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Preface

The book, Solar Radiation , edited by Prof. Elisha E. Babatunde and published by InTech, pro‐
vides a good background on the principles, fundamentals and future of solar radiation and
energy utilization. Two essential components of solar energy which are derivable from the
sun-radiant light (passive solar power) and heat (active solar powers) - have been harnessed
for decades using a range of ever-evolving and cutting-edge technologies. Such technologies
include solar photovoltaics, photo emitters, BIPVs and solar thermal systems.

However, recently, there has been active research in the optimization of these energy resour‐
ces due to improvements in panel instrumentation, geometry and orientation. Additionally,
the more rigorous methods that are used to model inter-reflections within curvilinear surfa‐
ces for simplified analytical evaluations, material doping, photo-cell materials and heteroge‐
neous photo-catalytic degradation through solar light illumination on semiconductor
surfaces, are equally becoming attractive advances in the cell material oxidation process.

Some of the advances in solar energy research are presented in the following three sections
of this book:

Section 1: Solar Heating and Surface Geometry

Section 2: Photo-degradation and Instrumentation

Section 3: Solar Application in Architecture

Optimally harnessing this vital and clean energy potential will make the future of the world
more promising and reassuring.

Bello, R. S.
Federal College of Agriculture,

Ishiagu, Nigeria
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Chapter 1

Radiative Heat Transfer for Curvilinear Surfaces

Jose Maria Cabeza Lainez,
Jesus Alberto Pulido Arcas, Manuel-Viggo Castilla,
Carlos Rubio Bellido and
Juan Manuel Bonilla Martínez

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59797

1. Introduction

Curved surfaces have not been thoroughly considered in radiative transfer analysis mainly
due to the difficulties arising from the integration process and perhaps because of the lack of
spatial vision of researchers. When dealing with them, application of the iterative method or
direct calculation through integration does not provide with an exact solution, so that only
approximate expressions or tables are given for a very limited number of forms [1]. In this
way, a vast repertoire of significant shapes remains neglected and energy waste is evident. For
this reason, further research on the matter, starting from a different approach was considered
worth doing.

In previous researches from the authors, form factor calculation has been undertaken for
several types of emitters. In all cases, geometric properties of those, revealed as the most
powerful tool that shapes radiant interchange [3,4,5,6]. This included mainly rectangular
shapes, plane forms and the volumes that can be composed with such primary geometries.

Following the same approach to radiative transfer through the basic understanding of the
spatial and geometric properties of volumes, in this chapter new form factors derived from a
combination of curvilinear surfaces are hereby presented. Starting from the properties of the
sphere and with simple calculus, new laws are devised, which enable the authors to discover
a set of configuration factors for caps and various segments of the sphere. The procedure is
subsequently extended to the paraboloid, the ellipsoid or the cone, useful in issues such as
rocket nozzle design and organic shapes contained in human physique. Appropriate combi‐
nation of the said forms with truncated cones, produces highly articulate shapes, which

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



frequently occur in the technical domains but were not feasible for exact calculation during a
number of years. The research is duly accomplished by presenting the equations needed to
evaluate interreflections in curvilinear geometries. Thus, heat transfer simulation is enhanced
by such results leading to create innovative software which has been expanded in turn by the
authors.

2. Outline of the problem

The reciprocity principle enunciated by Lambert in 1760 and expressed in Eqn. (1), yields the
following well-known integral equation (2) that acts as the theoretical basis for form factor
calculation between two surfaces.

d∅1-2 = (Eb1 - Eb2)cosθ1*cosθ2*
d A1*d A2

π*r 2 (1)

∅1-2 = (Eb1 - Eb2)∫A1

 ∫A2

 cosθ1*cosθ2*
d A1*d A2

π*r 2 (2)

Where the terms are depicted in Figure 1,

Ebi= radiant power emitted by the corresponding surface 1 or 2

Ai= area of surface, dAi= differential of area

r = distance radiovector

θi =angle between radiovector at differential element i and the normal to the surface

The previous expression states that radiant interchange for every given form depends on its
shape and its relative position in the three-dimensional space (Figure 1). From the times of
Lambert to our days, researchers and scientists in the fields of geometric optics and radiative
transfer have sought to provide solutions to the canonical equation (2) for a variety of forms
[1]. This is no minor feat, since the said equation leads in most cases to a quadruple integration
and the fourth degree primitive of even simple mathematical expressions often implies lengthy
calculations.

Given the fact that this equation depends on geometric parameters, it is reasonable to think
that there should be an easier way to approach the problem rather than dealing directly with
the integral; also, with the aid of computer simulation, mathematical solutions of complex
functions can be approached in a simple and friendly way. Curvilinear forms present some
characteristics that make them suitable for a different treatment in terms of radiative transfer.

3. Form factors derived from the sphere

Starting from simple forms several form factors can be calculated without hardly any calculus;
later, this logic can be applied to more complex configurations. Let us consider first the simplest
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form, a sphere that irradiates energy from its inner surface; the irradiated energy is entirely
received by itself; so that, being the sphere surface 1, the only factor that has to be considered
is:

11F =1 (3)

Bearing this in mind, in a similar surface, for instance a hemisphere, the form factor is
accordingly F11= ½. The configuration factor of a differential area to a disk of radius r under
the center of the disk at precisely the distance r, provides a hint in that it is also ½ [2]. For a
point of the hemisphere the factor required is ½.

Stimulated by this result, volumes composed of only two surfaces, one being planar and the
other spherical, were analyzed. The first case was the spherical cap which is a generalization
of the hemisphere.

Figure 1. The reciprocity principle and equation for arbitrary surfaces A1 and A2

Radiative Heat Transfer for Curvilinear Surfaces
http://dx.doi.org/10.5772/59797
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Figure 2. A spherical cap of height h and radius of the base a

Extending the reciprocity principle to a spherical cap (Fig. 2) of radius R (surface 1), and its
entire base (surface 2) the factor was obtained from the relation  A1 · F12 = A2 · F21; since F21=1,

and there is no F22 for planar surfaces, F12 = A2
A1

, in this particular case:

F12 = a 2

a 2 + h 2  (4)

F11 = h 2

a 2 + h 2 = h
2*R (5)

Two important laws are inferred from here, which have been defined as Cabeza-Lainez laws:

Cabeza-Lainez first law:

If a volume is encircled by two surfaces preseting one of them positive of thempositive
curvature, and the second being planar, the exchange factor from the curved surfaceto the
other equals the inverse ratio of areas of the aforementioned figures. The notion of positive
curvature of the element is introduced to foresee stagnation of radiant flux.

Cabeza-Lainez second law:

Within a spherical surface the form factor of any given area over itself is precisely the fraction
between that area and the sphere

The second law requires of more deduction as follows

Given that a spherical cap represents an Yth fraction of the total area of the sphere of radius R,
and recalling from trigonometry that,

(h 2 + a 2)=2 · R · h  (6)

Thus,

Solar Radiation Applications6
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Y · (h 2 + a 2)=4 · R 2 (5);  Y =2 · R
h  (6);  h =2 · R

Y  (7)

Consequently,

F11 = h
2 · R = h 2 · Y

4 · R 2 = 1
Y (8)

Cabeza-Lainez second law:

The configuration factor of an Yth part of the sphere over itself is precisely the inverse of Y.

Thus, the assumption for the hemisphere is confirmed; in the quarter of sphere F11 has to be
1/4 and successively for every portion of the given sphere.

This law will hold true even if we are not dealing with spherical caps but for any fragment of
the surface. Taking a critical look at the canonical equation (1) adapted to the sphere, it is logical
to establish a relationship between r, cosθ and the radius R (Figure 3).

Figure 3. Differential surfaces in the sphere of centre C and luminance L used to find the radiative exchange

Substituting, these terms in the canonical equation (1):

∅1-2 =
Eb1

4 · π · R 2 ∫A1

 ∫A2

  d A1 · d A2 (9)

4πR 2 is the total area of the sphere. Thus, the radiative flux transfer is dependent on the size
of the surfaces but not on their position in the sphere and for given areas it is also a constant.

Trying to obtain F11 =
∅11

Eb1.A1
 from equation (7) gives the expression:

F11 =
A1

4 · π · R 2 = 1
Y (10)

This means that spherical surfaces present these unique properties (Eqs. 3 and 8) which are
crucial for our discussion crucial for our discussion.

Radiative Heat Transfer for Curvilinear Surfaces
http://dx.doi.org/10.5772/59797
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Now Cabeza-Lainez laws can be applied to more complex volumes that involve portions of
the sphere. Considering a sector of the sphere comprised between to semicircles forming an
internal angle x from 0 to 180 degrees:

Figure 4. Denomination of surfaces in a sector of the sphere, 1 and 2 are planar semicircles, 3 is curved.

As has been discussed, the Y portion of the sphere is, in this case 1
Y

= x
360

 and thus,

F33 = x
360 (11)

Accordingly,

F31 = F32 = 1
2 · (1 - x

360 ) (12)

And introducing the areas of the semicircles, πR 2

2

F13 = F23 = x
90 · (1 - x

360 ) (13)

Following the discussion, these pair of semicircles can form any angle x between 0 and 360
degrees (Fig. 5). So that, the following equation, which has not been found expressed previ‐
ously in the literature, is proposed in order to obtain the energy balance between the half disks,
where x represents the value of their internal angle (Figure 5).

Solar Radiation Applications8
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Figure 5. Two semicircles of the same radius R with a common edge forming an angle X

F12 =1 - x
90 + x 2

32400 (14)

Figure 6. Radiative exchanges between two semicircles with a common edge and forming an internal angle x

Radiative Heat Transfer for Curvilinear Surfaces
http://dx.doi.org/10.5772/59797
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The latter expression (Eq. 14) is a good indicator of the factor between two inclined and equal
surfaces with a common edge. If they are not too dissimilar from the semicircle, a factor that
is usually lengthy and cumbersome to calculate can be devised easily.

Let us now return to the first principle, the expression h
2R  (Eq. 5), applied to the spherical cap.

Form factors between the contained surfaces are as follows:

F11 = h
2 · R = h 2

h 2 + a 2 (15)

F12 = a 2

h 2 + a 2 (16)

F21 =1 (17)

If we introduce at this point the dimensionless parameter β, we can simplify equation 16 as,

β 2 = h 2

a 2  (18)

F12 = 1
β 2 + 1 (19)

Since this principle is more general than the second one, we can extend it to non-spherical
surfaces.

4. Application to common surfaces

4.1. Prolate semispheroid

Surface 1 is the spheroid and surface 2 is the circular disk that works as a base to the former,
h>a.

Firstly the dimensionless parameter m is introduced:

m = 1 - a 2

h 2
(20)

By virtue of the first principle,

F12 = a*m
a*m + h *arcsin (m) (21)

Solar Radiation Applications10
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F21 =1 (22)

F11 = h *arcsin (m)
a*m + h *arcsin (m) (23)

And making,

β 2 = h 2

a 2 ;  m = 1 - 1
β 2 (24)

F12 =
1 -

1

β 2

1 -
1

β 2 + β*arcsin ( 1 -
1

β 2
) (25)

4.2. Oblate semiespheroid

Surface 1 is the spheroid and surface 2 is the circular disk that works as a base to the former,
h<a

Denote the parameter m1,

m1 = a 2

h 2 - 1 (26)

Figure 7. Prolate spheroid

Radiative Heat Transfer for Curvilinear Surfaces
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F12 =
a*m1

a*m1 + h *arcsinh (m1)  ; F 21 =1 (27)

By the first principle and,

F11 =
h *arcsinh (m1)

a*m1 + h *arcsinh (m1)
(28)

With the same procedure as before to make the expression dimensionless

m1 = 1
β 2 - 1 (29)

F12 =
m1

m1 + β*arcsinh (m1)
(30)

4.3. Paraboloid of revolution

Surface 1 is the paraboloid and surface 2 is the circular disk that works as a base to the former

F12 = 6*a*h 2

(a 2 + 4*h 2)3/2 - a 3  ; F21 =1 (31)

F11 =1 - 6*a*h 2

(a 2 + 4*h 2)3/2 - a 3 (32)

β = h
a  ; F 12 = 6*β 2

(1 + 4*β 2)3/2 - 1
(33)

4.4. Right cone

1 is the surface of the cone and 2 is the circular base

F12 = a

a 2 + h 2
 ; F 21 =1 (34)

Figure 8. Oblate spheroid

Solar Radiation Applications12
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F11 =1 - a

a 2 + h 2 (35)

Introducing the parameter  β,

F12 = 1

1 + β 2
(36)

It is possible to compare the performance in terms of F12, of all the figures found up to now,

where the cone shows better performance followed by the paraboloid.

Figure 10. Cone

Figure 9. Paraboloid of revolution

Radiative Heat Transfer for Curvilinear Surfaces
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Figure 11. Comparison of form factors for different shapes

4.5. Ellipsoid

In this case, 1 is the surface of the ellipsoid and 2 is the elliptic base; y is a parameter equal to
1.6. The example shows that the first principle is not limited to surfaces of revolution.

F12 = a*b* 3y

2* a y*b y + a y*h y + + b y*h yy  ; F 21 =1 (37)

F11 =1 - a*b* 3y

2* a y*b y + a y*h y + + b y*h yy
(38)

Figure 12. Ellipsoid

As the area of the ellipsoid is not exact, we can expect errors on the range of 1% depending on
the values of a, b and h.

This principle can be also used in other surfaces, for example, for two complementary caps
within the sphere of radius r,

Solar Radiation Applications14
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the values of a, b and h.

This principle can be also used in other surfaces, for example, for two complementary caps
within the sphere of radius r,
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Figure 13. Sphere divided in two caps of diverse heights

As an immediate consequence of Cabeza-Lainez laws, r being the radius of the inner circle and

h the respective heights of the caps,

F11 = F21 =
h 1

2

h 1
2 + r 2 = r 2

h 2
2 + r 2 =

h 1*h 2

h 2
2 + r 2 =

h 1
2 + r 2

(h 1 + h 1)2 =
h 1

(h 1 + h 2) =
h 1

2*R (39)

F22 = F12 =
h 2

2

h 2
2 + r 2 = r 2

h 1
2 + r 2 =

h 1*h 2

h 1
2 + r 2 =

h 2
(h 1 + h 2)

(40)

If now the caps within the same sphere are of any size and arbitrary position,

In this case by virtue of Cabeza-Lainez Law,

F11 =
h 1

2

h 1
2 + a 2 ;  F22 =

h 2
2

h 2
2 + a2

2 (41)

And now we need to apply the canonical equation 9 again, substituting the respective areas

of the caps; A1 =2.π.R.h 1.  ; A2 =2.π.R.h 2

∅1-2 =
Eb1

4*π*R 2 ∫A1

 ∫A2

  d A1*d A2 (42)

F12 =
h 1*h 2

h 1
2 + a 2 ;  F21 =

h 1*h 2

h 2
2 + a2

2 (43)
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In the special situation that the caps are parallel, which equates a truncated cone, the flux would
be Eb1.π.h 1.h 2 and the fraction of energy from disk 1 to disk 2 (or their surrounding caps),

equates h 1*h 2 / a 2 or  h 1*h 2 / a2
2. In the case that the bases are of equal radius a, h1=h2=h. If the

perpendicular distance between the disks, called 2b, is known (Figure 15), the height of the
cap would be,

h = a 2 + b 2 - b (44)

Thus, the fraction is obtained as,

F12 = F21 = a 2 + 2*b 2 - 2*b* a 2 + b 2

a 2
(45)

By virtue of equation 45 it is feasible to address radiative transfer in several figures composed
of three surfaces and limited by parallel disks like truncate paraboloids, caps and especially
cylinders. Appropriate equations can be easily formed in which only two values need to be
found. To the circles in the extremes of the cylinder a spherical cap could be connected (fig.
16) and the radiative transfer would not be altered significantly since we have previously
described the performance of caps limited by circles. In the particular case that the cap is a
hemisphere, the factor already determined ought to be multiplied by 0.5 and subsequently for
different curvatures, bearing in mind that the unity is the circle and null would imply a
“theoretical” whole sphere 1

1 Note that values under 0.5 can also be found for this relationship in a sort of globular cap with an area bigger than the
hemisphere.

Figure 14. Two caps of arbitrary size
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The space of figure 16 has been used throughout the history of buildings in cathedrals, opera

houses, museums and assembly halls. If both extremes are curved, such shape is still found at

bunkers, water tanks and pressure vessels of power reactors.

Figure 16. Volume composed of a cylinder and a spherical cap used to find the radiative transfer among those surfaces

Figure 15. Surfaces defined by a cylindrical volume used to find the radiative transfer
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4.6. Two opposed spherical caps with a common axis

In order to calculate the radiative exchanges in this relatively complex figure, we need to
determine beforehand the following nine geometric parameters that depend on the geometric
variables shown in Figure 17.

z =
r1

2 - r2
2

4*b ;  R = (z + b)2 + r2
2 (46)

l = (r1 - r2)2 + 4*b2 (47)

Q = R 2 - z 2 + b 2 - 2*R*b (48)

Q1 = r1
2 - Q  ;Q2 = r2

2 - Q (49)

D1 =h 1
2 + r1

2 (50)

D2 =h 2
2 + r2

2 (51)

D3 = l*(r1 + r2 ) (52)

Figure 17. Volume composed by spherical cap, truncated cone and hemispheroid.
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And then we would obtain the corresponding nine form factors involved,

F11 =
h 1

2

D1
;  F12 = Q

D1
;  F 13 =

Q1

D1
(53)

F22 =
h 2

2

D2
;  F 21 = Q

D2
;  F23 =

Q2

D2
 (54)

F31 =
Q1

D3
;  F 32 =

Q2

D3
;  F 33 =1 -

Q1+Q2

D3
(55)

In this simple way the problem is completely solved

4.7. Straight cone

This is a limit case of the previous discussion.

Figure 18. Right cone with a circular base

As the former also includes the cone, by making r0 =0 and h 1 =h 2 =0,

 Q2 =0,  z =
r1

2

4b ,  R = z + b,  Q =0,  Q1 =0,   Q2 =0

l = r1
2 + 4*b2 (56)

If D1 = r1
2,  D2 =0 then
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D3 = r1
2 + 4*b2 (57)

Only three factors remain,

F11 =1 (58)

F31 =
r1

r1
2 + 4*b2 (59)

F33 =1 -
r1

r1
2 + 4*b2 (60)

F31 is obviously the ratio of areas of the cone to its base which proves that the equation is true,
by virtue of Cabeza-Lainez Law.

4.8. Paraboloid, truncated cone and spheroid

If for instance, the upper extreme of the volume is a paraboloid and the lower surface is an
oblate ellipsoid (Figure 19), we can still maintain the same factors with the following simple
adaptations,

Figure 19. Volume composed by a paraboloid, a truncated cone and a spheroid.

F22 =1 -
6*r2*h 2

2

(r2
2 + 4*h 2

2)3/2 - r2
3 (61)

Solar Radiation Applications20



D3 = r1
2 + 4*b2 (57)

Only three factors remain,

F11 =1 (58)

F31 =
r1

r1
2 + 4*b2 (59)

F33 =1 -
r1

r1
2 + 4*b2 (60)

F31 is obviously the ratio of areas of the cone to its base which proves that the equation is true,
by virtue of Cabeza-Lainez Law.

4.8. Paraboloid, truncated cone and spheroid

If for instance, the upper extreme of the volume is a paraboloid and the lower surface is an
oblate ellipsoid (Figure 19), we can still maintain the same factors with the following simple
adaptations,

Figure 19. Volume composed by a paraboloid, a truncated cone and a spheroid.

F22 =1 -
6*r2*h 2

2

(r2
2 + 4*h 2

2)3/2 - r2
3 (61)
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as in the paraboloid alone

F21 =
6*h 2

2*Q

r2* (r2
2 + 4*h 2

2)3/2 - r2
3 (62)

F23 =
6*h 2

2*(r2
2 - Q)

r2* (r2
2 + 4*h 2

2)3/2 - a2
3 (63)

F11 =
h 1*arcsinh (m1)

r*m1 + h 1*arcsinh (m1)
(64)

as it were in the oblate elipsoid alone

m1 is now=
r1

2

h 1
2 - 1 (65)

F12 =
m1*Q

r1*(r*m1 + h 1*arcsinh (m1))
(66)

F13 =
m1*(r1

2 - Q)
r1*(r1*m1 + h 1*arcsinh (m1))

(67)

F31, F32 and F33 have the same values as before as these correspond to the truncated cone and
bear only nominal relation with the surfaces of the extremes,

F31 =
Q1

D3
 (68)

F32 =
Q2

D3
(69)

F33 =1 -
Q1+Q2

D3
(70)

Similar results will be obtained when the truncate is a paraboloid instead of a cone as it is the
case in rocket nozzles.

4.9. Summary of the findings

All the aforementioned form factors have been obtained by logical deduction. In order to
provide researchers and designers with all this factors in a compact format, the following table
is presented, which comprises all the volume configurations presented in this chapter.

F21 is always the unit as shown by first law

Radiative Heat Transfer for Curvilinear Surfaces
http://dx.doi.org/10.5772/59797

21



SURF. Area of the revolution surface F1→1
F1→2

Prolate semi-
spheroid with
circular base

2πa 2 arcsen(m) · (h + am)
a · m

m = 1 - a 2

h 2

h*arcsin (m)
a*m + h*arcsin (m)

a*m
a*m + h*arcsin (m)

Oblate semi-
spheroid with
elliptic base

2πa 2 arcsenh (m) · (h + am)
a · m

m = a 2

h 2 - 1

h*arcsinh (m1)
a*m1 + h*arcsinh (m1)

a*m1
a*m1 + h*arcsinh (m1)

Revolution
paraboloid with
circular base

π a 2 + 4h 23
- a 3

6a 3h 2
1 - 6*a*h 2

(a 2 + 4*h 2)3/2 - a 3
6*a*h 2

(a 2 + 4*h 2)3/2 - a 3

Straight cone with
circular base πa a 2 + h 2 1 - a

a 2 + h 2

a

a 2 + h 2

Revolution
Ellipsoid

4π( a yb y + a yh y + b yh
3

)
1

y

y = 8
5

1 -
(ab 3y ) / 2

a yb y + a yh y + + b yh yy

(ab 3y ) / 2

a yb y + a yh y + + b yh yy

Table 1. Resume of form factors for curved surfaces.

5. Interreflections amongst surfaces in a closed volume

Until this point the discussion has dealt with primary transmission of energy but, in a closed
space, if the surfaces have some degree of reflectivity a significant part of the flux would be
re-irradiated and the concepts of emitters and receivers entwine.

Under such circumstance, the global balance of radiant power can be found through expression
71,

Etot = Edir + Eref (71)

Edir is defined as the direct power received while Eref stands for the reflected energy. The two
quantities added yield the global balance of radiant energy Etot. If the problem entails several
surfaces, expression 71 is expanded for an array of equations. To resolve it, we define before‐
hand the matrices Fd and Fr, whose elements are described as follows in a three-dimensional
fashion, (see figure 16):

Fd =(F11*ρ1 F12*ρ2 F13*ρ3

F21*ρ1  F22*ρ2 F23*ρ3

F31*ρ1 F32*ρ2 F33*ρ3

) (72)
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re-irradiated and the concepts of emitters and receivers entwine.

