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ABSTRACT

The hourly solar radiation data required for solar energy system design evaluation and performance studies is gener-
ally not available for a number of sites especially in remote locations. As such accurate determination of hourly solar
radiation data, is important both at horizontal; surfaces and inclined surfaces. A model to estimate global solar radia-
tion using temperature and sunshine hour data has been developed (Chandel et al. [1]) which is used to calculate the
hourly solar radiation Data. The hourly solar radiation has also been calculated using Gueymard [2] daily integration
approach from the measured daily solar radiation data. These two predicted hourly solar radiation data values are
compared with measured hourly values to test the accuracy of the models. The total solar radiation on the inclined sur-
faces and vertical surfaces for different orientations, have also been estimated. The estimated values are found to be in
close agreement with measured values. The method presented can be used to estimate hourly, global, diffuse solar radi-
ation for horizontal surfaces and total solar radiation on inclined and vertical surfaces at different orientations with
greater accuracy for any location.
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1. Introduction This method is first used to predict hourly global solar
radiation for Delhi [Latitude 28.58°N, Longitude 77.2°E,
altitude 216 m (amsl)] for which 10-15 years measured
data are available. Establishing the accuracy, the model is
then used to calculate the values for location like Shimla
[Latitude (31.1°N), Longitude (77.1°E) and altitude of
2002 m (amsl)] for which the measured data are not avai-
lable.

The hourly diffuse solar radiation for Delhi has also
been calculated using correlation given by Orgill and
Hollands [3] with modified value of regression coeffici-
ent ‘c’ in Section I11. The total hourly value of solar radi-

The measured hourly values of solar radiation data are
not available for large number of stations. Thus, accurate
estimation of hourly values of global and diffused solar
radiation data is essential for the design and performance
evaluation of solar energy systems. The hourly solar rad-
iation can be estimated using Gueymard [2] daily inte-
gration approach. It requires measured value of daily so-
lar radiation, which is not available for most of the loca-
tions. This can be estimated by using sunshine hour data
or temperature data. A model has been developed based
on latitude and altitude of a location to estimate monthly : R .
average global solar radiation using sunshine hour and ation on inclined south surfaces and vertical surfaces at

temperature data (Chandel et al. [1]). The values of solar different orientations has been estimated for Delhi in Se-
radiation obtained using this model are used to estimate  Ction IV. The relation given by Klein [4] does not predict

hourly solar radiation following Gueymard [2] daily in- accurate results on north orientation, which is modified
tegration approach. In order to verify the accuracy of the particularly for the months with negative declination.

results obtained, the hourly solar radiation is also esti- 2. Hourly Global Solar Radiation
mated from the measured daily solar radiation data for '

Delhi. The daily average extra terrestrial irradiation on a hori-
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zontal surface Go is given as

sinh=q(cosw—cosw,) ()

G, =ko,RG sinh, (1) ) . .
where k = 24/, where @ is +ve for morning and —ve for evening .The
extra terrestrial radiation hourly/daily ratio is given as
cosw, =-tangtans (2> [whillier [5], Liu and Jordan [6]]
¢ is negative for Southern hemisphere, h, is given as r, = (cos w—cos o, )/kA(a)s) ©)
sinh, = qA(a)s )/a)s () Following Gueymard [2] the daily irradiation G is gi-
with ven by
= 4
; 4= cosgeoso ® G =k4RG,. [a,A(c,) +42,B(w, )] ©)
an
A(®,) =sin o, - o, cos o, (5)  Wwhere
where B(w,) =, (05+cos’ @,)-0.75sin20,  (10)
So = ka, (6) The hourly/daily ratio r, =G, /G is obtained by
r=r,[1+q(a,/a)kA(e,)r, |/[1+a(a,/a ) B(e,)/A(e,)] (11)
where
a, = 0.41341K, +0.61197K? —0.01886K,S, +0.00759S, (12)
a, = Max(0.054,0.28116+ 2.2475K, —1.76118K/ —1.84535sin h, +1.6811sin’ ho) (13)

are dependent on both K; and . Here K; is the ratio of
irradiation measured at the earth surface to that calcu-
lated at the top of the atmosphere. In present calculation
a, is calculated using 0.28116 in Equation (13), which
gives maximum value of a, in comparison to 0.054. In
present study the values of K; has been used suggested by
Gueymard [2] i.e. 0.610.

The mean hourly global solar radiation for Delhi [Ta-
ble 1] has been calculated using Equations (9) and (11)
with measured values of daily solar radiation, which re-
veals that the estimated values are close to the measured
values for the period 1967-1978 [Mani [7]]. The mean
hourly global solar radiation for Delhi [Table 2] has also
been calculated using Equations (9) and (11) with esti-
mated values of daily solar radiation using Chandel et al.
[1] model, which reveals that the estimated values are
close to the measured values except for the month of July
and August. The percentage variation in the estimation of
hourly values of solar radiation using measured daily va-
lues and predicted values by Chandel et al. [1] with mea-
sured values of hourly values of solar radiation has been
presented in Table 3. This table reveals that predicted
values by can be used for the estimation of hourly values
of solar radiation except for the months of July and Au-
gust where the percentage error is high. The model is used
to calculate the hourly values for Shimla, which are pre-
sented in Table 4.

