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ABSTRACT

Tilt angle greatly influences the performance ofasaollectors. Maximum output can be obtained as

collectors if they are installed at an optimum. tili this study, a mathematical model is used terdgne the solar
radiation incident on an inclined surface and thetimum slope angles for each month, season and gear
calculated for solar collectors at Wa, Upper WesigR®n, Ghana. The calculations are based on thesorea

values of monthly mean daily global radiation arstireated diffuse solar radiation on a horizontatfage. It was
found that the optimum tilt is different for eaclnth of the year. A computer program in MATLABwsaft was

developed for this purpose. The collected energsherinclined collector is simulated as the tiltigéa is varied. In

this study the collector surface is assumed toasan§ towards the equator. The yearly average fitecngle is

found to be 26.8° for the location (i.e. the ladiguof Wa plus 17°). The maximum solar energy gaies

212.41MJ/rh and 211.461MJ/Mmwhen using the yearly average fixed angle and sedly adjusted tilt angle
representing a loss of 1% and 0.6% respectivelypaoed to the monthly optimum tilt.
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INTRODUCTION

Ghana has been facing energy crisis for the lasadie[11]. Now, the demand exceeds supply and hieace
shedding is a common phenomenon through frequemémpshutdowns. Due to increasing prices of fossild in
the country, it is difficult to concentrate on thesnservative energy resources for productioresttgcity. Hence,
the only way is to get benefit from renewable epaesources like solar, wind and biomass. The rptesttiful
power source we have in Ghana is solar.

To overcome the crisis of electric energy, peopl&hana are installing solar panels for electrizzgrogeneration
from solar energy. Solar energy can be utilizeédaly through a variety of devices such as soldlecior or
photovoltaic (PV) cell. Installing a collector pemty can enhance its application benefit becauseatnount of
radiation flux incident upon the collector is mgimiffected by the azimuth and tilt angles, buttiheangle varies
with factors such as the geographic latitude, dén@ndition and utilization period of time [17]h& best way to
collect maximum daily energy is to use trackingtegss. A tracker is a mechanical device that follbtmesdirection
of the sun on its daily sweep across the sky. Téekers are expensive, need energy for their dparanhd are not
always applicable [2]. To remove the cost compowér tracker, it is often practicable to orieng #olar collector
at fixed optimum tilt anglef,, for the season/year round which will give a datitory output. To get the most
from fixed-positioned (or seasonally adjusted) pliottaic or solar collectors, they are positionedtie direction
that captures the most solar radiation. But theeeaanumber of variables in figuring out the bastation and this
research is designed to find the best placemersdiar collectors in Wa.
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Researchers on solar energy often give the adatetie optimum tilt should be equal to the lat#difl, 19]. There
are many papers in literature which make differesbmmendations for the optimum tilt, based onlytanlatitude
(Igbal, 1979; Yakup, 2001). In the past, many aesleers have devoted to studying the optimal ileditah angle in
the world. Gopinath [6] and Soulayman[19] showee ¢ptimum tilt angle is almost equal to the latéutwas
found that the yearly optimum tilt angle in Badrag was higher than the latitude by aboij18].

Since solar radiation is not always available &t desired quantity and time, the challenge is hownaximize

available solar energy. It is an established faat the solar radiation intensity falling on a kontal flat surface, at
a given time and location, increases with the iaseein surface tilt angle at a solar hemisphendination. Hence
the aim of this work is to predict the optimum agybf inclination for maximum collection of solarezgy for each
month, season and year in Wa, Upper West regioan&h

In this study, the first aim was to analyse the meaily radiation of horizontal surface observedifa, over a 2-
year period from 2010-2011, conducted by the Depemt of Agricultural engineering. The second ainswa
compute the beam and diffuse components of radiatoeived on a horizontal surface. A simple matttéral

procedure was then used to transpose these qeartitio an inclined plane. This was followed by pating the
optimum tilt angle by searching for the valuesvidnich the total radiation on the collector surféca maximum for
a particular day or a specific period. The optimiiltrangle obtained for each month of the year hetpobtain the
maximum solar energy to be collected on a colle&be final aim was then to discuss the resultaiobtl.

