o, > 81.4),

in Nigeria and with major cities indicated with dots in the
map. Locations in Nigeria are largely sub-equatorial and
experience hot and humid climates with two distinct (rainy
and dry) seasons. The annual average daily insolation levels
are between 4.13 kWh/m? in the southernmost locations and
6.65 kWh/m? in the northernmost locations.

Tilt radiation model

Figure 2 depicts a flat south-facing solar energy collecting
surface (orientation y = 0°) at a location in the northern
hemisphere. The tilt angle, §, and zenith angle, 0, are also
indicated. According to the Perez et al (1990) model, the
total average hourly insolation on such a surface, 77 (J/m?),
is composed of beam, diffuse, and ground-reflected compo-
nents. The average hourly beam insolation on a tilted sur-
face, ?T,h (J/m?), is the product of the average hourly beam
radiation on the horizontal plane, 7,,, and a geometric factor,
R,, that is:

iT,b = jbRb’ (1)

where R, is the ratio of average hourly beam insolation on
the tilted surface to that on a horizontal plane, given as:

R. = IT_,b __cosf )
b 1, cost.’ @

while ;b _is the difference between the average total (;) and
diffuse (/) insolations on the horizontal plane; that is:

I,=1-1, 3)

The diffuse component of the hourly irradiation on a hori-
zontal surface, 1, was determined from the monthly average
daily diffuse radiation, H, by:

}d =T dITId’ 4

where, the ratio, r,, is given by Liu and Jordan (1960) as:

T COSm — COS g,

r;=—
d . ) )
24sinw, — T2 cos wy, ®)

with @, the hour angle of the midpoint of the hour of inter-
est, and w,,, the sunset hour angle. Hd, the diffuse portion
of E was obtained with the Erbs et al. correlations (Duffie
and Beckman 2013), which express the ratio R, = Hd/ﬁ,
as a function of the hourly clearness index, K, as follows:

(6)
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where ET is the ratio of H to EO, the monthly average daily
extra-terrestrial irradiation.

The average hourly diffuse component of the average
hourly radiation on a tilted surface, jT , (J/m?), is modeled
by the Perez ot al (1990) mod_eclS as composed of the sum of
1sotroplc (IT d) circumsolar (IT ,)» and horizon-brightening
(I d) sub-components, viz.:

—Cs —hb

1S0
ITd_ITd+ITd+ITd )

—iso

The isotropic diffuse sub-component, IT, 2

—iso = 1+4+cosp
I, =1,(1 - Fl)(T)’

is given as:

®)

where F is the c1rcumsolar coefficient; the circumsolar dif-

fuse sub-component, IT 4> 18 given by:

—=Cs

I; _IdFlb ©)]

where a and b are sky geometric parameters, while the hori-

zon-brightening diffuse sub-component, I, ,, is given by:

<hb - )
IT’d:Iszslnﬁ, (10)
where F, is the horizon brightness coefficient.

The average hourly ground reflected component of the
radiation on a tilted surface, IT’g A/m3), is given as:

- - 1 —cosp
Iy, = ng<T>, an

where p, is the ground albedo.

Summing Egs. (1), (8), (9), (10), and (11), the total aver-
age hourly insolation on a tilted surface is given by the Perez
et al (1990) model as:

- = - 1+cosp - . a
Ir =IL,R, +1,(1 _F')<T> +IdF'E

- . - 1 —cos
+1,F,sin +ng(Tﬁ>.

12)

Tilt angle optimization scheme

Data of monthly and average daily insolation on horizontal
surfaces, H and Ha,m, respectively, were provided by the
web-based NASA-SSE database (NASA-SSE 2016) as one
of over 200 satellite-derived monthly meteorological and
solar energy parameters averaged over 22 years and covering
the entire surface of the earth on a 1° by 1° grid. These data,
whose accuracies have been assessed by Elminir et al (2006),
Kawajiri et al (2011), Zawilska and Brooks (2011), Ghosh
et al (2010), etc., were obtained and decomposed using the
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Collare_s-Pereira and Rabl (1979) equations to obtained the
hourly 7 values used in Egs. (1)—-(12). (Details of the proce-
dure are presented in Njoku (2016)).