3. Hourly Diffuse Solar Radiation

The estimation of hourly diffuse solar radiation is essen-
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tial to calculate the direct radiation from the total solar
radiation. A number of methods have been used to de-
termine the hourly diffuse solar radiation. Liu and Jordan
[6] developed a method to calculate mean hourly diffuse
radiation from mean daily totals, which gives results with
reasonably accuracy. Orgill and Hollands [3] have used
the data from Canadian stations to correlate the diffuse
hourly Solar radiation D, and total solar radiation Gy
with the hourly clearness index, ky [ratio of the hourly
global radiation to the hourly extra terrestrial radiation].
Following this approach, the equation for the correlation
is written as

D, /Gy =(c+dk; ) (14)

The hourly G, on a horizontal surface has been calcu-

lated using the relation Duffie & Beckman [8]
G,y =Gy, 24/7k((w, — @ )singsin & -
+(sin w, —sin @, ) cos ¢ cos 5)

ap and @y are the hour angle where @, > @;.
kr =G, /Goh
The value of regression coefficient d is chosen as —0.249,

whereas the value of ¢ is taken for different months using
Delhi data as:

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

0.37 0.36 0.36 0.41 0.42 0.55 0.61 0.60 0.42 0.33 0.32 0.35
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Table 1. Measured* and estimated Hourly global solar radiation (kwh/m?) using measured daily values for Delhi.
LAT Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
530 0.000 0.000 0.000 0.000 0.039 0.046 0.029 0.000 0.000 0.000 0.000 0.000
‘ (0.000)  (0.000) (0.001) (0.010) (0.030)  (0.036)  (0.026)  (0.012)  (0.003)  (0.000)  (0.000)  (0.000)
6.30 0.000 0.002 0.071 0.143 0.202 0.183 0.140 0.108 0.083 0.022 0.000 0.000
‘ (0.004)  (0.020) (0.066) (0.130)  (0.177) (0.164)  (0.130) (0.101)  (0.079)  (0.036)  (0.009)  (0.003)
730 0.113 0.177 0.264 0.335 0.389 0.344 0.271 0.238 0.249 0.201 0.139 0.093
: (0.096) (0.163)  (0.260)  (0.339)  (0.383)  (0.339) (0.275) (0.243)  (0.248)  (0.202)  (0.128)  (0.085)
830 0.292 0.367 0.466 0.535 0.583 0.511 0.409 0.377 0.428 0.392 0.332 0.262
: (0.271)  (0.364)  (0.475) (0.554) (0.581)  (0.510) (0.425)  (0.392)  (0.431)  (0.406)  (0.319)  (0.259)
930 0.466 0.545 0.652 0.718 0.759 0.665 0.536 0.505 0.594 0.570 0.513 0.426
: (0.433)  (0.540) (0.655) (0.727) (0.746) (0.657) (0.549) (0.512) (0.587) (0.581)  (0.495)  (0.425)
10.30 0.604 0.684 0.795 0.858 0.893 0.782 0.633 0.604 0.722 0.708 0.655 0.556
: (0.556)  (0.670)  (0.781)  (0.848)  (0.865)  (0.757)  (0.640)  (0.607) (0.698)  (0.701)  (0.620)  (0.543)
11.30 0.680 0.759 0.872 0.934 0.966 0.845 0.686 0.658 0.792 0.783 0.733 0.627
: (0.618)  (0.727)  (0.845)  (0.910) (0.925)  (0.809)  (0.672)  (0.640) (0.757) (0.764)  (0.685)  (0.605)
12.30 0.680 0.759 0.872 0.934 0.966 0.845 0.686 0.658 0.792 0.783 0.733 0.627
: (0.615)  (0.728)  (0.844)  (0.903)  (0.920)  (0.813) (0.671)  (0.659)  (0.747)  (0.758)  (0.680)  (0.605)
13.30 0.604 0.684 0.795 0.858 0.893 0.782 0.633 0.604 0.722 0.708 0.655 0.556
: (0.552)  (0.659)  (0.769)  (0.833)  (0.844)  (0.750)  (0.606)  (0.595)  (0.689)  (0.692)  (0.613)  (0.538)
14.30 0.466 0.545 0.652 0.718 0.759 0.665 0.536 0.505 0.594 0.570 0.513 0.426
: (0.430) (0.534) (0.635) (0.699) (0.719)  (0.639)  (0.518)  (0.510) (0.571) (0.569)  (0.490)  (0.418)
15.30 0.292 0.367 0.466 0.535 0.583 0.511 0.409 0.377 0.428 0.392 0.332 0.262
: (0.268)  (0.358)  (0.458)  (0.523) (0.547) (0.483) (0.412) (0.392) (0.417) (0.391) (0.315)  (0.255)
16.30 0.113 0.177 0.264 0.335 0.389 0.344 0.271 0.238 0.249 0.201 0.139 0.093
: (0.099)  (0.165)  (0.249) (0.318) (0.352) (0.318)  (0.273)  (0.255)  (0.244)  (0.191)  (0.125)  (0.086)
17.30 0.000 0.002 0.071 0.143 0.202 0.183 0.140 0.108 0.083 0.022 0.000 0.000
: (0.005)  (0.021)  (0.064) (0.122)  (0.158)  (0.159)  (0.141)  (0.107)  (0.074)  (0.033)  (0.010)  (0.003)
Total 4.309 5.069 6.240 7.048 7.624 6.706 5.381 4.979 5.734 5.351 4.743 3.929
(3.987) (5.001) (6.138) (6.935) (7.287)  (6.544) (5.334) (5.053) (5.602) (5.355) 4.523) (3.843)
(‘measured values are in brackets).
Table 2. Estimated Hourly global solar radiation (kwh/m?) using daily values predicted by Chandel et al. (2004) for Delhi.
Hour angle Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
97.5 0.000 0.000 0.000 0.000 0.027 0.047 0.036 0.000 0.000 0.000 0.000 0.000
82.5 0.000 0.002 0.060 0.123 0.170 0.190 0.179 0.138 0.079 0.017 0.000 0.000
67.50 0.097 0.149 0.222 0.292 0.338 0.355 0.345 0.306 0.241 0.167 0.107 0.081
52.50 0.251 0.315 0.397 0471 0.514 0.527 0.518 0.483 0.416 0.334 0.263 0.231
37.50 0.402 0.472 0.561 0.637 0.675 0.684 0.677 0.646 0.579 0.492 0.415 0.378
22.50 0.522 0.597 0.688 0.764 0.799 0.803 0.798 0.771 0.705 0.616 0.535 0.497
75 0.589 0.665 0.757 0.833 0.866 0.868 0.864 0.839 0.774 0.684 0.602 0.563
-7.5 0.589 0.665 0.757 0.833 0.866 0.868 0.864 0.839 0.774 0.684 0.602 0.563
-22.5 0.522 0.597 0.688 0.764 0.799 0.803 0.798 0.771 0.705 0.616 0.535 0.497
375 0402 0472 0561 0637 0675 0684 0677 0646 0579 0492 0415 0378
-52.5 0.251 0.315 0.397 0.471 0.514 0.527 0.518 0.483 0.416 0.334 0.263 0.231
—67.5 0.097 0.149 0.222 0.292 0.338 0.355 0.345 0.306 0.241 0.167 0.107 0.081
-82.5 0000 0002 0060 0123 0170 0190 0179 0138 0079 0017 0000  0.000
-97.5 0.000 0.000 0.000 0.000 0.027 0.047 0.036 0.000 0.000 0.000 0.000 0.000
Total 3.721 4.399 5.370 6.241 6.779 6.948 6.832 6.367 5.590 4.620 3.842 3.498
(Measured)  (3.987) (5.001) (6.138) (6.935) (7.287) (6.544) (5.334) (5.053) (5.602) (5.355) (4.523) (3.843)
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Table 3. Percentage variation in estimation of hourly values using measured daily values* and using predicted daily solar

