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Abstract

This article presents a novel analytical approach to estimate the background component of diffuse irradiance on horizontal surfaces
under partially obstructed anisotropic sky, when neighbor orthogonal vertical and horizontal surfaces hide parts of the sky dome. This
helps to calculate the incident diffuse radiation onto horizontal roofs of orthogonal buildings using the defined here horizontal aniso-
tropic sky view factors. The case of infinitely long urban canyon also is studied. The resulting equations include an isotropic part
and an anisotropic correction. At last the article describes diffuse energy balance principles as a part of the base of anisotropic factor
algebra. The article includes examples that demonstrate how new anisotropic view factors can be computed from a set of known factors
with the help of anisotropic factor algebra.
� 2013 Elsevier Ltd. All rights reserved.
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1. Introduction

A partial obstruction of the sky from buildings or other
objects happens very often in an urban environment. This
work aims to develop a novel analytical method to estimate
the incident diffuse irradiance on the building’s surfaces
under a partially obstructed anisotropic sky.

In the first part of this work (Ivanova, 2013) the aniso-
tropic irradiance model of Muneer (1990) was modified in
order to adapt it into a radiance model. This allows it to
predict the background sky diffuse radiance at any point
of the sky. Study of possible orthogonal obstructions
toward the vertical building’s surfaces was included in part
I of the work. New definitions of anisotropic view factors
were introduced. A set of basic relations between average
anisotropic view factors were defined and several cases of
0038-092X/$ - see front matter � 2013 Elsevier Ltd. All rights reserved.

http://dx.doi.org/10.1016/j.solener.2013.12.010

E-mail address: solaria@online.bg
orthogonally obstructed sky with finite or infinitely long
or high surfaces were presented which together form base
of a new anisotropic factor algebra.

In this part II of the work the main interest is focused on
the horizontal building surfaces and the blocking of the
incident background diffuse irradiance by neighboring
orthogonal surfaces.

The original anisotropic model of Muneer (1990) is
based on the formula of Moon and Spencer (1942) about
the luminance distribution under overcast sky, on the work
of Kondratyev (1969) about the similarity of luminance
and radiance distribution – Eq. (1), and on the measure-
ments and work of Steven and Unsworth (1980).

Rh ¼ Rz
1þ b cos h

1þ b
ð1Þ

In this equation the radiance of a patch of an overcast sky
Rh depends upon its zenith angle h (Fig. 1a), the zenith
radiance Rz and the radiance distribution index b.
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Steven and Unsworth (1980) and later Usher and
Muneer (1989) integrated Eq. (1) to obtain the ratio
between the irradiance on inclined surface IDb and the hor-
izontal diffuse irradiance IDH under overcast sky:

T ¼ IDb

IDH
¼ cos2 b

2

� �

þ 2b
pð3þ 2bÞ sinðbÞ � b � cosðbÞ � p � sin2 b

2

� �� �
ð2Þ

According the modification of the anisotropic irradiance
model of Muneer by Ivanova (2013), presented in part I of
this work, for a horizontal surface under an unobstructed
sky the background and the circumsolar components of
the diffuse irradiance under a non-overcast sky are esti-
mated as follows:

IBDH ¼ IDH ð1� F Þ ð3Þ

ICDH ¼ IDH F ð4Þ

where F is the ratio between the beam and the extraterres-
trial horizontal irradiances (F = B/E). The parameter F

mixes the background and circumsolar components. The
circumsolar brightening is simplified as concentrated at
the position of the sun.

The interdependence between b and F is visible in the
Eq. (5) by Muneer (2004) with parameters’ values
a1 = 0.00333; a2 = �0.415; a3 = �0.6987 for northern Eur-
ope and a1 = 0.00263; a2 = �0.712; a3 = �0.6883 for
southern Europe.
Fig. 1. (a) A vertical view to a hemispherical sky with radiance
distribution as described by Eq. (1); (b) horizontal projection of a
hemispherical anisotropic sky.
2b
pð3þ 2bÞ ¼ a1 þ a2F þ a3F 2 ð5Þ

The background diffuse irradiance IBDH, which comes
from the entire sky to a point of a horizontal surface, is
the sum of the quantities of background diffuse radiance
coming from the multitude of concentric rings with circum-
ference l and width dt, situated around the sky’s zenith
(Fig. 1b). If the hemispherical sky has a horizontal fisheye
projection as a circle with R = 1 then Eqs. (6) and (7) easily
follow:

l ¼ 2p sin h ð6Þ
dt ¼ cos h � dh ð7Þ

Let us integrate the incident irradiance from the entire
sky – Eqs. (8) and (9):

IBDH ¼
Z p=2

0

Rh � l � dt

¼
Z p=2

0

Rz
1þ b � cos h

1þ b
2p � sin h � cos h � dh

¼ 2pRz

1þ b

Z p=2

0

sin h � cos h � ð1þ b � cos hÞdh ð8Þ

IBDH ¼ Rz
pð3þ 2bÞ
3ð1þ bÞ ð9Þ

Let us name the ratio between horizontal background
diffuse irradiance from a partially obstructed anisotropic
sky and horizontal background diffuse irradiance from an
unobstructed anisotropic sky, anisotropic background hori-

zontal sky view factor, or for short anisotropic horizontal

factor (AHF).

2. Anisotropic horizontal factors from a partially obstructed

sky to a point

Let us consider a rectangular cuboid (Fig. 2) – parallel-
epiped with dimensions a � c � d. For our purpose we will
examine some of the cuboid’s walls as solid, and the rest –
as completely transparent. Let us project the lines of the
rectangular cuboid’s edges using fisheye projection to a
point (or differential plane element) on the horizontal base,
at distance x from the left base edge and at distance y from
the distant perpendicular edge of the studied horizontal
base. In this way we receive the basic sectors that will be
combined later to receive possible sky projections.