Under such circumstance, the global balance of radiant power can be found through expression
71,

Etot = Edir + Eref (71)

Edir is defined as the direct power received while Eref stands for the reflected energy. The two
quantities added yield the global balance of radiant energy Etot. If the problem entails several
surfaces, expression 71 is expanded for an array of equations. To resolve it, we define before‐
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Fr = ( 1 -F 12*ρ2 -F 13*ρ3

-F 21*ρ1  1 -F 23*ρ3

-F 31*ρ1 -F 32*ρ2 1
) (73)

Each term in equations 72 and 73 is presented in the form Fij (F11, F12...). This stands for the
configuration factors already found, from one of the surfaces i to another adjacent surface j.
The term ρi is defined as the reflective quotient which corresponds to a given surface i.

A detailed explanation for the phenomenon is given in [3]. Formerly, as volumes considered
were limited by planes, all the elements in the diagonal of matrix Fd were equal to zero and we
could not deal with the problem while, for curved surfaces, the values of the diagonal are
different from null and need to be calculated with the expressions hereby presented.

Once the value of these matrices is obtained, it is easy to establish the following relationship
between direct and reflected radiation:

Fr*E ref = Fd* E dir (74)

Frd  = Fr
-1*F d   (75)

Eref  = Frd
 *E dir   (76)

As the value of reflected radiation is known, the problem is solved. However, we have to bear
in mind that the number of surfaces should be augmented depending on the dimensions of
the case study. The procedure for interreflection can be considered iterative depending on the
accuracy that is required for a particular problem [3].

The simplest case of repeated reflections appears in the sphere and is wont to be employed in
lieu of the former calculations with matrices.From expression 9 and successive, it was deducted
that energy impinging on a point of the sphere from an emitter contained in the same surface
equates the quotient between the area of the emitting surface and the total area 4 πR2, and it
can be expressed under the form W/A.

After a relevant number of reflections, the total power distributed over the sphere is defined
by:

Eref  = E* W
A *(ρ + ρ 2 + ...ρ n) (77)

As,

lim
n→∞

( ρ n+1 - 1
ρ - 1 - 1) 

= ρ
1 - ρ   

(78)
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Eref  = E* W
A *( ρ

1 - ρ ) (79)

In the precedent discussion ρ includes the mean of all reflection quotients ρi inside the sphere,
while E represents the direct power exiting from the source. Such expression would be
technically applicable to all kinds of surfaces, but its accuracy dwindles when the actual
volume is not akin to a sphere. If such is the case, equation 79 would be less acceptable.

Since the reflectivity of the internal surfaces can be changed on demand, the way to treat glazed
elements or voids is to assign them a high absorption coefficient to ensure that those elements
play a limited role in the global energy balance.

6. Conclusions

An ever-increasing number of configuration factors for curved geometries, has been deducted.
The authors have extracted the former in total conformity with the procedures of optical
mechanics and thus the new factors can be termed as exact in contrast with other random or
discretized methods.

This represents an indubitable advance of knowledge for radiative heat transfer that is already
being implemented in computer models. However, the details of the simulation procedures
are not discussed in this chapter in the credence that other scientists will arrive with perfect
ease to the required algorithms.

Thus, this new form factors have been programmed in computer algorithms, creating a
powerful tool that is able to enrich the repertoire of forms and spaces suitable for simulation.
This procedure will benefit energy-conscious engineering and architecture, as has been
demonstrated by the authors in previous publications [7, 8,9,10] Indeed, the prototypes based
on the science of heat transfer are sure to progress in their accuracy and sophistication.
Radiative devices and fixtures can be conceived departing from the findings exposed previ‐
ously on a more scientific basis and this will be beneficial to expand the innumerable boons of
solar radiation.

Contemplating the ruins of the colossal statues of Ramses in Egypt, Shelley once wrote:

My name is Ozymandias, King of Kings, Look on my works ye Mighty And Despair
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Chapter 2

Steady State Thermal Analysis of a Tri-Wing Solar
Chimney

R. S. Bello, C. N. Ezebuilo, T. A. Adegbulugbe and
K. A. Eke

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59721

1. Introduction

The solar chimney is one of the technologies which work on the principle of buoyancy, in which
air is heated through the greenhouse effect generated by solar radiation (heat energy) at low
cost. The solar chimney is a passive solar ventilation system (non-mechanical) that can be
installed on roofs or in walls. The heat is transferred based on the convective cooling principle
which works on the fact that hot air rises upward; these chimneys reduce unwanted heat
during the day by displacing interior (warm) air with exterior (cool) air. Solar chimneys are
mainly made of a black, hollow thermal mass with an opening at the top as an exit for the hot
air. The air in the room exits from the top of the chimney (Figure 1). The process can also be
reversed for room heating.

Figure 1. Solar chimney [1]

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



Solar chimney performance analysis for natural circulation dryers reported that simple air
heater increases ventilation up to some extent but not sufficiently [1]. Also, Duffie, and
Beckman, (2003) experimentally analyzed an inclined window-sized roof solar chimney and
found its summer performance to increase. Duffie, and Beckman, (2003) equally studied the
effects of various performance parameters like chimney width and height and solar radiation
on flat-plate collectors. The thermal analysis on tri-wing collectors both at steady and transient
states is an entirely new area of collector configuration research with limited research out‐
comes.

1.1. Project objective

For effective design of tri-wing solar chimney, solar parametric equations were utilized to
model drying conditions at chimney inlet and outlet to maximize the differentials between
system temperatures and air densities and their effects on drying applications. The air density
depends on the temperature; hence, it also implies that the maximum differentials between
the chimney air temperature and the ambient temp should give the best chimney performance.

The first mathematical model for the solar chimney design (Trombe wall) was given by [3, 16],
and they also reported the concept of increasing airflow by increasing solar irradiation. This
theoretical study also reported an air change per hour with change in the coefficient of fluid
(air) discharge. Alter, (2011) reported the mathematical model of a conventional vertical
chimney which operates under natural convention conditions where the temperature of the
air inside the chimney is warmer than outside. Shiv et al., (2013) reported that solar chimney
as a solar air heater may be represented by position (as vertical or horizontal chimney), or as
a part of a wall (in the form of Trombe wall) or as a roof solar collector [6]. The roof solar
chimney is the most convenient and mature technology used for buoyancy-driven natural
ventilation systems [7, 8, 9].

A complete analysis of the tri-wing collector with a mathematical model is cumbersome
because of its distinct features compared to an ordinary flat-plate model comparison of its
performance effectiveness with experimental design data using high-precision apparatus and
equipment offers a realistic solution. The objective of this study is to use analytical method to
derive expressions for modelling drying effects of buoyant airflow created by solar heating of
a tri-wing collector.

2. Experimental setup

The solar chimney used in modelling drying conditions is shown in Figure 2. The experimental
solar chimney is a hollow cylindrical channel of glass glazing. The walls of the chimney were
made as smooth as possible to reduce pressure losses due to wall friction. The absorbing
surface (collector) is a tri-wing multi-flapped selective absorber plate draped inside the glazed
glass. This chimney is mounted above the room space (drying chamber) through which dry
air passes.
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Figure 2. Schematic diagram of solar chimney

3. Solar incident radiation on each wing

The incident angle of radiation reaching any collector surface is expressed by the general
expression

Cos sin  cos  cos cos  sin  cos cos cos  sin   sin= - + +q d j g d j g w d g w (1)

This expression was used to model the following equations for each of the wings in terms of
ω as

( )Cos 0.1761 0.053 cos 0.81 sin  for wing 1 q = - + w+ w (2)

( )Cos 0.353 0.1106 cos  for wing 2 q = - + w (3)

( )Cos 0.1764 0.053 cos .1764 0.0  for wing 3q = - - w- - w (4)

Previously the expression for all the wings has been derived as

zCos 0.9288Cos .9288q = q - (5)
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4. System heat transfer mechanism in the model

A complex differential analysis is required to fully analyze the multi-flapped collector due to
shadows and the transient heat flow of flaps at different potentials (Figure 3). For instance,
when the sun is between the azimuth of east and south, wings 1 and 2 receive full-area radiation
at different incident angles, while wing 3 receives partial-area direct radiation due to the
shadow of wing 2 cast on it. The case is reverse when the sun is between the azimuths of south
and west, the critical time of changeover. When the sun is over the azimuth of 0°, wings 1 and
3 receive full-area direct radiation at different incident angles, and wing 2 receives partial direct
radiation. This only happens intermittently (Figure 3).

Figure 3. Azimuth positions of the solar insolation with respect to the three absorber surfaces

The analysis of a tri-axially configured surface is cumbersome because of its distinct features
compared to an ordinary flat-plate model; to overcome this, an assumption is made that the
collector absorber material is a highly conductive metal such that heat due to absorbed
radiation is evenly distributed in all the flaps. This implies that solar radiation incident on the
collector is such that there is no temperature gradient anywhere in the collector (i.e. the
absorber is isothermal at any point in time).

4.1. Assumptions on analytical methods

In the course of analysis of this solar collector, a number of overriding assumptions were made
which made the correlation of analyzed values comparable to experimental data values.
Experimental data for this type of solar collector at the study location (Nsukka, Enugu state,
Nigeria) was not available; however, such correlations provide a complete analytical method.
Such assumptions considered a vertical tri-wing absorber collector heated by insolation to a
temperature Tp with free convection boundary layer effects and also considered a zero air
stream velocity which could be increased to some maximum value and then decreased to zero
again due to free stream conditions, provided the gap between the plate and the cover is much
greater than the boundary layer thickness.
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To effectively model flow within the solar chimney, the analytical method employed required
the following steps:

1. First, determination of available solar radiation data in the study location.

2. Second, evaluation of optical properties of glazing materials (assumed to be same as that
of flat glazed collectors).

3. Third, consideration of the electrical analogy of the system (from which the collector
efficiency factor F’ expression and the overall collector heat loss UL expression were
derived).

4. Last, the heat transfer analysis and collector performance.

4.2. Solar insolation data at experimental setup location

The experimental setup was located at Nsukka, Nigeria, longitude 7° 23’ 45” E and latitude 6°
51’ 24” N [10], and the data acquisition method was adopted from the works of [11]. Solar data
of the year and declination of that day were taken. This data was used as a case study (data
presented in another chapter of this book) with the assumption that insolation recorded for a
particular month is approximately the same for the same month for every other year. Also
obtained from the literature were the measurement of instantaneous values of total insolation
IT against diffuser Id and beam Ib insolations. From the instantaneous values, an expression
relating to the total and beam insolations was deduced by the method of least squares for a
third-order polynomial that fits the distribution of data. The polynomial is deduced as

3 2
b T T T T2 2

MJ MJI 0.01524I 0.0152I 0.988I 0.9882 for I 0.22
m m

æ ö æ ö
= - + - >ç ÷ ç ÷

è ø è ø
(6)

And with linear regression of natural logarithm of data distribution,

T(1.761lnI 1.761
b T2 2

KJ KJI e for I 220  
m m

- æ ö æ ö
= >ç ÷ ç ÷

è ø è ø
(7)

d T bI I I  = - (8)

where IT =  total insolation, Ib = direct beam insolation and Id =diffuse insolation.

These parameters were used to compute instantaneous values of hourly insolation for the day
of the year when data were taken.

Solar radiation on a tilted collector is made up of the beam radiation component, the diffuse
radiation component and the ground-reflected diffuse radiation components. Hence, the total
hourly solar radiation on a tilted surface is the summation of the three components:
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c bc dc dgcI I I I= + + (9)

where subscript c denotes solar radiation on the collector. Furthermore,

) ( ) ( )c bc b d d bI I R I (1 cos / 2] I I 1 / 2 1 cosé ùé= + + b + + r - bë ë û (10)

For the case study, considering the collector being a vertical wall and no vegetation covering
the ground, β=90°   and ρ=0.2. Substituting these conditions into the equation of the total
hourly radiation on the collector gives

( )( )c bc b d d b b b dI I R 0.5I 0.1 I I R 0.1 I 0.6I  = + + + + + (11)

Both sides of each wing are exposed to diffuse radiation, while only one side of the wings is
exposed to direct beam radiation depending on the area factor receiving this direct radiation.
Hence, the total radiation aimed at each wing of the collector is

( ) ( )ci b bi d d b b b dI I R 2 0.5I 0.1 I I R 0.2 I 1.2Ié ù= " + + + = " + +ë û (12)

Thus, the total radiation aimed at the whole collector in the chimney is

c c1 c2 c3I I I I= + + (13)

Numbered subscripts 1, 2 and 3 denote wing positions.

5. Optical properties of glazing and absorption of solar radiation

The determination of collector performance requires the evaluation of the amount of solar
radiation actually absorbed by the collector through glazing. Optical properties (transmittance,
reflectance and absorptance) of the glaze cover, affects the absorption of solar radiation. These
optical properties depend on the thickness of glazing and the refractive index and extinction
coefficient of the glaze material. At a particular zenith angle of the sun, there are different
incident angles of radiation on the circumference of the cylindrical glazing of the collector,
unlike the flat-plate collector which has one uniform incident angle of radiation throughout
the surface of glaze. Due to this feature, the evaluation of optical properties of a cylindrical
glaze is complex. Though the glaze is cylindrical, the absorber plate is flat; hence, it was
assumed that optical properties of a flat glass glazing are approximate to that of a cylindrical
glass glazing. According to [12], expressions for reflection of unpolarized radiation passing
from a medium with refractive index n1 to another with refractive index n2 are
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where θ1 and θ2 are the angles of incidence and refraction. The average of reflectance of
unpolarized radiation [12] is then

( )r 0.5 r r^= + P (15)

where r⊥. and r∥  represents perpendicular and parallel reflectance components of the unpo‐
larized radiation. The angle of refraction, θ2, is related to the refractive indices and the incident
angle by Snell’s law expressed as

( )
i 1

2
2 1

n sin
n sin

-
é ù

q = ê ú
qê úë û

(16)

For air, n1  is approximately equal to 1. Consequently, the expressions for transmission of
unpolarized radiation passing through a slab of glass from one interface to another interface
and neglecting absorption decomposed to perpendicular and parallel components are as
follows:

For a perpendicular component,

1
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(17)

For a parallel component,
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t
(18)

where τ⊥  and τ∥  represent the perpendicular component and the parallel component of
transmittance of unpolarized radiation for single cover glaze.

The average transmittance of these two components is
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In order to account for absorption, a loss factor was introduced by Bourguer’s law:

2[ / ] 
2

kL cose-= qt (20)

where k is the extinction coefficient (which varies from 4m-1 for white glass to 32m-1 for green
glass). L is the thickness of the glass. In this study, the thickness of cover glass was taken to be
2.5mm, the extinction coefficient 5m-1 and the refractive index 1.526. The product k.L = 0.0025m
x 5m-1 = 0.0125.

Some of the radiation passing through the glaze and striking the absorber plate is reflected
back to the cover system. However, not all of this radiation is lost, since some of it is reflected
back to the plate. The multiple reflections and absorptions between the plate and the cover is
the greenhouse effect. To account for this greenhouse phenomenon, the actual fraction of
incident radiation absorbed by the plate is called the transmittance-absorptance product, (τα). 
tThis is reasonably approximated as

( ) ( ) pτ A τ  =a a (21)

The constant A ranges from 1.01 to 1.02, but for conservativeness, 1.01 is preferred:

( ) ( ) p1.01   =ta t a (22)

For transmittance of diffuse radiation, the effective incident angle θ1 for vertical collectors is
59.5° for both ground and sky diffuse radiation. Hence, the effective refractive angle θ2 of
diffuse radiation from Snell’s law is

( )i 1
2 1

2

n sin sin  
n

- é ù
q = qê ú

ë û
(23)

Likewise, the reflection components are
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The transmittance components are

( )
( )
1

 
1

^
^

^

-
=

+

t
t

t
(26)

( )
( )
1

 
1

-
=

+
P

P
P

t
t

t
(27)

Cover absorptance τa was evaluated with the relation

2was ev 
aτ e- q= (28)

Hence, the resultant transmittance for diffuse radiation is

d r aτ τ .τ  = (29)

Since all necessary optical properties of the glass glazing have been evaluated, the amount of
solar radiation actually absorbed by the collector can be easily deduced. The total incident
radiation aimed at each wing of the collector is

( )ci b bi d d bI I R 2 0.5I 0.1 I Ié ù= " + + +ë û (30)

the total absorbed solar radiation of each wing is

( )i b b bi b d d bS ( ) I R 2( ) 0.5I 0.1 I I  é ù= ta " + ta + +ë û (31)

( )b b bi b d d b( ) I R ( ) I 0.2 I Ié ù= ta " + ta + +ë û (32)

The mean absorbed solar radiation, S, of the whole collector plate is evaluated by the relation

1 2 3S 1 / 3 S S Sé ù= + +ë û (33)
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6. The collector efficiency factor and the collector loss coefficient

Considering the unusual configuration of the tri-wing absorber plate, a section of it was
reduced to a vertical flat-plate collector over both sides of the plate without back insulation.
This implies that a wing of the absorber can be treated as a flat-plate air heater with flow over
both sides of the plate. The determination of the collector efficiency factor F′ and the collector
loss coefficient UL provided the basis for the analytical prediction of collector performance
when used in the Hottel-Whillier-Bliss equation [12, 13]:

( )'
u l r aq F S U T T  é ù= - -ë û (34)

The collector efficiency factor F' is defined as the ratio of the actual useful energy gain to the
useful gain that would result if the collector absorbing surface had been at the local fluid
temperature, that is

( )
' u

l r a

qF  
S U T T

=
é ù- -ë û

(35)

where qu  is the actual useful heat collector rate, S is absorbed radiation and Tr is average fluid
temperature.

The collector loss coefficient Ul is defined as the lumped overall heat loss value of the whole
collector to the operating temperature difference of the collector, that is

l loss p aU E (T T )= - (36)

where Eloss =   heat loss, Tp =  absorber plate temperature and Ta =   ambient temperature of
surrounding air.

To conform to the performance equation of a flat-plate collector, the configuration of the
chimney collector is transformed to suit the equation. Criteria for the transformation are as
follows:

1. The total area of the tri-wing absorber plate is equal to the total area of the flat absorber
plate.

2. The height of the chimney collector is the same as the height of the resulting flat absorber
plate.

3. The area of the circular inlet column of the chimney collector and the rectangular area
inlet column of the resulting flat-plate collector are equal throughout the height of the
collector.
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4. The resulting flat-plate absorber is positioned within the rectangular column such that the
flow is halved.

5. Size difference of the glass glazing of the two cases is neglected. The resulting flat-plate
collector has an absorber plate 5.3m in height and 2.4m in breadth enclosed by a rectan‐
gular channel of glass glazing measuring 2.46m by 0.8587m in length and breadth. Thus,
the flow width on either side of the plate is about 43cm.

6.1. Electrical analogy

According to [12], the usual procedure of deriving F' and Ul is by converting a schematic
diagram of the collector system to a thermal network of electrical analogy and analyzing the
resulting circuit. A schematic diagram with equivalent thermal network is shown in Figure 4.

Figure 4. Schematic diagram with equivalent thermal network

At the leading edge of the flat absorber plate, airflow is halved to flow on both sides of the
plate. Absorbed solar energy heats up the plates to a temperature Tp, and energy is transferred
to fluid at temperature Tr through the convection heat transfer coefficient h2 and to the cover
glass through the linearized radiation heat transfer coefficient h1. Energy is also transferred
to the cover glass from the fluid though the convective heat transfer coefficient ht, and finally
energy is lost to the ambient air through the combined convection and radiation coefficient Ut 
from the cover glass.
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7. Energy balance equations

Energy balance equations on the cover, the plates and the fluid are derived as follows:

( ) ( ) ( )t a c 1 p c 2 r c2U T T 2h T T 2h T T 0 - + - + - = (37)

( ) ( )1 c p 2 r pS 2h T T 2h T T 0 + - + - = (38)

( ) ( )1 c r 2 p r u2h T T 2h T T q  - + - = (39)

Simplifying and expanding the expressions as a function of heat transfer coefficients and
temperatures yields

t a t c r p r c 1 r 1 cU T U T h T h T h T h T 0- + - + - = (40)

1 c 1 p 2 r 2 p0.5S h T h T h T h T 0 + - + - = (41)

Equations (40) and (41) can be expressed as

c pA BT T= - = (42)

p cD ET T  = - = (43)

where A=UtTa + h1Tr, B=Ut + hr + h1, C=hr, D=  0.5S + h2Tr and E=hr + h2.

Solving equations (42) and (43) simultaneously and re-substituting values into equations
(40) and (41),

( )t a 1 r r t r 1 2 r
p 22

t r 1 r 2 r

(U T h T )h U h h 0.5S h TAC BDT  
(U h h )(h h ) hBE C
+ + + + ++

= =
é ù + + + --ë û

(44)

t a 1 r r 2 2 r r
p 22

t r 1 r 2 r

(U T h T )(h h ) (0.5S h T )hAE CDT  
(U h h )(h h ) hBE C
+ + + ++

= =
é ù + + + --ë û

(45)
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t r 1 r 2 r

(U T h T )h U h h 0.5S h TAC BDT  
(U h h )(h h ) hBE C
+ + + + ++

= =
é ù + + + --ë û

(44)

t a 1 r r 2 2 r r
p 22

t r 1 r 2 r

(U T h T )(h h ) (0.5S h T )hAE CDT  
(U h h )(h h ) hBE C
+ + + ++

= =
é ù + + + --ë û

(45)
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Subtracting Tr from both sides of equations (44) and (45),

( ) ( )
( )( )

t r a r t r 1
p r 2

t r 1 r 2 r

U h T T 0.5S U h h
T T  

U h h h h h
- + + +

- =
+ + + -

(46)

( ) ( )
( )( )

t r t 2 a r r
c r 2

t r 1 r 2 r

U h U h  T T 0.5Sh
T T  

U h h h h h
+ - +

- =
+ + + -

(47)

Substituting equations (46) and (47) into equation (39),

( ) ( ) ( )
( )( )

1 r t 2 r 2 1 2 t 1 r r 2 1 2 a r
u 2

t r 1 r 2 r

0.5S h h U h h h h h U h h h h h h  T T
0.5q  

U h h h h h
+ + + + + + + -

=
+ + + -

(48)

Rearranging equation (46),

( )
( )( )

( ) ( )
( )( )

1 r t 2 r 2 1 2 t 1 r r 2 1 2 a r
u 2 2

t r 1 r 2 r t r 1 r 2 r

S h h U h h h h h 2U h h h h h h  T T
q  

U h h h h h U h h h h h
+ + + + + + -

= -
+ + + - + + + -

(49)

Comparing equation (49) with the Hottel-Whillier-Bliss equation, qu =F' S−UL(Tr−Ta) , it can
be deduced that

( )( )
' 1 r t 2 r 2 1 2

2
t r 1 r 2 r

h h U h h h h hF   
U h h h h h

+ + +
=

+ + + - (50)

( ) ( )
( )

t 1 r r 2 1 2 a r
L

1 r t r r 2 1 2

2U h h h h h h  T T
U   

h h U h h h h h
+ + + -

=
+ + +

(51)

It has been demonstrated experimentally that h1 =h2 =h according to Duffie and Beckman;
therefore, equations (47) and (48) reduce to

( )
( )( )

( ) ( )
( )

t r t r a r'
L2

t rt r 1 r 2 r

h U 2h h 2U 2h h  T T
F   and U   

U 2h hU h h h h h
+ + + + -

= =
+ ++ + + -

(52)
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It is necessary to outline expressions of heat coefficients as functions of F' and UL. These heat
coefficients are expressed as

( )t wind rea U h h  = + (53)

where hrea is the radiative loss coefficient between the cover and ambient air expressed as

( )( )2 2
rea c c s c sh T T T T= e a + - (54)

where glass cover emittance εc =0.88, Stefan-Boltzmann constant α=5.6 x 10−1w / m2k4 and sky
temperature Ts =0.0552Ta

1.5.