radiation by Chandel et al.**.

Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.

'(\ﬂ\e/ﬁ/‘rr:g 3.987  (5.001) (6.138) (6.935) (7.287) (6.544) (5.334) (5.053) (5.602) (5.355) (4.523) (3.843)
** (%) 4.64 10.10 10.59 8.07 5.01 8.40 30.80 28.70 1.98 11.82 13.20 6.97
* (%) 8.08 1.36 1.66 1.63 4.62 248 0.88 1.46 2.36 0.07 4.86 2.24

Table 4. Estimated Hourly global radiation (kwh/m?) for Shimla.

5.30 Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
6.30 0.000 0.000 0.000 0.000 0.028 0.043 0.023 0.003 0.000 0.000 0.000 0.000
7.30 0.000 0.000 0.038 0.099 0.141 0.147 0.085 0.066 0.052 0.011 0.000 0.000
8.30 0.061 0.096 0.144 0.233 0.275 0.270 0.152 0.134 0.157 0.134 0.071 0.039
9.30 0.176 0.210 0.260 0.375 0.416 0.397 0.216 0.201 0.270 0.272 0.184 0.124
10.30 0.292 0.322 0.370 0.508 0.545 0.513 0.272 0.259 0.375 0.406 0.293 0.209
11.30 0.386 0.410 0.455 0.610 0.644 0.602 0.313 0.303 0.456 0.511 0.380 0.276
12.30 0.439 0.459 0.501 0.666 0.698 0.651 0.335 0.326 0.501 0.569 0.428 0.314
13.30 0.439 0.459 0.501 0.666 0.698 0.651 0.335 0.326 0.501 0.569 0.428 0.314
14.30 0.386 0.410 0.455 0.610 0.644 0.602 0.313 0.303 0.456 0.511 0.380 0.276
15.30 0.292 0.322 0.370 0.508 0.545 0.513 0.272 0.259 0.375 0.406 0.293 0.209
16.30 0.176 0.210 0.260 0.375 0.416 0.397 0.216 0.201 0.270 0.272 0.184 0.124
17.30 0.061 0.096 0.144 0.233 0.275 0.270 0.152 0.134 0.157 0.134 0.071 0.039
18.30 0.000 0.000 0.038 0.099 0.141 0.147 0.085 0.066 0.052 0.011 0.000 0.000
Total 2.710 2.995 3.536 4.984 5.468 5.204 2.770 2.582 3.623 3.803 2.713 1.925

The hourly diffuse solar radiation values for Delhi are
given in Table 5 which reveals that the estimated values
are close to the measured values Mani [7]. This method
has been used to estimate the hourly diffuse values for
Shimla (Table 6).

4. Total Hourly Radiation on Inclined
Surfaces

The values of hourly total solar radiation at tilted surfac-
es are required for assessing the thermal performance of
solar collectors; in solar passive heating and cooling of
buildings as these systems/collectors are to be installed at
inclined angles for maximum efficiency. Generally, radi-
ation stations measure the solar radiation data on a hori-
zontal surface so it is important to estimate the solar rad-
iation at inclined surfaces for which global radiation tilt
factor has to be calculated.