2.1. Anisotropic factors from the basic sky sectors to a point

of horizontal surface

Let the basic circular sectors in this fisheye projection
have names starting with letter “A” and the basic elliptic
sectors have names starting with letter “B” (Fig. 3).

The horizontal factor for unobstructed sky is 1. If part
of the sky with uniform (isotropic) background diffuse
component is obstructed, then the horizontal factor is esti-



Fig. 2. Rectangular cuboid – parallelepiped with dimensions a � c � d,
with a fisheye projection onto a point of a cuboid’s horizontal base. The
point is at distance x from the left base edge and at distance y from the
distant edge of the studied horizontal base. The projections of the other
lines of the cuboid’s edges delimit the basic considered sky sectors.
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mated as a ratio between the area of fisheye projection of
the visible part of the sky and the total area p of the unit
circle with radius 1.

When we consider anisotropic sky, we have to take into
consideration also the gradually changing radiance from
the zenith to horizon – Eq. (1). For an overcast sky the
background diffuse radiance is decreasing from the zenith
to the horizon, and for a clear sky – it is increasing from
the zenith to the horizon.

Let us consider the circular basic sector A1 (Fig. 3a) in
the estimation of its anisotropic sky horizontal factor
(AHF). In this case it is very easy to estimate it as a ratio
between the angle of the circular sector A1 and 2p. The
result is listed as Eq. (A.1) in Appendix Table A.1.
Fig. 3. Basic considered sectors: circular sectors A1, A2; elliptic sectors B1,
B2.
The estimation of AHF of the next circular basic sector
A2 (Fig. 3b) is similar – Eq. (A.2) in Table A.1. Both Eqs.
(A.1) and (A2) are anisotropic independent.

The anisotropic horizontal factors from the basic elliptic
sectors B1 and B2 (Fig. 3c and d) to a point (or differential
plane element) of a horizontal surface require much more
efforts.

The background diffuse irradiance coming from the
elliptic sector B1 is the difference between the background
diffuse irradiance IB1a, coming from the circular sector
(Fig. 4a), and the background diffuse irradiance IB1b, com-
ing from the area between the circular and the elliptic sec-
tors (Fig. 4b). Here are the equations to estimate both
values of the background diffuse irradiance IB1 a and IB1 b:

IB1a ¼
Rz

1þ b
arctg

y
x

Z h2

0

sin h cos hð1þ b cos hÞdh ð10Þ

IB1b ¼
Rz

1þ b

Z h2

h1

sin h cos hð1þ b cos hÞarctg

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

x2
tg2h� 1

s0
@

1
Adh

ð11Þ

where h1 and h2 are zenith angles calculated using Eqs. (12)
and (13):

h1 ¼ arcsin
xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ d2
p ð12Þ

h2 ¼ arcsin

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

x2 þ y2 þ d2

s
ð13Þ

The anisotropic horizontal factor of the basic elliptic
sector B1 is:

AHF B1!point ¼
IHor�B1

IBDH
¼ IB1a � IB1b

IBDH
ð14Þ
Fig. 4. Estimation of the background diffuse irradiance coming from the
elliptic sector B1: (a) circular sector; (b) area between the circular and
elliptic sector; (c) elliptic sector B1.
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After the integration the resulting Eqs. (A.3) and (A.4)
for the AHF of the elliptic sky sectors B1 and B2 are listed
in Appendix Table A.1. They include two parts:

(a) The isotropic part is multiplied by 3/(3 + 2b). This is
the isotropic sky view factor for the specific sector.

(b) The anisotropic part is multiplied by 2b/(3 + 2b). This
is an anisotropic correction of the isotropic sky factor.

The values of AHF for the next sectors A3, A4, B3, B4,
etc. could be estimated using the relevant equations for
A2, A1, B2, B1, etc.

2.2. Derivative anisotropic factors to a point of horizontal

surface

With combinations of sums and differences of the AHF

of the mentioned basic sectors we can estimate the value of
the AHF of each visible part of sky in cases when it is
obstructed by an orthogonally orientated horizontal or ver-
tical surface (Fig. 5).
Fig. 5. Combined projections: (a) area A1–B1; (b) area A2–B2; (c) area B1 + B2

complex projections.
The fisheye projections in Fig. 5a to e look like interiors,
but the estimated AHF for these areas could be subtracted
from the maximum AHF = 1 for a horizontal surface. This
way we receive the resulting value of AHF of the visible
sky areas toward a building’s roof as in Fig. 5f–i, where the
sky radiance is partially blocked by other near buildings.
This makes the method suitable for both interior and exterior
tasks.

The resulting Eqs. (15)–(17) for AHF of the three most
widely used combined projections A1 � B1, A2 � B2,
B1 + B2 are listed in Table 1.

The resulting Eqs. (15)–(17) include two parts:

(a) The isotropic part multiplied by 3/(3 + 2b) is the iso-
tropic view factor for the specific sector.

(b) The anisotropic part multiplied by 2b/(3 + 2b) is an
anisotropic correction of the isotropic view factor.

Thus the listed equations for b = 0 could be used for
irradiance models (Perez et al., 1993, Hay, etc.), where
; (d) area (A2 � B2) + (A3 � B3); (e) area 2(B1 + B2 + B3 + B4); (f–i) more



Table 1
Equations for estimation of derivative anisotropic view factors of combined projections to a point of a horizontal surface.

Image of combined
projection

Equations Equation
no.

A1 – B1

AHF A1!point � AHF B1!point ¼
3

3þ 2b
� 1

2p
arctg

y
x
� xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ d2
p arctg

yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ d2

p
 !