MATERIALS AND METHODS
Given the monthly horizontal radiatiorh_-,l or monthly mean clearness indd&r , the monthly diffuse radiation
Hd can be calculated by [5]:
H - .
—=1.391- 3.56& + 4.18Qr - 2.1¥"r
H (1)
forw, <81.8 and 0.3 Ky < 0.8
H - ——
— =1.311- 3.02K: + 342K - 1.8KkL
H (2)
forw, >-81.4 and 0.3 Kr < 0.8

where K+ =H / Hoand Hois the monthly mean daily extraterrestrial radiatim a horizontal surface, calculated
by the following expression [4]:

—  24x 3600 360 Coma .
Ho=—XG5c(l+O.O33cosij( cog C@s sip+—:=  gn sfa ©)

m 180

Wherea is the monthly average daily hours of bright simshG__is the solar constanfl367 Wint ), @is the

latitude of the locationdis declination angle andu, is the sunset hour angle in degrees. The declimatds
given by the following expression:

o= 23.458“{ 36@(wJ 4)
365
and the hour angley), , is defined as
@, =cos* (- tarp tam) (5)
On obtainingﬁd , the mean daily beam radiation received on adtﬂ;uerfaceﬁb can simply be expressed as
ﬁb = ﬁ _ﬁd (6)
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Theoretically, the monthly collectible radiation anilted surface for any month of a year can beutated by

— —— ——  —(1-cos
Ht:HbRb'i'Hde'F,OH(T'Bj (7)

where S is the tilt angle of the collectorp is the ground albedo anB, is the ratio of monthly mean daily beam

radiation on a tilted surface to that on a horiabsurface.R, for fixed slope surfaces faced towards the equation
equator in the northern hemisphere outlined by [43]

B, _cos(¢- f) cod sim + (7 /180w, sip-p) sih

, — 8
cosp co® simy, +(77 /18w, sip s
wherea)'S is the sunset hour angle for the tilted surfacetiermean day of the month, which is given by
. | cos*(- tarp tam)
G, =min 9)
cos* (- tar(p-B) taw)
where ‘min’ means the smaller of the two termshia bracket.
For surfaces in the southern hemisphere slopedrttswhe equator, the equations are [13]:
B = cos(@+ B) co® sim, +(7 /180w, sip+p) st 10)
b =
cosp coP sim), +(77 /180w, sip sih
and
. | cos*(- tarp taw)
W =min| (11)
cos* (- tar(¢+ ) taw)

ﬁd in equation (7) is the ratio of the monthly diffuseliation collected by unit area of a tilted sugdo that by
unit area of the surface when horizontal and i®meined by the distribution of sky diffuse-radiatiover the

hemisphere. If the distribution of sky diffuse-ratithn is isotropic, therﬁd is given as

R, = (%j (12)

However, the actual distribution of the sky differsgliation is not isotropic, as observed by (Haomijtyear) who
found that 63% of sky diffuse-radiation comes frima southern part of the sky and recommenBdas

Re = (@j (13)

Equation (13) was used in this present study.

It can be seen from the above that the monthly madiation, H:, collected by unit area of a tilted surface wil b
influenced by the tilt anglgB . The optimum tilt angle of a collector ensure< the collector receives maximum
radiation during the given period.

MATERIALS AND METHODS

Available monthly mean daily global solar radiatiand sunshine duration hours were taken from tteeddithe
weather station of Wa Polytechnic, for the peri@d@40 and 2011. The graphical location of Wa Polytéc is
latitude 10.01°N with an altitude of 322 m above $evel. Extraterrestrial radiation on a horizorgatface in
monthly periods were calculated numerically usiregliohation angle, latitude and sunset hour angbenfithe

estimation methods. The mean clearness infex, were then calculated from which the monthly di€uadiation,
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H 4 were obtained from the estimation methods. Tabétdws the monthly averages over the two year peafod
data, processed in preparation for the estimatiagheooptimum tilt angle.

Table 1. Monthly averages over the two year period

Month | H i, o K 5 H, i,

Jan 19.65] 3199 86.13 0.1 -20.92 640 1325
Feb 20.01) 34.6Q 876F 058 -1295 7[5 1286
Mar 21.95| 36.91] 8957 059 -24p 753 14/42
Apr 22.35| 37.94] 91.68 0.59 9.41 7.7 14/58
May 21.83| 3757 9344 058 18.79 7.5 14/08
Jun 19.76] 37.0] 943Q 053 2309 785 11091
Jul 18.42| 37.11 93.92 050 21.18 7.p7 10|45
Aug 16.37| 3755 9242 044 1345 8.p9 8.29
Seg 17.4% | 37.0¢ | 90.3¢ | 0.47 2.2z 7.9¢ | 9.44

Ocl 21.3¢ | 35.11 | 88.2¢ | 0.61 | -9.6C | 7.07 | 14.2¢
Nov 17.95| 3250 86.53 0.5 -1891 6.83 1112
Dec 18.77| 31.09 85.69 0.60 -23.05 6.9 1248

Fig.1 shows the global, diffuse and beam monthbrage radiation on a horizontal surface. It casden that the
beam component is more dominant than the diffusepocment all year round thus the main contributibrsaar
radiation comes from the beam component.