Klein [4] developed a method to calculate tilt factors
using an isotropic model for computing diffuse sky radi-
ation, following Liu & Jordan [6], which was applicable
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only for true south. Robinson [9] and Revfeim [10] pro-
posed models, which assume a part of sky radiation to be
direct radiation and the remaining part as isotropic. In the
present case we have used the model of Klein [4] to cal-
culate tilt factor for surfaces of various surface azimuth
angles. The hourly total radiation on tilted surface Gy, is
given as

Gy, =Gy r (16)
where r is global radiation tilt factor and is given by
r=(1-0,/G,)r, +1,(D,/G, ) +1.p 17
and
I, = cos@/cos Hz (18)

The angle of incidence of beam radiation 6, is related
to other angles by relation:

cos @ =sin ¢(sin & cos B +cos 5 cos y cos wsin j3)
+cos¢(cos§coswcosﬂ—sin dcosysin ﬂ) (19)
+cosdsinysin gsin

SGRE



Estimation of Hourly Solar Radiation on Horizontal and Inclined Surfaces in Western Himalayas 49
Table 5. Measured* and estimated Hourly diffuse solar radiation (kwh/m?) for Delhi.
LAT Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
530 0.000 0.000 0.000 0.000 0.016 0.025 0.018 0.000 0.000 0.000 0.000 0.000
: (0.000)  (0.000) (0.001) (0.009) (0.027)  (0.033)  (0.023)  (0.009)  (0.002)  (0.000)  (0.000)  (0.000)
6.30 0.000 0.001 0.025 0.056 0.081 0.097 0.083 0.063 0.034 0.007 0.000 0.000
: (0.003)  (0.013)  (0.043) (0.083) (0.114) (0.124)  (0.096)  (0.074)  (0.053) (0.026)  (0.007)  (0.002)
7130 0.040 0.060 0.087 0.126 0.148 0.178 0.158 0.137 0.098 0.061 0.042 0.031
: (0.051)  (0.076)  (0.113)  (0.153)  (0.190)  (0.215)  (0.178)  (0.153)  (0.123) (0.087)  (0.057)  (0.045)
830 0.095 0.114 0.143 0.190 0.211 0.256 0.233 0.211 0.159 0.110 0.090 0.081
: (0.103)  (0.126) (0.159) (0.202)  (0.244) (0.286)  (0.257) (0.224)  (0.178)  (0.128)  (0.099)  (0.092)
930 0.138 0.156 0.185 0.241 0.261 0.322 0.299 0.277 0.210 0.147 0.125 0.119
: (0.140)  (0.159(  (0.189)  (0.236)  (0.279)  (0.342) (0.316) (0.277)  (0.22)  (0.154)  (0.122)  (0.123)
10.30 0.166 0.183 0.213 0.275 0.296 0.370 0.347 0.325 0.245 0.169 0.145 0.144
: (0.160)  (0.183)  (0.210)  (0.262)  (0.303)  (0.382)  (0.358)  (0.317) (0.256)  (0.169)  (0.137)  (0.144)
11.30 0.179 0.196 0.226 0.292 0.313 0.395 0.372 0.351 0.263 0.180 0.154 0.155
: (0.174)  (0.191)  (0.222) (0.274) (0.315)  (0.399)  (0.372)  (0.334)  (0.269)  (0.179)  (0.145)  (0.155)
12.30 0.179 0.196 0.226 0.292 0.313 0.395 0.372 0.351 0.263 0.180 0.154 0.155
: (0.172)  (0.190) (0.226)  (0.279) (0.318)  (0.399)  (0.365)  (0.331)  (0.263)  (0.177)  (0.146)  (0.156)
13.30 0.166 0.183 0.213 0.275 0.296 0.370 0.347 0.325 0.245 0.169 0.145 0.144
‘ (0.162)  (0.180)  (0.215)  (0.274)  (0.308)  (0.377) (0.333)  (0.302)  (0.248)  (0.169)  (0.142)  (0.147)
14.30 0.138 0.156 0.185 0.241 0.261 0.322 0.299 0.277 0.210 0.147 0.125 0.119
: (0.137)  (0.160)  (0.197)  (0.250)  (0.286)  (0.340)  (0.291)  (0.265)  (0.217)  (0.154)  (0.124)  (0.125)
15.30 0.095 0.114 0.143 0.190 0.211 0.256 0.233 0.211 0.159 0.110 0.090 0.081
: (0.100)  (0.125) (0.163)  (0.212)  (0.247)  (0.279)  (0.241)  (0.210)  (0.167)  (0.126)  (0.099)  (0.092)
16.30 0.040 0.060 0.087 0.126 0.148 0.178 0.158 0.137 0.098 0.061 0.042 0.031
: (0.051)  (0.075)  (0.113)  (0.156)  (0.189)  (0.203)  (0.174)  (0.149)  (0.118)  (0.083)  (0.055)  (0.043)
17.30 0.000 0.001 0.025 0.056 0.081 0.097 0.083 0.063 0.034 0.007 0.000 0.000
: (0.005)  (0.000) (0.041)  (0.079)  (0.107)  (0.114)  (0.101)  (0.075)  (0.048)  (0.021)  (0.006)  (0.002)
Total 1.237 1.418 1.757 2.358 2.637 3.259 3.002 2.730 2.020 1.348 1.109 1.059
(1.240)  (1.474) (1.861) (2.473) (2.922) (3.540) (3.135) (2.727) (2.152) (1.465) (1.141)  (1.117)
(‘measured values are in bracket).
Table 6. Estimated hourly diffuse solar radiation (kwh/m?) for Shimla.
LAT Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
5.30 0.000 0.000 0.000 0.000 0.012 0.023 0.014 0.002 0.000 0.000 0.000 0.000
6.30 0.000 0.000 0.013 0.040 0.057 0.079 0.051 0.039 0.022 0.003 0.000 0.000
7.30 0.022 0.033 0.049 0.090 0.108 0.141 0.090 0.079 0.063 0.042 0.022 0.013
8.30 0.060 0.069 0.086 0.139 0.157 0.203 0.127 0.116 0.105 0.080 0.053 0.041
9.30 0.094 0.101 0.117 0.181 0.199 0.256 0.159 0.149 0.142 0.112 0.080 0.065
10.30 0.118 0.124 0.139 0.211 0.229 0.296 0.181 0.172 0.168 0.134 0.099 0.083
11.30 0.131 0.136 0.150 0.226 0.244 0.316 0.193 0.184 0.182 0.145 0.108 0.093
12.30 0.131 0.136 0.150 0.226 0.244 0.316 0.193 0.184 0.182 0.145 0.108 0.093
13.30 0.118 0.124 0.139 0.211 0.229 0.296 0.181 0.172 0.168 0.134 0.099 0.083
14.30 0.094 0.101 0.117 0.181 0.199 0.256 0.159 0.149 0.142 0.112 0.080 0.065
15.30 0.060 0.069 0.086 0.139 0.157 0.203 0.127 0.116 0.105 0.080 0.053 0.041
16.30 0.022 0.033 0.049 0.090 0.108 0.141 0.090 0.079 0.063 0.042 0.022 0.013
17.30 0.000 0.000 0.013 0.040 0.057 0.079 0.051 0.039 0.022 0.003 0.000 0.000
Total 0.850 0.927 1.109 1.772 2.002 2.605 1.618 1481 1.363 1.031 0.724 0.591
Copyright © 2011 SciRes. SGRE
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For North facing surfaces in the month having —ve
declination in place of Equation (19) following relation is
used:

cos@ =singsin(B—¢)+cosscoswcos(S—4) (20)

For North facing surfaces in the month having +ve
declination

cos@ =sindsin(g—B)+cosscoswcos(g—B) (21)
The angle of incidence & is the zenith angle of the

Sun,
C0S @z = Sin ¢sin J + COS ¢ COS & COS W (22)

rq is the ratio of the diffuse radiation flux falling on the
tilted surface to that falling on horizontal surface, as-
suming that the sky is an isotropic source of diffuse radi-
ation,

ry =(1+cos 8)/2

Assuming that the reflection of the beam on the
ground is isotropic and the reflectivity is p the tilt factor
for reflected radiation is

r. = p(1-cosf)/2

The hourly tilt factor for Delhi on south facing surface

(23)

(24)

has been estimated and presented in Table 7 which is in
close agreement with the values given by Mani [7]. The
solar radiation values for different orientations for the ty-
pical summer month May and winter month December
have been calculated and are given in Tables 8 and 9.
The estimated values are close to the measured values.
However, Tables 8 and 9 reveal that for west orientation
the estimated values in the morning are negative whereas
for east orientation the evening values are negative, these
values are taken to be zero.

Using this method total hourly solar radiation on south,
east, west and north tilted surface for Shimla are presen-
ted in Tables 10-13 and for inclined surfaces at different
tilt angles are presented in Tables 14-15. Here we made
a study of ground-reflected component of radiation on in-
clined surfaces with varying inclination angles for Luck-
now (Latitude 26.750, Longitude 80.850), Mumbai (La-
titude 19.120 N, Longitude 72.850 E), Calcutta (Latitude
22.650 N, Longitude 88.350 E), and Pune (Latitude
18.530 N, Longitude 73.910 E) cities of India using iso-
tropic and anisotropic models [11]. The total solar radia-
tion incident on a tilted surface facing south Ht with dif-
ferent tilt angles is then calculated using both Liu and
Jordan isotropic model and Klucher’s anisotropic model
[12].

Table 7. Computed™ and estimated hourly global radiation tilt (tilt = lat) factors for south facing surfaces (Azimuth zero) for

Delhi.
LAT Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
530 0.000 0.000 1.236 0.789 0.670 0.704 0.748 0.801 0.984 3.102 0.000 0.000
: (4.221)  (1.656) (1.086) (0.856) (0.788)  (0.826)  (0.822)  (0.855)  (0.922)  (1.288)  (1.832)  (7.424)
6.30 1.954 1.461 1.133 0.939 0.845 0.840 0.866 0.914 1.040 1.350 1.863 2.255
: (1.684  (1.342) (1.101) (0.943) (0.868) (0.871) (0.881)  (0.945) (1.012) (1.236) (1.612) (1.857)
730 1.484 1.297 1121 0.985 0.909 0.894 0.911 0.952 1.055 1.246 1.469 1577
’ (1.443) (1.270) (1.111) (0.987) (0.916) (0.904)  (0.917) (0.951) (1.039) (1.208) (1.416) (1.526)
830 1.375 1.249 1.118 1.006 0.941 0.921 0.934 0.970 1.063 1214 1.370 1.435
. (1.363)  (1.239)  (1.116)  (1.010) (0.944) (0.923) (0.937) (0.970)  (1.052)  (1.194)  (1.353)  (1.426)
930 1.335 1.231 1.119 1.018 0.957 0.936 0.946 0.979 1.068 1.202 1.333 1.383
' (1.332) (1.224) (1.118) (1.021) (0.961) (0.940) (0.949) (0.980) (1.058) (1.187) (1.321) (1.377)
10.30 1.320 1.224 1.119 1.023 0.965 0.943 0.951 0.983 1.070 1.198 1.320 1.364
’ (1.315) (1.218) (1.118) (1.027) (0.968)  (0.946)  (0.954) (0.984)  (1.061) (1.183) (1.314) (1.358)
11.30 1.320 1.224 1.119 1.023 0.965 0.943 0.951 0.983 1.070 1.198 1.320 1.364
: (1.316)  (1.218)  (1.117)  (1.026) (0.968)  (0.946)  (0.954) (0.986)  (1.061)  (1.183) (1.312)  (1.357)
12.30 1.335 1.231 1.119 1.018 0.957 0.936 0.946 0.979 1.068 1.202 1.333 1.383
’ (1.329) (1.224) (1.115) (1.019) (0.961) (0.940) (0.948) (0.981) (1.059) (1.186) (1.316) (1.373)
13.30 1.375 1.249 1.118 1.006 0.941 0.921 0.934 0.970 1.063 1.214 1.370 1.435
: (1.365)  (1.237)  (1.111)  (1.007) (0.945)  (0.924) (0.936)  (0.971)  (1.051)  (1.193)  (1.350)  (1.420)
1430 1.484 1.297 1.121 0.985 0.909 0.894 0.911 0.952 1.055 1.246 1.469 1.577
' (1.450) (1.268) (1.106) (0.985)  (0.918)  (0.906) (0.915)  (0.951)  (1.041) (1.206) (1.414) (1.523)
15.30 1.954 1.461 1.133 0.939 0.845 0.840 0.866 0.914 1.040 1.350 1.863 2.255
: (1.704)  (1.349)  (1.096) (0.944) (0.875) (0.871)  (0.879)  (0.944)  (1.013)  (1.236)  (1.624)  (1.904)
*values in brackets from Table-278, A. Mani (1980).
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Table 8. Total Estimated and measured* hourly total solar radiation (kwh/m?) on different orientation