þ 2b
3þ 2b

� 1

2p
arctg

yd

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffiffiffiffi
x2 þ y2 þ 2

p � xyd

ðx2 þ d2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d2

p
 !

(15)

A2 – B2

AHF A2!point � AHF B2!point ¼
3

3þ 2b
� 1

2p
arctg

x
y
� yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y2 þ d2
p arctg

xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ d2

p
 !

þ 2b
3þ 2b

� 1

2p
arctg

xd

y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffiffiffiffiffi
x2 þ y2 þ 2

p � xyd

ðy2 þ d2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d2

p
 !

(16)

B1 + B2

AHF B1!point þ AHF B2!point ¼
3

3þ 2b
� 1

2p
xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ d2
p arctg

yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ d2

p þ yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ d2

p arctg
xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y2 þ d2
p

 !
þ 2b

3þ 2b

� 1

2p
xyd

ðx2 þ d2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d2

p � arctg
yd

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d2

p þ p
2
þ xyd

ðy2 þ d2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d

p � arctg
xd

y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d2

p
 !

(17)
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Fig. 6. Basic sections: (a) section C1; (b) section C2; (c) section D1; (d)
section D2.

Fig. 7. Fisheye projections of an anisotropic overcast sky in urban
environment: (a) vertical projection; (b–d) horizontal fisheye projections
to different points of a horizontal surface.
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the background component of the diffuse irradiance is uni-
form (isotropic).

2.3. Anisotropic factors from infinitely long orthogonal

surfaces to a point of horizontal surface

The obstructing surfaces with infinitely large dimensions
in one of both horizontal perpendicular directions are also
interesting and useful to be studied.

On a fisheye horizontal projection, let the basic sections
with large Y axis have names starting with letter “C”, and
the basic sections with large X axis have names starting
with letter “D” (Fig. 6).

C-sections and D-sections could be projections of the
sky above infinitely long urban canyons or under infinitely
long shading devices. Using the same approach as for the
previous equations, listed in Appendix Table A.1, we come
to the integral in Eq. (18) for the section C1:

AHF C1!point ¼ 0:5� 6

pð3þ 2bÞ

Z p=2

h1

sin h cos hð1þ b

� cos hÞ arctan

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d2

x2
tg2h� 1

s0
@

1
Adh ð18Þ

All resulting equations for sections C1, C2, D1, D2 are listed
as Eqs. (A.5)–(A.8) in Appendix Table A.2. There is a rela-
tionship between these equations and some equations in
Table A.1. For example Eq. (A.5) corresponds to Eq.
(A.3) for an infinitely large value of y (y!1). Eq. (A.7)
corresponds to Eq. (A.4) for an infinitely large value of x

(x!1).
The AHF from the visible sky area to a point of a hor-
izontal surface in Fig. 5h and i could be estimated as a
combination of sums and differences between AHF to C-
and D-sections and A- and B-sectors.

3. Average value of anisotropic horizontal factors

Every point of a horizontal surface in urban environ-
ment receives specific quantity of background diffuse irra-
diance from the anisotropic sky (Fig. 7). A point situated
close to large shading vertical surfaces has smaller AHF

(Fig. 7b) and receives less irradiance. A point far from large
vertical surfaces has bigger value of AHF (Fig. 7c) and
receives more irradiance. A point in the middle of the hor-
izontal surface (Fig. 7d) could receive more or less than
average irradiance, but the exact value depends on the
neighbor shading vertical surfaces.

In order to estimate the total quantity of the incident
background diffuse radiation from partially obstructed
sky to a horizontal surface we need to calculate in the
beginning the average value of anisotropic sky view factor
to this surface. Then the incident background diffuse radi-
ation is the product of the surface’s area Asurface, the hori-
zontal background diffuse irradiance IBDH and the average
anisotropic horizontal factor of the surface AHFsky!surface.

A review of the possible approaches to estimate the
background diffuse radiation on different buildings surfaces
is included in part I of this work (Ivanova, 2013). The novel
approach, developed in both parts of this work, is analyti-
cal and is based on a contour integration. In comparison
with other described approaches this is the most precise
and the most rapid technique.
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3.1. Average anisotropic factors from the basic sky sectors to

a horizontal surface

The receiving surface is a horizontal rectangle with
dimensions a � c, the distance to the further parallel
directly opposite rectangle is d (Fig. 2). Its average aniso-
tropic horizontal factor for the circular sky sector A1

(Fig. 3a) could be estimated using contour integration of
Eq. (A.1):

AHF A1!rect ¼
1

ac

Z c

0

Z a

0

AHF A1!pointdxdy

¼ 1

2pac

Z c

0

Z a

0

arctg
y
x

dxdy ð19Þ

The solved double integral is listed as Eq. (A.9) in the
Appendix Table A.3.

By analogy we estimate the average AHF of the basic
sectors A2, B1 and B2 resulting in the equations listed in
the same Table A.3.
AHF A1!rect � AHF B1!rect ¼
3

3þ 2b
� 1

2pac
ac � arctg

c
a
þ cd � arctg

"

þ c2

4
ln
ða2 þ c2Þðc2 þ d2Þ
c2ða2 þ c2 þ d2Þ

� d2

4
ln
ða2 þ
d2ð

þ 2b
3þ 2b

� 1

2pac
d
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p
þ

ffiffiffiffi
c2

p��

� a2

2
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p
þ d

a
þ c2

2
ln

ffiffiffiffiffiffiffiffiffiffi
c2 þ d

p
c

AHF A2!rect � AHF B2!rect ¼
3

3þ 2b
� 1

2pac
ac � arctg

a
c
þ ad � arct

"

� c2

4
ln
ða2 þ c2Þðc2 þ d2Þ
c2ða2 þ c2 þ d2Þ

� d2

4
ln
ða2 þ
d2ð

þ 2b
3þ 2b

� 1

2pac
d
2
ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p
þ

ffiffiffiffiffi
c2

p"

þ a2

2
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p
þ d

a
� c2

2
ln

ffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ d

p
c

AHF B1!rect þ AHF B2!rect ¼
3

3þ 2b
� 1

2pac
a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ d2

p
� arctg ffiffiffi

c2
p

"

�cd � arctg
c
d
þ d2

2
ln
ða2 þ d2Þðc2 þ d2

d2ða2 þ c2 þ d2Þ

� c2 þ d2
p 	

þ ac
p
2
� arctg

c

a
ffiffiffiffiffiffiffi
a2 þ

p
 

Eqs. (A.9) and (A.10) are anisotropic independent,
because the center of the anisotropy is projected into the
center of the unit circle.