Site: Wa Polytechnic
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Fig.1. Monthly average daily global radiation @), diffuse radiation (H,) and beam radiation #,) on a horizontal surface in Wa
Polytechnic

The total solar radiation falling on tilted surfamas computed for different tilt angles (0° unti®®for each month
of the year for Wa Polytechnic site. As no inforioatis available on ground albegoyalues are assumed to be

0.22[2]. Graphs were plotted between the totalatéwh on tilted surface and tilt angle for each thonsing Matlab
computer software package (as shown in Fig.2).
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Monthly collectible radiation on a tilted surface
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Fig.2.Monthly collectible radiation on a tilted suface in Wa Polytechnic over the year for differenttilt anlges varying from 0° to 90°

Second order polynomial equations were developdit tee curves. The resulting polynomial equatievere then
differentiated with respect to tilt angle and egdato zero. The optimum tilt angle was then obthifer each
month.

RESULTS AND DISCUSSION

The mean yearly optimum tilt angles for 2010 and12@Were seen to be 25.9° and 27.8° respectively.riidan
optimum tilt angle for the two years was therefd8e8° approximately. From yearly analysis of thiecbed data, it
was clearly seen that a uniglg,.exists for each month of the year for which theisohdiation is at a peak for the
given month. Fig. 3 shows the tilt angles for eaxnth of the year when the collector panel isdil the optimum
angle at Wa Polytechnic site.

The optimum tilt angle of a flat-plate collectordanuary is 40°. The optimum tilt angle then desedan February
and March to 28.7° and 10.6° respectively. Thetgegaare so to be expected because during thisdhehie sun is
imagined to be moving towards the latitude of Wanf the southern hemisphere(i.e. having a decrgasin
declination). A positive sign indicates that thdlextor is directed towards the south. This als@nsethat collectors
used during this period must have un upward facorgponent to the direction of the sun.

The negative values of the optimum tilt angles frypmil to August determines the orientation of swodar collector.
This means that collectors used during this pendd/a Polytechnic site must have a downward faciogpponent,
i.e. facing the north. The values of the optimulinatngles for this period also show an increasiegd to June. This
is because the sun has just crossed the latituttee afbersever and moving towards the north urtias reached its
maximum declination in June (ide= 23.09°).

On the latitude of the observer (i.e. when the isudirectly overhead the observer), the incidegleus zero and
this occurs on a particular day in March and SepwmThere were however decrease in values frdgntdu
September because the sun is now imagined to bénghdrom its maximum declination in June towards th
equator from the north. The values of the optimulinangles show an increasing trend from Septentber
December. This is because the sun has once agssed the latitude of the observer and moving tdsvilre south
until it has reached its maximum declination in Baber § = -23.05°).
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Optimum tilt angles (degrees)
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Fig.3. Optimum average tilt angle for each month ofhe year at Wa Polytechnic site

The average value of the optimum tilt angle foe¢hperiods, January — March, April — August anpt&aber —
December, were found. Fig.3 requires that colletitbbe changed three times a year: January — M§26.4°),
April — August (29.7°) and September — Decemberd®@5These values clearly indicate that the optintilt angles
for the periods January — March and September -ef@ber should be the latitude of the location pl6% The
optimum tilt angle for the period April — Augustahd be the latitude of the location plus 20°.

Total monthly daily radiation (MJ/m?)
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Fig.4. Total monthly radiation for optimum, seasondly and yealy fixed tilt angles
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The yearly average tilt was calculated by findihg tiverage value of the tilt angle for all monthshe year. This
value was found to be 26.7° which is a fixed titoughout the year required to give a greater ralism of solar
radiation. Fig. 4 shows the total monthly dailyasotadiation collected for the optimum tilt anglése seasonal
average tilt angles and for the yearly averagedfitie angles. When the monthly optimum tilt anglas used, the
yearly collected solar energy was 213. 74 MJ/Mith the seasonally adjusted angle, the yearlieced solar
energy was 211.46 MJfmWith the yearly average tilt angle, the yearljletted solar energy was 212. 41 M3/m
Hence the loss of energy when using both the yeargrage fixed angle and the seasonal averagentie is
around 1%.

CONCLUSION

The objective of this study was to estimate thénopt tilt angle of a solar collector based on monttorizontal
radiation. It was found out that the optimum ltdifferent for each month of the year. We have &sind out that
the yearly average optimum tilt is equal to théuae of the site plus 17°.

The results show that the optimum tilt angles tloe periods January-March and September-Decembitreis
latitude of the location plus 16° while the optimtithfor the period April-August is the latitudé the location plus
20°.

The loss of energy when using both the yearly ayeefexed angle and the seasonal average tilt dagieound 1%.
It can, however, be concluded that a yearly aveffagal tilt can be used in many applications (bgmestic
heating) in order to keep the manufacturing anthliaion costs of collectors low. The loss of 1%oashows that
the models used in this present study give satmfacesults.
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