Prediction of optimum tilt angles for surfaces fixed all year
round

The optimum tilt angles, ﬁopt, were determined for surfaces
fixed all year round following the steps outlined in the flow-
chart of Fig. 3. For each cell in the 1° by 1° grid for which
NASA-SSE data were obtained, the optimization process
began with the collector tilt, g, set equal to the lg(catlon s lat-
1tude L and the maximum annual radiation, H T.ann® S€ to the

H,,, that was obtained from the NASA-SSE database. Using
the H value for each month, the total radiation received by
a surface inclined at § was computed for each day of the
month, using Eqs. (1)-(12) and summed to obtained the
total radiation on the inclined surface for the month, ET.
This was repeated for the 12 months of the year. Then, the
total monthly irradiations were summed to obtain the total
annual irradiation received by the t1ltedxsurface H 17 ann- The
H 7.ann Was then compared with the H; . and if Hy,,, was
greater, then H T.ann Was updated to be equal to Hy. ,,,, and the
procedure repeated with f§ increased by 0.5°. The procedure
continued iteratively until al H 17 4 WS obtained whose value
was less than the latest H,, . . The p values that gave the

X
Hp ., Were taken as f.

T,ann"

Prediction of optimum tilt angles for surfaces that are
periodically adjusted

Five additional schemes were considered for periodi-
cally adjusting collector surfaces to periodic optimum
tilt angles—two periodic adjustments (i.e., January—June
and July-December); three periodic adjustments (i.e.,
January—April, May—August, and September—Decem-
ber), four periodic adjustments (i.e., January—March,
April-June, July—September, and October—December), six
periodic adjustments (i.e., January—February, March—April,
May—June, July—August, September—October, and Novem-
ber—December), and 12 periodic adjustments (i.e., monthly).

The search procedures used for estimating the S, for
each period of the five schemes were similar to that used
in determining the f,, for surfaces fixed all year round
(Sect. 2.3.1) gave that the search algorithm sought the
maximum irradiations on tilted surfaces during each period
instead of the maximum annual irradiations. Furthermore,
the starting # values were within the range of L-35°< # <L
+ 40°, depending on the period of the year. The f values that
gave the maximum irradiation for any period were taken as
the g, for that period.
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Fig.3 Flowchart for the compu-

tations of g, for surfaces fixed
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Fig.4 Optimum tilt angles for optimally fixed surfaces in the study
region

(8TOP)

Results and discussion
Optimum tilt angles

Optimum tilt angle for surfaces optimally fixed all year
round

Figure 4 shows isoclines of annual g, for optimally fixed
surfaces within the study region. The dots on the figure
represent the major locations earlier indicated in Fig. 1.
It is evident, from Fig. 4, that the §, increase as location
latitudes increase, with higher g, obtained for locations
with higher latitudes. Thus, the southerly locations are less
south-facing than the northerly locations. The least f, of ~
10° was obtained for the southernmost Niger delta locations
(within latitudes 4-5° N and longitudes 6-7° E), while the
highest f,, of ~18° was obtained at the north-easternmost
locations, within the Lake Chad basin (latitudes 13-14° N
and longitudes of 12-14° E).

The increase in f, with location latitudes is more pro-
nounced at the southernmost areas, where f§, increases by
6° (i.e., from 9° to 15° ) between latitudes 4° and 8° N.
However, within the central regions (between latitudes 8 and
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12.5° N), surfaces can be practically fixed at a constant f,
value of 16°, and at 17° for the northernmost locations to
maximize solar energy collection. The values of §,, shown
in Fig. 4 are also generally close to the corresponding loca-
tion latitudes; the B, — L are between 3 and 6°.
Considering that the annual collected solar energy is not
significantly altered by small changes in collector tilt—the
annual captured solar energy changes by ~0.2% for each
degree change in § (Lorenzo 2003)—these f,, — L values
suggest that collector tilts equal to location latitudes will be
a good approximation for optimizing solar energy collection
by fixed surfaces in Nigeria. This agrees with the recommen-
dation of Duffie and Beckman (2013) to keep surface tilts
equal to the latitude for maximum annual energy availability,
and most previous studies have obtained similar results (e.g.,
Yakup and Malik 2001; Tang and Wu 2004; Ng et al 2014;

Ghosh et al 2010).
Optimum tilt angle for surfaces adjusted twice a year

For the case of two periodic adjustments of collector
surfaces in a year, the f, for the January—June and the
July—December periods are shown in Fig. 5a, b, respectively.
For both periods, the f,, trends are similar to the trends
for the case of single annual optimum tilt (Fig. 4), with the
Bop varying from the least values at the southernmost loca-
tions to the highest values at the northernmost locations.
The f,, obtained for the January-June period ranges from
7.5° (at the extreme south) to 13.5° (at the extreme north),
while for the July-December period, the range is from 12° to
22° . The increments in f§,, with location latitudes are also
observed to be more pronounced for southern locations. In

Latitude (°N)

2 4 6 8 10 12 14
Longitude (°E)

(a) Optimum tilt angles for Jan to Jun

the January—June period, f,, increase by 4° between lati-
tudes 4° and 8° N, and by < 1.5° for the rest of the study
region; while in the July—September period, it increased by
8° and 3°, respectively.