3.2. Derivative anisotropic factors to a horizontal surface

By combinations of the sums and differences of Eqs.
(A.9)–(A.12), we can estimate the value of the sky view fac-
tor of each visible part of sky, if it is hidden by an orthog-
onally orientated horizontal or vertical surface.

Eq. (20) estimates the difference AHFA1!rect � AHFB1!rect

(Fig. 5a) as one half of the anisotropic horizontal factor from
a vertical rectangular opening (c� d) to a horizontal rectan-
gle (a� c) with a common horizontal edge c.

Eq. (21) gives in result the difference AHFA2!rect

� AHFB2!rect (Fig. 5b) as one half of the anisotropic hor-
izontal factor from a vertical rectangular opening (a � d) to
a horizontal rectangle (a � c) with a common horizontal
edge a.
c
d
� c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p
� arctg

cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p � a2

4
ln
ða2 þ c2Þða2 þ d2Þ
a2ða2 þ c2 þ d2Þ

d2Þðc2 þ d2Þ
a2 þ c2 þ d2Þ

�
ffiffiffiffiffiffiffiffiffiffiffi
þ d2 � d �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2 þ d2

p �
þ ac � arctg

cd

a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2 þ d2

p
ffiffiffiffiffi

2 þ d þ a2 � c2

2
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2 þ d2

p
þ dffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 þ c2
p

#
ð20Þ

g
a
d
� a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ d2

p
� arctg

affiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ d2

p þ a2

4
ln
ða2 þ c2Þða2 þ d2Þ
a2ða2 þ c2 þ d2Þ

d2Þðc2 þ d2Þ
a2 þ c2 þ d2Þ

�
ffiffiffiffiffiffiffiffiffiffi
þ d2 � d �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2 þ d2

p
Þ þ ac � arctg

ad

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2 þ d2

p
ffiffiffi
2 þ d � a2 � c2

2
ln

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2 þ d2

p
þ dffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2 þ c2
p

#
ð21Þ

affiffiffiffiffiffiffiffiffiffiffiffi
þ d2

þ c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p
� arctg

cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p � ad � arctg
a
d

Þ
�
þ 2b

3þ 2b
� 1

2pac
d d þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2 þ d2

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p�h
dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c2 þ d2

� arctg
ad

c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ c2 þ d2

p
!#

ð22Þ
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Eq. (22) gives in result the sum AHFB1!rect +
AHFB2!rect (Fig. 5c) as one quarter of the anisotropic hor-
izontal factor from a top horizontal rectangular opening
(a � c) to a directly opposite bottom horizontal rectangle
(a � c) with a vertical distance d between them.

If we compare Eq. (21) with Eq. (38) from part I of
this work (Ivanova, 2013), we can notice such relation
between their corresponding anisotropic factors –
Fig. 8a and b:

adðAVF A2!rect � AVF B2!rectÞ
¼ acðAHF A2!rect � AHF B2!rectÞ ð23Þ

A similar relation does not exist for the two other deriv-
ative anisotropic horizontal factors.

In Eqs. (20)–(22) we can notice again the isotropic part,
multiplied by 3/(3 + 2b) and its anisotropic correction,
multiplied by 2b/(3 + 2b).

Thus the listed equations for averaged anisotropic fac-
tors for b = 0 could be used for these irradiance models,
where the background component of the diffuse irradiance
is uniform (isotropic).

The isotropic parts of Eqs. (20) and (22) after normali-
zation and some small transformations lead to the already
known configuration factors in radiative heat transfer cal-
culations (Cengel, 2006) between aligned parallel rectangles
and between two perpendicular rectangles with a common
edge, mentioned in part I.

3.3. Average anisotropic factors from infinitely long shading

surfaces to horizontal surface

Using a similar approach as in Section 3.1 but with a
single integral instead because of the infinite horizontal
length of the obstructing surface we come to Eq. (24) to
estimate the average anisotropic factor for section C1. Its
solution is Eq. (A.13) in Appendix Table A.4.
Fig. 8. Related horizontal and vertical anisotropic factors: (a) AVFA2�B2;
(b) AHFA2�B2; (c) AVFD2; (d) AHFD2.
AVF C1!rect ¼
3

3þ 2b

Z a

0

x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ d2

p dxþ 2b
3þ 2b

Z a

0

� 1

p
arctg

x
d
þ xd

x2 þ d2

� �
dx ð24Þ

The following Eqs. (A.14)–(A.16) are for the next stud-
ied sky sections C2, D1 and D2. There is a relationship
between these equations and some equations in
Table A.3. For example the Eq. (A.13) corresponds to
Eq. (A.11) for an infinitely large value of c (c!1). The
Eq. (A.15) corresponds to Eq. (A.12), but for an infinitely
large value of a (a!1).

In Eqs. (A.13)–(A.16) we can notice again the isotropic
part, multiplied by 3/(3 + 2b) and its anisotropic correc-
tion, multiplied by 2b/(3 + 2b).