The convective atmospheric heat loss coefficient due to wind, hwind, is dependent on the
prevailing wind velocity given by [14] as

windh 5.8 3.8v = + (55)

where v (ms−1) is the wind velocity (2 ms−1) for the study location); thus,

2
wind, locationh 5.8 3.8x 2 13.4 w / m c = + = ° (56)

The radiative  heat  loss  coefficient  between the plate  and the cover  after  linearization is
given as

( )( )( )r h h 2 2
c p c p c p

σh  
ε ε h T T T T- -

=
+ - + - (57)

where absorber plate emittance εp =1−αp =0.1.

8. Heat transfer and collector performance analysis

A review of the principles and theories governing natural free convection heat transfer [4] is
done for the determination of other collector performance parameters. Thus, considering a
vertical absorber plate of one wing of the collector heated by insolation to a temperature Tp, a
free convection boundary layer is formed. The boundary layer is such that at the wall of the
plate, the velocity of air stream is zero. This increases to some maximum value and then
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decreases to zero due to free stream conditions, provided the gap between the plate and the
cover is much greater than the boundary layer thickness. The equation of motion for such a
system is derived from the Navier-Stokes momentum equation of fluid flow given by [15]:

2

2

μ uu uρ v ρg   
x y y

æ ö ¶¶ ¶
+ = - +ç ÷

¶ ¶ ¶è ø
(58)

where ρ is the density of air; x is the displacement in the vertical direction, the direction
of buoyant flow; y is the displacement perpendicular to the direction of buoyant flow; U
is the velocity component in the x -direction; v  is the velocity component in the y-direc‐
tion; p is air pressure; μ is the dynamic viscosity of air and g is acceleration due to gravity
of value 9.18 (ms−2).

Equation (58) can be expressed as

2

2

pu u uU v g  
x y x y

æ ö ¶¶ ¶ ¶
+ = - r + mç ÷

¶ ¶ ¶ ¶è ø
(59)

where ∂ p
∂ x =g. ρ∞ and ρ∞ is the free stream air density.

The density difference can be expressed in terms of the volume coefficient of expansion, β,
defined by

p

V V1 V 1  
V T V T T T T

¥ ¥

¥ ¥ ¥

é ù é ù- r - ræ ö¶
= = =ê ú ê úç ÷¶ - -è ø ë û ë û

(60)

Substituting equation (59) into (58) brings the momentum equation to

( )
2

2
u u uρ U V ρgβ T T μ  
x y y

æ ö¶ ¶ ¶
+ = - +ç ÷

¶ ¶ ¶è ø
¥ (61)

integrating equation (61) with respect to y from the boundary layer thickness δ to the plate
surface; since the velocity in the flow direction u is much greater than the velocity component
perpendicular to the flow direction v, hence v tends to zero compared to u. The integral
momentum equation becomes

( )
δ δ

2

0 0

d uρu dy ρβg T T dy μ 0 
dx y

é ù ¶
= - - =ê ú

¶ê úë û
ò ò ¥ (62)
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The functional relation between the temperature distribution and the boundary layer thickness
is needed to solve equation (61). From the prevailing conditions of the system, temperature

T=Tp at y=0, T=T∞ at y=δ and dt
dy =0  at y=δ,  a parabolic temperature function can be assumed

to represent the temperature profile of the system with respect to y.

Therefore, let the function be of the form

2T Ay  By C = + + (63)

Substituting the conditions of flow into equation (61) gives

2 2 2 2
p pT T Ay An y and T T 2A 2 A¥- = - d - = d - d = d (64)

Also the expression for the velocity profile is necessary to solve the integral momentum
equation which can be deduced from the following flow conditions: u=0 at y=0, u=0 at y=δ

and ∂
2 u
∂y2 = −βg(T−T∞) / v at y=0. These four flow conditions can be fitted into a cubic equation

of the form

3 2

x

u Ay By Cy D 
u

= + + + (65)

where ux is a fictitious velocity which is a function of displacement in the x -direction. Applying
the conditions of flow into the cubic equation gives

( )

( )

( )

p

p

p

D 0,

g T T
C ,

4v

g T T
B ,

2v

β g T T
A

4v

¥

¥

¥

=

é ùb - d
ê ú=
ê ú
ë û
é ùb -
ê ú= -
ê ú
ë û
é ù

ü
ï
ï

b -
ê ú= -
ê úd

ï
ï
ï
ï
ý
ï
ï
ï
ï
ï
ïþë û

(66)
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p

p

p

D 0,

g T T
C ,

4v

g T T
B ,

2v

β g T T
A

4v

¥

¥

¥

=

é ùb - d
ê ú=
ê ú
ë û
é ùb -
ê ú= -
ê ú
ë û
é ù

ü
ï
ï

b -
ê ú= -
ê úd

ï
ï
ï
ï
ý
ï
ï
ï
ï
ï
ïþë û
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Substituting these expressions into equation (65) and evaluating yields

( )2
p

x

2
x

βgδ T T
y

4u vu  
u y1

δ

é ù-
ê ú
ê ú
ë û=

æ ö
-ç ÷

è ø

¥

(67)

The terms involving  (Tp −T∞), δ2 and ux may be incorporated into the function ux so that the
velocity profile can be reduced to

2
x

y /u
u y1

d
=
æ ö

-ç ÷
è ød

(68)

Now the momentum equation of equation (61) when solved has its terms reduced to

δ δ 2 3 4 5 6
2 2x

2 2 3 4
0 0

2 3 4 6 7
x

o2 3 4

2
x

u 4y 6y 4y y: u dy (y dy

6
u y y 5y y y  

3

1 6 2 1u (  )
3 5 3 7

d

é ù
= - + - +ê ú

dd d d dë û
æ ö
ç ÷
ç ÷= - + +
ç ÷dd d d
ç ÷
è ø

= - = - +d

ò ò

(69)

δ 2
2 x

0

u: u dy  
1.05

Þ =
d

ò (70)

Solving equation (69) in terms of temperature variables,

( ) ( ) ( )
3

p p2
0 0 0

2y y 1: T T dy : T T 1 T T (1 1 )
3

dd d

¥ ¥ ¥d d

æ ö
- = - - + = - d - +ç ÷ç ÷

è ø
ò ò (71)

( ) ( )p
0

1: T T dy T T  
3

d

¥ ¥Þ - = - dò (72)
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2 3 2

y 0 y 0 y 02 2

y 0

2y y 4y 3yδu Ux Ux| y | 1 |
δy δ δ δ δδ δ

δu Ux|  
δy δ

= = =

=

æ ö æ ö
= - + = - +ç ÷ ç ÷ç ÷ ç ÷

è ø è ø

Þ =
(73)

Substituting equations (67), (68) and (70) into equation (61),

( )2
x p

1 d 1 vxu g T T  
1.05 dx 3 ¥

æ ö
= b - d -ç ÷

ø dè
(74)

where v= μ
ρ  is known as kinematic viscosity.

The energy equation for free convection of the collector system is expressed as

2 2

p 2 2
U T U T T U T U T TρC V k ,  or V α  

x y x yy y
æ ö æ ö¶ ¶ ¶ ¶ ¶ ¶

+ = + =ç ÷ ç ÷
¶ ¶ ¶ ¶¶ ¶è ø è ø

(75)

where α= k
ρCp

 is called the thermal diffusivity. The integral form of equation (72) with velocity
tending to zero is

( )
0 y

d dT: U T T dy 0
dx dy¥

d

- = a =ò (76)

From equation (67), it can be deduced that the relation of the order of magnitude between ux

and δ is ux −δ2. Inserting this relation into equation (68) and solving yields δ−x1/2. Hence, it
can be assumed that

1/ 2 1/ 4
xu Ax  and Bx= d = (77)

Introducing these expressions into equations (67) and (74) yields

( )
1/ 4

2 1/ 4 1/ 45 Bx AA Bx g T T vx  
240 3 B¥

æ ö æ ö
= b - -ç ÷ ç ÷ç ÷ è øè ø

(78)

Solving for A and B in the above equation,
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2 3 2

y 0 y 0 y 02 2

y 0

2y y 4y 3yδu Ux Ux| y | 1 |
δy δ δ δ δδ δ

δu Ux|  
δy δ

= = =

=

æ ö æ ö
= - + = - +ç ÷ ç ÷ç ÷ ç ÷

è ø è ø

Þ =
(73)
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2 2

p 2 2
U T U T T U T U T TρC V k ,  or V α  

x y x yy y
æ ö æ ö¶ ¶ ¶ ¶ ¶ ¶

+ = + =ç ÷ ç ÷
¶ ¶ ¶ ¶¶ ¶è ø è ø

(75)
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( )
0 y

d dT: U T T dy 0
dx dy¥

d

- = a =ò (76)
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and δ is ux −δ2. Inserting this relation into equation (68) and solving yields δ−x1/2. Hence, it
can be assumed that

1/ 2 1/ 4
xu Ax  and Bx= d = (77)
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( )
1/ 4

2 1/ 4 1/ 45 Bx AA Bx g T T vx  
240 3 B¥

æ ö æ ö
= b - -ç ÷ ç ÷ç ÷ è øè ø

(78)

Solving for A and B in the above equation,
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( ) ( )
x953.95 r95

2
 xA 5.17v 0.952 Pr g T T Pr  
v

-
- -

¥

é ù
é ù= + b -ê ú ë û

ë û
(79)

( )
x3.1 3 r3.4

2
 xB 3.93Pr g T T Pr  
v

-
- -

¥

é ù
é ù= b -ê ú ë û

ë û
(80)

Substituting the expression for A into equation (77) gives the fictitious velocity ux at any point
x as

( )
1

r2
x xu 5.17v 0.952 Pr (Gr )  - -= + (81)

where Grx  is the Grashof number at point x, this is given by

( )
3

x 2
 xGr g T T  
v¥= b - (82)

The resultant expression for boundary layer thickness from equation (75) is

( )
1 11

Be 2 44
x

δ Bx 3.93Pr 0.952 Pr (Gr )  
x

- --= = + (83)

The heat transfer coefficient may be evaluated using equation (62)

( ) ( )p p p
dT 2q kA kA T T hA T T
dy ¥ ¥

æ ö
= - = - = -ç ÷

è ød
(84)

where it was derived that h= 2k
δ . Hence, the dimensionless equation for the heat transfer

coefficient becomes the expression for Nusselt number Nux :

( )
1 11
2 44

x x Nu 0.508Pr 0.952 Pr (Gr )  
- --

= + (85)

In the case study, it was assumed that solar heating of the collector is one of the constant heat
flux conditions. In such a case, a modified Grashof number is introduced:
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4
p*

x x x 2

g  x q
Gr Gr .Nu

kv
b

= = (86)

where qp is the plate heat flux. The local heat transfer coefficient is correlated as

( )0.2 5 * 11
x x x p

hxNu 0.6 Gr Pr ,   10 Gr  10 ,q constant 
k

= = < < = (87)

For the turbulent range, the average heat transfer coefficient for the constant heat flux cause
is obtained from

1

x x x
0

1h h d 1.25h
L

= =ò (88)

It has been established that during distribution the local heat transfer coefficient is essentially
with x when turbulent free convection is encountered. In such a case, the average heat transfer
coefficient is h=hx. The mean velocity of air stream due to natural convection was obtained
from evaluating the mean value of velocity distribution of equation (64) as

1

x x
0

y y yu u 1 d 0.0833U
δ δ δ
é ùæ ö æ ö

= - =ê úç ÷ ç ÷
è ø è øë û

ò (89)

The volumetric flow rate is

o d oV C A U= (90)

The coefficient of discharge Cd is taken as 0.6 as adapted from [1]. Then the mass flow rate is
obtained from the expression

om V  = r& (91)

In the previous section, expressions for the overall collector heat loss coefficient UL and the
collector efficiency factor F', which are very important performance parameters, were derived.
These parameters are applied in the evaluation of useful energy rate extracted from the
collector. To incorporate the flow rate and express the system energy equation using the
collector inlet temperature, another performance parameter is introduced as the collector heat
removal factor. The collector heat removal factor FR is defined as the ratio of actual useful heat
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collector rate to useful heat collector rate attainable with the entire collector surface at the inlet
fluid temperature. This is stated mathematically as

( )
( )

c L 

p

A U F
mCp o 1 p

R
c L c L 1 a

mC T T mC
F 1 e  

A UA S U T T

-é ùé ù- ê ú= = -ê ú ê úé ù- - ê úë ûë û ë û
(92)

Thus, the energy equation of the system becomes

( )u c R L 1 aQ 2A F S U T T  é ù= - -ë û (93)

The efficiency of the whole collector system η defined as the ratio of the useful heat extracted
from the collector Qu  to the total incident solar radiation on the collector is mathematically
expressed as

( ) ( )u L
R 1 ac

c T T 

Q Uη 2F τα T T  
A I I

é ù
= = - -ê ú

ë û
(94)

where (τα) is the effective transmittance-absorptance product of the collector glazing,

( ) T
c

T 

Sτα  
I

= (95)

where temperatures T1 and Ta are the collector’s inlet and outlet temperatures, respectively.

9. Results and discussions

The modelled parameters from the analysis of the momentum equation provide a platform to
analyze the thermal behaviour on each wing based on the use of a selective surface. This was
used to graphically illustrate the heat flow pattern in the chimney and the radiative effects on
the emitting and receiving surfaces. At any position of the sun, only two wings of the collector
receive full-area direct radiation. At a smaller zenith angle, a larger portion of the farthest wing
is lightened, while a smaller portion is lightened at a higher zenith angle. Figure 5 gives the
direct beam area ratio ∀ for the three wings of the collector with respect to midpoint solar
time.
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Figure 5. Direct beam area ratio ∀ for the three wings

The shading of the wings was taken into account to evaluate the actual direct beam radiation
absorbed by each wing so that the average radiation absorbed by the whole collector can be
deduced. To investigate the shape of the lightened area of a wing at any time interval, the
zenith angle and the hour angle are required. The shape of the lightened region of the
shadowed wing is always triangular depending on the zenith angle of the sun. Five variants
of the shadowed wing model are shown in Figure 6.

Figure 6. Variants of the shadowed wing model

Figure 7 shows the graph of temperature elevation and mass flow rate and insolation which
points out that increase in temperature elevation is not always consequent on increase in the
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Figure 7 shows the graph of temperature elevation and mass flow rate and insolation which
points out that increase in temperature elevation is not always consequent on increase in the
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mass flow rate as illustrated by the negative gradient of mass flow rate between 11.30 am and
1.30 pm compared to the positive gradient of temperature elevation within the same insolation
range.

Figure 7. Graph of temperature elevation and mass flow rate and insolation

10. Conclusion

The result shows that modelling buoyant airflow within the chimney and the variation of air
temperature elevation with insolation is minimal while the chimney has better efficiency at
lower values of solar radiation. Thus, the method of analysis of thermal performance for this
type of solar chimney has been accomplished. Nevertheless, a method of complete analytical
evaluations that will give satisfactory results can be achieved by obtaining a table of correlation
factor from experimental data values to analytical values of this kind.
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Chapter 3

Performance Characteristics of Modelled Tri-Wing Solar
Chimney and Adaptation to Wood Drying

R. S. Bello, C. N. Ezebuilo, K. A. Eke and
T. A. Adegbulugbe

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59423

1. Introduction

Chimneys have been used for ventilation and space conditioning for centuries particularly in
Europe by the Romans as well as in the Middle East and north east by Persians [1]. The concept
of solar energy utilization in the chimney was proposed in 1960 by Trombe and Michel at the
C.N.R.S. laboratory in France [2]. In the early stages of solar chimney development, it was
exclusively used for space heating, but presently its use has been diversified both for heating
and building ventilation technology, like passive solar applications [3, 4], low thermal
applications [5] and thermogenerators [6] which can be used for comforts in buildings, as well
as for agriculture [7]. Other uses of solar energy processes are classified as thermal processes,
which include distillation of seawater to produce potable water, refrigeration and air condi‐
tioning, power production by solar-generated steam, cooking, water heating and the use of
solar furnaces to produce high temperatures for experimental studies [6]. Solar energy
technologies such as photovoltaic cells, thermoelectric cells, thermionic cells, thermo-emissive
cells, etc. are also being used in small-scale applications in commercial projects.

The first mathematical modelling for the solar chimney (Trombe wall) design was given by
Bansal et al., 1993 who also reported the concept of increasing the airflow by increasing solar
irradiation. This theoretical study also reported an air change per hour with change in the
coefficient of fluid (air) discharge. Ong, (2001) reported the mathematical model of a conven‐
tional vertical chimney which operates under the natural convention condition where the
temperature of the air inside the chimney is warmer than outside. Shiv, et al., (2013) presented
solar chimney as a solar air heater whose position may be vertical or horizontal, and according
to the position, it could be regarded a part of a wall (in the form of Trombe wall) or a roof solar
collector [10]. The roof solar chimney is the most convenient and mature technology used for
buoyancy-driven natural ventilation systems [1, 12, 13].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



2. Working principle of solar chimney

The solar chimney is one of the technologies which work on the principle of buoyancy, where
air is heated through the greenhouse effect generated by solar radiation (heat energy) at low
costs. The solar chimney is a passive solar ventilation system (non-mechanical) that can be
installed on roofs or in walls. The heat is transferred through the convective cooling principle
based on the fact that hot air rises upward; these chimneys reduce unwanted heat during the
day by displacing interior (warm) air with exterior (cool) air. Solar chimneys are mainly made
of a black, hollow thermal mass with an opening at the top as an exit for the hot air. The air in
the room exits from the top of the chimney. The process can also be reversed for room heating.
The configuration of a typical Trombe wall solar chimney is shown in Figure 1.

Figure 1. Solar chimney used in building ventilation

3. Classification of solar chimney

A detailed review of the solar chimney identified the following classifications:

1. The solar chimney can be classified according to its position as (i) a vertical solar chimney
or (ii) an inclined solar chimney.

2. The solar chimney for building ventilation is classified according to its position as (i) a
wall solar chimney, or Trombe wall; (ii) a roof solar chimney; and (iii) an integrated wall
and roof solar chimney.

3. The solar chimney performance depends on the glazing, either single glazing, double
glazing or triple glazing. The ventilation rate mainly depends on the height of the solar
chimney, so it is one of the bases for classification, as (i) small height, (ii) medium height
and (iv) large height.

4. The solar chimney is also classified according to its use for (i) building ventilation
(circulation), (ii) building heating (dwelling), (iii) air dryer (crop dryer) and (iv) power
generation.
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5. The classification of the solar chimney is also associated with the cooling and heating of
buildings. It means that the solar chimney can be classified based on integrated ap‐
proaches as (i) integrated with evaporative cooling system, (ii) integrated with earth-air-
tunnel heat exchanger and (iii) integrated with absorption and adsorption cooling.

6. The solar-radiation-receiving area is covered with a glass cover; the small radiations
entering the system through glass cover as well as large wavelength radiation exiting from
glass cover should be minimum to generate maximum greenhouse effect,. The greenhouse
effect is associated with solar radiation and the number of glazing. The solar chimney is
classified according to the number of glazing as (i) single glazing and (ii) multi-glazing.

3.1. Solar chimney performance

Ekechukwu and Norton, (1997) analyzed the performance of solar chimney for natural
circulation of solar energy dryers and reported that the simple air heater increases ventilation
up to some extent but not sufficiently. Mathur and Mathur, (2006) also experimentally
analyzed the window-sized solar chimney and found a better summer performance of the
inclined roof solar chimney. They studied the effects of various performance parameters like
chimney width and height and solar radiation.

The performance of the solar chimney can be improved by using glazing, increasing height
and air gap, integrating the Trombe wall with a roof solar collector (single pass and double
pass) and selecting an appropriate inclination angle. Lee and Strand, (2009) investigated the
effect of these parameters along with chimney height, air gap and potential for different
climatic conditions. Hirunlabh, (1999) investigated the effect of glazing on the performance of
the solar chimney and found that double glazing is a suitable option as compared to single
and triple glazing. Gan, (1998) analyzed the glazed solar chimney experimentally and the data
validated by simulation in a passively cooled building (PCB) and found that the airflow rate
should be increased up to 17% in summer by using double glazing.

The solar chimney has the following merits: no mechanical parts, low maintenance, no
electrical consumption, no global warming effects, no pollution and can be used for both
heating and cooling. Its only demerit is the increase in the cost of building [11].

3.2. Buoyancy in solar chimney

Buoyant forces result due to free convection heat transfer from the solar heated plate of the
collector to the surrounding air. This results into upward motion of the fluid (air) against
gravity due to change in air density arising from the process. Since air buoyancy is proportional
to the temperature difference, reduced heat losses and increased heat transfer rates will give
a better performance. The atmospheric density decreases with increase in altitude; this effect
restrains the height of chimney because the density of the air exiting from the chimney must
always be less than the ambient air density [9]. If the density of air from the chimney is equal
to the ambient air density, there will be stagnation in the flow, and if the chimney air density
is further lessen, then the air backflow against the ambient will result, thereby resulting in local
heat losses, which may stall buoyancy-induced forces. To cushion this effect, some form of
insolation is needed at the upper section of the chimney.
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3.3. Project objective

The object of this analysis is to investigate the drying effect of buoyant airflow created by solar
heating of a tri-wing collector in the chimney and its application in the drying of agricultural
products. To ensure effective design of the solar chimney, solar parametric equations were
utilized to model drying conditions such as the maximum differential between the ambient
air density and chimney outlet air density and its effects on agricultural drying applications.
The air density depends on the temperature; hence, it also implies that the maximum difference
between the chimney air temperature and the ambient temperature should give the best
chimney performance. A complete analysis of the tri-wing collector with a mathematical model
is cumbersome because of its distinct features compared to an ordinary flat-plate model;
however, a comparison of its performance and effectiveness with experimental design data
carried out with high-precision apparatus and equipment offers a realistic solution.

4. Experimental setup

A properly designed solar chimney should aim at maximum heat transfer from the received
insolation to air as well as be of optimum height so as not to exceed the height at which the
chimney air temperature cools to that of the ambient air. However, short chimney heights
could result in low pressure heads. Based on these facts, the configuration of the experimental
solar chimney was made 5.3m high and 1.64m in diameter for a hollow cylindrical channel of
glass glazing. The walls of the chimney were made as smooth as possible to reduce pressure
losses due to wall friction.

The absorbing surface (collector) is a tri-wing multi-flapped selective absorber plate draped
inside the glazed glass. This chimney is mounted above the room space (drying chamber)
through which dry air passes (Figure 2).

Figure 2. Schematic diagram of solar chimney
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4.1. Features of solar chimney

Some distinguishing features of this solar chimney include the following:

1. Cylindrical glazing: The cylindrical glazing of the chimney makes the analysis of the
transmittance-absorptance product differs from that of a flat cover glazing.

2. Multi-flapped absorber plate : The multi-flapped absorber plate of other existing chimney-
type collectors has unequal insolation for each flap, and shadows are cast on adjacent
flaps.

3. Back insulation: No back insulation is provided in the collector. This feature is an added
heat transfer advantage in that absorbed radiation is transferred from both sides of the
plate to air with elimination of back insulation losses.

4.2. Collector configuration solar insolation

The absorber plate is made of cast iron to eliminate heat flow resistance due to welds and a
well-polished selective plate with high solar absorptance, α, of 0.9. The three wings of the
collector were separated equiangularly at 120° and denoted as 1, 2, 3, with wing 2 aligned at
zero azimuth angle while wings 1 and 3 at 120° azimuths, respectively. This implies that the
collector is oriented such that wing 2 is aligned with geographic south. This symmetrical
arrangement makes the thermal analysis easy on the configuration (Figure 3).