The B, for the July—December period are higher than
those for the January to June period. However, whereas the
difference between the least g, values for the two periods
is ~1.1°, the highest f,, values for the two periods differ
by ~4.5° . These differences represent the range of angu-
lar adjustments that have to be made to collectors at the
end of each 6-month period to optimize irradiation on their
surfaces. Obviously, these adjustments, whether small or
large, will only be justified if they will result in significant
improvements in energy collection. These angular adjust-
ments also depend on the choice of the months composing
each half-year period. For example, using half-year periods
comprised of Jan—Jun and Jul-Dec, the end-of-period angu-
lar adjustment determined for Belgrade, Serbia (Lat. 44.78°
N) by Despotovic and Nedic (2015) was 6.8°, while between
the periods within 22 Mar-21 Sep and 22 Sep-21 Mar, the
angular adjustment was obtained as 43.9°.

Optimum tilt angle for surfaces adjusted thrice a year

Due to the typical position of the sun with respect to terres-
trial locations, the total insolation on a fixed solar irradiated
surface is more when it is oriented towards the equator than
when oriented away from the equator. This forms the basis
for such general rules of thumb whereby collectors in the
northern hemisphere are installed as south-facing, whereas
those in the southern hemisphere are installed as north-fac-
ing (Duffie and Beckman 2013). Such rules are generally

14

N
N
™~

-
o
T

Latitude (°N)

(o]
T

8 10 12 14
Longitude (°E)

(b) Optimum tilt angles for Jul to Dec

Fig.5 Optimum tilt angles for surfaces adjusted within the study region twice a year
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Latitude (°N)
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(¢) Optimum tilt angles for Sep to Dec

Fig. 6 Optimum tilt angles for surfaces within the study region adjusted thrice a year

true based on the analysis of beam radiation; but for spe-
cific locations, particularly those at low latitudes and which
experience peculiar weather conditions, investigations such
as the present one, establish the extent of validity of these
generalizations (Chow and Chan 2004).

Figure 6 shows the f, for the case of surfaces adjusted to
the optimum tilts corresponding to three periods of the year.
Unlike the two previous cases, negative §,, were obtained
for the second period of the year (May—August, Fig. 6b).
These negative §,,, mean that within this period, surfaces
have to be oriented away from the equator (i.e., north-facing)
to maximize solar energy collection.

The negative §,, occur because on any day of the year
that the solar declination is equal to a location’s latitude, the

sun’s beam radiation will be perpendicular to a horizontal
collector at that location. However, on such a day, horizontal
collectors at locations above that latitude will see the sun’s
beam radiation from the southerly direction, while locations
below that latitude will see the sun beam radiation from a
northerly direction. Surfaces at locations beneath the 23.45°
N parallel (in the northern hemisphere) are most likely to
experience this phenomenon as shown by the studies of Bari
(2000), Ng et al (2014) and Yakup and Malik (2001), who
obtained negative (north-facing) f,, for Malaysia (Lat. 1-7°
N), Bangi—Malaysia (Lat. 3° N), and Brunei Darussalam
(Lat. 4.90° N), respectively, at certain periods of the year.
For further illustration, Fig. 7 shows how the solar decli-
nation angle varies during the year, with the latitudes 4 and
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Fig. 7 Relationship between solar declination and periods of positive
and negative f,,

14° N (which bound the study region) indicated for illustra-
tion. At locations on the 4° N parallel, the solar declination
is greater than 4° from early May to mid October, while
for locations on the 14° N parallel, the solar declination is
greater than 14° from early June to mid September. When
the contributions of diffuse and ground-reflected radiations
are included, during periods of the year approximately
bounded by these months, collectors at these locations will
have to be north-facing rather than south-facing as the com-
mon rule of thumb specifies for collectors in the northern
hemisphere. The g, for the May—August period (Fig. 6b)
corroborates this observation.

The positive f,, values obtained for the January—April
and the September—December periods are significantly
greater than the f,, values obtained in the fixed tilt and dou-
ble adjustment cases. For these two periods, the ,, values
range within 16°-25° and 21°-34 °, respectively, whereas
for the May—August period, the f, range is —14.5° to —=9.5°.
Because of the increase in §,, with latitude, solar irradiated
surfaces in southerly locations will be more north-facing
during the periods with negative f,, (April-September) than
those in the northerly locations.

