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ADSiRJl.CT - In the present \oIork, the shading efrect of a SOUUl 

building ,:.n tIle aperture of a soli'lr cleVlce in the north latitudeS 

is the~reti~ally investi9atec. A mathemati~~l mQdel to cal~ulate 

the instantaneous value c,f sl'aded ",r2a as <'I function 01 building 

hori.2ontal di5tan..-;e, neight, ",idth and the angle of deviation 

from south dire':tion as uell ","5 aperture dimensi,;.ns has been 

obtained. The shading factor, which is the ratio bet~een the 

ac hlal tot al inc i dent sol ar radi at i on and that wit l10Llt shadl ng c,n 

the aperture, has been .;;alculco.ted 101' di 1ferent geometrical 
p.:>.ra.meters. Thf,i annu.a' averag~ sllading factor', ,,",hieh may be 

considere-d as a reasonable measure- of the shading effect is als.:;. 

given in terms f;.f the system dimenlOlonless parameters. 

I tITRODUCTI ON 

In large .:itll?5, bLlildings are Lisually 
shadol.ls on ea.::;' ':Jther and may produce a shading 

apertLlre- ,:;.r an e.>;jsting sc,lar devi,~e. This fact 

t:rQ~ded. 

eHeet 

is ':In e 

makino 
on the 
,:.1 the 

mc:.st it'llpartant reason5 uhy the majority of city residents dc. nc.t 
prefer tl1p. sola.r .:hoiee. On the c.tller hand, the re\:lcrted 1.I.:Jrk in 

thi.s field is very little cC'mpared to the problem su:s, and is 

not sufficient in practice. 'or example, <'In analytical method for 

calculating 'dally and monthly average insolation en oygrhanging 

shaded WI nde.l.Is .:. r ar bi t I' ary a&: 1 mLltfl is pr esented by Jones C 1 J. An 

extension 01 t~is ~ork for a finite ~idth overhang has been 
reported [2J. The problem of ",indo,,", shader~ has also been handled 
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by Barozzl and Grossa [31, using the numerical technique. 

On the other hand, the shading effects of large scale 901ar 
systems are studied by Jones and Burkhart [4J. An analytical 
method for calculating the daily total radiation on rows of fixed 
collectors facing eQuator has been reported. The effect of ro~ 

length is neglected, since it is pronounced only close to sunrise 
and sunset as reported. Similar work on solar cell array has been 
performed by Feldman et al {51. They proposed a non-regular 
distribution of cells to reduce the shadow effects. Mathematical 
models for shading calculations, suitable for computer 
design of comple~ systems are also available [6J. 

aided 

~owever, the shading problem of buildings on solar devices 
seems to be very significant, especially in cities and towns. 
This work is therefore aimed to investigate the effect of a south 
building shading on a solar device, since the style of buildings 
ls mostly east - west, in north latitudes. A simple model and 
practical graphical results are also presented. 

THCOP.CTICAL APPP.OACH 

An aperture of a solar device of width W, and height L is 
fi~ed in a place where the latitude is ¢I, with an angle of 
inclination ~, to the horIzontal and facing south. In front of 
the aperture, there e~ists a nearby building at a horizontal 
distance from the aperture bottom edge of z times the aperture 
height ( i.e. ~ z L l, The building height is eQual to v L, while 
its width is d W, and is assumed to have an east-west direction. 
The deviation of building from the south direction is measured by 
the angle c, between the line connectIng the mid points of the 
bottom aperture edge and the building width, and the south 
directioin in a horizontal plane. The system geometry is 
shown In FIg. 1. In the elevation view, the signIficant 
parameters which e~plain the geometrical relations between the 
beam solar radiation, aperture and the bullding are the extreme 
valUes of the profile angles ~o and ~r' where, 

tan Ci. 

tan ~ = -------------- (1) 
cos ( Ij) - '/ ) 

where Ci., is the solar altitude angle and ,/, is the aperture 
azimuth angle vhich is equal to zero ( aperture facing south l. 
In the plan view, the system geometry is characterized by the 
angle c, and extreme values of the solar azimuth angle a

o 
and a,. 