Figure 3. Schematic diagram of a solar chimney system
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At any point in time, all the collector wings receive an equal amount of diffuse solar radiation
but uneven direct beam radiation due to the shadow cast on adjacent wings. At any position
of the sun, only two wings of the collector receive full-area direct radiation. For instance, when
the sun is between the azimuth of east and south, wings 1 and 2 receive full-area radiation at
different incident angles, while wing 3 receives partial-area direct radiation due to the shadow
of wing 2 cast on it. The case is reverse when the sun is between the azimuths of south and
west, the critical time of changeover. When the sun is over the azimuth of 0°, wings 1 and 3
receive full-area direct radiation at different incident angles and wing 2 receives partial direct
radiation. This only happens intermittently (Figure 4).

Figure 4. Azimuth positions of the solar insolation with respect to the three absorber surfaces

The shading of the wings must be accounted for to evaluate the actual direct beam radiation
absorbed by each wing so that average radiation absorbed by the whole collector can be
deduced. To achieve this, a factor of direct beam area ratio, (∀), is introduced. This is the ratio
of the area of a wing of the collector lightened by direct beam radiation to the area of the whole
wing. The shape of the lightened region of the shadowed wing is always triangular depending
on the zenith angle of the sun. At a smaller zenith angle, a larger portion of the farther wing
is lightened, while a smaller portion is lightened at a higher zenith angle.

To evaluate the absorbed solar radiation on a tilted surface with respect to a horizontal surface,
the values of the ratio of beam radiation, Rb, on the vertical surface of the collector to that on
the horizontal surface are required. The values of Rb will be evaluated using equation (1) for
wings 1, 2 and 3 at the surface azimuth angle given as –120°, 0° and 120°, respectively:

b
z

CosR
Cos

q
=

q
(1)

where θ is the incident angle of radiation given as
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Cos sin   cos cos  sin   cos  sin  sincos cos cosq = - d j g + d j g w+ d g w (2)

This is expressed for each of the wings in terms of ω. The values of zenith angle θz in each wing
are evaluated at the midpoint of an hourly time interval from 7.00am to 5.00pm of solar time.
The zenith angle is expressed as [19]

o
zθ Cos cos cos  cos sin  sin- é ù= d j w+ d jë û (3)

5. System heat transfer mechanism in the model

A complete heat transfer analysis of the multi-flapped collector involves a complex differential
analysis of the absorbed radiation due to shadows and transient heat flow of flaps at different
potentials. A complete analysis with a mathematical model is cumbersome because of its
distinct features compared to an ordinary flat-plate model.

To overcome this, it was assumed that the collector absorber material is made of a highly
conductive metal such that heat due to absorbed radiation is evenly distributed in all the
collector flaps. This implies that solar radiation incident on the collector is such that there is
no temperature gradient anywhere in the collector (i.e. the absorber is isothermal at any point
in time). Despite the varying volume of air in this process, the flow analysis is considered as
an incompressible airflow due to prevalent low velocities much below a Mach number of 0.3
[17]. The Mach number is a dimensionless quantity and a measure of compressibility of flow
representing the ratio of speed of an object moving through a fluid and the local speed of sound
given by

object

sound

v
M

v
= (4)

where M is the Mach number in the medium, vobject υ is the velocity of the source relative to
the medium, and vsound υ is the speed of sound in the medium.

If M < 0.2-0.3 and the flow is (quasi)-steady and isothermal, compressibility effects will be small
and a simplified incompressible flow model can be used. This implies that the density variation
produced by the pressure and temperature variations is significantly small to be important.
This is because the dynamic nature of the flow process represented by the square of the ratio
of local flow velocity to speed of sound, U2/V2, known as the square of the Mach number, is
much less than the ratio of inertia force to viscous force of the flow, ρUL/μ, known as the
Reynolds number. This condition for incompressibility of flow expressed as M2<< Re is satisfied
in the flow analysis of the solar chimney.
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Principles and theories governing natural free convection heat transfer are required for the
determination of collector performance parameters. The effective performance of a solar
chimney of this type is usually investigated through experimental data using high-precision
apparatus and equipment. The absorbed solar radiation by the collector surface is transferred
from both sides of the plate to air with the elimination of back insulation losses. In the course
of analysis of this chimney-type solar collector, a number of assumptions were made to
override these features such that the analyzed values of the collector correlates with the
experimental values.

6. Solar insolation data at experimental setup location

The experimental setup was located at Nsukka, Nigeria, longitude 7° 23’ 45” E and latitude 6°
51’ 24” N [18], and the data acquisition method was adopted from the works of [9]. Solar data
readings were taken on 23rd November at the location for analytical purposes. This implies
that the day of the year is

nI   304  23  327 = + = (5)

Declination of that day is given by

( )δ 23.45sin 0.9863 284 n 20.8  é ù= + = °ë û (6)

where δis  the  declination,  ω is the hour angle and φ is  the  latitude. The values of θz are
tabulated in Table 1.

Solar time interval 7-8 8-9 9-10 10-11 11-12 12-1 1-2 2-3 3-4 4-5

Midpoint time 7.30 8.30 9.30 10.30 11.30 12.30 1.30 2.30 3.30 4.30

Hour angle -67.5 -52.5 -37.5 -22.5 -7.5 7.5 22.5 37.5 52.5 67.5

Zenith angle 71.6 58.3 45.8 35.1 28.3 28.3 35.1 45.8 58.3 71.6

Table 1. Solar insolation data at experimental setup location

A sample of measured data for the month of November is given in Table 2 indicating the values
of the total hourly solar radiation for all the 30 days of the month. This data was used as a case
study with the assumption that insolation recorded for a particular month is approximately
the same for the same month for every other year. This implies that insolation recorded in
November 1975 is approximately the same as that recorded in November 2001.
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Solar time IT (KJ/m2) Ib (KJ/m2) Id (KJ/m2)

7.30 1022.29 228.15 79.34

8.30 897.85 228.15 667.69

9.30 804.32 228.15 576.17

10.30 685.39 228.15 457.25

11.30 620.17 225.88 394.29

12.30 544.57 225.88 318.69

1.30 468.72 223.63 245.09

2.30 403.43 223.63 179.79

3.30 365.04 221.41 143.63

4.30 336.97 221.41 115.56

Table 2. Measured instantaneous values of solar insolation for the day 23rd November 1975

Table 3 shows the values of hourly insolation for 23rd November 2002 for which the values of
beam and diffuse insolations above were deduced.

Time 7-8 8-9 9-10 10-11 11-12 12-1 1-2 2-3 3-4 4-5

IT (KJ/m2) 133.2 466.2 865.8 1287.6 1338.6 1420.8 1465.2 1332.0 976.8 532.8

Ib (KJ/m2) 24.64 242.3 637.1 1062.1 1114.4 1199.2 11245.2 1107.6 747.8 307.8

Id (KJ/m2) 108.5 223.9 228.7 225.51 224.22 221.63 219.96 224.4 228.9 224.9

Table 3. Computed instantaneous values of hourly insolation for 23rd November 2002

Solar radiation components on a tilted collector are made up of the beam radiation component,
the diffuse radiation component and the ground-reflected diffuse radiation components.
Hence, the total hourly solar radiation on a collector surface is the summation of the three
components:

c bc dc dgcI I I I  = + + (7)

where subscript c denotes solar radiation on the collector. For the case study, considering the
collector being a vertical wall and no vegetation covering the ground, β=90°   and ρ=0.2. Both
sides of each wing are exposed to diffuse radiation, while only one side of the wings is exposed
to direct beam radiation depending on the area factor receiving this direct radiation. Hence,
the total radiation aimed at each wing of the collector is
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( ) ( )ci b bi d d b b b dI I R 2 0.5I 0.1 I I R 0.2 I 1.2Ié ù= " + + + = " + +ë û (8)

where i is numbered subscripts 1, 2 and 3 denoting wing positions. The values are tabulated
in Table 4.

Time 7-8 8-9 9-10 10-11 11-12 12-1 1-2 2-3 3-4 4-5

Ic1 (KJ/m2) 0.1783 0.5165 0.6529 0.5924 0.6480 0.6999 0.6653 0.6049 0.4958 0.3100

Ic2 (KJ/m2) 0.1659 0.5098 0.8013 1.0682 1.0714 1.1294 1.1991 1.1853 1.0189 0.5780

Ic3 (KJ/m2) 0.1376 0.3403 0.4675 0.6612 0.6723 0.6738 0.6413 0.9272 1.0420 0.8696

Ir (KJ/m2) 0.4818 1.366 1.9217 2.2735 2.3917 2.5031 2.5057 2.7174 2.5567 1.8086

Table 4. Computed values of hourly insolation on each wing

7. Optical performance of glazing and absorption of solar radiation

Several optical properties (such as transmittance, reflectance and absorptance) of the glaze
cover, most of which depend on the incident angle, affect the absorption of solar radiation.
These optical properties in turn depend on the thickness of glazing and the refractive index
and extinction coefficient of the glaze material.

Some of the radiation passing through the glaze and striking the absorber plate is reflected
back to the cover system. However, not all of this radiation is lost since some of it is reflected
back to the plate. The multiple reflections and absorptions between the plate and the cover is
the greenhouse effect. To account for this greenhouse phenomenon, the actual fraction of
incident radiation absorbed by the plate is called the transmittance-absorptance product
(τα). This was reasonably approximated by [19] as

( ) ( ) pτα A τ α  = (9)

The constant A ranges from 1.01 to 1.02, but for conservativeness, 1.01 is preferred:

( ) ( ) pτα 1.01 τ α= (10)

For transmittance of diffuse radiation, the effective incident angle θ1 for vertical collectors is
59.5° for both ground and sky diffuse radiation. Hence, the effective refractive angle θ2 of
diffuse radiation from Snell’s law is
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Likewise, the reflection components r⊥ and r∥  are evaluated from the equations below:
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The transmittance components are
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The average transmittance is τr =0.5(τ⊥ + τ∥)=  0.693 +  0.998  =0.8455

Accounting for cover absorptance,

2kL/cos 
a

0.0125/cos34.4

e
e 0.985

- q

-

t =

= =
(14)

Hence, the resultant transmittance for diffuse radiation τd  is determined from the following
equation [19]:

d r aτ τ .τ 0.985  0.8455 0.833x= = = (15)

Solar absorptance of the selective absorber plate (α) p = 0.9; hence, the transmittance-absorp‐
tance product for diffuse radiation is

( ) ( )( )d
τα 1.01 0.833  0.9   0.757= = (16)
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7.1. Absorption of radiation

Evaluating all necessary optical properties of the glass glazing, the amount of solar radiation
actually absorbed by the collector can be easily deduced. The total incident radiation aimed at
each wing of the collector is

( )ci b bi d d bI I R 2 0.5I 0.1 I Ié ù= " + + +ë û (17)

the total absorbed solar radiation of each wing is

( )i b b bi b d d bS ( ) I R 2( ) 0.5I 0.1 I Ié ù= ta " + ta + +ë û (18)

( ) ( )b bi b d d bb
τ I R (τ ) I 0.2 I Ia a é ù= " + + +ë û (19)

The mean absorbed solar radiation, S, of the whole collector plate is evaluated by the relation

1 2 3S 1 / 3 S S S  = + +é ùë û (20)

Applying the above expressions with other expressions for optical properties for calculating
the absorbed radiation, the values calculated are tabulated as shown in Table 5.

Time 7-8 8-9 9-10 10-11 11-12 12-1 1-2 2-3 3-4 4-5

Ib (MJ/m2) 0.0246 0.2423 0.0371 1.0621 1.1144 1.1992 1.2452 1.1076 0.7478 0.3078

Id (MJ/m2) 0.1086 0.2239 0.2287 0.2255 0.2242 0.2216 0.2200 0.2244 0.2290 0.2250

S1 (MJ/m2) 0.136 0.384 0.418 0.389 0.240 0.507 0.505 0.464 0.380 0.275

∀1 1 1 1 1 1 0.4260 0.1870 0.1010 0.0590 0.0320

Rb1 1.7480 0.8260 0.3940 0.1030 0.1400 0.3800 0.6540 1.0200 1.6200 2.993

(τα)b1 0.774 0.720 0.572 0.214 0.302 0.640 0.768 0.808 0.820 0.823

(τα)d1 0.757 0.757 0.700 0.757 0.757 0.757 0.757 0.757 0.757 0.757

S2 (MJ/m2) 0.124 0.377 0.593 0.793 0.797 0.840 0.889 0.873 0.743 0.516

∀2 1 1 1 1 1 1 1 1 1 1

Rb2 1.247 0.795 0.627 0.551 0.520 0.520 0.551 0.627 0.795 1.247

(τα)b2 0.691 0.709 0.722 0.730 0.733 0.733 0.730 0.722 0.709 0.691

(τα)d2 0.757 0.757 0.757 0.757 0.757 0.757 0.757 0.757 0.757 0.757

S3 (MJ/m2) 0.104 0.259 0.357 0.465 0.488 0.434 0.416 0.621 0.766 0.667

∀3 0.032 0.059 0.101 0.187 0.426 1 1 1 1 1

Rb3 2.993 1.620 1.020 0.654 0.380 0.140 0.103 0.394 0.826 1.748

(τα)b3 0.823 0.820 0.808 0.768 0.640 0.302 0.214 0.572 0.720 0.774

(τα)d3 0.757 0.757 0.757 0.757 0.757 0.757 0.757 0.757 0.757 0.757

S (MJ/m2) 0.121 0.430 0.466 0.549 0.568 0.594 0.603 0.653 0.630 0.486

Table 5. Measured insolation data for each of the absorbers
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7.2. The collector efficiency factor and the collector loss coefficient

Despite the unusual configuration of the tri-wing absorber plate, a section of it reduces to a
vertical flat-plate collector over both sides of the plate without back insulation. This implies
that a wing of the absorber can be treated as a flat-plate air heater with flow over both sides
of the plate. To conform to the performance equation of a flat-plate collector, the configuration
of the chimney collector is transformed to suit the equation. Criteria for the transformation are
as follows:

1. The total area of the tri-wing absorber plate is equal to the total area of the flat absorber
plate.

2. The height of the chimney collector is the same as the height of the resulting flat absorber
plate.

3. The area of the circular inlet column of the chimney collector and the rectangular area
inlet column of the resulting flat-plate collector are equal throughout the height of the
collector.

4. The resulting flat-plate absorber is positioned within the rectangular column such that the
flow is halved.

5. Size difference of the glass glazing of the two cases is neglected. The resulting flat-plate
collector has an absorber plate 5.3m in height and 2.4m in breadth enclosed by a rectan‐
gular channel of glass glazing measuring 2.46m by 0.8587m in length and breadth. Thus,
the flow width on either side of the plate is about 43cm.

8. Heat transfer and collector performance analysis

Considering a vertical absorber plate of one wing of the collector heated by insolation to a
temperature Tp, a free convection boundary layer is formed [20, 21]. The boundary layer is
such that at the wall of the plate, the velocity of air stream is zero. This increases to some
maximum value and then decreases to zero due to free stream conditions, provided the gap
between the plate and the cover is much greater than the boundary layer thickness.

From the prevailing conditions of the system, temperature T=Tp at y=0, T=T∞ at y=δ and
dt
dy =0   at y=δ,  a parabolic temperature function can be assumed to represent the temperature
profile of the system with respect to y.

The expressions for the overall collector heat loss coefficient UL and the collector efficiency
factor F', which are very important performance parameters, were applied in the evaluation
of useful energy rate extracted from the collector. To incorporate the flow rate and express the
system energy equation using the collector inlet temperature, another performance parameter
is introduced as the collector heat removal factor FR. The collector heat removal factor is defined
as the ratio of actual useful heat collector rate to useful heat collector rate attainable with the
entire collector surface at the inlet fluid temperature. This is stated mathematically as
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F 1 e
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-é ùé ù- ê ú= = -ê ú ê úé ù- - ê úë ûë û ë û
(21)

Thus, the energy equation of the system becomes

( )u c R L 1 aQ 2A F S U T Té ù= - -ë û (22)

The efficiency of the whole collector system η defined as the ratio of the useful heat extracted
from the collector Qu  to the total incident solar radiation on the collector is mathematically
expressed as

( ) ( )u L
R 1 ac

c T T  

Q Uη 2F τα T T
A I I

é ù
= = - -ê ú

ë û
(23)

where (τα) is the effective transmittance-absorptance product of the collector glazing expressed
by equation (24)

( ) T
c

T 

Sτα
I

= (24)

where T1 and Ta are the collector’s inlet and outlet temperatures, respectively.

9. Results and discussions

The derived expressions were utilized in evaluating the performance of the chimney, and the
results were tabulated in Table 6. The outcome of the resulting parameters modelled from the
analysis was graphically plotted to illustrate the performance efficiency of the chimney. This
analysis is based on the use of a selective surface; in practice, the use of a non-selective
absorbing surface with known properties is recommended for durability and economy.

Time 7.30 8.30 9.30 10.30 11.30 12.30 1.30 2.30 3.30 4.30

Ta (°C) 29.30 30.10 31.85 32.65 33.20 33.35 33.80 34.90 35.90 36.80

IT (MJ/m2) 0.1334 0.4662 0.8658 1.2876 1.3386 1.4208 1.4652 1.332 0.9768 0.5328

I1(MJ / m2) 0.121 0.340 0.466 0.549 0.568 0.594 0.603 0.653 0.630 0.486

S  (MJ / m2) 2.593 3.306 3.546 3.676 3.702 3.735 3.744 3.809 3.772 3.553

a h (w / m2 °C) 41.260 58.67 68.36 70.13 75.78 77.98 79.09 82.53 82.30 74.80

Tp (°C) 29.31 32.80 35.48 37.69 37.57 38.35 38.95 39.85 40.67 40.50

Ut (w / m2 °C) 13.95 14.12 14.25 14.35 14.37 14.41 14.45 14.50 14.56 14.60
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Time 7.30 8.30 9.30 10.30 11.30 12.30 1.30 2.30 3.30 4.30

hr (w / m2 °C) 0.6554 0.7252 0.7690 0.7980 0.8039 0.8150 0.8214 0.8380 0.8400 0.8105

F' 0.835 0.859 0.862 0.863 0.863 0.862 0.862 0.862 0.861 0.856

UL (w / m2 °C) 6.100 7.116 7.395 7.711 7.754 7.819 7.848 7.959 7.933 7.640

TF (°C) 31.70 38.66 42.94 50.32 46.24 47.26 47.90 48.31 49.82 47.88

U (m/s)-1 0.261 0.360 0.407 0.255 0.436 0.446 0.450 0.464 0.459 0.421

m (kg / s) 0.384 0.518 0.577 0.353 0.612 0.623 0.628 0.644 0.637 0.588

Qu(w) 227.71 751.25 1041.35 365.36 1275.77 1558.17 1374.99 1500.80 1448.91 1123.48

FR 0.7670 0.7970 0.8024 0.7660 0.8048 0.8050 0.8047 0.8054 0.8035 0.797

Tt (°C) 31.53 38.30 42.48 50.05 45.71 45.41 47.34 48.71 49.24 47.40

(τα)c 0.9084 0.7293 0.5382 0.4264 0.4243 0.4181 0.4116 0.4902 0.6450 0.9122

Η 0.577 0.444 0.332 0.079 0.263 0.303 0.260 0.311 0.410 0.582

Table 6. Results of modelled parameters from experimental analysis

The graph of temperatures versus diurnal hours, as shown in Figure 4, illustrates that peak
values of the chimney air temperature are in the range 31.7 °C-50.32 °C compared with peak
values of ambient air temperature in the range 26.20°C -28.30 °C. This gives a minimum
temperature elevation of 3.4 °C and a maximum temperature elevation of 17.67 °C. It has been
earlier stated that an effective design of the solar chimney is that which maintains the chimney
air temperature consistently above the ambient air temperature.

Figure 5. Diurnal variation of chimney and ambient temperatures
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The graph showed that chimney air temperature is always within the range of absorber plate
and glass cover temperatures. This indicated that the chimney air is heated by the collector
plate which is at a higher temperature but loses heat to the glazing which is at a lower
temperature.

Figure 5 shows the values of direct beam radiation Rb and diffuse radiation S for all hours of
insolation on each wing. It is evident from the figure that the components of radiation are lower
at near noon due to low values of Rb at this time. This is a result of the collector standing in a
vertical position and the location near the equator. Highest components of direct beam
radiation may be obtained for locations farther away from the equator. The diffuse solar
radiation component absorbed by the collector will be evidently greater.

Figure 6. The values of direct beam radiation Rb for all hours of insolation on each wing

Figure 7. Graph of efficiency, insolation and transmittance-absorptance product
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The graph of efficiency versus insolation shown in Figure 6 indicates that higher efficiencies
of the collector are obtained during early and late hours despite high insolations available at
near-noon hours. This is mainly due to lower values of the effective transmittance-absorptance
product prevailing at near-noon hours.

10. Adaptation to wood drying

Mechanical wood drying processes have included forced air or fan drying or dehumidification
processes using a kiln [22]. These processes involve very high operating costs to power the fan.
High-rise solar chimneys had been widely used in solar updraft power plants (SUPP) to
updraft heated air to the atmosphere; however, this heat can be redirected back to the room
for the purpose of heating the room under natural convection. Applying this principle,
depending on outside temperature and humidity, the solar heated air within the chimney can
be conventionally forced back to the room space where lumbers were stacked by covering the
top of the chimney from where the exhaust air escapes. By so doing, the hot air displaces the
cooler air from the air duct causing hot air down-draft into the chamber, and the process repeats
itself. The analyses of thermal exchange air conditioning, air circulation in drying products
and drying efficiency are still under investigation.

11. Conclusion

From the computed parameters of the collector presented in the tables, it is observed that low
variance is exhibited for Ut, UL, F′ and FR. This indicates that the characteristics of the solar
chimney are uniform over a wide range of operations. The result shows that buoyant airflow
within the chimney is possible and the variation of air temperature elevation with insolation
is minimal while the chimney has better efficiency at lower values of solar radiation. Thus, the
aim of this work, which was to devise a method of analysis of thermal performance for this
type of solar chimney, has been accomplished.

Nevertheless, a method of complete analytical evaluations that will give satisfactory results
can be achieved by obtaining a table of correlation factor from experimental data values to
analytical values of this kind.

Author details

R. S. Bello1*, C. N. Ezebuilo1, K. A. Eke1 and T. A. Adegbulugbe2

*Address all correspondence to: segemi2002@yahoo.com

1 Federal College of Agriculture, Ishiagu, Nigeria

2 Federal College of Agriculture, Moor Plantation, Ibadan, Nigeria

Performance Characteristics of Modelled Tri-Wing Solar Chimney and Adaptation to Wood Drying
http://dx.doi.org/10.5772/59423

69



References

[1] Hirunlabh, J. Study of natural ventilation of houses by a metallic solar wall under
tropical climate. Renewable Energy 1999: Vol. 18 No. 1, pp. 109-119. http://en.wikipe‐
dia.org/wiki/Solar_chimney (assessed on September 2012).

[2] Shiv, L., Kaushik, S.C. and Bhargav, P.K. Solar chimney: A sustainable approach for
ventilation and building space conditioning. International Journal of Development
and Sustainability 2013: Vol. 2 No. 1, pp. 277-297.

[3] Gan, G. A parametric study of Trombe wall for passive cooling of buildings. Energy
and Buildings 1998: Vol. 27, pp. 37-43.

[4] Bello, R. S. and Mohammed, A. S. Simulation of performance equations of passive in‐
tegral solar water heating and storage system (ICS). Science Academy Transactions
on Renewable Energy Systems Engineering and Technology (SATRESET) 2012: Vol.
2 No. 3 (September 2012 ISSN: 2046-6404). URL: http://www.sciacademypublish‐
er.com/journals/index.php/SATRESET.