If we compare Eq. (A.16) with Eq. (A.16) from part I
of this work (Ivanova, 2013), we can notice a relation
between their corresponding anisotropic factors –
Fig. 8c and d:

d � AVF D2!rect ¼ c � AHF D2!rect ð25Þ
4. Relations between anisotropic view factors. Anisotropic

factor algebra

In the first part of the work (Ivanova, 2013) after the
analysis of anisotropic view factors to surfaces and their
meaning we formulated some fundamental relations
between them.

4.1. Basic relations between anisotropic view factors

� Superposition rules: Two superposition rules could be
defined for anisotropic view factors to surfaces.
Rule 1: The product of the anisotropic view factor
Fi!j from an opening i to surface j and the area
Aj of surface j is equal to the sum of the prod-
ucts of the anisotropic view factors from opening
i to the parts of surface j and their areas – Eq.
(26).
N

F i!jAj ¼
X
k¼1

F i!jk
Ajk

ð26Þ

Rule 2: The anisotropic view factor Fi!j from an
opening i to surface j is equal to the sum of the aniso-
tropic view factors from the parts of opening i to the
surface j – Eq. (27).
N

F i!j ¼
X
k¼1

F ik!j ð27Þ
Both superposition rules are valid also for obtaining the
anisotropic view factors for horizontal surfaces and they
can help to estimate the anisotropic view factors which can-
not be evaluated directly.
� Summation rule: The sum of the anisotropic factors from

all sky sectors to an inclined surface must be equal to the
maximum value, specific for any angle of inclination.
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For a faced up horizontal surface the maximum value is
1. Anisotropic sky view factor to a faced down horizon-
tal surface is 0.
� Reciprocity relation for some anisotropic view factors: A

reciprocity relation for configuration factors of two iso-
tropic emitting surfaces exists in the radiative heat trans-
fer theory. It allows the calculation of a view factor from
the knowledge of its reciprocal. It is valid only for some
anisotropic vertical factors:

AkF i!k ¼ AiF k!i ð28Þ
The reciprocity relation for two opposite anisotropic
view factors, for the case one of them is horizontal, is not
valid. To some degree exceptions are the Eqs. (23) and
(25), where we see relations between horizontal and vertical
anisotropic factors: AVFA2�B2 and AHFA2�B2 in Eq. (23)
and AVFD2 and AHFD2 in Eq. (25).

4.2. Balance principles of incoming and received radiation

The author (Ivanova, 2011) has previously defined two
balance principles of radiation distribution for the isotro-
pic sky model. Such balance principles could be formu-
lated also for anisotropic sky. They could be easily
proved both numerically and analytically, using the
equations for averaged anisotropic sky view factors,
listed in Section 3.2 of this part II and Section 6.2 of
part I of this work.

4.2.1. Balance principle 1 of radiation distribution

The quantity of diffuse radiation across an opening
(with area Aopening) is equal to the sum of the quantities
of diffuse radiation received by the surfaces (with areas
Ai) behind this opening.

It is obvious that such balance principle could be for-
mulated for both isotropic and anisotropic sky model,
for sunlit and shaded openings and surfaces, for direct
and diffuse radiation. The principle itself could be used
to prove the accuracy of the estimations in a distribution
model.

This principle easily leads to the following:

Aopening � F opening ¼
X

i

Ai � F i ð29Þ

where Fopening is the external sky view factor (anisotropic or
isotropic) of the opening, and Fi is the sky view factor
(anisotropic or isotropic) for each surface behind the
opening.

4.2.2. Balance principle 2 of radiation distribution

The quantity of diffuse radiation across two or more
openings (with area Ak) is equal to the sum of the quanti-
ties of diffuse radiation received by the surfaces (with areas
Ai) behind each of the openings.

This leads to the following Eq. (30):
X
k

ðAk � F kÞ ¼
X

i

ðAi � F iÞ ¼
X

i

Ai �
X

k

F k!i

 !
ð30Þ

where Fk is the external anisotropic sky factor to the open-
ing k, Fi is the summary anisotropic view factor from all
openings to each receiving surface and Fk!i is the average
sky factor of the opening k to the surface i.

4.3. Anisotropic factor algebra, examples with horizontal

rectangles

As we stated already in part I, the described rules – Eqs.
(25)–(30) form base of new anisotropic factor algebra. It is
intended to be an anisotropic sky version of the Configura-
tion Factor Algebra by Howell (2010).

Some simple statements can be added to them:

� Anisotropic view factor to a surface with completely
obstructed sky is 0.
� Anisotropic view factor from an opening to a receiving

area in the same planar surface is 0.

Using the basic relations listed in Section 4.1 the new
anisotropic view factors can be computed from a set of
known factors. Let us check this possibility with some
exemplary configurations of horizontal and vertical per-
pendicular surfaces in Fig. 9 to estimate the AHF to the
horizontal rectangles.

Let us name the average AHF from the basic sky sector
A2 to a horizontal rectangle with dimensions a and c with
the shorter AH

2 ða; cÞ, estimated with Eq. (A.10); and the
average AHF from the basic sky sector B2 to a horizontal
rectangle with dimensions a and c, and height d to the
opposite corner with the shorter BH

2 ða; c; dÞ, estimated with
Eq. (A.12). The order and meaning of parameters are
important and they cannot be exchanged.