for the month for May in Delhi.

Is Iw le In LAT
0.000 (0.017) 0.000 (0.017) 0.484 (0.017) 0.000 (0.017) 5.30
0.000 (0.075) 0.000 (0.075) 0.493 (0.300) 0.000 (0.128) 6.30
0.057 (0.133) 0.000 (0.133) 0.559 (0.491) 0.057 (0.178) 7.30
0.160 (0.180) 0.000 (0.180) 0.587 (0.563) 0.160 (0.184) 8.30
0.253 (0.258) 0.000 (0.214) 0.559 (0.545) 0.253 (0.214) 9.30
0.325 (0.321) 0.003 (0.238) 0.472 (0.459) 0.325 (0.238) 10.30
0.364 (0.354) 0.171 (0.250) 0.335 (0.327) 0.364 (0.250) 11.30
0.364 (0.353) 0.335 (0.327) 0.171 (0.251) 0.364 (0.251) 12.30
0.325 (0.317) 0.472 (0.449) 0.003 (0.238) 0.325 (0.238) 13.30
0.253 (0.256) 0.559 (0.522) 0.000 (0.215) 0.253 (0.215) 14.30
0.160 (0.178) 0.587 (0.519) 0.000 (0.178) 0.160 (0.181) 15.30
0.057 (0.130) 0.559 (0.432) 0.000 (0.130) 0.057 (0.168) 16.30
0.000 (0.069) 0.493 (0.252) 0.000 (0.069) 0.000 (0.113) 17.30
0.000 (0.014) 0.386 (0.117) 0.000 (0.014) 0.000 (0.051) 18.30

“Vlues are in brackets.

Table 9. Total Estimated and measured* hourly total solar radiation (kwh/m?) on different orientation

for the Month of December for Delhi.

Is le lw LAT In
0.000 (0.001) 0.000 (0.002) 0.000 (0.001) 5.30 0.000 (0.001)
0.296 (0.199) 0.470 (0.310) 0.000 (0.031) 6.30 0.000 (0.031)
0.440 (0.407) 0.507 (0.472) 0.000 (0.072) 7.30 0.000 (0.072)
0.578 (0.565) 0.484 (0.477) 0.000 (0.104) 8.30 0.025 (0.104)
0.688 (0.662) 0.388 (0.378) 0.000 (0.126) 9.30 0.132 (0.126)
0.749 (0.710) 0.233 (0.226) 0.047 (0.138) 10.30 0.193 (0.138)
0.749 (0.709) 0.047 (0.139) 0.233 (0.226) 11.30 0.211 (0.139)
0.688 (0.652) 0.000 (0.127) 0.388 (0.374) 12.30 0.189 (0.127)
0.578 (0.552) 0.000 (0.104) 0.484 (0.466) 13.30 0.136 (0.104)
0.440 (0.399) 0.000 (0.072) 0.507 (0.462) 14.30 0.069 (0.072)
0.296 (0.211) 0.000 (0.030) 0.470 (0.330) 15.30 0.009 (0.030)
0.000 (0.002) 0.000 (0.001) 0.000 (0.001) 16.30 0.000 (0.001)

“Values are in brackets
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Table 10. Estimated total hourly solar radiation (kwh/m?) on south orientation for Shimla.