[5] Bello, R. S. and Odey, S. O. Development of hot water solar oven for low temperature
thermal processes. Leonardo Electronic Journal of Practices and Technologies 2009:
No. 14, 73-84 Romania. ISSN: 1583-1078. URL: www.lejpt.academicdirect.org/
A14/073_084.pdf.

[6] Bello, R. S., Odey, S. O., Eke, K. A., Mohammed, A. S., Balogun, R. B., Okelola, O. and
Adegbulugbe, T. A. Application of Asphalt bonded solar thermogenerator in small
scale agroforesty based industry. In Elisha, B. Babatunde (Ed). Solar Radiation. Reije‐
ka: InTech 2012. pp 459-484. ISBN: 978-953-51-0384-4. URL:http://www.intechop‐
en.com/books/solar-radiation.

[7] Hirunlabh, J. New configurations of a roof solar collector maximizing natural ventila‐
tion. Building and Environment 2001: Vol. 36 No. 3, pp. 383-391.

[8] Bansal, N.K., Mathur, J. and Bhandari, M.S. Solar chimney for enhanced stack venti‐
lation. Building and Environment 1993: Vol. 28 No. 3, pp. 373-377.

[9] Ong, K. S. A Mathematical Model of a Solar Chimney. Monash University Malaysia
46150 Petaling Jaya, Malaysia: 2001.

[10] Alter, L. The Trombe wall: Low tech solar design makes a comeback 2011. available
at:http://www.treehugger.com/sustainable-product-design/the-trombe-wall-low-
tech-solar-design-makes-a-comeback.html/ (assesses October 2012).

[11] Khedari, J. Ventilation impact of a solar chimney on indoor temperature fluctuation
and air change in a school building. Energy and Buildings 2000: Vol. 32 No. 1, pp.
89-93.

Solar Radiation Applications70



References

[1] Hirunlabh, J. Study of natural ventilation of houses by a metallic solar wall under
tropical climate. Renewable Energy 1999: Vol. 18 No. 1, pp. 109-119. http://en.wikipe‐
dia.org/wiki/Solar_chimney (assessed on September 2012).

[2] Shiv, L., Kaushik, S.C. and Bhargav, P.K. Solar chimney: A sustainable approach for
ventilation and building space conditioning. International Journal of Development
and Sustainability 2013: Vol. 2 No. 1, pp. 277-297.

[3] Gan, G. A parametric study of Trombe wall for passive cooling of buildings. Energy
and Buildings 1998: Vol. 27, pp. 37-43.

[4] Bello, R. S. and Mohammed, A. S. Simulation of performance equations of passive in‐
tegral solar water heating and storage system (ICS). Science Academy Transactions
on Renewable Energy Systems Engineering and Technology (SATRESET) 2012: Vol.
2 No. 3 (September 2012 ISSN: 2046-6404). URL: http://www.sciacademypublish‐
er.com/journals/index.php/SATRESET.

[5] Bello, R. S. and Odey, S. O. Development of hot water solar oven for low temperature
thermal processes. Leonardo Electronic Journal of Practices and Technologies 2009:
No. 14, 73-84 Romania. ISSN: 1583-1078. URL: www.lejpt.academicdirect.org/
A14/073_084.pdf.

[6] Bello, R. S., Odey, S. O., Eke, K. A., Mohammed, A. S., Balogun, R. B., Okelola, O. and
Adegbulugbe, T. A. Application of Asphalt bonded solar thermogenerator in small
scale agroforesty based industry. In Elisha, B. Babatunde (Ed). Solar Radiation. Reije‐
ka: InTech 2012. pp 459-484. ISBN: 978-953-51-0384-4. URL:http://www.intechop‐
en.com/books/solar-radiation.

[7] Hirunlabh, J. New configurations of a roof solar collector maximizing natural ventila‐
tion. Building and Environment 2001: Vol. 36 No. 3, pp. 383-391.

[8] Bansal, N.K., Mathur, J. and Bhandari, M.S. Solar chimney for enhanced stack venti‐
lation. Building and Environment 1993: Vol. 28 No. 3, pp. 373-377.

[9] Ong, K. S. A Mathematical Model of a Solar Chimney. Monash University Malaysia
46150 Petaling Jaya, Malaysia: 2001.

[10] Alter, L. The Trombe wall: Low tech solar design makes a comeback 2011. available
at:http://www.treehugger.com/sustainable-product-design/the-trombe-wall-low-
tech-solar-design-makes-a-comeback.html/ (assesses October 2012).

[11] Khedari, J. Ventilation impact of a solar chimney on indoor temperature fluctuation
and air change in a school building. Energy and Buildings 2000: Vol. 32 No. 1, pp.
89-93.

Solar Radiation Applications70

[12] Zhai, X., Dai, Y. and Wang, R. Comparison of heating and natural ventilation in a so‐
lar house induced by two roof solar collectors. Applied Thermal Engineering 2005:
Vol. 25 No. 5-6, pp. 741-757.

[13] Hirunlabh, J. Khedari, J. and Bunnag T. Experimental study of a roof solar collector
towards the natural ventilation of new houses. Energy and Buildings 1997: Vol. 26
No. 2, pp. 159-164. International Journal of Development and Sustainability 2013:
Vol. 2 No. 1, pp. 277-297. ISDS www.isdsnet.com 295.

[14] Ekechukwu, O. V. and Norton, B. Design and measured performance of a solar chim‐
ney for natural circulation solar-energy dryers. Renewable energy 1997: Vol. 10, pp.
81-90.

[15] Mathur, J. and Mathur, S. Summer-performance of inclined roof solar chimney for
natural ventilation. Energy and Buildings 2006: Vol. 38 No. 10, pp. 1156-1163.

[16] Lee, K.H. and Strand, R.K. Enhancement of natural ventilation in buildings using a
thermal chimney. Energy and Buildings 2009: Vol. 41 No. 6, pp. 615-621.

[17] Wikipedia. Mach number. 2014 http://en.wikipedia.org/wiki/Mach_number.

[18] Wikipedia. Nsukka. 2014 http://en.wikipedia.org/w/index.php?title=Nsukka&ac‐
tion=history.

[19] Duffie, J. A. and Beckman, W. A. Solar Energy Thermal Processes. John and Sons Pub
NY. 2003.

[20] McAdams, W. H. Heat Transmission, 3rd edition. McGraw-Hill, New York 1954.

[21] Holman, J. P. Heat Transfer. National students’ edition, McGraw-Hill, Inc 1976.

[22] Bello, R. S. Workshop Technology & Practice. Pub by Createspace 7290 B. Investment
Drive Charl US. 2012. ISBN-13: 978-147-928-308-8. URL: https://www.create‐
space.com/3982311.

Performance Characteristics of Modelled Tri-Wing Solar Chimney and Adaptation to Wood Drying
http://dx.doi.org/10.5772/59423

71





Section 2

Photo-Degradation & Instrumentation





Chapter 4

Solar-Light-Assisted Photo-degradation of Azo Dyes
Using Some Transition Metal Oxides

A.V. Salker

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/59962

1. Introduction

Heterogeneous photo-catalysis through illumination by solar light on a semiconductor surface
is an attractive advanced oxidation process. Several works have been done on various
semiconductor photo-catalysts such as TiO2, ZnO, Fe2O3, MnO2, CeO2, etc., for the degradation
of organic and inorganic dye pollutants [1-4]. The photo-catalytic activity of a catalyst depends
on crystal structure, oxidation state, surface area, band gap, etc. The activity can be enhanced
by proper choice of semiconductors and also by incorporating active metal in it. SnO2 is a wide-
band-gap semiconductor and is successfully employed as a photo-catalyst for the treatment
of various organic compounds as well as dye pollutants. CeO2 and MnO2 are low-cost and
relatively harmless materials which are present in the Earth’s crust. These materials present
several characteristics and potential advantages for photo-catalytic applications [2].

Numerous hazardous organic compounds are discharged into the environment as a result of
man-made activities. Waste water from different industries and laboratories pose great
hazards to the environment. These wastes are harmful to microorganisms, aquatic lives and
men. Rigorous research is being carried out to develop advanced physico-chemical methods
for the detoxification of these toxic wastes from water and soil. Photo-catalysis process has
received a high attention in breaking of organic compounds due to complete mineralization
ability and also applicable to water pollution control employing solar light. The solar light is
a renewable energy, cost effective and completely free for the photo-degradation of organic as
well as inorganic dyes.

Photo-degradation of pollutants using solar light is very economically viable process since
solar energy is an abundant natural energy source. The photo-catalysts chosen for the present
discussion are some transition metal oxides and mixed metal oxides. The transition metal oxide
materials are of interest to many due to less expensive in comparison to the precious metal

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



catalysts such as platinum, palladium, etc. Transition metal doping improves trapping of
electrons and inhibiting electron–hole recombination during the photolysis process. The
oxides catalysts are thermally stable and increase the life span of the catalyst. Insertion of
transition metal ions in the photo-catalyst structure can significantly enhance the photonic
efficiency by widening the light absorption range and modifying the redox potential of the
photo-produced radicals. SnO2 has been used in a wide range of applications in science,
technology and industries such as catalysts, semiconductor material, gas sensing, ceramics,
plastics and biomedical applications [5]. A. Pandurangan et al. [6] has studied the photo-
catalytic degradation of Auramine O using ZnO as a photo-catalyst and sunlight as an
illuminant. The description of the present work is about photocatalytic degradation of
Auramine O and Naphthol Blue Black dyes over SnO2 and CeO2 doped Mn compounds using
solar light.

2. Experimental

SnO2 and CeO2 doped Mn samples have been prepared by adopting co-precipitation method.
The stoichiometric quantities of pure grade metal nitrates chemicals were taken in proportions
and dissolved in distilled water. To this added 10% sodium hydroxide solution with stirring
till precipitation was complete. This precipitate was digested on a water bath with the addition
of 30% H2O2 with stirring. The precipitate was filtered and dried at 100 oC. It was then fired at
400 oC for 4 h. CeO2 doped samples were then sintered in a furnace at 700 oC for 7–10 h to form
solid solutions.

Photo-catalysts prepared by co-precipitation method were characterized by XRD, FTIR and
band gap measurements. Surface area of the sample was measured using BET nitrogen
adsorption method. The magnetic susceptibility was determined by Gouy method at room
temperature in air employing a field of 800 Gauss and using {Hg[Co(SCN)4]} as a standard
material. The electrical resistivity (ρ) of the SnO2 sample was measured by two probe method
using sintered pellet from 250 oC to room temperature during cooling cycle. The diffuse
reflectance spectra of all the samples were recorded at room temperature in the 200–800 nm
range using BaSO4 as a reference material.

The photo-catalytic degradation of azo dyes was performed in a simple glass reactor. Aqueous
solution of dye 10-5 M concentration was placed in the reactor; the solution was aerated with
oxygen for 5 to 10 minutes then added the solid semiconductor catalyst and closed with cork
or stopper to prevent loss due to evaporation. The photolysis of Auramine O dye was per‐
formed out using sunlight and SnO2 as the photo-catalyst. The Naphthol blue black dye (NBB)
degradation was carried out using CeO2 doped compounds. The study was performed
between 10.00 am to 4.00 pm during all sunny days. The reaction was studied for various
experimental conditions such as pH, presence of oxygen, amount of catalyst, absence of
catalyst, etc. The 100 ml of 10-5 M aqueous solution of the respective dye was aerated with O2

and kept in sunlight with 100 mg of the photo-catalyst sample in a glass reactor. The photo-
degradation rate was measured by taking the absorbance (λmax) of the dye with periodic
interval of time employing UV-Visible spectrophotometer.
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3. Results and discussion

SnO2 was characterized by recording the X-ray diffraction pattern and the dhkl and 2θ values
obtained were checked with the reported values in the literature (ICDD-PDF data files).
Figure  1  shows  the  XRD  pattern  of  SnO2  sample  prepared  at  400  ˚C.  SnO2  is  having
tetrahedral structure. Particle size determined by Debye Scherer’s equation was found to
be from 20-50 nm.

Figure 1. XRD pattern of SnO2.

Thermal study of dried hydroxide sample shows that Sn(OH)4 decompose at around 120˚C
which is indicated by endothermic peak in thermal analysis. The surface area measured by
using BET nitrogen adsorption method is found to be 8.05 m2/g. The FTIR study was performed
aiming to ascertain the metal oxygen bond in SnO2 sample. The two broad bands were
observed at 610 and 680 cm-1 assigned to Sn-O stretching vibrational modes, which is in
agreement with literature data [7]. Magnetic study performed at room temperature indicates
that SnO2 is diamagnetic in nature as reported earlier.

The electrical resistivity of the sample was measured by two probe method during cooling
cycle from 250˚C to room temperature. Variation in electrical resistivity with temperature for
SnO2 sample is shown in Figure 2. The electrical resistivity decreases with increase in temper‐
ature showing semiconductor behaviour. SnO2 is n-type semiconductor, since oxygen vacan‐
cies or interstitial Sn+4 is donor site [8]. Figure 3 shows UV-Visible reflectance spectra of
SnO2 sample. The spectrum consists of single, broad intense absorption in visible region

Solar-Light-Assisted Photo-degradation of Azo Dyes Using Some Transition Metal Oxides
http://dx.doi.org/10.5772/59962

77



ascribed to a charge transfer process from the valence band to the conduction band. The DRS
spectrum provides the band gap of SnO2 equal to 3.5 eV which is in good agreement to the
reported value.

Figure 2. Variation of electrical resistivity with temperature of SnO2.

Figure 3. UV-Visible diffuse reflectance spectra of SnO2.
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The photo-catalytic degradation of the Auramine O dye was performed using prepared
SnO2 photo-catalyst. The complete UV-Visible spectrum of the dye is shown in Figure 4. The
dye has absorption in the visible region at λmax 432 nm. The progress of photo-catalytic
degradation is monitored by measuring the absorbance of the solution at this wavelength.

Figure 4. UV-Visible spectrum of Auramine O dye.

The optimum amount of the catalyst for photo-catalytic degradation of Auramine O dye was
found to be 100 mg for 100 ml of the solution as shown in Figure 5. The reaction was studied
with different experimental conditions like pH, amount of catalyst, oxygen, etc. The rate of
dye degradation increases with the amount of the photo-catalyst, but after a certain limit if the
amount is increased further, there will be a saturation point. The amount of photo-catalyst
affects both the number of active sites on the photo-catalyst and the penetration of light through
the suspension [9]. Also increased amount of photo-catalyst increases the rate of deactivation
of activated molecules by collision with ground state photo-catalyst.

In the absence of oxygen, the photo-catalytic degradation of the dye was negligible. Oxygen
is an electron scavenger [10] which traps the photo-generated electrons from the conduction
band and thus preventi the electron–hole recombination. Dissolved oxygen traps the conduc‐
tion band electrons forming superoxide ion (O2-). Also the dye degradation is negligible in
absence of sunlight. Figure 6 shows the photo-catalytic degradation of Auramine O dye with
time under different conditions over SnO2 photo-catalyst. Figure 7 shows the Auramine O dye
degradation over photo-catalyst at neutral pH and at different interval period. The absorption
spectra obtained after complete degradation suggest that degradation products are colourless.
It has been observed that degradation of dye is faster in alkaline pH, i.e. at pH 10. At higher
pH, the hydroxyl radical and O2

- can be easily diffuse from the negative surface of the
semiconductor into the bulk of the reaction solution. At pH 4, the degradation activity is lower
than neutral pH.
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Figure 5. Optimization of catalyst amount.

Figure 6. Percentage conversion of Auraamine O dye with time using SnO2 photo-catalyst.
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Figure 7. Auramine O dye degradation over the photo-catalyst at neutral pH with time (A) 60 min, (B) 120 min, (C) 180
min and (D) 240 min.

Photo-catalytic degradation of Naphthol Blue Black dye (NBB) was studied using CeO2 doped
Mn compounds. The Figure 8 shows the X-ray diffraction pattern of CeO2 and some doped
compounds. The NBB dye in aqueous solution has λmax at 618 nm in the visible region. The
absorbance of the dye solution at 618 nm monitors the progress of photo-catalytic degradation
process. The photo-catalytic process was carried out at varying experimental parameters such
as quantum of the catalyst, with and without aeration, with and without catalyst, with and
without solar radiation and varying the pH from neutral, acidic to basic. Figure 9 depicts the
representative spectra of NBB through λmax in the range 400 to 700 nm with different irradiation
time using CeO2 doped Mn sample (Ce0.7Mn0.3O2) as photo-catalyst at neutral pH. The lowering
of optical density or absorbance was observed with time by sun light irradiation. This conveys
that the rupturing of conjugation bonds of the dye take place due to solar radiation with the
photo-catalyst, giving colourless product. It was found that 100 mg was the optimum weight
of catalyst required in this photo-catalytic reaction for 100 ml of the dye solution. Normally
the rate of dye degradation reaction goes up with the amount of catalyst mainly due to the
increase in the exposed surface area of the catalyst. If the weight of the photo-catalyst increases
beyond a certain weight (100 mg), there will be a saturation point. As per Kartal et al. [9], the
quantum of photo-catalyst influences both the number of active sites and the passage of light
through the suspension. Oxygen takes the electron which was migrated to conduction band
due to photon irradiation, and if there is no oxygen, electron–hole recombination takes place
lowering the dye degradation rate. Therefore, oxygen is very essential in photo-degradation
process. Oxygen scavenges the photo-generated electrons from the conduction band generat‐
ing O2

− ions (O2 +e− → O2
−) [11].

Dye degradation was studied at different pH conditions, which is one of the important factors.
It has been observed that photo-degradation rate is higher in alkaline pH, i.e. at pH 10. At
higher alkaline pH there is more possibility for the formation of hydroxyl radical (OH⋅), which
helps photo-degradation process of the dye. Hydroxyl radical acts as an oxidant thereby
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increasing the rate of degradation. By increasing the pH of the dye solution from 4 to 10
enhances the photo-catalytic process. The photo-catalytic degradation reaction was higher in
alkaline pH than in acidic pH. In alkaline pH the number of hydroxyl ions are more, the
negative surface of the photo-catalyst with OH− ions behaves as an efficient trap for the photo-
generated holes to produce hydroxyl radicals. Besides, the hydroxyl radical and O2

− ions can
easily diffuse from the negative surface of the photo-catalyst into the bulk solution easily at
higher pH. Therefore, hydroxyl radical is main species for dye degradation. CeO2 showed low
activity for the degradation of NBB dye. But after doping with Mn, it showed increased photo-
catalytic activity as seen in Figure 10 at pH 7. As the dopant (x) increases, the photo-catalytic

Figure 8. XRD powder pattern of CeO2 doped Mn: (A) CeO2, (B) Ce0.9Mn0.1O2, (C) Ce0.8Mn0.2O2 and (D) MnO2.

Figure 9. Absorption spectra of NBB dye degradation at λmax range with time over Ce0.7Mn0.3O 2: (a) after 1 h, (b) 3 h
and (c) 4 h irradiation.
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activity increases. Table 1 shows the calculated band gap energies of the samples. The solid
solution samples showed lower band gap energies than CeO2 and these samples of lower band
gap have helped to propagate the electron from valence band to conduction band initiating
photolysis reaction. Also increased magnetic susceptibility of these solid solutions is an
indication of more free electrons availability than CeO2. These are some of the factors respon‐
sible for the photo-activity besides others. Figure 11 shows the photo-catalytic degradation of
NBB dye over Ce1−xMnxO2 with time at pH 10. Here also solid solutions showed higher photo-
catalytic activity than CeO2 and MnO2, respectively.

Figure 10. Photo-catalytic degradation of NBB dye with time using CeO2 doped Mn at pH 7.

Sample
Magnetic

susceptibility
(χg cgs units)

μeff (BM)
Surface area
BET(m2 g−1)

Band gap energy
(eV)

CeO2 2.94×10−6 1.06 7.36 3.64

Ce0.9Mn0.1O2 4.06×10−6 1.21 2.75 3.20

Ce0.8Mn0.2O2 4.98×10−6 1.30 6.52 3.26

Ce0.7Mn0.3O2 6.84×10−6 1.48 8.34 3.50

MnO2 84.98×10−6 3.84 16.07 3.66

Table 1. Magnetic susceptibility, surface area and band gap energy of Ce1−xMnxO2 samples.
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Figure 11. Photo-catalytic degradation of NBB dye with time using CeO2 doped Mn at pH 10.

The electrons are excited when photo-catalyst is illuminated by sunlight and electrons are
promoted to conduction band leaving holes in the valence band. These electrons are trapped
by O2 forming O2

- ions. The valence band holes generate hydroxyl radicals (OH⋅) from OH-

ions and these HO⋅ radicals attack the dye leading to complete mineralization. Scheme I
suggests one of the photo-catalytic degradation path way, which is in some agreement with
the literature [10] by taking photo-catalyst SnO2 as an example.
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Heterogeneous photo-catalysis through illumination by solar light on semiconductor surface
is an attractive advance oxidation process. Photo-degradation of pollutants using semicon‐
ductor photo-catalyst with solar light can make it an economically viable process since solar
energy is an abundant and inexpensive natural energy source. Solar energy has been success‐
fully used for photo-catalytic degradation of pollutants. The main advantage of the photo-
catalytic process is its mild operation conditions.

It is often suggested that surface hydroxyl group play an important role in determining the
photo-catalytic activity, since these species act as a traps for photo-generated holes to form
hydroxyl radicals and reduce electron–hole recombination. In the photo-degradation of
reactive dyes, the azo group was attached by hydroxyl group at two positions, one at the single
bond C-N of the azo group and other at the double bond of the azo group. The photo-catalytic
activity is influenced by several factors such as the crystal structure of the semiconductor,
surface area, size distribution, band gap and surface hydroxyl group density.

4. Conclusions

Nano size SnO2 and CeO2 doped compounds were prepared by co-precipitation precursor
method. SnO2 is diamagnetic in nature and shows semiconductor behaviour. SnO2 has band
gap of 3.5 eV, which help in preventing the electron–hole recombination. It is found that azo
dye Auramine O can be degraded efficiently using SnO2 semiconductor photo-catalyst with
solar light. CeO2 has low photo-catalytic activity for the degradation of Naphthol Blur Black.
Increase in photo-catalytic activity was noticed by incorporation of Mn in CeO2 lattice. This is
mainly due to the increase of the redox couple Ce4+ - Ce3+ and improvement of the band gap
energy. The mechanism involves the formation of OH⋅ radicals which are active oxidizing
agents for the degradation of dyes. Also oxygen prevents the recombination of electron–hole
pairs hence increasing the reaction rate. The dye degrades to a colourless solution after
irradiation.
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1. Introduction

1.1. Titanium dioxide (TiO2)

TiO2 is a promising material for technological applications for its versatility [1-4], abundance,
low toxicity, good chemical stability, photosensitivity and photostability [5-8]. In nature, it is
found mainly in the mineral ilmenite [9], that can be processed industrially by two different
routes [10]: The first, involves the reaction of the concentrate of ilmenite with hot sulphuric acid,
resulting in the formation of sulphates of titanium, Fe(II) and Fe(III), being these last eliminat‐
ed by centrifugation, after cooling. The final solution is then purified and hydrolyzed to produce
pure TiO2 [11]. The other usual way of obtaining consists in combining the ore with coke and
gaseous chlorine under heating, resulting in CO2 and a spongy material rich in TiCl4. The reaction
product is subjected to successive fractional distillation, with the formation of TiCl2 and TiCl3,
due to stability of titanium in other degrees of oxidation. The different precursors of titanium
are hydrolyzed, forming titanium dioxide [12].