4.3.1. Example 1

The first example includes two perpendicular rectangles:
a horizontal receiving rectangle ABCD and a vertical rect-
angle – opening EFGH with equal dimension a, as they are
displayed on Fig. 9a. According the superposition rule 2
the sum of AHFEFGH!ABCD and AHFHEFG!ABCD is equal
to AHFAEFB!ABCD. In This way we could estimate
AHFEFGH!ABCD from the values of AHFAEFB!ABCD and
AHFHEFG!ABCD:

AHF EFGH!ABCD ¼ AHF AEFB!ABCD � AHF HEFG!ABCD

¼ 2 AH
2 ða; cÞ � BH

2 ða; c; d1 þ d2Þ

 �
� 2 AH

2 ða; cÞ � BH
2 ða; c; d1Þ


 �
ð31Þ

AHF EFGH!ABCD ¼ 2BH
2 ða; c; d1Þ � 2BH

2 ða; c; d1 þ d2Þ ð32Þ
4.3.2. Example 2
The second example includes two perpendicular rectan-

gles: a horizontal receiving rectangle ABCD and a vertical



Fig. 9. Exemplary configurations of horizontal and vertical perpendicular rectangles – axonometric view, ABCD is receiving rectangle, EFGH is opening
to the sky: (a) Example 1; (b) Example 2; (c) Example 3.
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rectangle – opening EFGH with equal dimension a, as they
are displayed on Fig. 9b. The edge GH lies in the plane of
ABCD. According the superposition rule 1:

ac1:AHF EFGH!ABCD þ ac2:AHF EFGH!ABGH

¼ aðc1 þ c2ÞAHF EFGH!CDHG ð33Þ

AHF EFGH!ABCD ¼ ðc1 þ c2ÞAHF EFGH!CDHG½
� c2:AHF EFGH!ABGH �=c1 ð34Þ

The resulting equation for AHFEFGH!ABCD is as follows:
AHF EFGH!ABCD ¼ AHF EFIJ!ABCD � AHF HGIJ!ABCD

¼ 2
c1 þ c2

c1

AH
2 ða; c1 þ c2Þ � BH

2 ða; c1 þ c2; d1 þ d2Þ

 �

� 2
c2

c1

AH
2 ða; c2Þ � BH

2 ða; c2; d1 þ d2Þ

 �� 

� 2
c1 þ c2

c1

AH
2 ða; c1 þ c2Þ � BH

2 ða; c1 þ c2; d1Þ

 �

� 2
c2

c1

AH
2 ða; c2Þ � BH

2 ða; c2; d1Þ

 �� 

ð36Þ

AHF EFGH!ABCD ¼
2ðc1 þ c2Þ

c1

BH
2 ða; c1 þ c2; d1Þ � BH

2 ða; c1 þ c2; d1 þ d2Þ

 �

� 2c2

c1

BH
2 ða; c2; d1Þ � BH

2 ða; c2; d1 þ d2Þ

 �

ð37Þ
AHF EFGH!ABCD ¼ 2
c1 þ c2

c1

AH
2 ða; c1 þ c2Þ � BH

2 ða; c1 þ c2; dÞ

 �

� 2
c2

c1

AH
2 ða; c2Þ � BH

2 ða; c2; dÞ

 �

ð35Þ

4.3.3. Example 3
The third example is a variation of Example 2, but the

edge GH does not lie in the plane of rectangle ABCD but
higher as it is displayed on Fig. 9c. In this case we compute
the new AHF using again the superposition rule 2 and the
result from the Example 2.
The resulting equation for AHFEFGH!ABCD is as follows:
4.3.4. Example 4

Sometimes the basic relations listed in Section 4.1 are
not enough to estimate some new anisotropic view factors.
In these cases the balance principles can help.

The fourth example includes two perpendicular rectan-
gles: a horizontal receiving rectangle ABCD with dimen-
sions a � (c1 + c2) and a vertical rectangle – opening
AEIJ with dimensions c1 � d, as they are displayed on
Fig. 10a. The edge AJ lies on the edge AB. We need to find
out AHFAEIJ!ABCD.
We will expand the drawing in Fig. 10a with some addi-
tional surfaces, to be able to apply the first balance princi-
ple on the studied composition of solid and transparent
surfaces (Fig. 10b) – Eq. (29):

dc1AVF Max ¼ aðc1 þ c2ÞAHF AEIJ!ABCD þ dðc1

þ c2ÞAVF AEIJ!CDHG þ adAVF AEIJ!BCGF

þ adAVF AEIJ!ADHE þ dc2AVF AEIJ!BJIF ð38Þ
There AVFMax is the maximum possible value of a vertical
factor, estimated with the Eq. (2) by Steven. We could
express it also like this sum:



F Max

¼ 3pþ 4b
2pð3þ 2bÞ

¼ AV
1 ðc1; dÞ

þ AV
2 ðc1; dÞ

þ AV
1 ðc1

þ c2; dÞ
þ AV

2 ðc1

þ c2; dÞ
ð39
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Fig. 11. Exemplary images, generated in 3D–SOLARIA irradiance mode – 3D analysis of AVF and AHF of the building surfaces for different types of sky
and different corresponding values of the radiance distribution index b: (a) b = �0.88; (b) b = �0.40; (c) b = 0 (uniform sky); (d) b = 5.73.

Fig. 10. Exemplary configurations of horizontal and vertical perpendicular rectangles – axonometric view: (a) Example 4; (b) additional drawing for the
analysis.
where AV
1 () and AV

2 () are anisotropic vertical factors from
the basic sky sectors A1 and A2.

