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ABSTRACT

Measurements of solar insolation on tilted surfaces, requived by several design procedures of
solar energy utilization systems are generally not available and it is necessary to rely on computa-
tional methods for their estimates. In this paper, methods of calculating the average insolation on
inclined surfaces facing directly toward the equator using daily and hourly values are compared.
Computation results based on the Hong Kong solar radiation data are presented. Very small
differences have been noted between the results obtained by these two methods.

INTRODUCTION

Knowledge on the amount of solar radiation incident on tilted surfaces at different angles is
required for the design of flat-plate solar collectors, building cooling load calculation and other
applications. Monthly averages of the daily solar radiation incident upon horizontal surfaces
are available. However, radiation data on tilted surfaces are extremely rare and one has
to rely on varions computational methods for their estimates.

A simple method of estimating the monthly average daily radiation on surfaces tilted
toward the equator has been developed by Liv and Jordan [1]. An alternative approach to the
computation of insolation on tilted surfaces through the use of hourly radiation data has also
been investigated by others [2, 3]. A comparison between the two methods using hourly and
daily values of solar radiation daia to compute the insolation on inclined surfaces has been
carried out by Igbal [4]. In this study, the mathematical formulations of the above two methods
are presented and their computation results based on the Hong Kong daily and hourly data are
then compared. Only monthly average vaiues of the insolation on tilted surfaces facing directly
toward the equator are considered.

METHOD USING DAILY RADIATION VALUES

To compute daily insolation on an inclined surface, one first of all has to separate the
diffuse component from the total horizontal solar radiation. If the sky diffuse radiation and the
ground reflected diffuse radiation are both assumed to be isotropic, the monthly average daily
msolation on an inclined plane, EIB can be computed from the following expression [1}:

Hg = (H—Hy)Ry + Hy (1 + cos f)2 + pH (1-cos £)[2, ......... (1)

where A = monthly average daily total radiation received on a horizontal surface,
I;’d = monthly average daily diffuse radiation received on a horizontal surface,
£ = angle of tilt of the inclined surface from the horizontal,
p = ground reflectance which usually ranges between 0.2 and 0.7,

R, - the ratio of the monthly average beam radiation on the tilted surface to thaton a
horizontal surface.
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The ratio R, is a function of the transmittance of the atmosphere which is in general
difficult to evaluate due to the everchanging meteorological and weather conditions. However,
Liu and Jordan [1] suggested that R, can be approximated by the ratio of the daily extrater-
restrial radiation on a tilted surface to that on a horizontal surface,

R, ~ Hg/H. (2)
For surfaces facing directly toward the equator, R, in equation (2) can be expressed as
R . €08 (p—f) cos & sin @, + (z/180)w; sin (¢—4F) sin &
i cos ¢ cosdsin @, + (=/180)m, singsin s

S

where w, = arcos (—tan ¢ tan 8),
@, = minimum of [®,, arcos (— tan (¢—§) tan 8)],

and ¢, 5 are the latitude and declination of the sun respectively.

When calculating the monthly averages of R, in equation (3), average declination § values
for the month are used. In this study, the 15th day of the month is chosen to caleulate the
monthly average values.

Actual long term average data measurements for diffuse radiation Ed are to be used in
equation (1) for computation as far as possible. However, in places where actual measurement
data are not available, values of diffuse radiation, Hhave to be estimated. Liu and Jordan had

provided a correlation between the monthly average diffuse radiation fraction HjH and K,
which is the ratio of the average daily total on the earth surface to the extraterrestrial total
radiation at the same location. ET is also known as the cloudiness index. A graphical presenta-
tion of the above correlation has been given in figure 14 of their paper [5]. Klein [6] later
developed the following mathematical expression for Liu and Jordan’s correlation :

HyH = 1390 -4.027 K, + 5.531 K2 -3108 K2 ... ..... (4

The monthly average values of the daily diffuse solar radiation in Hong Kong have been cal-
culated by the above correlations with cloudiness index based on the Hong Kong meteorologi-
cal data [7] for the ten years’ period between 1969 and 1978 and the results are presented in
Table 1. All radiation data are collected at a station, King’s Park located at 22° 19'N], 114°

10'E. The Hong Kong monthly average values of H, ﬁo and X for the same period are also
shown in Table 1. In Hong Kong the estimated fraction of diffuse radiation may vary between
0.354 and 0.521. Over the year, the highest mean diffuse radiation is 7.39 MInr-2d-! in the
summer month of June and the lowest is 4.44 MJm~2d-1 in the winter month of December.