In 1972, [13], obtained, for the first time, success in decomposition of water under irradiation
with light and without application of any electric potential. They reported that, in trials where
they employed n-type TiO2 as anode and Platinum as cathode, when TiO2 electrode illuminat‐
ed under short-circuit conditions, hydrogen evolved from the Platinum electrode, while oxygen
evolved from the anode. Since then, studies aimed at discovering and exploring different
possibilities of technological application for TiO2 have been given great importance [14-22].

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and eproduction in any medium, provided the original work is properly cited.



As technological applications for TiO2 can be cited its use in ultraviolet radiation absorbing
filters [3, 23], in chemical sensors for gases [24-26], as a bactericide [27], in biomaterials for bone
implants [28], in environmental photocatalysis [8, 24, 29, 30], in the photocatalytic hydrogen
evolution [17, 31-36], in dye-sensitized solar cells [21, 37-44], among other.

The photocatalytic efficiency of TiO2 depends on its structural and morphological character‐
istics, which are related to the method of synthesis used in the preparation of nanoparticles [18,
21, 29, 45]. To be photoactive, favoring the photocatalysis process, besides being mainly
consisting of anatase crystalline phase, the TiO2 must possess high specific surface area, good
porosity, with high sized pores [35, 45, 46]. In this context, the search for TiO2 particles that
have differentiated features, with catalytic properties potentiated, constitutes a field of intense
activity [19, 20, 47-50].

2. Porosity and porous materials

The porosity, related to the presence of cavities, channels or interstices is of great importance
since it is related to the ability of materials to interact with atoms, ions, molecules, and nanopar‐
ticles not only at their surfaces but also throughout the bulk [51, 52]. Thus, the control of porosity
is very important if the objective is the development of new materials [53, 54].

The pores are classified as closed or open, considering the ability of porous materials to interact
with their neighborhoods. Figure 1 shows various types of closed (a) or opened (b, c, f) pores.

Figure 1. Schematic representation of a porous solid, presenting the most common types of pores: (a) closed; (b, c, d)
opened; (e) interconnected; (f) surface roughness. Font: [55].

Open pores have continuous channels that communicate to the outer surface of the material,
generating a cross-linked structure. Closed pores are inactive for the flow of liquids, gases and

Solar Radiation Applications88



As technological applications for TiO2 can be cited its use in ultraviolet radiation absorbing
filters [3, 23], in chemical sensors for gases [24-26], as a bactericide [27], in biomaterials for bone
implants [28], in environmental photocatalysis [8, 24, 29, 30], in the photocatalytic hydrogen
evolution [17, 31-36], in dye-sensitized solar cells [21, 37-44], among other.

The photocatalytic efficiency of TiO2 depends on its structural and morphological character‐
istics, which are related to the method of synthesis used in the preparation of nanoparticles [18,
21, 29, 45]. To be photoactive, favoring the photocatalysis process, besides being mainly
consisting of anatase crystalline phase, the TiO2 must possess high specific surface area, good
porosity, with high sized pores [35, 45, 46]. In this context, the search for TiO2 particles that
have differentiated features, with catalytic properties potentiated, constitutes a field of intense
activity [19, 20, 47-50].

2. Porosity and porous materials

The porosity, related to the presence of cavities, channels or interstices is of great importance
since it is related to the ability of materials to interact with atoms, ions, molecules, and nanopar‐
ticles not only at their surfaces but also throughout the bulk [51, 52]. Thus, the control of porosity
is very important if the objective is the development of new materials [53, 54].

The pores are classified as closed or open, considering the ability of porous materials to interact
with their neighborhoods. Figure 1 shows various types of closed (a) or opened (b, c, f) pores.

Figure 1. Schematic representation of a porous solid, presenting the most common types of pores: (a) closed; (b, c, d)
opened; (e) interconnected; (f) surface roughness. Font: [55].

Open pores have continuous channels that communicate to the outer surface of the material,
generating a cross-linked structure. Closed pores are inactive for the flow of liquids, gases and

Solar Radiation Applications88

other substrates, being totally isolated from their neighborhood. These pores are related to
macroscopic properties such as mechanical resistance and thermal conductivity [55]. The pores
can also be interconnected, (e). Otherwise used to classify the pores takes into account its
format: bottleneck, (b), cylindrical, (c), and funnel type, (d). The surface roughness, represented
by (f), is also a type of porosity [55].

Figure 2. Representation of the six main types of isotherm: I, microporous solids; II, non-porous solids; III, macropo‐
rous solids; IV and V, mesoporous solids; VI, non-porous solids with uniform surface.

IUPAC recommends a quantitative division of the pores in three classes according to their
mean diameter: micropores, lower than 2 nm; mesopores, between 2 and 50 nm; macropores,
higher than 50 nm [56]. This pore size classification is based on measurements of adsorption-
desorption of N2 in boiling temperature and in the statistical width of layers of N2 adsorbed.
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The analysis of these data is usually done by using the Brunauer/Emmett/Teller method (BET),
proposed by Stephen Brunauer, Paul Hugh Emmett e Edward Teller [57-59]. Applying BET,
it is possible to describe the form of the adsorption and desorption isotherms for a specific
solid. Knowing the format of the isotherm it is possible to define its porosity [60], Figure 2.

Microporous solids usually present a type I isotherm, whereas the isotherms II and III are
related to non-porous solids finely divided or macroporous solids. Already the isotherms type
IV and V present a hysteresis loop, a characteristic of mesoporous materials. The type IV
hysteresis represents materials with uniform porosity, while type V hysteresis is referred to
pores with non-defined forms and sizes. Finally, the type VI hysteresis is related to non-porous
solids with almost uniform surface [60, 61].

3. Mesoporous nanostructured TiO2

Organized mesoporous nanostructured titanium dioxide (TiO2) is one of the most promising
semiconductor materials, considering its current technological applications [19-21, 44, 60,
62-70]. The presence of pores in nanostructured materials tends to enhance their physical and
chemical properties. Compared with bulk TiO2, the uniform channels in mesoporous TiO2 do
not only increase the density of active sites with high accessibility but also facilitate the
diffusion of reactants and products; the high surface area and large pore volume provides
enhanced capability for dye loading and pollutant adsorption [60]. It is also possible to produce
mesoporous TiO2 using template-free methods. However, these materials usually present
disordered mesostructures as a result of the irregular packing of building blocks [60].

4. Surfactants as drive agents in obtaining mesoporous ordered materials

Certain surfactants are capable to act as drive agents, as structural templates, in the synthesis
of a semiconductor oxide, promoting its organization. This process occurs due to the sponta‐
neous organization of the critical nuclei of the oxide formed around the structures defined by
the surfactant, which control the growth of the microstructures initially formed, resulting in
ordered mesoporous materials. The structural control and manipulation of the physical
characteristics of a mesoporous material depends on the nature and concentration of the
surfactant employed in the synthesis process [21, 71].

For a well-succeeded action of the directing agent in the synthesis, the model and the inorganic
species need to interact [71]:

1. S+I-: cationic surfactants are used as structural drivers for inorganic species negatively
charged;

2. S-I+: anionic surfactants are used as structural drivers for positively charged inorganic
species;
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3. S+X-I+: the surfactant and inorganic species are positively charged in the presence of species
of opposite charge acting as counter ion;

4. S-X+I-: the surfactant and inorganic species are negatively charged in the presence of a
species of opposite charge, which acts as a counter ion;

5. Sº Iº: the surfactant has no load and the medium favors the neutrality of the inorganic
species. In this case, the interaction between the species occurs through hydrogen bonds
or dipole.

The concentration of surfactant in the reaction medium must be higher than the critical micelle
concentration (CMC), which favors the auto mounting of micelles, originating bi and three-
dimensional arrays responsible for empty spaces that will produce the nanoporous material [71].

5. Synthesis of mesoporous TiO2

Among the methodologies of synthesis, the methods of sol-gel and homogeneous precipitation
best favor the control of morphology [58, 72, 73]. The term sol-gel involves several synthetic
methodologies based on hydrolytic processes [19, 20, 59, 74]. Hydrolysis and condensation
reactions involving the precursor allows the formation of colloidal particles (sol) and subse‐
quent formation of three-dimensional networks (gel). This process ensures a good homoge‐
neity for the reaction product, leading, in general, to metastable phases, amorphous or not [50].
In the case of amorphous materials, a step of crystallization for oxides formed is required.

The  use  of  solvothermal  conditions  is  an  alternative  for  conversion  of  the  amorphous
material  to  crystalline  without  the  use  of  high  temperatures  [60,  73].  The  solvothermal
method consists in the dissolution of a metallic precursor in anhydrous benzyl alcohol and
heating at temperatures above 423K. Under these conditions, the alcoholic hydroxyl group
connects  partially  to  the  metal  ion  starting  a  polycondensation  reaction.  The  steric  hin‐
drance, due to the greater volume of the organic group, tends to control the formation of
nanoparticles which tend to stabilize in smaller sizes and narrower size dispersions than
the obtained in the sol-gel process [75].

The hydrothermal method is a particularity of the solvothermal method in which the solvent
is water. Under hydrothermal conditions the solubility of the amorphous particles increases
significantly and the crystallization can occur concurrently with processes of re-dissolution
and re-precipitation in the crystalline core [50, 76, 77]. This method has been widely used, since
small variations in the main synthesis parameters (pH, concentration of precursor, among
others) can cause significant changes in morphology, size, chemical constitution, between
other properties of the synthesized nanostructures.

The homogeneous precipitation method has also been studied enough due to its great
versatility. In this case, chlorinated precursors of titanium or even titanium tetraisopropoxide
react with a base (sodium or ammonium hydroxide) forming titanium hydroxide. This
compound is converted through the loss of water in amorphous TiO2, which, under different
thermal treatments, gives rise to the three known crystalline forms [78].
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The combination between these strategies of synthesis and the use of molecular templates
warrants a better control in obtaining ordered mesoporous materials. In this sense, two
approaches can be highlighted: the soft template and hard template methods [60].

Figure 3. Representative scheme of the Soft-templating (A) and Hard-templating (B) methods, used in the synthesis of
mesoporosos materials.

The soft-templating method consists in the use of a template in the liquid phase, being widely
used in the sol-gel processes based on titanium precursors. Due to its high chemical reactivity
these precursors tend to suffer hydrolysis, giving rise to dense precipitates very quickly. The
self-structuration of surfactants can produce mesostructures at the sol particle. This occurs by
the spontaneous organization of molecules around automounted micelle structures, usually
in aqueous medium, giving rise to colloidal nanocrystals.

Studies have suggested that two mechanisms are related to the formation of mesoporous
materials via soft-templating method [71, 79-81]. The first, known as Cooperative Self-
Assembly (CSA), and the second Liquid Crystal Template (LCT). In CSA, there is a simulta‐
neous aggregation between the inorganic precursor and the surfactant, with the formation of
a liquid crystal-like phase with cubic, hexagonal or lamellar arrangement, containing both
micelles and the inorganic precursor. On the other hand, in the LCT mechanism the concen‐
tration of surfactant is so high that a liquid-crystalline phase is formed without the presence
of inorganic precursors. In both mechanisms, after formation of the material is necessary to
remove the template for the obtaining of porosity. For this, the procedure most commonly
used is the calcination [71].

Chiola, Ritsko and coworkers, reported in 1971 the obtaining of mesoporous silica [82].
However, the special characteristics of the produced materials did not were at first explained
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because the absence of adequate methods of analysis. In 1990, scientists from Mobil Oil
Corporation [83], reported obtaining of mesoporous silicate molecular sieves, denoted by
M41s, synthesized using a supramolecule-templating process, giving rise to a new and
fascinating research field. Subsequently, efforts have been concentrated in studies related to
synthesis and applications of mesoporous materials [9, 72, 84-91].

In  1995,  the  preparation  of  mesoporous  TiO2  using  sol-gel  method  associated  with  a
surfactant as structural template were at first reported [92]. Since then, efforts have been
spent on the proposition of methods of synthesis of ordered mesoporous TiO2, aiming to
contribute  to  the  improvement  of  the  photocatalytic  activity  of  this  material,  aiming its
different applications [93-96].

Nanometric structures of mesoporous TiO2 were produced using the sol-gel methodology,
under acidic (pH 3 to 4) and alkaline (pH 7 to 9) media, using cetyl trimethyl ammonium
bromide (CTAB), sodium dodecyl benzenesulphonate (DBS) and nonylphenol ethoxylate as
surfactants (NPE) [72]. The effect of the surfactant and pH on morphology, particle size, surface
area, and pore size distribution was studied being the synthesized oxides evaluated consid‐
ering the degradation of naphthalene. Using CTAB under acidic pH the nanometric material
is 100% anatase, while under alkaline pH the material was produced in two crystalline phases,
anatase (84.7%) and brookite (15.3%). In the presence of DBS, under acidic pH, 83% of the
crystalline phase was anatase and 17% rutile, while under alkaline pH, 100% was anatase.
However, using NPE a mixture 94.7% anatase and 5.3% rutile was produced under acidic pH,
while under alkaline pH the phases are anatase and brookite (8.28%).The authors suggested
that the good result obtained for the degradation of naphthalene (97% up to 4 h under
irradiation in the visible - λ > 400 nm) using the mesoporous material obtained in the presence

Figure 4. Formation of mesoporous structures: (A) Cooperative self-assembly process (CSA), and (B) Liquid–crystal
templating process (LCT).
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of CTAB in acidic medium is due to the surface area (86.7 cm3 g-1) and to the mean pore volume
(0.0569 cm3 g-1).

A variant of the Soft Templating method is the Evaporation Induced Self Assembly (EISA) [97,
98]. It was originally designed for the preparation of fine films of mesostructured silica [79],
and has been successful in obtaining different mesoporous materials (TiO2, ZrO2, Al2O3,
Nb2O5, Ta2O5, WO3, HfO2, SnO2, etc) [79, 80]. In this method, organic solvents such as ethanol,
propanol, etc, are used as reaction medium. By virtue of the use of non-aqueous medium and
block copolymer surfactants, the rate of hydrolysis well as redox reactions and phase trans‐
formation are minimized. EISA presents advantages when compared to aqueous sol-gel
reaction, such as more control and homogeneity in the formation of particles, high crystallinity
in reaction temperatures between 373 and 573K.

Figure 5. Scheme presenting the most representative steps of Evaporation Induced Self-Assembly (EISA).

A methodology capable of producing monodisperse spheres of TiO2 at room temperature,
using titanium (IV) butoxide (TBT) mixed to ethylene glycol, used as template, was proposed
in [99]. The mixture was subsequently subjected to a conventional hydrothermal treatment.
Thus, it was possible to obtain nanoparticles with surface area up to 233.2 m2 g-1 and mean
pore volume of 0.27 cm3 g-1. The photocatalytic activity of the synthesized material was
evaluated by degradation of methylene blue, Red MX-5B and phenolphthalein under UV
irradiation, when were obtained kinetic constants of degradation of 6.7, 13.2, and 14.7 w%
min-1, respectively, attributed to the greater surface area of the catalyst. The synthesis of
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using titanium (IV) butoxide (TBT) mixed to ethylene glycol, used as template, was proposed
in [99]. The mixture was subsequently subjected to a conventional hydrothermal treatment.
Thus, it was possible to obtain nanoparticles with surface area up to 233.2 m2 g-1 and mean
pore volume of 0.27 cm3 g-1. The photocatalytic activity of the synthesized material was
evaluated by degradation of methylene blue, Red MX-5B and phenolphthalein under UV
irradiation, when were obtained kinetic constants of degradation of 6.7, 13.2, and 14.7 w%
min-1, respectively, attributed to the greater surface area of the catalyst. The synthesis of
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TiO2 spheres based on EISA, using titanium (IV) tetra isopropoxide and Triton X-100 has been
also reported, aiming their application in DSSCs [100]. The particle size could be controlled
changing the Ti/H2O molar ratio and adjusted between 500 and 1100 nm, with a surface area
of 56-151 cm2 g-1.

Using the EISA strategy excellent catalysts based on CeO2, capable to oxidize harmful gases,
as CO, NOx and hydrocarbons, in non-toxic gases, were synthesized [81]. The tribloc copolymer
P123 and polyvinyl pyrrolidone (PVP) were used as templates. In this way, were obtained
catalysts with different pore sizes (about 40 μm, 2 μm and < 0.3 μm) and specific surface area
of 32.5 m2 g-1.

Damages to the mesoporous structure can occur due to the presence of residual templates, as
for example the blocking of pores or even poisoning of catalytic sites on the surface of the
mesoporous material. Calcination has been pointed as a way to promote the elimination of
some surfactants [101]. Non-ionic surfactants, as Triton X-100, can be easily removed by
washing of the oxide formed [102].

In the hard-templating method the solid is formed around a template, usually zeolites and
meso and macroporous silica, via interactions between the template and the precursor [60].
This methodology is more complex when compared to the soft-templating method. However,
it is highly effective in obtaining mesoporous structures [103]. By applying this methodology
nanostructures are formed on surface of the templates [104].

The obtaining of uniform nanospheres of TiO2 based on hard-templating methodology, using
silica as template and (NH4)2TiF6 as precursor, has been proposed [105]. This material pre‐
sented surface area of 54.2 m2 g-1 and pore volume of 0.15 cm3 g-1. The photocatalytic activity
of this material was evaluated regarding the degradation of the dyes methylene blue, rhoda‐
mine B and methyl-orange. The levels of degradation were respectively 95%, 95% and 90%.
This result was attributed to the high surface area and charge separation in these monodisperse
materials.

In reference [106] the obtaining of mesoporous TiO2 is proposed using the combination of
hard-and soft-tamplating methods. Using mesoporous silica in the first step (hard-templat‐
ing) and Pluronic P123 as driver agent in the soft-templating stage, to control of morphol‐
ogy of the particles, was possible the production of three-dimensionally ordered mesopores
with surface area of 145 m2 g-1 and pore volume of 0.246 cm3 g-1. Due to the porous of the
material obtained and the three-dimensional periodicity of the spheres, the authors highlight
the possible applications that these materials can have, as in environmental photocataly‐
sis, solar cells and in lithium rechargeable batteries. Finally, the authors highlight the ease
with which this methodology can be extended for the synthesis of other mesoporous metal
oxides.

Figure 6 presents the main differences between the hard and soft template methods, while
Table 1 presents the structure of the main surfactants suggested as driver agents for the
synthesis of mesoporous materials.
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Figure 6. Comparison between hard and soft templating [107].
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Surfactant Structure References

1-hexadecyl H2N
15

[115]

Acetylacetone
O O

[115]

Isopropanol
OH

[115]

Sodium dodecyl sulfate  Na
18

O
S

O

O

O
[116]

Cetyltrimethyl
ammonium bromide

N
14

Br [5, 110, 117, 118]

Cetyltrimethyl
ammonium chloride

N
14

Cl [5]

Hexamethylene
tetramine

N
N

N

N

[118]

Benzalkonium chloride
N CnH2n + 1

n = 8, 10, 12, 14, 16, 18

Cl

[5]

Polyvinyl
pyrrolidone N

n
[118]

Pluronic P123
y

zx
O

O
O

OH
H [62]

Table 1. Main surfactants suggested as driver agents for the synthesis of mesoporous materials and their chemical
structures.
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6. Technological applications of mesoporous TiO2

6.1. Environmental photocatalysis

One of the potential applications of heterogeneous photocatalysis is the environmental
remediation [8, 20, 74, 119-122]. Different semiconductor oxides have shown to be capable of
triggering photocatalytic, highlighting the TiO2 [19, 20, 123]. In this context, nanostructured
materials tend to favor the photocatalytic applications of these materials [60].

Kim and Kwak reported studies where the photocatalytic activity of a mesoporous TiO2

prepared using di-block copolymers via sol-gel synthesis was evaluated, using methylene blue
as oxidizable substrate [50]. The materials with small crystallite size (about 5.1 nm), high
surface area (about 210 m2 g-1) and small pore size distribution were the ones who exhibited
the best photocatalytic activities, using ultraviolet radiation, with apparent constants of
degradation around 0.093 min-1. The particles synthesized presented spherical morphology
with surface areas dependent on the type of di-block copolymer used.

In [58] is related a sol-gel synthesis of a TiO2 with intermediate porosity, under hydrothermal
conditions using a water-soluble cationic surfactant, obtaining a mesoporous TiO2 with
maximum pore size of 6.9 nm and maximum surface area of 284 m2 g-1. The synthesized
material had its photocatalytic activity evaluated on degradation of methylene blue. The
synthesized product showed to be superior (95%) to TiO2 P25 (24%), using irradiation with
UV radiation under the same reaction conditions. The greater photocatalytic efficiency was
attributed to the higher surface area, when compared to this parameter measured to TiO2 P25
(50 m2 g-1), and the ordination of the synthesized material, attributed to the use of the surfactant.

The synthesis of a TiO2 supported on SBA-15 mesoporous silica, reported in [124], resulted in
materials efficient to degrade photocatalytic phenols. SBA-15 silica presents hexagonal
arrangement and bi-dimensional pores with diameter up to 30 nm. The materials obtained
have surface area of 361.4 m2 g-1 and pore volume of 1.217 cm3 g-1.

6.2. Hydrogen production

Hydrogen production via heterogeneous photocatalysis based in the electronic excitation of a
semiconductor material using UV-Visible radiation is promising for the production of clean
and sustainable energy [19, 54, 125]. Generally speaking, this process is based on the electronic
excitation of the photocatalyst. From there, the photo-generated hole at the valence band reacts
readily with a sacrificial reagent, while in conduction band electrons are trapped by a co-
catalyst, being used in the reduction of H+ ions, with the production of hydrogen [126].

Mesoporous TiO2 of intermediate porosity have generally high surface area and high density
of active sites, which tends to facilitate the diffusion of reagents, favoring the conversion of
solar energy in photocatalytic reactions [41, 93, 127].

A porous composite based on TiO2 incorporated to silica MCM-48 (Mobil Crystalline Materials
n° 48) was proposed as photocatalyst for hydrogen production [128]. The authors reported
that the tetrahedrically coordinated TiO2 act as active sites on photocatalysis of water reducing

Solar Radiation Applications98



6. Technological applications of mesoporous TiO2

6.1. Environmental photocatalysis

One of the potential applications of heterogeneous photocatalysis is the environmental
remediation [8, 20, 74, 119-122]. Different semiconductor oxides have shown to be capable of
triggering photocatalytic, highlighting the TiO2 [19, 20, 123]. In this context, nanostructured
materials tend to favor the photocatalytic applications of these materials [60].

Kim and Kwak reported studies where the photocatalytic activity of a mesoporous TiO2

prepared using di-block copolymers via sol-gel synthesis was evaluated, using methylene blue
as oxidizable substrate [50]. The materials with small crystallite size (about 5.1 nm), high
surface area (about 210 m2 g-1) and small pore size distribution were the ones who exhibited
the best photocatalytic activities, using ultraviolet radiation, with apparent constants of
degradation around 0.093 min-1. The particles synthesized presented spherical morphology
with surface areas dependent on the type of di-block copolymer used.

In [58] is related a sol-gel synthesis of a TiO2 with intermediate porosity, under hydrothermal
conditions using a water-soluble cationic surfactant, obtaining a mesoporous TiO2 with
maximum pore size of 6.9 nm and maximum surface area of 284 m2 g-1. The synthesized
material had its photocatalytic activity evaluated on degradation of methylene blue. The
synthesized product showed to be superior (95%) to TiO2 P25 (24%), using irradiation with
UV radiation under the same reaction conditions. The greater photocatalytic efficiency was
attributed to the higher surface area, when compared to this parameter measured to TiO2 P25
(50 m2 g-1), and the ordination of the synthesized material, attributed to the use of the surfactant.

