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Abstract

The knowledge of the available solar irradiation is valuable for the design and assessment
of solar energy conversion systems. For P.D.R. Yemen, an accurate prediction of solar
irradiation is needed for designing solar systems to be used in the country. In this study an
attempt has been made to generate theoretically the daily average insolation on horizontal
and tilted surfaces. The optimum tilt angle of the surface is also determined. Different
locations covering a wide range of latitude of the country have been studied. A simple
mathematical model is used which is mainly based on the latitude, altitude and climatic
conditions of the place. A computer program is developed so that the optimum tilt angle
of the surface can be determined yearly and at a particular period (seasonally) at different
places in the Republic.

Keywords: solar energy, insolation, flat-plate collector, optimum slope of flat-plate collec-
tor.

Introduction

The worldwide shortage of petroleum emphasizes the need for alternate
energy sources, which are both inexpensive and clean. Among possible
alternate energy sources, the most pollution-free limitless source is solar
energy. Thus the use of solar energy for space heating, cooling and domestic
hot water supply has received serious attention in recent years.

Flat-plate solar collectors are the most common device for intercepting
solar heat at low temperature and have been extensively used for water and
air heating.

However, under most circumstances the flat-plate collector is a fixed
installation which has no tracking device to follow the sun. In order to
maximize the absorbed energy, the collector plane should always be per-
pendicular to the sun rays. This cannot be achieved with a fixed instal-
lation, because the declination of the sun varies over the year. Hence one
uses some value for the collector tilt angle which results in a reasonably
high yearly or (part of the year) average of collected energy.
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Extensive work has been done for determining the total solar insola-
tion on a flat plate surface at any orientation and their optimum tilt [1-9)
where different ways are discussed.

This paper presents firstly a survey of the monthly average daily inso-
lation on tilted collectors for various locations in P.D.R.Y. The insolation
calculation is based on clear sky radiation, HOTTLE [10], due to sparsity
and shortage of actual sky radiation data for most of the locations.

A computer program has been developed to evaluate the monthly
average daily insolation on a tilted surface facing south (i. e. azimuth
angle is zero) at various tilt angles, where certain locations covering a wide
range of latitude in P.D.R.Y. are considered in Fig. I. By examining the
density of insolation at different tilt angles, the optimum tilt of the collector
is determined.
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Fig. 1. Locations considered in P.D.R. Yemen

Analysis

Due to shortage of actual sky radiation data, a simple model is suggested
for calculating the insolation on tilted surface.

HOTTLE [10] presented a convenient method for estimating the beam
radiation under clear sky conditions in terms of zenith angle (©z), latitude,
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Fig. 2. Measured (— - —) and calculated (—) values of monthly global daily irradiance
on a horizontal plane in Aden

and altitude of the site. The beam radiation (Ib) on the horizontal is
indicated by:

N -k
Ib = Isc [1 +0.033 - cos (360- Z’»E)] . [ao + a; - exp _co—s(é—;)-] - cos(©z),
: (1)
where * Isc is the solar constant (1353 W/m?),

N  is the day of the year,
©z is the zenith angle which can be found from the following

equation:
cos(0z) = cos(@) - cos(§) - cos(w) + sin(¢) - sin(6), (1.1)
. 284+ N
6 = 23.45-sin [360- ——56_5—_] , (1.2)
where ¢, § and w are the latitude, declination and hour angles in deg.

respectively.
The coefficients are:

ag =ro-ag  with  ap = 0.4237 — 0.00821(6 — A)2, (1.3)
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Fig. 3. Extraterrestrial radiation and monthly average daily radiation for different tilts
in Aden
ay=r1-ay  with @} =0.5055+ 0.001(6 — A4)2, (1.4)
k=r.-K  with K =0.2711+0.01858(2.5 — 4)%, (1.5)

where A is the elevation of the site above sea level in km, ¢, 1, and 7 are
the climate correction factors. Their values for tropical climate are 0.95,
0.98 and 1.02, respectively.

The clear sky diffuse irradiance (Id) on the horizontal surface can be
estimated from a relation due to L1U and JORDAN [11]

Id = {0.0271 . [Isc (1 4+ 0.033 - cos (360 . gjg—g)ﬂ —0.2939. Ib}-cos(@z) .
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Fig. 4. Extraterrestrial radiation and monthly average daily radiation for different tilts
in Tarim and Seyhun

Therefore the clear sky radiation (Ic) on a horizontal surface at any instant
of time is:

Ie=1Ib+1d. 3)

The insolation on a horizontal surface at a required interval of time can be
calculated by Eq. (3). While the global daily clear sky radiation (H), and
the daily diffuse radiation (Hd) can be obtained by a numerical integration
in steps of 15 minutes from sunrise to sunset that is:

H= /chw, (4)

Wse
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Fig. 5a. Monthly average daily insolation versus collector tilt from Jan. to Jun. in Aden

Wss
Hd= /Iddw, (5)

where wsr and wss are the sunrise and sunset hour angles in (deg).