Optimum tilt angle for surfaces adjusted four times a year

Figure 8 shows the f,, for the case of surfaces that are
adjusted to the optimum tilts corresponding to four peri-
ods of the year. While positive §,, were obtained for the
other two periods— January to March (Fig. 8a) and Octo-
ber-December (Fig. 8d), negative f§,, were obtained for
two of the periods—April to June (Fig. 8b) and July—Sep-
tember (Fig. 8c). The g, obtained for the periods within

April-September agree with the earlier deductions from
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Fig 7. The latitudinal dependence of the §,, values persists
during the four periods, as f,, values increase with location
latitudes. However, except for the Oct—Dec period (Fig. 8c),
the steep increases in f, at the southern locations, which
were observed previously, are less pronounced.

Optimum tilt angle for surfaces adjusted twelve
times a year

The B, that were obtained for surfaces adjusted to monthly
optimum tilts are shown in Fig. 9. The f, are positive at
all locations during the months of January—March and Sep-
tember—December, and negative between May and August.
During the transition month of April, the §,, values obtained
are negative for northern locations in the study region but
positive for southern locations. Consequently, if solar energy
collecting surfaces within the study region are adjusted to
monthly optimum tilts, their orientations will be south-fac-
ing during 7/8 months of the year but north-facing during
4/5 months of the year.

The maximum and minimum S, for each month are
shown in Fig. 10. The plot shows that the monthly
decline continuously from high positive (south-facing) val-
ues in January (31°< B, <43°) till April, when collectors
may practically be kept horizontal (f,,, =~ 0) to maximize
solar energy collector. Thereafter, the f, become increas-
ingly negative till June when collectors ought to be most
north-facing (—=19°< f,, <—15°). Once again, f,, increases
continuously in the succeeding months, becoming positive
again in September (1°< f,, < 14°) and attains a maximum
positive value in December (33°< f,,, <45°).

The correlations of Nijegorodov et al (1994) were used to
calculate f, for six locations: Port Harcourt (Lat. 4.75°N),
Nsukka (Lat. 6.52° N), Ilorin (Lat. 8.50° N), Kaduna (Lat.
10.52° N), Kano (Lat. 12.00° N), and Sokoto (Lat. 13.07°
N), which represent the range location latitudes in Nigeria.
These are compared in Table 1 with the results obtained in
this study. A significant agreement is observed between the
both sets of values, and the agreement is strongest for the
dry seasons months (October—February). Marked deviations
occur in the f, values for April-August, which coincide
with the peak of the rainy season. During this period, the
insolation received in these tropical locations is significantly
affected by increased cloud cover, and this is not accounted

for by the Nijegorodov et al (1994) correlations.

Latitude and location dependence of optimum tilt
angles

Figure 11 provides a graphical summary of the range of
Bop determined for the tilt adjustment schemes considered
in this study. The corresponding f,, — L values are given
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Fig.8 Optimum tilt angles for surfaces within the study region adjusted four times a year

in Table 2. These S, values do not obey any single rule-
of-thumb and their relationships with the location latitudes
(Bopt — L) depend on the period of the year. For instance,
for fixed case and for the first half of the year in the double
yearly adjustments case, f,,, & L will be a good approxima-
tion to maximize solar energy collection. For the second
half of the year, however, f,,, ~ L + 10° will maximize solar
energy collection. The other §,, — L values in Table 2 can be
used for making decisions on appropriate collector inclina-
tions for any location in Nigeria for maximizing solar energy
collection based on any of the adjustment schemes.

Energy gains from optimum surface inclinations

Figure 12a—f shows the total solar energy that is obtainable
by collectors that are (a) fixed, or (b)—(f) subjected to 2—12
periodic adjustments in the year. As expected, higher solar
energy gains were obtained for the northerly locations for
all the collector tilt schemes, and the obtainable total solar
energy progressively increases as the number of periodic
tilt adjustments is increased. The obtainable energy with
the fixed and periodic adjustment schemes is compared in
Fig. 13, which shows the percentage gains in obtainable
solar energy for the periodic adjustment schemes, above the
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Fig. 10 Maximum and minimum monthly optimum tilt angles within
the study domain

obtainable solar energy with the fixed scheme, y. This is
defined as:

ced
ZHann(ﬂopt) - Z‘I_]ann(ﬁ(f)l;l‘ )

X = - x 100%, (13)
ZHann(ﬂgp[ed)
where XH,,,(f,,) is the total annual irradiation obtainable

( ﬁggfd) is the total annual irradia-

tion obtainable with the fixed scheme.

with a scheme, while XH,

of optimally fixed collectors, whereas the gain obtained
by adjusting the collectors twice a year is insignificant.
The choice of the number of tilt adjustments a year will
clearly involve a trade-off between the gains in the obtain-
able energy and the complexity/inconvenience associated
with implementing the periodic adjustments. The result of
Fig. 13 suggests that adjusting collectors four times a year
will be a reasonable compromise between the opposing
considerations.