The synthesis of a TiO2 supported on SBA-15 mesoporous silica, reported in [124], resulted in
materials efficient to degrade photocatalytic phenols. SBA-15 silica presents hexagonal
arrangement and bi-dimensional pores with diameter up to 30 nm. The materials obtained
have surface area of 361.4 m2 g-1 and pore volume of 1.217 cm3 g-1.

6.2. Hydrogen production

Hydrogen production via heterogeneous photocatalysis based in the electronic excitation of a
semiconductor material using UV-Visible radiation is promising for the production of clean
and sustainable energy [19, 54, 125]. Generally speaking, this process is based on the electronic
excitation of the photocatalyst. From there, the photo-generated hole at the valence band reacts
readily with a sacrificial reagent, while in conduction band electrons are trapped by a co-
catalyst, being used in the reduction of H+ ions, with the production of hydrogen [126].

Mesoporous TiO2 of intermediate porosity have generally high surface area and high density
of active sites, which tends to facilitate the diffusion of reagents, favoring the conversion of
solar energy in photocatalytic reactions [41, 93, 127].

A porous composite based on TiO2 incorporated to silica MCM-48 (Mobil Crystalline Materials
n° 48) was proposed as photocatalyst for hydrogen production [128]. The authors reported
that the tetrahedrically coordinated TiO2 act as active sites on photocatalysis of water reducing

Solar Radiation Applications98

the potential, facilitating the formation of gaseous hydrogen, even in the absence of a co-
catalyst.

Microspheres of TiO2 doped with carbonates has also been proposed for hydrogen production
under visible (λ > 400 nm) irradiation [129]. A rate of H2 production of 0.2 mmol h-1 g-1 was
achieved using the photocatalyst charged with 1 wt% Pt. The photocatalytic performance was
attributed to the characteristics of the mesoporous structure such as the diameter of the
microspheres, between 0.5 and 4 μm, pore size in the range between 3 and 11 nm and high
surface area (500 m2 g-1).

A mesoporous TiO2-SiO2 mixed oxide with molar ratio of 97:3, calcined at 773 K was also
proposed for hydrogen production [66]. It produced hydrogen at a rate of 0.27 cm3 h-1 g-1, an
expressive value when compared to the rate achieved using TiO2 P25 (0.17 cm3 h-1 g-1). This
mixed oxide has characteristics that favored its photocatalytic activity, such as a surface area
of 162 m2 g-1, pore diameter of 4.3 nm and pore volume of 0.24 cm3 g-1.

6.3. Electrodes in Lithium ion batteries

Mesoporosos materials have been used in the production of electrodes for Lithium ion
batteries. Physical properties such as particle size, porosity and pore size determine the
performance of this class of batteries [127]. The mesoporous structure favors the transport of
electrolyte, facilitating the contact between the surface of the electrode and the electrolyte and
shortening the path of diffusion of the Li+ ions.

These batteries have a long life cycle, rapid loading and unloading capacity, being capable to
store high energy densities in a compact and lightweight container. Because of this, it has been
used as power sources for portable electronic devices [127, 130, 131].

Mesoporous TiO2 is a promising material in this kind of battery by offering numerous
advantages, such as high potential of ions insertion, low cost, low toxicity, easy synthesis and
stability to pH variation [60]. Anatase is generally regarded as the most suitable polymorph
of TiO2 for Li+ insertion, superior to rutile and with more stable structure than brookite.
However, anatase with large particle sizes present poor performance due to its low capabilities
to promote ionic diffusion and electronic conductivity [132, 133]. Thus, the control of particle
size and porosity during its synthesis is imperative for obtaining materials with desirable
characteristics.

The particle size influence on the dynamic process of storage of Li+ions, ensuring a significant
increase on battery performance when the particle size is reduced. For example, the discharge
capacity of TiO2 rutile with particles of 300 nm is 110 mAh g−1, while this same parameter for
particle sizes of 30 and 15 nm is, respectively, 338 and 378 mAh g−1 [134].

Studies involving the application of mesoporous microspheres of anatase with regular porosity
showed that pore structure significantly influences on specific capacity, speed capability and
performance cycle of the batteries [60]. The materials with higher surface area had the best
performance. It was also observed that when the pore size was very small, the transport of Li
+ in the electrolyte was heavily restricted.
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6.4. Solar cells

Solar cells have a great advantage when compared to conventional power generation systems,
since in these solar energy can be directly converted into electric. The traditional solar cells are
basically constituted by two layers of semiconductor materials, an n-p type pair. When photons
with appropriate energy reach the semiconductor pair, electrons are excited producing
electricity [135].

The first solar cells were based on crystalline silicon. Actually, studies are being conducted
with the goal of developing efficient photovoltaic cells and low cost, since the crystalline
silicon-based cells are of very high cost.

The solar cells can be classified as:

a. First generation solar cells, where are the silicon solar cells used commercially, which
today correspond to about 86% of the solar cells market [136];

b. Second generation solar cells. More profitable than the first generation solar cells, but still
less efficient;

c. Third generation solar cells, where are the dye-sensitized organic cells;

d. Hybrid solar cells [137].

In the organic solar cells are used semiconductor organic polymers or small and medium
organic molecules, such as phthalocyanines, fullerenes, poly-(p-phenylenevinylene) (PPV).
These cells can be produced on flexible substrates, and are promising in terms of production
costs. On the other hand, they still have low efficiency, as well as some limitations, such as the
possibility of degradation of the organic component.

In 2009, Park and co-workers developed an organic solar cell based on a polymer-fullerene
composite, with a reasonable energetic efficiency (6.5%) [138].

Dye-sensitized solar cells, DSCs, Figure 7, are devices constituted by a semiconductor material,
a sensitizer (dye), a conductive glass, an electrolyte and a platinum counter-electrode. Unlike
conventional systems, where semiconductor assumes both the task of absorbing light as the
charge carriage, in DSCs such functions are separated: the light is absorbed by a dye anchored
to the surface of a semiconductor, and the charge separation occurs at the semiconductor-
electrolyte interface [139].

A great leap in this area was given by [140] by using mesoporous nanocristalline TiO2 films in
place of single crystals of oxide semiconductor as substrates for the adsorption of the sensitizer
dye. The use of mesoporous films resulted in a significant increase in the conversion efficiency
of incident light in current, IPCE, which went from 0.13 to 88% [141]. The principal reason for
this was the increase in the amount of dye adsorbed due to the greater surface area in general
available in the mesoporous films. Using mesoporous films, the overall efficiency of conversion
of solar cells sensitized by dye reached 7% in the decade of 90 [140]. Actually, the best cells
exceed the 13% [142, 143], confirming the feasibility of commercial applications of these
devices.
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The I-/I3
-redox pair dissolved in nitriles is thermodynamically capable to reduce the photo

oxidized dye on the surface of TiO2. The difference between the energy of the semiconductor
conduction band and the redox potential of the electrolyte determines the maximum open-
circuit potential than a DSC can achieve. Additionally, the kinetics of reduction is one or two
orders of magnitude faster than the process of recombination between the electron in the
conduction band of the oxide and the photo oxidized dye [144]. This difference makes the
charge separation process in the TiO2-sensitizer-electrolyte interface to be very efficient. The
disadvantages of using liquid electrolytes based on I-/I3

-redox pair include the toxicity of
species of iodine and the inner filter effect caused by the strong absorption of light in the visible
region by I3

-, which makes DSCs efficiency dependent on the exposed face.

The system TiO2/Ru(II) complex/(I-/I3
-) is relatively simple and efficient, allowing a consider‐

able advance in the understanding of the charge separation process from absorption of sunlight
in sensitized semiconductors. However, this system presents challenges to be overcome, to its
large-scale implementation. There stands out the high cost of the Ru(II) complexes, the high
toxicity of the electrolyte and the and the need for an efficient sealing of the device in order to
prevent the leakage of the electrolyte and the consequent loss of activity. Even so, modules up
to 6000 cm2 have been produced [145].

Alternatively, several other materials have been proposed to build DSCs. Organic compounds,
such as indole and anthocyanins derivatives also have been proposed as sensitizers [146-150].
Recently, [151] described DSCs possessing efficiencies higher than 12% using a Zn(II) por‐
phyrine as sensitizer and Co(II)/(III) complexes as redox pair. Another approach that has

Figure 7. Simplified diagram showing the functioning of DSCs.
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attracted much attention involves the use of solid systems that, at first, dispense step of sealing
and increase solar cell stability in real conditions of operation [152-155].

A major breakthrough in the development of solid DSCs has been achieved with the use
of perovskites, as the CH3NH3PbI3, as sensitizers [156-158]. These compounds are chemical‐
ly very stable and can be produced in situ from precursors solutions and have a wide range
of  absorption,  from  visible  to  near  infrared.  When  adsorbed  on  surface  of  TiO2  films,
CH3NH3PbI3  is  capable  of  injecting  electrons  efficiently  and  be  regenerated  by  hole
transporter materials  (HTM) as spiro-MeOTAD (2,2',7,7'-tetraquis [N,N-di(4-metoxyphen‐
yl)amino]-9,9'-spirobifluorene).  DSCs with efficiencies higher than 14% have been descri‐
bed using this approach [156]. It is interesting that the use of this same material in DSCs
with Ru(II) complexes results in conversion efficiencies between 2 and 3% [159, 160]. This
makes clear that it is not enough to simply replace one or another component in the DSCs
to achieve greater efficiencies. It is necessary a good understanding of the characteristics of
each part of the interfaces of the device and of the different processes of electron transfer
that occur between the components.

Figure 8. Decrease of electronic recombination on the FTO/electrolyte interface due to the application of the blocking
layer.

Solar Radiation Applications102



attracted much attention involves the use of solid systems that, at first, dispense step of sealing
and increase solar cell stability in real conditions of operation [152-155].

A major breakthrough in the development of solid DSCs has been achieved with the use
of perovskites, as the CH3NH3PbI3, as sensitizers [156-158]. These compounds are chemical‐
ly very stable and can be produced in situ from precursors solutions and have a wide range
of  absorption,  from  visible  to  near  infrared.  When  adsorbed  on  surface  of  TiO2  films,
CH3NH3PbI3  is  capable  of  injecting  electrons  efficiently  and  be  regenerated  by  hole
transporter materials  (HTM) as spiro-MeOTAD (2,2',7,7'-tetraquis [N,N-di(4-metoxyphen‐
yl)amino]-9,9'-spirobifluorene).  DSCs with efficiencies higher than 14% have been descri‐
bed using this approach [156]. It is interesting that the use of this same material in DSCs
with Ru(II) complexes results in conversion efficiencies between 2 and 3% [159, 160]. This
makes clear that it is not enough to simply replace one or another component in the DSCs
to achieve greater efficiencies. It is necessary a good understanding of the characteristics of
each part of the interfaces of the device and of the different processes of electron transfer
that occur between the components.

Figure 8. Decrease of electronic recombination on the FTO/electrolyte interface due to the application of the blocking
layer.

Solar Radiation Applications102

In all approaches described above, it is common the need to deposit multiple layers of
semiconductor oxides with different functions. Besides the nanoporous layer, responsible for
dye adsorption and transport of electrons, there is the blocking layer deposited on the surface
of the substrate which is responsible for reduction of the electronic recombination on the
substrate-electrolyte interface, Figure 8.

Additionally, scattering layers, composed of particles with size between 400 and 700 nm can
be deposited, which contributes to a greater use of the incident light. Several proposals can be
found in the literature in relation to different layers of metal oxides in DSCs. In these are
included the use of different techniques of deposition and also various materials. The research
groups working in this area agree that the deposition of different semiconductor oxide layers
with different morphologies is indispensable for production of high efficiency DSCs [143,
161]. However, there is still no consensus on the best deposition technique to be employed and
what better composition to be used for the different electrolytes.

Recently, we reported the production of contact-blocking layers using the layer-by-layer (LbL)
technique, which showed excellent performance in DSCs based on liquid electrolytes [162-164].
This technique stands out for its low cost, possibility of control of composition, thickness and
morphology of films and the possibility to be employed on a large scale. It was noted, for
example, that the use of a mixture between TiO2 and more insulating oxides as Nb2O5 results
in an increase of all the photoelectrochemical parameters of the DSCs [165].

7. Conclusion

In this chapter, aspects related to obtaining and application of mesoporous nanostructured
materials in photocatalytic processes had been addressed, emphasizing its application in
advanced oxidative processes, increasing the overall efficiency of conversion in dye sensitized
solar cells, manufacturing of electrodes for lithium-ion batteries and hydrogen production,
with focus on TiO2. Although many advances have occurred, some challenges still needed to
be overcome so that these materials become more efficient and economically viable. On the
other hand, the potential that mesoporous materials demonstrated and the improvements
already achieved promote the study and development of what is a promising source of
technological applications.
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1. Introduction

Solar radiation sustains and affects all forms of life on Earth and is relevant to a variety of
technological applications. The effects of solar radiation depend strongly on its spectral
composition in which the influence of ultraviolet radiation (UVR) is the largest. Natural factors
like geographical latitude, Earth-Sun distance, and solar zenith angle (SZA) strongly influence
the UVB (wavelengths 280-315 nm) irradiance and to a somewhat lesser extent the UVA
(315-400 nm) radiation. The exposure of organisms to UVR is characterized by annual and
diurnal cycles of solar irradiance’s availability and by the variance (anomalies) of biologically-
weighted irradiances within seasons.

Variations and trends in the availability and spectral composition of UVR are having various
effects on atmospheric chemistry, plant health, litter decomposition and the carbon cycle, as
well as on human health [1-10]. The effects of UV are mostly cumulative and depend on the
spectral composition of received radiation energy. UVR is a globally important abiotic factor
influencing ecosystem structure and functions in multiple ways [11]. The most influential UVB
part of incident solar radiation is capable of breaking connections between atoms in organic
molecules and exerts destructive effects on different materials. The net effect of UV radiation
at the cellular level is a balance of damage and repair cellular key structures like DNA [5]. UVB
radiation causes many biological and chemical processes, which are generally damaging to
living organisms.

The impact of UVB radiation on vegetation changes with species and crops [6]. The effects of
UVB radiation must be considered together with other climatic factors such as an increase in
temperature and CO2 levels, which can modify the response to UVB radiation. Irradiation at
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wavelengths below 300 nm is extremely harmful to DNA. The ratio of irradiances in the UVB
and UVA spectral ranges is one of the key factors for estimating its possible harmful influence.

Many important consequences can arise from the indirect effects of high UVB radiation
through changes in the chemical composition and shape of the plants, or through changes in
the abiotic environment. These indirect effects can include changes in the sensitivity of plants
to being attacked by insects and pathogenic elements. The effects of UV radiation and those
of other environmental factors at the ecosystem level are poorly known, as well as are those
at molecular and organism levels.

Plants possess a number of defence systems against environmental stress factors in nature.
Among such protection mechanisms is the altered synthesis of antioxidant substances as well
as other secondary metabolites. Without repairs, the harmful photoproducts ultimately lead
to cell death. To avoid this catastrophic effect, all organisms possess DNA repair systems that
are able to recognize and remove UV photoproducts. The ultraviolet (UV) index is a standard
vehicle for informing the public about the level of UV radiation reaching the Earth's surface
and its potential harmful effects on human health. Although the received energy in the UVB
band is only a small fraction of the extra-terrestrial solar radiation, it accounts for 80% of the
harmful effects of sun exposure.

In most applications of the UVR data quantification of the received spectral doses a under‐
standing of the mechanisms of influence on the cell, organism and ecosystem levels are needed.
The variations of total incoming solar radiation as well as spectral composition, especially in
the UVB range, beside geographical factors depend strongly on atmospheric factors, such as
clouds, total ozone, aerosols and precipitable water vapour. Spectral energy is necessary to
estimate over days, parts of days and over longer time intervals.

Despite there being different broadband and narrowband UV sensors in use, spectral UV
measurements are still considered the irreplaceable, ultimate reference in a variety of appli‐
cations. Spectral measurements allow the data to be applied to any biological process or
chemical photoreaction with a known action spectrum. Weather conditions prescribing the
availability and spectral composition of ground-reaching UV irradiance in key phenological
phases of ecosystem development manifest significant year-to-year and longer-term periodic
changes. These changes are reflected in ecosystem health and productivity. For sustainable
agriculture and environmental management both the changes in quality of received irradiance
and in ecosystem responses need to be investigated on a quantitative level. The present study
financed by a programme of research and development of environmental technology is one
of those attempts.

In the present chapter, the major features of systematic changes and the variability in ground-
level UVR at subpolar latitude are considered. The work is based on ground-level UVR spectra
recorded at a research institute, Tartu Observatory, (58o.16’N, 26o.28’E, 70 m a.s.l.) since 2004
together with the auxiliary information on broadband solar radiation and weather conditions
recorded by the Tartu-Tõravere meteorological station of the Estonian Environmental Agency
at the same site. The homogeneous datasets of the broadband solar radiation and weather
conditions for the site extend back to the beginning of 1955 [12-17]. The total number of
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broadband solar radiation and weather characterizing factors increased in the 1990s and 2000s.
During the period of recording UV spectra the spectral dataset was well supplied with the
necessary auxiliary information.

2. Data and methods

2.1. Solar radiation research in Estonia

Attempts at quantitative measurements of solar radiation have been made in Tartu since 1904
and increased in the 1930s after acquiring a modern Ångström pyrheliometer to quite a high
level [18]. The instrument was lost during World War II, and new efforts initiated by Juhan
Ross began in the early 1950s. The results of regular studies have been published in several
publications and in monographs. General climatic features of the broadband solar radiation
in Estonia are presented in the Handbook of Estonian Solar Radiation Climate [19].

Major results on interannual and intraseasonal variations of broadband solar radiation in
Estonia are presented as a chapter in the previous edition of the InTech book Solar Radiation
[15]. The longest and most complete dataset on solar radiation in Estonia [20, 21] has been
collected at a typical Estonian rural site at the Tartu-Tõravere Meteorological Station (58°.16’N,
26°.28’E, 70 m a.s.l.). The site, as well as that used before 1965, being located closer to Tartu
town can be considered typical for Northern Europe. The landscape pattern around the
location consists of arable fields, grassland areas and patches of mostly coniferous forest.

Between 1950 and 1965 the station was a part of the present research institute of Tartu
Observatory and since 1965 it was operated by the Estonian Meteorological and Hydrological
Institute, recently reorganized to part of the Estonian Environmental Agency as a State
Meteorological Service. In 1996 the station was included to the system of Baseline Surface
Radiation Network (BSRN) stations. Until 1996 the Yanishevski AT-50 actinometers and
Savinov-Yanishevski M-115 pyranometers were used and then replaced by the Eppley Labor.
Inc. pyrheliometers and Kipp & Zonen pyranometers. The absolute accuracy of the ventilated
Kipp & Zonen pyranometers is about ±2% and that of the pyrheliometers ±1%.

In the past, inter-calibration of sensors was regularly performed in Voeikov Main Geophysical
Observatory (St. Petersburg, Russia), whereas it is now done in the World Radiation Center
(Davos, Switzerland). Regular meteorological observations were performed at the site,
including the hourly visual cloud detection, at all three basic levels. The long-term record of
traditional broadband solar radiation and weather conditions helps the understanding of the
regular changes and variations of UVR, which is the main objective of the present chapter.

2.2. UV broadband, narrowband and spectral measurements

Studies of atmospheric column ozone and UV radiation in Estonia were initiated by the Tartu
Observatory in 1993 to consider the possibilities of studying relationships between the UVR
and broadband irradiance characteristics. Regular direct sun column ozone measurements
have been carried out between 1994-1999 using an especially suited laboratory spectrometer
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SDL-1 supplied with a mirror system and applying the Dobson retrieval algorithm [22, 23].
Since 2003, direct sun column ozone measurements were performed using a MICROTOPS-II
instrument. Mostly, the satellite data were used for atmospheric column ozone [23]. Since
summer 2002, a sun photometer of the NASA AERONET network measuring column aerosol
optical depth (AOD) and precipitable water vapour operates there, and the aerosol studies
group of the University of Tartu performs ground-level atmospheric aerosol-size distribution
measurements. For the years before 2002 only pyrheliometer-measured broadband AOD data
are available.

Solar UV radiation measurements with filter instruments were performed at the Tartu-
Tõravere Meteorological Station under scientific supervision by research scientists of Tartu
Observatory [19]. The erythemally-weighted sensors UV-SET had been in operation since
January 1998 [12-14]. A Kipp & Zonen narrowband filter instrument CUVB1 with an effective
wavelength 306±0.2 nm and bandwidth 2±0.5 nm operates at Tartu-Tõravere meteorological
station since 2002 [16]. Similar UVB instruments were installed at two other meteorological
stations Tallinn-Harku (59o26' N, 24o45' E) and Pärnu (58o23' N, 24o 38' E). A Kipp & Zonen
broadband UVA sensor as well as a YES broadband UVB sensor was installed at the site in
2005.

Spectral measurements of solar UVR were performed at the same site by Tartu Observatory.
Since 2004, UVR spectra in the range 280-400 nm were collected using Avantes Inc. simple
array spectrometer AvaSpec-256 with a 15-minute interval [24]. In 2009 these measurements
were stopped due to the significant drop of array sensitivity. In 2008, the purchase of a
spectrometric system based on the Bentham Instruments Ltd. DMc150F-U double monochro‐
mator was realized by funding from the EC REGPOT project EstSpacE. The system was
installed in Spring 2009. Spectra in the wavelength range 280-400 nm are recorded by this
instrument, also every 15 minutes.

In both systems the radiation-collecting diffuser is placed on the roof and connected with a
quartz fibre to the spectrometer installed in the special weather box in the building. Calibration
of optical instruments has been performed at Tartu Observatory for several decades. It was
based on the 1000 W quartz halogen standard lamp FEL calibrated by Oriel traceable to the
USA National Institute for Standards and Technology (NIST) [25-27]. Spectrometer AvaS‐
pec-256 needed recalibration after at least two months. The second disadvantage was a
relatively high stray light level within this compact instrument and the necessity of the removal
of its contribution in the recorded spectra.

A programme for the compensatory calculation of the stray light influence of the array
spectrometer AvaSpec-256 was applied. The slit-scattering function of the spectrometer was
measured directly using a 450 W xenon arc source and monochromator at the Metrology
Research Institute, Aalto University, Finland. The stray light level of the AvaSpec-256 spec‐
trometer was rather high (0.1-1%), but the slit-scattering function is symmetrical and without
noticeable artefacts. The uncertainty estimation of the stray light correction is based on the
empirical comparison of the simplified algorithm and deconvolution over the set of measured
spectra. For the Bentham double monochromator, a calibrator CL 6 belonging to the set of
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spectra. For the Bentham double monochromator, a calibrator CL 6 belonging to the set of
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spectrometer auxiliary instruments was regularly used for checking the instruments’ sensi‐
tivity, and the calibrator itself was regularly compared with a certificated FEL lamp.

2.3. Spectra collection

The spectral data collection system including software for the AvaSpec-256 spectrometer was
designed at the Tartu Observatory. UVR spectra were recorded as separate files but were also
grouped automatically on the calendar day level. This allows relatively easy selection of all
spectra recorded during each day for further treatment and analysis. One of the main proce‐
dures in data treatment is calculating the received energy within different wavelength ranges
and time intervals. The ratios of UVA/UVB irradiances were calculated automatically for each
spectrum, allowing the ease of obtaining the same ratios in daily or part-day doses. In the case
of the Bentham DMc150F-U spectrometer, the producers’ software BenWin+ was used for
instrument control and data recording.