The 15, or 16 of each month is mostly used for estimating the monthly
average daily values (H), however, recommended days for which the ex-
traterrestrial radiation is nearly the same as the monthly average [12].
These recommended days shown in Table 1 are used in calculation of the
daily insolation (H) and monthly average extraterrestrial radiation (Ho)
in this paper.

The solar radiation incident upon a tilted surface (Ht) is composed of
direct beam radiation, the sky diffuse radiation, and that part of radiation
reflected from the ground.

Ht:H(l_%q).Rb+Hdli£;—s@+H'Rg}‘——C2(w‘)‘, (6)
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Fig. 5b. Monthly average daily insolation versus collector tilt from Jul. to Dec. in Aden

cos(¢ — B) - cos(6) sin(w}) + 1—18{6 -y, - sin(¢ — B) - sin(é)
Rb = - e - - , (M)
cos(8) - sin(ws) + 180 W sin(¢) - sin(6)
wy, = min [wes, arccos (tan(¢ — B) - tan(8))] , (8)
wss = arccos (tan(¢) - tan(8)) , (9)

where Rb is the monthly mean tilt factor (dimensionless)
B is the collector tilt angle (deg.).
Rg = 0.2 is the ground reflectance (dimensionless).

Results and Discussion

The aim of this paper is to find the optimum slope of a flat-plate collector
at different locations in P.D.R.Y. The insolation calculation is based on a
simple model developed by HOTTLE [10].
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Fig. 6a. Monthly average daily insolation versus collector tilt from Jan. to Jun. Tarim
and Seyhun area

Fig. 2 shows the measured and calculated values of the daily global
radiation on a horizontal plane for Aden [13] (the only place where several
back years data are available). The deviation between the measured and
calculated values seems to be small, in other words, this unrecognizable
deviation (less than 10% error) supports our suggestion of applying this
model for the estimation of Ht for different locations in P.D.R.Y. where no
actual data is available. In addition, its.accuracy is fairly sufficient for the
purpose of specifying the optimum tilt.

The monthly average daily insolation data at various tilt (8 =0 to
40deg.) for a number of locations Tables 2-7, Figs 3, and 4 showing the
clear effect of the tilt angle (3) on the values of insolation Ht (coastal and
inland locations) are considered as an example.

Monthly average daily insolation (Ht) versus collector tilt angle are
shown in Figs. 5, and 6, the optimum tilt angle is marked with an z to
show the optimum tilt at each month. '
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Fig. 6b. Monthly average daily insolation versus collector tilt from Jul. to Dec. Tarim
and Seyhun area

When a collector is a fixed installation, usually be concerned with a
tilt angle to intercept maximum solar energy for a year or at a particular
part of the the year, rather than the optimum tilt angle for each month.

Here, in this paper the optimum tilt (8) is studied on the basis of two
arguments, one according to the maximum energy received yearly, and due
to this it is found that the maximum energy is received when the slope is
10deg. from the horizontal facing south for all the locations (see Tables 2-7
and Figs. 9-10).

In the other case the optimum tilt is found on the basis of the seasonal
variation of the insolation where the monthly average daily insolation is
calculated at different tilt angles 0, 10, 20, 30 and 40deg. (Figs. 7-10). It
can be seen that for winter heating, the optimum tilt is 30 deg. from the
horizontal, in the sense that it collects maximum insolation at that period
(Oct. — Mar.), whereas a horizontal collector is the optimum (i. e. 8=0)
for summer cooling (Apr. — Sep.). '
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Fig. 7. Seasonal variation of insolation for different tilt angles in Aden
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Fiy. 8. Seasonal variation of insolation for different tilt angles in Tarim and Seyhun area
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Fig. 10. Mean average daily energy intercepted at particular periods in Tarim and Seyhun
area
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Table 1

Recommended days for calculating the monthly average daily radiation

Month  Day of the year Date
Jan. 17 17 Jan.
Feb. 47 16 Feb.
Mar. 75 16 Mar.
Apr. 105 15 Apr.
May 135 15 May
Jun. 162 11 Jun.
Jul. 198 17 Jul.
Aug. 228 16 Aug.
Sep. 258 15 Sep.
Oct. 288 15 Oct.
Nov. 318 14 Nov.
Dec. 344 10 Dec.