Hour angle  Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
97.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
82.50 0.000 0.000 0.033 0.006 0.000 0.000 0.005 0.009 0.022 0.069 0.000 0.000
67.50 0.153 0.128 0.097 0.078 0.041 0.051 0.036 0.042 0.080 0.162 0.193 0.164
52.50 0.244 0.207 0.166 0.156 0.104 0.112 0.065 0.072 0.143 0.264 0.304 0.260
37.50 0.334 0.282 0.230 0.229 0.163 0.168 0.088 0.096 0.200 0.362 0.412 0.355
22.50 0.406 0.341 0.280 0.286 0.208 0.210 0.105 0.114 0.245 0.439 0.498 0.431
7.50 0.445 0.373 0.307 0.317 0.233 0.234 0.113 0.123 0.269 0.482 0.546 0.473
-7.50 0.445 0.373 0.307 0.317 0.233 0.234 0.113 0.123 0.269 0.482 0.546 0.473

—22.50 0.406 0.341 0.280 0.286 0.208 0.210 0.105 0.114 0.245 0.439 0.498 0.431
-37.50 0.334 0.282 0.230 0.229 0.163 0.168 0.088 0.096 0.200 0.362 0.412 0.355
-52.50 0.244 0.207 0.166 0.156 0.104 0.112 0.065 0.072 0.143 0.264 0.304 0.260
—67.50 0.153 0.128 0.097 0.078 0.041 0.051 0.036 0.042 0.080 0.162 0.193 0.164
-82.5 0.000 0.000 0.033 0.006 -.018 0.000 0.005 0.009 0.022 0.069 0.000 0.000
-97.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 3.167 2.662 2.226 2.148 1.481 1.551 0.823 0.912 1.918 3.554 3.907 3.364
Table 11. Estimated total hourly solar radiation (kwh/m?) on east orientation for Shimla.

Hour angle  Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
97.50 0.000 0.000 0.000 0.000 0.213 0.171 0.098 0.099 0.000 0.000 0.000 0.000
82.50 0.000 0.000 0.242 0.295 0.269 0.227 0.120 0.119 0.220 0.308 0.000 0.000
67.50 0.259 0.268 0.283 0.348 0.311 0.273 0.134 0.134 0.258 0.376 0.115 0.261
52.50 0.293 0.292 0.299 0.373 0.330 0.302 0.141 0.140 0.275 0.406 0.212 0.297
37.50 0.288 0.281 0.284 0.359 0.319 0.305 0.138 0.137 0.265 0.386 0.246 0.292
22.50 0.240 0.232 0.234 0.306 0.274 0.280 0.127 0.125 0.225 0.313 0.222 0.240
7.50 0.152 0.151 0.157 0.218 0.202 0.229 0.108 0.104 0.161 0.196 0.153 0.149
-7.50 0.044 0.051 0.063 0.109 0.112 0.160 0.083 0.078 0.081 0.055 0.061 0.035

-22.50 0.000 0.000 0.000 0.000 0.018 0.083 0.054 0.047 0.000 0.000 0.000 0.000
-37.50 0.000 0.000 0.000 0.000 0.000 0.008 0.023 0.014 0.000 0.000 0.000 0.000
-52.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
—67.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-82.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
-97.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 1.276 1.275 1.561 2.007 2.047 2.038 1.026 0.995 1.484 2.040 1.008 1.275
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Table 12. Estimated total hourly solar radiation (kwh/m?) on west orientation for Shimla.

Hour angle  Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
97.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
82.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
67.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
52.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
37.50 0.000 0.000 0.000 0.000 0.000 0.008 0.023 0.014 0.000 0.000 0.000 0.000
22.50 0.000 0.000 0.000 0.000 0.018 0.083 0.054 0.047 0.000 0.000 0.000 0.000
7.50 0.044 0.051 0.063 0.109 0.112 0.160 0.083 0.078 0.081 0.055 0.036 0.035
-7.50 0.152 0.151 0.157 0.218 0.202 0.229 0.108 0.104 0.161 0.196 0.178 0.149

—22.50 0.240 0.232 0.234 0.306 0.274 0.280 0.127 0.125 0.225 0.313 0.295 0.240
-37.50 0.288 0.281 0.284 0.359 0.319 0.305 0.138 0.137 0.265 0.386 0.366 0.292
-52.50 0.293 0.292 0.299 0.373 0.330 0.302 0.141 0.140 0.275 0.406 0.381 0.297
—67.50 0.259 0.268 0.283 0.348 0.311 0.273 0.134 0.134 0.258 0.376 0.345 0.261
-82.5 0.000 0.000 0.242 0.295 0.269 0.227 0.120 0.119 0.220 0.308 0.000 0.000
-97.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 1.276 1.275 1.561 2.007 1.834 1.867 0.929 0.896 1.484 2.040 1.601 1.275
Table 13. Estimated total hourly solar radiation (kwh/m?) on north orientation for Shimla.

Hour angle  Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
97.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
82.50 0.000 0.000 0.017 0.006 0.000 0.000 0.005 0.009 0.022 0.000 0.000 0.000
67.50 0.000 0.022 0.078 0.078 0.041 0.051 0.036 0.042 0.080 0.051 0.000 0.000
52.50 0.039 0.084 0.144 0.156 0.104 0.112 0.065 0.072 0.143 0.136 0.057 0.022
37.50 0.098 0.145 0.206 0.229 0.163 0.168 0.088 0.096 0.200 0.219 0.131 0.080
22.50 0.148 0.193 0.255 0.286 0.208 0.210 0.105 0.114 0.245 0.285 0.191 0.128
7.50 0.175 0.220 0.281 0.317 0.233 0.234 0.113 0.123 0.269 0.321 0.225 0.156
-7.50 0.175 0.220 0.281 0.317 0.233 0.234 0.113 0.123 0.269 0.321 0.225 0.156

-22.50 0.148 0.193 0.255 0.286 0.208 0.210 0.105 0.114 0.245 0.285 0.191 0.128
-37.50 0.098 0.145 0.206 0.229 0.163 0.168 0.088 0.096 0.200 0.219 0.131 0.080
-52.50 0.039 0.084 0.144 0.156 0.104 0.112 0.065 0.072 0.143 0.136 0.057 0.022
—67.50 0.000 0.022 0.078 0.078 0.041 0.051 0.036 0.042 0.080 0.051 0.000 0.000
-825 0.000 0.000 0.017 0.006 0.000 0.000 0.005 0.009 0.022 0.000 0.000 0.000
-97.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 0.921 1.329 1.962 2.148 1.499 1.551 0.823 0.912 1.918 2.025 1.206 0.771
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Table 14. Estimated total hourly solar radiation (kwh/m?) on south orientation (tilt = lat) for Shimla.