The shaded area for a certain aperture-building geometri~al 
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Fig. 1. Building - aperture system geometry. 
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confiquration is dependent only on the angles ~, and a, as shown 
In the fi~ure. The aperture Is fully illuminated if ~ ~ ~o' while 
it 1s cOlllpletely shaded 1 t ~ :!i ~r ( and a ! a f ). The aperture is 
partly shaded if ~o ~ ~ l ~f I and a

b 
! a ~ a f , where 

v - sin j3 
tan ~ o '" v I 1. and tan ;l.r '" ( 2 ) 

z ... cos fl 

It can be shown from the front view ~eometry that the profile 
angle ~, 1s related to z, v and fl, at any time by 

v - { llL I sin j3 
tan ~ ( 3 ) 

z + ( l/L ) cos fl 

where I, is the shade length tn the aperture height d1rection. 
Equations I, 2 and 3 could be used to.obtain the value of (IlL), 
in teras of the angle ;I., as 

(l/L) -:~~-~--:-:~~-~~- x _:~:_~_:~:_~t_:_~~~_~_ 
tan ~r - tan ~o cos p cos ~ - s1n ~ 

This equation is valid only when ~o ~ ~ ~ ~r' The value of {IlL} 
1s equal to zero wh!:n ~ ~ ;l.Q' and is unity it ~ ~ ~r' 

From the plan system geometry, the following r!:latlons can be 

easily derived, 

d - 1 
------- ... tan c 

2 e z 

d - 1 
------- - tan c tan a, 

2 e 1. 

where e" L/W 

( S ) 

! 6) 

The shade lenqth at the aperture lower edge in the wldth 
d1rection w, 1s given by, 

(w/w} ; 1 + e z ( tan a
o 

- tan a ) if a ~ a 
o 

,7 } 

and tv/WI '" e d - e ~ ( tan a
Q 

+ tan a ) it a ~ a,. (e) 

EquatIon 7 ls valId only a.m., while the other is valld only p.m. 
The value of (w/W) = 1 if a(l ) a) a r and zero otherwise. 
The ratio Arl of the shaded area to that of the aperture can be 
approximated by, 

A = ( l/L ) ( w IW ) ( ':Il 
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The "ASHRAE" Handbook of Fundamentals [71 recommends the 
following equation for the prediction of the normal beam solar 
radiation Hbl\' 

!-Ibn'" Ho exp( - B/sin CL ) 

where B, is the atmospheric extinction coefficient. 
The values of Ho and B are representatl~e of 
average cloudless days for north latitudes (from 0 
The "ASHRAE" Handbook of fundamentals also gives 
general relation for the diffuse solar radiation 
clear sky that falls on any terrestrial surface as, 

"Hd~ = 0.5 f Hbn ( 1 + cos ~ 

( 10) 

conditions on 
to 64 degrees) 

a simplified 
from a 

( 11) 

.... here f, is the diffuse 
numerically for each month in 
The average insolation on the 

radiation factor 
the Handbook. 
aperture sur face 

which is given 

is given by, 

H .. " H'o" ( 1 - A 
r 

) cos e + 0.5 f Hbl\ ( 1 + cos ~ (12 ) 

where 8, is the fncident angie of beam radiation on the aperture. 
The shading effect of the beam radiation is taken into account in 
the above equation, .... here the value of A. '" 0 to 1. However, a 
shading factor ~, may be defined by the ratio between the actual 
insolation on the aperture surface and that without Shading, 

( 1 - A cos 8 + 0.5 f ( 1 ~ cos ~ 

--------~------------------------------- ( 13) 
cos 8 + 0.5 f ( 1 + cos ~ I 

According to this equation, the shading factor is only a function 
of time for any given aperture-building configuration. A computer 
program is systematically constructed to calculate ~, .... ith a time 
step of 0.25 hour, during every day over a year for different 
values of system geometrical parameters as shown in Fig. 2. 

R[SUlTS AND DISCUSSI011 

Because the problem involves a large number of parameters, 
it Is necessary to k.ee~ some of them constant and investigate the 
influence of the others. On the other hand, the instantaneous 
values of shading factor during any day shoW only its behavior in 
the same day, but the daily average value is expected to be more 
useful in calculating"the energy gain. However, in order to 
investigate the influence of system different parameters, the 
annual average value of the shading factor is essentially 
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~eguired. Results of this analysis, which are given ~n graphical 
for~, show the hourly values of shading factor in some days, 
daily and the annual average values under different para~eters. 

Figure 3. shows the hourlY values of the shading factor 
resulting fro~ a very long horizontal object at a distance L 
Irom the aperture lower edge ( z = 1 J. This object may be a 
building or an east-west wall in front of the aperture. The 
shading factor is plotted for different building heights during a 
summer day ( N = 172 ). For all values of viz, the Shading factor 
decreases with time, from unity, reaching a minimum value at noon 
and then increases again to unity. It 1s clear also that shading 
factor decreases with increas~ng height. rt is to be noted 

that the flat minimum in the case of vIz = 20, is only due to 

diffuse radiation where the aperture is completelY shaded 
during this period. Figures 4 and 5. show similar results for a 
winter and a sp~ing days respectively. In winter, the shading 

factor has a maximum value at nOon for small bu~lding heLghts 

a~ seen in Fig. ~. However, 1n eguinoxes, it Is almost 
independent of ti~e as shown in Fig. 5, where N = 80. 