Table 2

Monthly average daily insolation (MJ/m? day)

Aden (12 50 N°)

B=0 8=10 B8=20 B =30 8 =40
Month Ho Rb H Rb Ht Rb Ht Rb Ht Rb Ht
Jan. 3031 1 192 1.14 209 1.25 22.2 1.32 229 135 23.0
Feb. 33.02 1 212 1.10 20.6 1.16 234 1.19 235 1.18 23.1
Mar. 36.03 1 236 1.04 241 1.04 24.0 1.02 23.3 0.96 22.0
Apr. 3765 1 248 098 244 0.93 234 0.85 21.8 0.75 19.7
May 3776 1 249 093 23.7 0.84 22.1 0.73 19.9 0.60 17.3
Jun. 3743 1 24.5 091 23.1 0.81 21.2 0.68 18.8 0.54 16.1
Jul. 3742 1 24.6 0.92 23.3 0.82 21.5 0.70 . 19.2 0.56 16.6
Aug. 3746 1 247 096 24.0 0.89 22.7 0.80 20.9 0.68 18.6
Sep. 3643 1 23.9 1.01 24.1 0.99 23.7 0.95 22.6 0.87 20.9
Oct. 3390 1 219 1.07 23.1 1.12 235 1.12 234 1.10 226
Nov. 3091 1 196 1.13 213 1.23 225 1.20 229 1.31 229
Dec. 2934 1 184 1.16 203 1.28 21.7 1.37 225 141 22.7
Annual Total 271.7 275.2 271.8 261.9 245.7

(MJ/m? year)
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Table 3
Monthly average daily insolation (MJ/m? day)

Tarim & Seyhun Area (15 59 N°) .

. B=0 B=10 B=20 B =30 B =40
Month Ho Rb H Rb Ht Rb Ht Rb Ht Rb Ht
Jan. 28.07 1 19.6 1.16 2L.7 1.28 23.3 1.36 24.2 1.40 244
Feb. 32.05 1 22.0 1.11 23.6 1.18 24.6 1.22 249 1.22 24.7
Mar. 3552 1 248 1.04 25.5 1.06 25.6 1.04 250 0.99 23.7
Apr. 3767 1 26,5 099 262 094 25.3 0.87 23.7 0.78 21.5
May 3822 1 269 094 258 0.86 24.1 0.75 21.8 0.63 19.1
Jun. 38.08 1 26.7 0.92 25.3 0.82 23.3 0.70 20.7 0.56 17.8
Jul. 3799 1 26.7 093 254 0.84 235 0.72 21.1 0.59 18.3
Aug. 37.67 1 265 0.97 259 0.91 24.6 0.82 22.7 0.71 20.3
Sep. 36.14 1 253 1.02 257 1.01 253 097 243 0,90 227
Oct. 33.10 1 229 1.08 242 1.14 249 1.15 249 1.13 24.2
Nov. 29.75 1 20.2 1.14 222 125 23.5 1.32 243 135 244
Dec. 28.03 1 188 1.17 21.0 1.31 22.7 1.41 23.8 1.46 24.2
Annual Total 287.2 292.5 290.7 281.4 265.4
(MJ/m? year)
Table 4
Monthly average daily insolation (MJ/m? day)
Riyan (14 39 N°)
8=0 B=10 8=120 B=30 B =40

Month Ho Rbb H Rb Ht Ry Ht Rb Ht Rb Ht
Jan. 294 1 185 1.15 20.4 1.27 21.7 135 225 1.39 22.7
Feb. 323 1 20.7 1.11 222 1.18 23.1 1.21 223 1.21 229
Mar. 357 1 234 1.04 239 1.05 234 1.03 234 0.98 222
Apr. 37.7 1 249 0.98 246 0.94 249 0.87 22.1 0.77 20.1
May 381 1 252 094 24.1 0.86 25.2 0.75 20.4 0.62 17.9
Jun. 379 1 250 0.92 236 0.82 21.7 069 194 0.56 16.7
Jul. 378 1 249 093 23.7 0.83 21.9 0.72 19.8 0.58 17.1
Aug. 376 1 249 0.97 24.3 0.90 23.0 0.81 21.3 0.70 19.0
Sep. 362 1 239 1.02 241 1.01 23.7 0.96 228 0,89 21.2
Oct. 333 1 216 1.08 22.7 1.13 233 1.14 23.2 1.12 226
Nov. 30.1 1 19.1 1.14 20.8 1.24 220 1.31 226 1.34 22.7
Dec. 284 1 17.8 1.17 19.3 1.30 21.2 1.40 22.1 145 224
Annual Total  269.8 274.1 271.8 262.8 2474

(MJ/m? year)

195
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Table §
Monthly average daily insolation (MJ/m? day)

Thamood (17 22 N°)