Conclusions

Optimum tilt angle for south-facing orientation for the
study region has been determined for surfaces that are opti-
mally: (i) fixed all year round, (ii) adjusted twice a year, (iii)
adjusted thrice a year, (iv) adjusted four times a year, (v)
adjusted six times a year, and (vi) adjusted twelve times a
year. Fixed surfaces were found to have optimum tilt values
that are close to the location latitudes. Hence, to maximize
the solar energy obtainable by such collectors, their tilt angle
may be fixed equal to the location latitude all year round.
For the periodically adjusted collectors, negative opti-
mum tilt angles were obtained for periods within the rainy
season (April-August), which largely coincide with the
period when the solar declination is greater than the latitudes
of the locations studied. Thus, to maximize the obtainable
solar energy, collectors within the study locations should be

Table 1 Comparison of
optimum tilt angles (f,,,) of

Months

south-facing collectors (y = 0) Jan

Feb Mar Apr

May Jun  Jul Aug Sep Oct Nov Dec

calculated in this study and
using the correlations of

Nijegorodov et al (1994) at
selected location in Nigeria

Present study 30

Port Harcourt (Lat. 4.75° N)
215 7 -6
Nijegorodov et al (1994) 33.2 21.6 8.8

—-145 -155 -14 95 1 17 27 32
-52 —-19.6 —299 -258 —124 28 16.8 294 38.1

Nsukka (Lat. 6.52° N)

Present study 35
Nijegorodov et al (1994)

255 115 3
348 233 105 —35 —179 —283 —242 -10.7 45 185 31.1 397

-135 —-165 —-14 -8 35 195 31 375

Ilorin (Lat. 8.50° N)

Present study
Nijegorodov et al (1994)

365 275 14 2
36.6 252 125 —-1.5 —16.1 —26.6 —224 —88 6.5 205 329 414

-125 -16 —-13 75 5 21 34 39

Kaduna (Lat. 10.52° N)

Present study 39
Nijegorodov et al (1994)

30,5 165 0
38.4 272 145 05

-11.5 —155 —-12 -5 8 25 375 42
—142 —248 —20.6 —6.8 85 225 34.8 432

Kano (Lat. 12.00° N)

Present study
Nijegorodov et al (1994)

40.5 325 185 1.5
39.7 28.6 160 2.0

-10.5 —-155 —-12 =25 115 275 39 43
—12.8 —23.6 —193 54 10.0 24.0 362 444

Sokoto (Lat. 13.07° N)

Present study
Nijegorodov et al (1994)

415 335 195 25
40.6 29.7 17.1 3.1

-10.5 -16 —-11.5 —-15 13 29 40 44
-11.8 —22.6 —184 —43 11.1 25.1 372 454
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Table 2 Difference between

optimum tilt angles and location Pom =L )

latitudes (B, — L) for fixed and Fixed 2 periods 3 periods 4 periods 6 periods Monthly

periodic collector adjustment - - - - - -

schemes Months Min. Max. Min. Max. Min. Max. Min. Max. Min. Max. Min. Max.
January 3 6 -0.5 35 12 12 175 185 23 25 28 29
February 18 21
Mar -35 35 4 6
April —21 —-16 -11 -10
May —335 -—18 —25.5 —195 235 -185
June —28.5 =20
July 8 -145 —125 —205 -165 —245 -—185
August -15 —13.5
September 18 20 5 6 2 0
October 22 25 14 16
November 27 29 24 27
December 29 31

north-facing (oriented away from the equator) during the
rainy season but south-facing during the dry season.

To aid the design and operation of solar collectors, charts
of B, data have been presented for locations in Nigeria
for the six tilt adjustment schemes studied. Furthermore,
plots of the possible ranges of f, for the different schemes
have also been tabulated. Subsequent collector design steps
which rely on these will need to incorporate considerations
of temperature effects, wind speed and direction, terrain,

architecture, vegetation, etc., as they specifically affect the
particular solar energy conversion application.

Finally, the obtainable total annual irradiation increases
as the number of intermittent adjustments increases. How-
ever, of the five periodic adjustment schemes, adjusting three
times in the year is recommended as ideal, considering the
gains in the obtainable solar energy which it offers compared
to the annually fixed collector scheme.
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