The surface BJIF is in the plane of the opening AEIJ

and its view factor AVFAEIJ!BJIF is 0. The surface EFGH

is faced down and its view factor AVFAEIJ!EFGH is 0 too.
From Eq. (38) it follows:
AHF AEIJ!ABCD ¼
dc1

aðc1 þ c2Þ
AVF Max �

d
a

AVF AEIJ!CDHG

� d
ðc1 þ c2Þ

ðAVF AEIJ!BCGF

þ AVF AEIJ!ADHEÞ ð40Þ

The view factor AVFAEIJ!ADHE is easy to express:

AVF AEIJ!ADHE ¼ AV
1 ða; dÞ � BV

1 ða; c1; dÞ ð41Þ

According the view factor AVFAEIJ!BCGF we had such
example in part I of the work (Ivanova, 2013), so it follows:
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AVF AEIJ!BCGF ¼ BV
1 ða; c2; dÞ � BV

1 ða; c1 þ c2; dÞ ð42Þ

With the help of the reciprocity relation and after some
transformations we receive the view factor AVFAEIJ!CDHG:

AVF AEIJ!CDHG ¼ BV
12ðc1 þ c2; a; dÞ

þ 1

c1 þ c2

c1BV
12ðc1; a; dÞ � c2BV

12ðc2; a; dÞ

 �

ð43Þ

From the main Eq. (40) with the help of Eqs. (41)–(43) we
receive Eq. (44) for the value of the AHFAEIJ!ABCD:
To transform it in a simpler form, we will use also these 2
equations, coming from the reciprocity relation for vertical
AHF AEIJ!ABCD ¼
dc1

aðc1 þ c2Þ
AV

1 ðc1; dÞ þ AV
2 ðc1; dÞ þ AV

1 ðc1 þ c2; dÞ þ AV
2 ðc1 þ c2; dÞ


 �
� d

a
BV

1 ðc1 þ c2; a; dÞ þ BV
2 ðc1 þ c2; a; dÞ


 �
� d

aðc1 þ c2Þ
c1BV

1 ðc1; a; dÞ þ c1BV
2 ðc1; a; dÞ � c2BV

1 ðc2; a; dÞ � c2BV
2 ðc2; a; dÞ


 �
� d
ðc1 þ c2Þ

BV
1 ða; c2; dÞ � BV

1 ða; c1 þ c2; dÞ þ AV
1 ða; dÞ � BV

1 ða; c1; dÞ
� 	

ð44Þ
rectangles with equal height:

AV
1 ða; dÞ � BV

1 ða; c1; dÞ ¼
c1

a
AV

1 ðc1; dÞ � BV
1 ðc1; a; dÞ


 �
ð45Þ

AV
1 ða; dÞ � BV

1 ða; c2; dÞ ¼
c2

a
AV

1 ðc2; dÞ � BV
1 ðc2; a; dÞ


 �
ð46Þ

After some transformations we receive:

AHF AEIJ!ABCD ¼
d

aðc1 þ c2Þ
ðc1 þ c2Þ AV

2 ðc1 þ c2; dÞ

�

�BV
2 ðc1 þ c2; a; dÞ

�
þ c1 AV

2 ðc1; dÞ � BV
2 ðc1; a; dÞ


 �
�c2 AV

2 ðc2; dÞ � BV
2 ðc2; a; dÞ


 �
g ð47Þ

From the relation in Eq. (23) it follows:

AV
2 ðc1; dÞ � BV

2 ðc1; a; dÞ ¼
a
d

AH
2 ðc1; dÞ � BH

2 ðc1; a; dÞ

 �

ð48Þ

After the substitutions of the vertical with horizontal view
factors we receive:

AHF AEIJ!ABCD ¼
d

aðc1 þ c2Þ
ðc1 þ c2Þ

a
d

AH
2 ðc1 þ c2; dÞ


n
� BH

2 ðc1 þ c2; a; dÞ
�
þ c1

a
d

AH
2 ðc1; dÞ



�BH

2 ðc1; a; dÞ
�
� c2

a
d

AH
2 ðc2; dÞ � BH

2 ðc2; a; dÞ

 �o

ð49Þ

The resulting equation for AHFAEIJ!ABCD is:
AHF AEIJ!ABCD ¼ AH
2 ðc1 þ c2; dÞ � BH

2 ðc1 þ c2; a; dÞ

 �
þ c1

c1 þ c2

AH
2 ðc1; dÞ � BH

2 ðc1; a; dÞ

 �

� c2

c1 þ c2

AH
2 ðc2; dÞ � BH

2 ðc2; a; dÞ

 �

ð50Þ

The Eq. (50) could be useful if we need to find out what
part of the background diffuse irradiance will be blocked
by the solid vertical rectangle EFGH toward the receiving
horizontal rectangle ABCD. The incident average back-
ground diffuse irradiance on the rectangle ABCD will be
estimated as follows:

IBDH ;sky!ABCD ¼ IBDH ð1� AHF AEIJ!ABCDÞ ð51Þ

More configurations with horizontal and vertical surfaces –
opposite and perpendicular, need to be studied to estimate
their AHF.

5. Applications of anisotropic factors

As it was already mentioned, the equations of the esti-
mated AVF and AHF include two parts. The isotropic
part Pi multiplied by 3/(3 + 2b) is the isotropic view fac-
tor for the specific sector. The anisotropic partPa multi-
plied by 2b/(3 + 2b) is an anisotropic correction of the
isotropic view factor. Both parts depend only on the geo-
metric data. For instance the anisotropic horizontal fac-
tor from the visible sky to a point of a horizontal surface
is a function of the radiance distribution index b and
both values Pi and Pa.

AHF ¼ 3

3þ 2b
P i þ

2b
3þ 2b

P a ð52Þ

The values Pi and Pa have to be estimated only once for a
considered point or for a considered surface in their envi-
ronment and then to be used in combination with the vary-
ing value of b for different time periods.