B=0 B =10 B =20 B =30 B =40
Month Ho Rb H Rb Hit Rb Ht Rb Ht Rb Hit
Jan. 28.04 1 18.6 1.17 20.8 1.30 224 1.39 234 144 23.7
Feb. 31.23 1 21.2 1.12 228 1.20 239 1.25 244 1.26 24.2
Mar. 35.07 1 24.2 1.05 251 1.07 252 1.06 24.7 1.01 23.6
Apr. 37.64 1 263 0.99 26.1 0.96 253 0.89 23.7 0.80 21.7
May 3854 1 26.9 0.95 259 0.87 243 0.77 22.1 0.65 19.5
Jun. 3857 1 26.8 0.93 255 0.83 23.6 0.72 21.2 0.58 18.3
Jul. 3840 1 26.7 0.94 25.6 0.85 23.8 0.74 21.5 0.61 18.8
Aug. 3779 1 264 0.97 259 0.92 24.7 0.84 229 0.73 20.6
Sep. 35.85 1 249 1.03 253 1.02 251 0.99 242 092 22.7
Oct. 3242 1 2222 1.09 235 1.15 243 1.18 244 1.16 23.9
Nov. 28.78 1 193 1.15 21.3 1.27 227 1.35 23.6 1.39 238
Dec. 2695 1 17.8 1.18 20.0 1.33 21.8 1.44 229 1.51 234
Annual Total 281.4 287.7 286.9 278.9 264.1
(MJ/m? year)

Table 6
Monthly average daily insolation (MJ/m? day)
Dhala (13 44 N°)

B=0 8 =10 B =20 B =30 8 =40
Month Ho Rb H Rb Ht Rb Ht Rb Ht Rb Ht
Jan. 29.87 1 21.3 1.15 23.5 1.26 25.1 1.34 26.0 1.37 26.2
Feb. 3268 1 23.6 1.10 253 1.17 263 1.20 265 1.20 26.1
Mar. 3586 1 26.3 1.04 269 1.05 26.9 1.02 26.2 0.97 24.9
Apr. 37.66 1 27.7 0.98 27.3 0.93 26.2 0.86 24.5 0.76 22.1
May 3793 1 27.9 0.94 26.7 0.83 24.7 0.74 223 0.61 194
Jun. 3767 1 27.7 0.92 26.0 0.81 23.8 0.69 21.1 0.55 18.0
Jul. 3763 1 27.7 0.93 26.2 0.83 24.1 0.71 21.6 0.57 18.5
Aug. 3754 1 27.7 096 26.8 0.90 25.5 0.81 23.4 0.69 20.9
Sep. 36.33 1 26.7 1.02 26.9 1.01 26.5 0.96 25.4 0.88 23.6
Oct. 3363 1 245 1.08 257 1.12 263 1.13 26.3 1.11 255
Nov. 30.50 1 21.9 1.13 239 1.24 253 1.30 26.0 1.32 26.1
Dec. 2887 1 20.5 1.16 228 1.29 246 1.38 25.7 1.43 26.0
Annual Total 303.4 308.3 305.4 294.9 277.2

(MJ/m? year)
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Table 7
Monthly average daily insolation (MJ/m? day)

Beihan (14 47 N°)

A=0 8 =10 B =20 B =30 B =40
Month Hoe Rb H Rb Ht Rb Ht Rb Ht Rb Hi
Jan. 2835 1 206 1.15 228 1.27 244 135 253 1.39 25.5
Feb. 3227 1 229 1.11 246 1.18 256 1.21 25.6 1.21 25.6
Mar. 3564 1 257 1.04 26.4 1.05 26.5 1.03 25.8 0.98 24.5
Apr. 3767 1 274 0.98 27.0 0.94 26.0 0.87 243 0.77 22.0
May 38.12 1 27.7 094 26.5 0.86 24.7 0.75 223 0.62 19.5
Jun. 37.94 1 27.5 0.92 259 0.82 23.8 0.70 21.2 0.56 18.1
Jul. 37.87 1 27.4 0.93 26.1 0.83 24.1 0.72 21.6 0.59 18.6
Aug. 3763 1 27.3 097 26.6 0.90 25.3 0.82 23.3 0.70 20.8
Sep. 36.21 1 262 1.02 26.5 1.01 26.1 097 25.1 0.89 234
Oct. 33.29 1 23.8 1.08 258 1.15 25.2 1.13 25.8 1.13 25.1
Nov. 30.01 1 21.2 1.14 23.2 1.25 24.6 1.31 254 1.34 25.5
Dec. 28.33 1 19.7 1.17 221 1.30 23.8 1.40 24.9 1.45 25.3
Annual Total 297.6 302.9 300.7 290.9 274.1
(MJ/m? year)

Conclusion
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The model can be used with fairly good accuracy, to serve the purpose of
specifying the optimum slope of a number of locations in P.D.R.Y. where

no actual data is available.

The yearly maximum energy is received when the collector tilt is
10 deg. for all locations considered.

The optimum tilt for considering seasonal basis is 30 deg. for heating -
season (Oct. — Mar.), and mostly Odeg. for cooling season (Apr. — Sep.).
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