Using p = 0.2 and the estimated values of diffuse solar radiation from Table 1, and values
of R, from equation (3), the insolation on inclined planes in Hong Kong is computed by
equation (1), Results of the monthiy total insolation on inclined surfaces for slopes from 10°
to 90° at increments of 10° are shown in Table 2. Figure 1 presents the same results but
for four slopes; # = 30°, 50°, 70° and 90°. The insolation on the horizontal surface L=01s
also shown in figure 1 for comparison. It can be ssen that for the summer months between
April and September, the insolation on inclined surfaces decreases rapidly with the increasing
angles of tilt. However, in the winter months, there seems to be no obvious trends of the
msolation variation with the angles of tilt.
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Table 1. Calculation of the Hong Kong monthly average diffuse radiation
on a horizontal surface by the Liu and Jordan’s correlation.

I 31 Mim2g-yy  Kr=GHH) - H/H [MJnIffzd—l]
JAN 25.21 11.48 0.455 0.410 47
FEB 29.41 1176 0.400 0.465 547
MAR 33.81 11.95 0.353 0.521 6.23
APR 37.36 13.87 0.371 0.499 6.92
MAY 39.06 16.13 0.413 0.451 721
JUN 39.58 7.06 0.431 0.433 7.39
JuL 39.30 18.84 0.479 0.389 733
AUG 38.07 18.16 0.477 0.390 7.08
SEP 35.30 17.02 0.482 0.386 6.57
ocT 31.23 15.33 0.491 0.378 5.79
NOV 26.64 13.87 0.521 0.354 491
DEC 24.12 1251 0.519 0.355 4.44

Table 2. Variation of the Hong Kong monthly average insolation on inclined surfaces

at various tilt angles [MIm—2d-!]

Angles of Tilt (degrees)

MONTH
10 20 30 40 50 60 70 80 90
JAN 1283 1390 1465 1506 1513 1484 1420 13.24 11.98
FEB 1259 1316 1345 1345 1316 12359 1175  10.68 9.40
MAR 1232 1245 1233 1196 11.37 10.56 9.55 8.39 7.11
APR 13.88  13.63 1311 1235 1137 1019 8.87 7.45 5.98
MAY 1577 1511 1419 13.02 1164 10.12 8.50 6.88 5.46
JUN 1646 1557 1442 13.04 11.48 9.81 8.10 6.49 340
JUL 18.22 1726  16.00 1447 1272 10.82 3.87 7.00 5.56
AUG 17.95  17.37 1645 1522 1371 1197  10.08 8.12 6.23
SEP 1739 1739 1701  16.27 1518 1379 1213  10.26 8.24
OCT 1631 1693 1716 1701 1648 1559 1435 1281 11.02
NOV 1544 1665 1748 1789 1788 1744 1659 1534 1375
DEC 1427 1570 1676 1742 1765 1746 16.83 1581 14.40
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Fig. 1 Monthly variation of total radiation on an inclined plane for different tilt angles.

METHOD USING HOURLY RADIATION VALUES

An alternative method to calculate the average daily radiation on a tilted surface can be
obtained by summing the average hourly radiation values on the same tilted surface /g from
sunrise to sunset.

Hy =21y . (5)

deay
The average hourly radiation on a tilted surface ffg 15 also composed of three components and if

the sky diffuse radiation and the ground reflected diffuse radiation are both assumed to be
isotropic, Jg can be evaluated from the following expressiomn,




if
e

R

L
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Iy = (T—I) ry + I(1 + cos B)j2 I, (~cos B2 ... (6)
where 1 = monthly average hourly total radiation received on a horizontal surface,
fd = monthly average hourly diffuse radiation received on a horizontal surface,
r, = ratio of the hourly extraterrestrial insolation on a tilted surface to that on a

horizontal surface,
and p, A are the same as defined previously in equation (1}.

Considering no change of atmospheric transmission over an hour and for surfaces facing
directly toward the equator,

ry = cos (¢—f) cosd cos @ + sin {¢—p) sind L )

cos ¢ cos § cos @ + sin ¢ sin §

r, can be evaluated at the mid-point of the hour angle ® and using the same monthly average
mean declination value as in equation (3).