An exam~le of of the effect of building width on the hourly 
values of the shading factor is given in Fig. 6. This figure 

gives results for the day N = 172, where the specific values of 
z, v and c are I, 1] and 0 respectively. As expected, the period 

during which shading factor is less than unity, increases with 

the bUilding width. Also, all curves representing different 
values of d, are symmetrical around the noon line. However, 

figures from 3 to 6 are given under specially decided parameters 

to show reasonable variations of shading factor to demonstrate 
its daily behavior. Otherwise, th~ shadinq factor is either unity 
~r at its minimum corresponding to the diffuse radiation. 

On the other hand, the daily 
factor for any system can be very 

energy distribution over the year 

average value of the shading 
useful in estimating the output 

to compare with the energy 
demand. In large cities, the apparent picture of building ~hading 
may be not encouragIng, but the actual energy distribution may fit 

the demand. calculations can also be used for an already exIsting 
solar device. Figure 7. is an example of daily average shading 
factor for a system with z = la, d : 20 and c ~ 0, at different 
values of vIz, over the year. As seen from the figUre, the 
shadIng factor is at its minimum value during winter months if 
vIz = 1, then it increases rapidly to unity in other days. For 

values of vIz> 1, shading factor increases gradually from its 
minimum and then rapidly. However,the shading factor is unIty all 

over the year if vIz ~ tan- l (1.16-~), for all values of c and d. 
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The ~tfect of building width on the shading factor fat the case 
of V/2 = 2, is Shown in Fig. 8. It is clear that the number of 
days with unity shading facto~ is not affected by the building 
width. Only the change from minimum Is seen to be more qradual, 
and the value of minimum shading factor increases with smaller 
building widths. The shading factor is of course unity when d:O. 

However~ the average value of shading factor over a year is 
more practical for design purposes. Figure 9. shows the annual 
shading factor as a fUnction of 2, at different values of viz, 
for d=lO and c=O. Since z, v and d are dimensionless parameters, 
this graphical representation can be used to determine shad!ng 
factor for any system geometry having the same values of d and c. 
As an example, the annual shading factor resulting from a 
building with height to horizontal distance of unity, and at a 
distance of 5 times the uperture height Is about 0.8. In this 
case. a layman may think that this site is not suitable for any 
solar system. 

Figure 10. shows the same results at different values of 
building widths ( d = 5, 20 and 40), for a wide range of 
hOli:::ontal distancesl z S 20 ). The shading factor decreases with 
the increase in building width for all values of v/2. This effect 
increases with the horizontal distance. ~lso, it can be seen from 
the figure that the shading factor decreases with z, to a minimum 
value and then increases again and tends to have a constant value 
at larger z, for any viz. The value of z, at which this minimum 
occurs increases with the building width, Finally, the effect of 
angle c, on the shading factor foz the system geometry with d=7., 
(Le. the building width is equal to the horizontal distance) is 
shown in Fig. l~. The angle c, is seen to have a ~arked effect on 
the shadIng factor. It increases rapidly with c, where its value 
approaches unity for c = 60°, as sho~n in the figure. 

CONCLUSIONS 

The shading effect of a sDuth buildinq block on the aperture 
of a solar device 1n the north latitudes (0-64") is theoretically 
investigated. A mathematical model to calculate the shading 
factor, which is defined by the ratio of actual total solar 
radiation on the aperture surface to that without shading, as a 
function of system geometrical parameters Is presented. ,The 
houzly, daily and annual average values of shading factor, which 
can be easily calculated by th1s model, may be of great help when 
a site Is to be tested for the installation of a solar device in 
large cities. Results which are given in graphical form can be 
used In a qulck and accurate e~ti~atlon of shadIng factor for any 
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system geometry, since all parameters are dimenSionless. 

NOMENCLATURJ.:: 

A Ratio of the shaded area to that of the aperture 
r 

a solar ~%lmuth angle, rad. (with normal sign convention). 
c Angular deviation of the building from south direction, rad. 
d Ratio of buildlng width to that of aperture in E-W direction 
e Aperture aspect ratio 
f Diffuse radiation factor 
Hb~ Beam solar radiation intensity at normal inCidence, W/m' 

H44 Dlffuse solar radiation intenSity on aperture surface, W/m 1 

L Aperture height, m 
1 Length of shade in the aperture height, m 
N Number of days from January first 
V ~uildinq height, m 

v Ratio of building height to that of aperture 
W Aperture width, m 
Z Hor12ontal distance between building and aperture, m 
z Ratio between the hori2ontal distance and 'aperture height 
~ Solar altitude angle, rad. 
~ Aperture tilt angle, rad. 
~ ApertUre surface 2imuth angle, rad. 
e Incident angle of beam radiation on aperture surface, lad 
~ Profile angle, rad. 
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