Hour angle  Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
97.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
82.50 0.000 0.000 0.042 0.070 0.076 0.000 0.053 0.044 0.045 0.043 0.000 0.000
67.50 0.120 0.130 0.145 0.197 0.187 0.051 0.105 0.098 0.143 0.181 0.158 0.118
52.50 0.244 0.246 0.256 0.334 0.303 0.112 0.152 0.147 0.246 0.337 0.311 0.244
37.50 0.369 0.359 0.361 0.461 0.410 0.168 0.190 0.187 0.342 0.488 0.463 0.373
22.50 0471 0.449 0.442 0.560 0.492 0.210 0.217 0.215 0.416 0.607 0.586 0.477
7.50 0.527 0.498 0.487 0.614 0.537 0.234 0.232 0.230 0.456 0.673 0.655 0.536
-7.50 0.527 0.498 0.487 0.614 0.537 0.234 0.232 0.230 0.456 0.673 0.655 0.536

—22.50 0.471 0.449 0.442 0.560 0.492 0.210 0.217 0.215 0.416 0.607 0.586 0.477
-37.50 0.369 0.359 0.361 0.461 0.410 0.168 0.190 0.187 0.342 0.488 0.463 0.373
-52.50 0.244 0.246 0.256 0.334 0.303 0.112 0.152 0.147 0.246 0.337 0.311 0.244
—67.50 0.120 0.130 0.145 0.197 0.187 0.051 0.105 0.098 0.143 0.181 0.158 0.118
-82.5 0.000 0.000 0.042 0.070 0.076 0.000 0.053 0.044 0.045 0.043 0.000 0.000
-97.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 3.460 3.362 3.468 4.472 4.010 1.551 1.897 1.845 3.296 4.658 4.347 3.498
Table 15. Estimated total hourly solar radiation (kwh/m?) on south orientation (tilt = lat + 15) for Shimla.

Hour angle  Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec.
97.50 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
82.50 0.000 0.000 0.043 0.055 0.052 0.066 0.041 0.036 0.042 0.056 0.000 0.000
67.50 0.142 0.141 0.143 0.176 0.156 0.165 0.090 0.088 0.135 0.192 0.184 0.144
52.50 0.267 0.256 0.251 0.307 0.266 0.268 0.135 0.134 0.235 0.345 0.338 0.272
37.50 0.392 0.368 0.353 0.428 0.367 0.364 0.172 0.172 0.327 0.494 0.491 0.402
22.50 0.494 0.456 0.432 0.523 0.445 0.437 0.198 0.199 0.398 0.611 0.615 0.508
7.50 0.550 0.505 0.475 0.575 0.488 0.477 0.211 0.213 0.437 0.676 0.683 0.567
-7.50 0.550 0.505 0.475 0.575 0.488 0.477 0.211 0.213 0.437 0.676 0.683 0.567

-22.50 0.494 0.456 0.432 0.523 0.445 0.437 0.198 0.199 0.398 0.611 0.615 0.508
-37.50 0.392 0.368 0.353 0.428 0.367 0.364 0.172 0.172 0.327 0.494 0.491 0.402
-52.50 0.267 0.256 0.251 0.307 0.266 0.268 0.135 0.134 0.235 0.345 0.338 0.272
—67.50 0.142 0.141 0.143 0.176 0.156 0.165 0.090 0.088 0.135 0.192 0.184 0.144
-82.5 0.000 0.000 0.043 0.055 0.052 0.066 0.041 0.036 0.042 0.056 0.000 0.000
-97.5 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Total 3.689 3.452 3.392 4.130 3.549 3.552 1.693 1.685 3.148 4.749 4.623 3.785
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5. Conclusions

The mean hourly global solar radiation has been esti-
mated using daily integration approach by Gueymard [2]
for Delhi, which accurately predicts the monthly average
hourly global solar radiation using model [1]. The hourly
diffuse solar radiation has been calculated by improving
the method of Orgill and Hollands [3], which gives good
fit. The tilt factor for south surfaces has been calculated
using method of Klein [4] and hourly total solar radiation
on the inclined south surfaces for Delhi and Shimla has
been calculated. The values of tilt factor are found to be
close to the values given by Mani [7] except for early
morning and late evening. The method presented can be
used to calculate hourly global, diffuse solar radiation for
horizontal surfaces and total solar radiation on inclined &
vertical surfaces at different orientations with greater ac-
curacy for any location.
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—

Dy, = mean hourly diffuse solar radiation (KWh/m?)

r = ground surface reflectivity

b = slope (degrees)

r, = tilt factor for beam radiation

g = angle of incidence of beam radiation (degrees)

g = surface azimuth angle (degrees)

g, = zenith angle of the Sun (degrees)

rq = tilt factor for diffuse radiation

kt = clearness index

R = global radiation tilt factor

a' = regression constant

a’ = regression constant

Gon = hourly extra terrestrial solar radiation (KWh/m?)

G+ = total hourly solar radiation on tilt surface
(KWh/m?)
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