To caloulate the average hourly insolation on inclined surfaces by equation (6), the data
measurements of the mean hourly total and diffuse radiation are required. However, in loca-
tions where such hourly data are not available, both the average hourly total, 1and the diffuse
radiation, :, must be estimated from their corresponding daily values.

I=rH (8)

}dz FdEd ........ (9)

The interrelationship between the hourly and daily values of the total and diffuse radiation had
been investigated quite thoroughly by Liu and Jordan and values of rr and r, were given
graphically in their paper [5].

RESULTS AND DISCUSSION

Comparison of the hourly and daily methods of computing insolation on inclined surfaces
has been performed by Igbal [4] using data for three Canadian cities and the correspondance
of the results has been very good. In Hong Kong, the recordings of the total global solar radia-
tion on an hourly basis have been obtained only since December 1978 and the results for the
twelve months period, December 1978—November 1979 are shown in Table 3. Caloulation of
the insolation on inclined surfaces using the Hong Xong hourly values for the same twelve
months’ period, has been carried out and their results are compared with that of using daily
values for the same period. Figure 2 shows a typical comparison plot of the Hong Kong results
by the above two methods for a few representative slopes of 30°, 60° and 90°. Apart from
the slight differences observed, the agreement of the results obtained by the two approaches is
generally quite good as seen by the fact that all the data points lic mainly on the 45° slope line.

The existence of some asymmetries in the Hong Kong hourly total radiation data around
solar noon appears to be the main reason for the differences between these two results, The
daily method implicitly assumes symmetries of diffuse and total radiation around solar noon as
represented by the equal sunrise and sunset hour angles of the day. However the hourly method
takes into account of the asymmetrics of actual data through equation (5). Moreover, the
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Fig. 2 Comparison of total radiation results jon inclined surfaces obtained by the daily aund hourly
methods.

observed differences between the results do not seem to be restricted to particular angles of
tilt. As seen in figure 2, the spread of the data points is almost equal on both sides of the
45° slope line even for different angles of tilt. This indicates that none of the two methods
gives consistently higher or lower values of estimates for the insolation on inclined surfaces in
Hong Kong.

CONCLUSION

In this paper, computation of the monthly average daily insolation on inclined surfaces
facing toward the equator by the daily and hourly methods has been presented and a comparison
of results based on the Hong Kong data has been made. The agreement of the results obtained
by the two different approaches is in general quite good. The slight discrepancies whenever
they arise in some occasions are mainly due to the asymmetries of the hourly radiation data
around the solar noon time,
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NOMENCLATURE

H - monthly average daily total radiation received on a horizontal surface, MIm~2d-1

H + = monthly average daily diffuse radiation received on a horizontal surface, MIm—2d-1

H p - monthly average daily total radiation received on a surface inclined at f# degrees
to the horizontal, MJIm—2d-2

H, - extraterrestrial monthly average daily insolation on a horizontal surfage, MIm~2d-1

I ,p = extraterrestrial monthly average daily insolation on a surface inclined at /' degrees
to the horizontal, MIm~2d-1

X r = ratio of the monthly average total to the monthly average extraterrestrial radia-
tion on a horizontal surface, dimensionless

I - monthly average hourly total radiation received on a horizontal surface, MIm—2
h?

Z, = monthly average hourly diffuse radiation received on a horizontal surface,
MIm-2hr1

fﬁ = monthly average hourly total radiation received on an inclined surface at § degrees
to the horizental, MIm—2hr-1

r, = hourly ratio of the extraterrestrial radiation on a tilted surface to that on a hori-
zontal surface for the month, dimensionless

_Rb = daily ratio of the extraterrestrial radiation on a tilted surface to that on a horizon-
tal surface for the month, dimensionless

rp = ratio of the monthly average hourly to daily total radiation, dimensioniess

= ratio of the monthly average hourly to daily diffuse radiation, dimensionless

Greek Symbols

P,
Il

It

© g B E B Y
Il

surface tilt from the ground, degrees

dechination, degrees

latitude, degrees

hour angle, degrees

sunset hour angle for a horizontal surface, degrees
sunset hour angle for a tilted surface, degrees
albedo
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