The radiance distribution index b varies hourly and
daily under a non-overcast sky, as it is a function of the
ratio between the beam and the extraterrestrial horizontal
irradiances F = B/E, as it was mentioned in the Introduc-
tion – Eq. (5). Under an overcast sky according Muneer
b = 5.73.
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Using described methodology and solar data from
PVGIS (2012) - an open source GIS, described by Hofierka
and Šúri (2002), we developed a computer program 3D–
SOLARIA to estimate, display and study the variations
in the beam and diffuse components of the solar irradiance
and solar irradiation for different time periods (days,
months, seasons) on the rectangular fragments of all verti-
cal walls of a considered building. Some particular results
obtained by the program are displayed on Fig. 11 –
mapped onto the building surfaces images of calculated
values of the anisotropic vertical and horizontal factors
from the visible sky to the center points of walls’ fragments.
Different types of skies (from very clear sky to overcast sky,
described with different values of the radiance distribution
index b) are studied.

The main purpose of the developed methodology is to
estimate the incoming solar energy to the surfaces of a con-
sidered future building in the different seasons and in this
way to allow the architect to study the building shape in
order to increase the solar gains in winter and to decrease
the solar fluxes in summer in the current urban
environment.

There are possible other applications of this methodol-
ogy. For instance there is a direct relation between the
average anisotropic sky factor for a surface and the back-
ground diffuse component of its shading factor. The precise
estimation of the incident solar radiation on a glazed build-
ing fac�ade and the known relation between the incident
solar irradiance and the incident solar illuminance can help
to estimate the available daylight. Another possible area to
put anisotropic factors into practice is in applied climatol-
ogy, where they could be used as more precise and relevant
parameter than the sky view factors in the estimation of the
radiation fluxes in the complex urban structures.

6. Discussion and conclusion

In both parts of our work a novel analytical approach
for estimation of the background component of diffuse
irradiance on horizontal and vertical surfaces under par-
tially obstructed anisotropic sky is suggested. The results
of this approach are listed below:

� Basic anisotropic factors from orthogonally obstructed
anisotropic sky to points of horizontal or vertical sur-
faces, listed in Appendix Tables A.1 and A.2.
� Average basic anisotropic factors from orthogonally

obstructed anisotropic sky to horizontal or vertical rect-
angles, listed in Appendix Tables A.3 and A.4.
� Four fundamental relations between the anisotropic fac-

tors are formulated.
� Two balance principles of incoming and received radia-

tion are added.

All these results set up the base of anisotropic factor
algebra (AFA). Using the relations and the balance princi-
ples of anisotropic factor algebra new anisotropic view fac-
tors can be computed from the set of known factors in the
Appendix A.

In comparison with the other existing methods our
approach gives faster results. Its disadvantage is its current
ability to work only with orthogonal surfaces. Fortunately
such surfaces are dominant in the architecture and in the
urban environment.

The anisotropic factor algebra with its fundamental
relations and balance principles is suitable to be applied
not only for orthogonal surfaces, but for surfaces with
any shape in any positions. The exception is the reciprocity
relation which is correct for some anisotropic vertical fac-
tors only.

The anisotropic factor algebra still needs a lot of efforts
to be expanded with anisotropic factors for other geome-
tries. This way the mentioned disadvantage can be
surmounted.



Table A.1
Anisotropic horizontal factors from the basic sectors to a point of a horizontal surface.

Image of basic sector Equation Equation
no.

A1

AHF A1 ! point ¼ 1
2p arctg y

x

(A.1)

A2

AHF A2 ! point ¼ 1
2p arctg x

y

(A.2)

B1

AHF B1 ! point ¼
3

3þ 2b
� 1

2p
xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2 þ d2
p arctg

yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ d2

p
 !

þ 2b
3þ 2b

� 1

2p
xyd

ðx2 þ d2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d2

p þ arctg
y
x
� arctg

yd

x
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d2

p
 !

(A.3)

B2

AHF B2 ! point ¼
3

3þ 2b
� 1

2p
yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y2 þ d2
p arctg

xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ d2

p
 !

þ 2b
3þ 2b

� 1

2p
xyd

ðy2 þ d2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d2

p þ arctg
x
y
� arctg

xd

y
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ d2

p
 !

(A.4)

Appendix A. Tables A.1–A.4.
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Table A.2
Anisotropic horizontal factors from a sky partially obstructed by infinitely long urban canyon with height d to a point of a horizontal surface.

Image of basic section Equations Equation no.

y!1
AHF C1 ! point ¼

3

3þ 2b
� x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ d2

p þ 2b
3þ 2b

� 1
p

arctg
x
d
þ xd

x2 þ d2

� �
(A.5)

y!1 AHF C2 ! point ¼
3

3þ 2b
� 1
2

1� xffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ d2

p
 !

þ 2b
ð3þ 2bÞ �

1

p
arctg

d
x
� xd

x2 þ d2

� �
(A.6)

x!1 AHF D1 ! point ¼
3

3þ 2b
� y

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ d2

q þ 2b
3þ 2b

� 1
p

arctg
y
d
þ yd

y2 þ d2

� �
(A.7)

x!1 AHF D2 ! point ¼
3

3þ 2b
� 1
2

1� yffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ d2

q
0
B@

1
CAþ 2b

ð3þ 2bÞ �
1

p
arctg

d
y
� yd

y2 þ d2

� �
(A.8)
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Table A.3
Average anisotropic horizontal factors from the basic sectors to a rectangular horizontal surface.

Image of basic
sector

Equation Equation
no.

A1

AHF A1!rect ¼
1

2pac
ac � arctg

c
a
� a2

4
ln

a2 þ c2

a2
þ c2

4
ln

a2 þ c2

c2

� �
(A.9)

A2

AHF A2!rect ¼
1

2pac
ac � arctg

a
c
þ a2

4
ln

a2 þ c2

a2
� c2

4
ln

a2 þ c2

c2

� �
(A.10)

B1

AHF B1!rect ¼
3

3þ 2b
� 1

2pac
c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2 þ d2

p
� arctg

cffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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Table A.4
Average anisotropic horizontal factors from a sky partially obstructed by infinitely long urban canyon with height d.

Image of basic section Equation Equation no.
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