The measured spectra were recorded in the memory of the control computer as separate files.
The name of the file contains information on the time of recording (year, month, date, hour
and minute of the beginning of spectrum record). Later the files were transformed to the Excel
environment and organized as workbooks for each month and sheets for each day. Around
the summer solstice, the amount of informative spectra per day was about 75 and around
winter solstice it was about 25.

The database of spectra was supported by two other databases useful for grouping spectra on
the bases of different seasonal and weather conditions. One of them contains all supporting
daily data, such as the daily doses of direct, diffuse and global broadband radiation, daily
sunshine duration, daily erythemally-weighted and UVB narrowband doses, atmospheric
column ozone, AOD, cloud and snow cover data. Direct and global irradiance relative to
assumed normal clear conditions for each day are included. Normal clear conditions mean
those for a typical column ozone and AOD for that calendar day.

Smoothed annual cycles of daily normal clear daily sums of global and direct irradiance have
been composed empirically using the respective data since 1955 and have been used as the
reference in the reconstruction of erythemally-weighted daily doses back to 1955 [16]. The
other auxiliary database contains hourly sums of broadband direct, diffuse and global
irradiance useful for studying relationships between broadband and UV radiation in a day.
The hours are accounted from local noon in real solar time to both sides.

The dataset of UV spectral irradiance allows performing of integration of spectral energy by
wavelength ranges and time. For example, it allows easy calculation of UVB and UVA spectral
energy for different time intervals. Often, there arose a necessity to integrate different action
spectra-weighted energies over days, parts of days and over longer intervals like weeks or
months. Those products are useful in making comparison of received spectral energy in
various conditions. One possible application is a study of relationships between UV doses in
different wavelength ranges and the hourly sums of the pyranometer-measured broadband
irradiance.
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3. Main features of annual and daily regular changes in UV irradiance in
cloudless conditions

Environmental effects of UV irradiance at any site depend strongly on the availability of direct
sunshine and on solar elevation during the sunshine episodes. Solar elevation modulates the
UV irradiance and its spectral composition in the absence of sunshine. Solar elevation changes
regularly from sunrise to sunset, reaching the highest value at noon in real solar time. Noon
solar elevation manifests a regular annual cycle, being the smallest at winter solstice and the
largest at summer solstice. Usually SZA is used instead of solar elevation for characterization
of solar position on the celestial sphere. At the Tartu Observatory site the extreme values of
noon SZA are 81.7˚ (solar elevation 8.3˚) and 34.8˚ (solar elevation 55.2˚), respectively. The most
influential part of the UVR ground-level spectrum is the UVB range.

In the days around summer solstice, the threshold of the Bentham double monochromator’s
sensitivity is 294 nm at noon in sunshine conditions. In early mornings and late evenings, the
threshold of sensitivity drops to approximately 310 nm. In cloudy weather, the irradiance
levels may be somewhat lower and the threshold of sensitivity can be several nanometres
larger than in clear conditions. At an SZA above 80˚, the accuracy of spectral irradiance
measurements is significantly lower than at higher sun conditions and the influence of column
ozone and AOD on its spectral composition is less clear. In Figure 1 the diurnal cycles of
threshold UVB wavelength and SZA during a nearly clear midsummer day are illustrated.

Figure 1. Diurnal cycles of SZA and shortwave threshold for UVB irradiance in midsummer cloudless conditions
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The recorded UVB range in recorded spectrum is much shorter than the UVA range. The width
of the first varies during the day from 5 to 20 nm. In the UVA range, it is constant and much
larger, 85 nm. Due to the small and varying contribution of the UVB range, the ratio of the
received irradiance energy or power also varies across a wide range. To avoid very small
numbers, it is better to use the version UVA/UVB for presenting this ratio instead of UVB/
UVA.

It is commonly known that the spectral composition of the UVB irradiance depends on
stratospheric column ozone. At a large SZA the optical path of incoming solar rays is long, and
diffuse radiation dominates. In those conditions much of the UVB radiation is absorbed by
tropospheric ozone and attenuation reaches longer wavelengths than at high sun conditions.
As a result the UVB day is seemingly shorter than the UVA day. In the UVA spectral range
the level of irradiance is higher, and radiation is not absorbed by ozone. Beside the atmospheric
column ozone another modulating factor of UVR is AOD. Its influence also tends be larger in
the UVB range.

In Figure 2 the diurnal cycles of irradiance at some UVB and UVA wavelengths are presented.
The selected day, 12 July 2010, was almost clear. Only a very small amount of cumulus (Cu)
clouds between 13 and 17 in local time were met. Total ozone was 299 DU and the AOD at the
UV wavelength 340 nm was relatively large, at 0.428. In cases of good atmospheric transpar‐
ency it is around 0.1 and its median and trimean values in 2002-2012 have been close to 0.2.
The conventional mean is not a relevant characteristic of the AOD due to a strong asymmetry
of distribution.

Figure 2. Diurnal cycles of spectral irradiance at selected UVB (left) and UVA (right) wavelengths on an almost clear
summer day 12 July 2010
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Finding of relevant data is restricted by the deficit of cloudless days. The ratio UVA/UVB in
the received daily spectral energy accumulates from the recorded spectra. The contribution
from the spectra recorded at smaller SZA is larger in it. Immediately after sunrise and before
sunset the UVB irradiance is strongly suppressed and the value of the UVA/UVB ratio often
reaches 500 to 600 at SZA around 87˚. At an SZA above that value the UVA/UVB ratio manifests
strong instability due to the low reliability of recording UVB irradiance and is not presented
in the figures. With the decreasing SZA the relative contribution of UVB irradiance increases.

In Figure 3 the average dependence of UVA/UVB ratio on SZA is presented in almost cloudless
weather conditions for the abovementioned full day. In Figure 4 the same is presented for
another almost clear day on 13 April when noon SZA reaches only 62˚ and column ozone, 376
DU, is close to its normal spring level. The value of AOD at 340 nm is once again quite large,
at 0.493.

Figure 3. Diurnal cycles of UVA/UVB irradiance ratio in almost clear summer day 12 July 2010

The smallest of UVA/UVB values are met around the daily smallest SZA. Around summer
solstice the range of diurnal changes in the UVA/UVB ratio reaches 15 times, but in some cases
is only eight to ten times. With the decrease of SZA to 70˚ the ratio UVA/UVB drops to about
100 and after reaching SZA 50˚ to about 50. In the Northern European summer conditions most
of the UV radiation is received during six hours around noon.

An example of relative contribution from these six hours in the full day dose is presented in
Figure 5 at wavelengths 300 to 400 nm for clear day in July.

One can see that at wavelengths around 300 nm the contribution from these six hours is 85 to
90% of the daily total, and decreases with increasing wavelength due to decrease of ozone
absorption. Around wavelength 330 nm the noon six hours contribution reaches a 60% level
and remains at an almost constant level.
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On cloudy days the ratio manifests variations due to attenuation and enhancement of irradi‐
ance by clouds. The contribution from six hours around noon is a useful indicator only from
May to August when the outdoor activities of the population take place frequently in sunshine.

During sunshine episodes the ground-level UVR and its spectral composition are modulated
by atmospheric column ozone and aerosols. Atmospheric column ozone manifests an annual
cycle with the maximum around 390 Dobson Units (DU) in March-April and a minimum of
around 270-280 DU in October-November [23]. From the first half of May until the middle of
September the column ozone decreases quite linearly and the variations around this linear
decrease are mostly moderate, within ± 20 DU. Larger variations were recorded in spring, from
February until the middle of May, and also in October-November. Within that period,

Figure 4. Diurnal cycles of UVA/UVB irradiance ratio in almost clear spring day 13 April 2010

Figure 5. Dependence of the ratio of UV irradiances from six noon hours and full day on wavelength
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prolonged episodes reaching a week or even more in length were recorded when column ozone
was even more than 50 DU lower of its normal seasonal level.

Aerosol-size distribution is characterized by the fine mode fraction, e.g., how much the
submicronic particles contribute to the AOD at 500 nm. Smoke often contributes more than
90% of small particles’ influence in AOD, reducing radiation more strongly at shorter wave‐
lengths [28-31]. Smoke was a major reason for a large AOD in years when there were prolonged
dry periods in summer. The major season of forest fires in the region is in July-August and
that of landscape burnings in late April to early May.

In most of the years, the dryness and frequency of fire outbreak are moderate. In 2002-2012
the AERONET system recorded AOD values above the threefold and twofold median were
met at Tartu-Tõravere meteorological station in about 6% and 17%, respectively, out of all 1500
days of the AERONET measurement data. The influence of the landscape fire episode in April-
May 2006 on the UV spectrum is described in [32]. In conditions of seasonal normal ozone
between 379 and 391 DU three almost clear days with AOD values at 340 nm between 0.979
and 1.299 were found.

Figure 6. Comparison of mean daily spectral doses for the group of days manifesting smoke induced large AOD and a
clear day with almost equal noon SZA, similar column ozone 384 DU and moderate AOD (0.16 at 340 nm)

The cloud influence is often described by the cloud modification factor (CMF). CMF is defined
as a ratio of measured cloudy irradiance to that of normal conditions of clear sky. Here we use
a similar aerosol modification factor (AMF) to compare total influence on the UVR. The AMF
in daily irradiance totals was found to be 0.84 in UVA and 0.75 in UVB ranges. It is comparable
to the CMF of middle-level clouds. The major difference is that the AMF decreases with
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wavelength decrease in the whole UV range while CMF manifests in the UVA range decrease
with the increase of wavelength. Comparison of mean spectral daily doses for the mentioned
days manifesting smoke-induced large AOD and a clear day with almost equal noon SZA,
similar column ozone 384 DU and moderate AOD (0.16 at 340 nm) is presented in Figure 6.

4. Variations of UV irradiance and spectral composition in cloudy
conditions

Clear skies are not common at the study site or in the neighbouring Northern European area.
The clear conditions are met most frequently in March. In April to September the number of
cloudless days in a month is only one to two on average [33]. Most of the solar radiation energy
is received in May to August. In broadband solar radiation the relative contribution of direct
sunshine energy is highest on average in May, reaching 45% to its assumed clear value. By
August it steadily decreases to 40.5% [15].

Similarly a change of the global radiation energy takes place, from 70% of the assumed clear
in May to 66% in August, on average. The lowest direct irradiance energy relative to the
assumed clear, 13%, is received in November when the average global irradiance relative to
clear is the lowest, at 20%. In low sun conditions during October to February, the overcast
conditions prevail and the received UVR energies are small. The aerosol and total ozone
contributions in their variability are much less than those from cloudiness. Overcast skies in
the summer half-year are also met less frequently than the partly cloudy days, which are typical
for the climatic region of study. Clouds may significantly reduce the ground-level irradiance
but also enhance it by reflections from bright clouds. A key question is in what conditions the
UVR level is reduced or enhanced [34-37].

The Cloud Modification Factor (CMF) is defined as a ratio of measured cloudy irradiance to
that of normal conditions of clear sky. When the Sun is shaded by clouds the irradiance is
reduced and CMF is below 1. When the Sun is not shaded the reflection from clouds near the
Sun may enhance the irradiance, and CMF may exceed 1. In Figure 7 an example of both effects
is presented in the case of SZA 36˚ when fortunately both situations occurred during the same
day in conditions of variable Cu, Cb and Ac cloudiness.

The data for the cloudless background were taken from spectral dataset of another day. One
can see that both enhancement and attenuation increase the relative contribution of UVA
radiation in the UVR spectrum. Daily total cloud effect depends much on the cloudiness
characteristics during noon hours when the received energy is the largest. In dry summers
there are fewer clouds in that time period and less influence on the UVR spectra. In wetter
summers, both the attenuation and enhancement are stronger due to the convection of moist
air. Total effect depends on the cloud amount and on their vertical extent. Most of the daily
variations in UV irradiance in May to August occur during three hours before and after the
midday. Statistical relationships between broadband solar irradiance and dose, and those of
UVA are stronger than between broadband solar irradiance and UVB radiation.

Instrumentation and Measurement of Ground-Level Ultraviolet Irradiance and Spectral Composition in Estonia
http://dx.doi.org/10.5772/59615

129



Figure 8. Diurnal cycles of spectral irradiance in overcast by thick Frnb cloudiness at selected UVB (left) and UVA
(right) wavelengths, 21 June 2010

Figure 7. Example of enhancement and attenuation of UV spectral irradiance by clouds at SZA 36˚
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Figure 8. Diurnal cycles of spectral irradiance in overcast by thick Frnb cloudiness at selected UVB (left) and UVA
(right) wavelengths, 21 June 2010

Figure 7. Example of enhancement and attenuation of UV spectral irradiance by clouds at SZA 36˚
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Some examples of variable diurnal cycles of UV irradiance spectral density at selected
wavelengths are presented in this section. In our work [38] it was noted that in seemingly
uniform overcast conditions the recorded ground-level UV irradiance varies across a wide
range.

In Figure 8 diurnal cycles of the UVB irradiance at wavelengths 300 and 306 nm and of the
UVA irradiance at wavelengths 340 and 400 nm are presented in the case of thick fractusnim‐
bus (Frnb) cloudiness. One can see strong variations over the relatively low irradiance level.

In Figure 9 diurnal cycles at the same wavelengths are presented in conditions of almost no
direct sunshine but close to three times more global irradiance. The cloud cover on that day (5
July 2012) consisted of bright and more transparent altocumuli (Ac), stratocumuli (Sc) and
cumulonimbus (Cb) clouds.

Figure 9. Diurnal cycles of spectral irradiance in overcast by thinner Ac, Sc, Cb cloudiness at selected UVB (left) and
UVA (right) wavelengths, 5 July 2012

The UV irradiance levels were significantly larger than in the previous thick cloudiness case.
In Figure 10 to Figure 12 the daily cycles of spectral irradiance at the same selected wavelengths
were presented in partly cloudy conditions. In Figure 10 the daily broadband direct irradiance
relative to clear was 0.29; in Figure 11 it was 0.49 and in Figure 12 the largest 0.82.

The relative global irradiances in these selected days were 0.67, 0.75 and 0.92, respectively. The
selected days were 8 July, 9 July in 2012 and 17 July in 2009. Clouds were typical combinations
of cirrus (Ci), Cb, Cu, and Ac in two first cases. Only two cloud types, Ci and Cu, were met in
the third case.
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All of these cases might be considered as typical good weather cloud situations in summer
months. A common feature is that in morning and evening the change of UVR with time is
relatively smooth.

Figure 10. Diurnal cycles of spectral irradiance at selected UVB (left) and UVA (right) wavelengths at relatively large
amounts of partial cloudiness, 8 July 2012

Figure 11. Diurnal cycles of spectral irradiance at selected UVB (left) and UVA (right) wavelengths at mean amounts of
partial cloudiness, 9 July 2012
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Contrasting variations begin after heating the surface to the ability of initiating convection,
producing Cu and Cb clouds. Locally produced convective clouds are the major factor causing
variability in ground-level solar irradiance. There also exists background cloudiness, often
consisting of Ci, Ac, Sc clouds and contributing to the variability of ground-level spectral
irradiance. Frontal clouds are also frequent in some years, manifesting high cyclonic activity.
Then full days or parts of days are overcast. Usually the attenuation of solar radiation in those
conditions is larger [39]. Generally, the attenuation by clouds in the UV range is somewhat
less than in the whole incoming solar radiation. In the UVA range the attenuation decreases
with the decrease in wavelength and is the smallest reaching UVB spectral range where the
increasing absorption by tropospheric ozone leads to an increase of attenuation.

5. Summary and conclusions

Environmental effects of UV irradiance at any site depend on the received radiation energy
and its spectral composition. The availability of the most efficient UVB irradiance depends on
the presence of direct sunshine and on solar elevation. Geographical site and time-dependent
regular daily cycle of solar elevation reaches its highest value at noon in real solar time. Noon
solar elevation manifests a regular annual cycle, being the smallest at winter solstice and the
largest at summer solstice. The highest levels of solar irradiance including UVR in clear
weather conditions are recorded at noon.

At summer solstice the shortwave threshold at the study site in the UVB range is 294 nm in
normal column ozone and atmospheric transparency conditions. In early morning and late

Figure 12. Diurnal cycles of spectral irradiance at selected UVB (left) and UVA (right) wavelengths at small amounts of
partial cloudiness, 17 July 2009
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evening the shortwave threshold drops to approximately 310 nm. The UVA spectral range of
recorded irradiance is always equal to 316 to 400 nm. In the UVB range it is much shorter, and
varies during the day from 5 nm to 20 nm. Due to absorption by tropospheric ozone and partly
by aerosols the UVA/UVB ratio of irradiances in the UVA and UVB spectral ranges changes
during a year and during a day in wide range.

Immediately after sunrise and before sunset it may reach about 500-600 nm, and decreases to
less than 50 in summer noon hours. In cloudless conditions the major modulators of the
ground-level UV irradiance are column ozone and spectral aerosol optical depth. Variations
in both may result in comparable effects in irradiance levels and spectral composition. The
influence of these factors is important to consider in the presence of sunshine. Cloudless UV
irradiance may vary more than twice at the same SZA in the UVB spectral range. In most of
the UVA range the influence of column ozone is negligible and variations in irradiance result
from AOD variations. At solar elevations below 10˚ (SZA above 80˚) the accuracy of spectral
irradiance measurements is lower than at higher sun conditions and the spectral influence of
column ozone and AOD is less clear.

The regular annual cycle of the atmospheric column ozone with the maximum (380-390 DU)
in March-April and minimum (270-280 DU) in October-November is a reason for the differ‐
ences in UVB irradiance levels in spring and autumn. These differences become obvious during
sunshine episodes, which tend to be less frequent in autumn and in some years are extended
in spring. On the contrary, in spring episodes when column ozone drops to close to usual
levels, autumnal ones are met.

Snow conditions at the study site contributing significantly to the surface albedo have been
variable in recent decades. In spring in some years snow persists until the middle of April
(noon SZA around 48˚) but in other years the presence of snow remains episodic during the
whole winter. In autumn there have been separate years when snow cover appeared for some
time in October (noon SZA around 69˚). In other cases there had been almost no snow by
January. Albedo of snow is high, sometimes close to 0.90, for fresh snow and much smaller for
wet and dirty snow. Reflection from the fresh clean snow increases the recorded irradiance
significantly. In autumnal period the irradiance level is low before reflecting from surface and
its UVB part very small. Since the beginning of November, snow does not increase vitamin D
synthesizing irradiance to necessary level. Without snow the surface albedo is only a few
percent.

A major contributor to variations of both UVB and UVA irradiance in Northern Europe and
Estonia is cloudiness. In cloudy weather the irradiance levels tend to be somewhat lower and
the threshold of sensitivity several nanometres larger than in cloudless conditions. Cloud
influence on the UVR spectra is related to attenuation and enhancement of irradiance.

Attenuation of solar irradiance happens when the Sun is shaded by cloud. When the Sun shines
and bright clouds are close to the visible solar disk, reflection and scattering by these clouds
often leads to larger irradiances than in cloudless conditions. A cloudy sky background is a
significant irradiance modulating factor. Daily total cloud effect depends much on the
cloudiness characteristics during noon hours when the received energy is the largest. In dry
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summers there are less clouds in that time period and less influence on the UVR spectra. In
wetter summers, both the attenuation and enhancement are stronger due to the convection of
moist air.

The largest daily doses of UVR spectral density are recorded in the presence of medium cloud
amounts. At small cloud amounts, clouds are less frequently located close to the Sun. At large
cloud amounts shading of the Sun by clouds and attenuation of irradiance dominates. In
moderate cloud amounts sunshine episodes are relatively frequent and related to the en‐
hancement of irradiance. Both enhancement and attenuation increase the relative contribution
of UVA radiation in the UVR spectrum. Daily total cloud effect depends much on the cloudi‐
ness characteristics during noon hours when the received energy is the largest. Total effect
depends on the cloud amount and on their vertical extent. Deep convective clouds attenuate
the UVB range of incoming irradiance significantly more than shallow stratiformed clouds.
The CMF of stratiform clouds like Sc does not necessarily decrease with decreasing wave‐
length, as is commonly considered for cloudy atmospheres.
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Section 3

Solar Applications in Architecture





Chapter 7

Development of Novel Building-Integrated Photovoltaic
(BIPV) System in Building Architectural Envelope

Wen-Sheng Ou

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/60574

1. Introduction

The saving and usage of green energy have been an emphasized research topic in various
nations including Taiwan: an island nation located in a subtropical zone with 90% of the
population living in regions with mean sea-level elevations of 400 m or lower. Limitations of
some geological factors and climatic conditions cause a large population to be crowded in
buildings that are concentrated in metropolitan areas.

Hence, large buildings cover by a glass shell which must rely heavily on artificial central air
conditioning systems to resist outside heat loadings had become popular. Such a building takes
a heavy toll on energy consumption. These buildings experience the problems of poor indoor
air circulation, an inefficient cooling system in maintaining a comfortable indoor environment,
as well as excessive energy consumption. Ninety-eight percent the energy consumed in Taiwan
is imported.

Recent worldwide concerns on global warming and emphases on environmental protection
have made it urgently necessary to develop sustainable energy sources for replacing conven‐
tional petroleum energy. Solar energy [1–4] is renewable, inexhaustible and abundant. The
Earth receives an incredible supply of solar energy. It provides enough energy in one minute
to supply the world's energy needs for one year [5]. Hence how to effectively use solar energy
is becoming an active research topic in various nations today.

Solar energy can be utilized as either heat or light, with the majority of the research and
application focusing on photoelectrical conversion of light into electricity. Using solar cells
made of special materials of semi-conductance, the incident solar beam can be directly
converted into electricity. The efficiency of electricity generation depends on the clarity of the
solar panel. Additionally, storage of the electricity generated for later use must be considered.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
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In recent years, the booming semi-conductor industry had led to rapid advances in manufac‐
turing and implementing solar energy projects more cost effectively. Hence, solar energy is
expected to be an important and a major source of energy in the future.

In Taiwan, central air conditioning systems are used in large buildings that accommodate
offices, hotels, department stores and hospitals. These buildings, which are considered as “air-
conditioned buildings”, have fixed office hours, similar occupants and application modes, and
hence comparable heat generated from illumination and occupants. Additionally, these
buildings adopt a glass shell to shield the structure so that natural lighting is available during
daytime for saving electricity.

The expected benefits of using solar panels on buildings include lowering building costs,
reducing energy consumption, and providing a more comfortable indoor environment. The
greenhouse effectiveness in glass buildings is also applied in cold zones for saving heating
energy. Additionally, large glass windows also provide excellent views for occupants to assist
in improving their moods and work efficiency. Hence, in recent years, buildings covered in
glass panels are becoming popular in the US and some European nations. Influenced by the
global trend, the architecture in Taiwan has adopted this type of buildings. However, when
irradiated under direct sunlight, this type of building is considered to be badly insulated, so
that a huge quantity of energy is needed to provide adequate air conditioning for resisting the
outdoor heat loadings.

More intensive solar radiation causes either higher indoor temperatures, heavier loading on
the air-conditioning unit, or higher consumption of electric energy. If solar energy is available,
more intensive solar rationing means that more electricity can be generated. Hence, if the
building is covered with solar panels instead of glass windows, the incoming solar radiation
can be intercepted for generating electricity that will provide building cooling in addition to
reducing the indoor air temperature caused by direct sunshine. The excess electricity can be
sold back to the power company to offset the peak loading period. Hence, in this research, the
energy audit for the buildings covered with glass panels and cooled with central air condi‐
tioners will be carried out for developing three types of “integrated solar panel” systems.

In this research, the results of analysing indigenous climates and examining building materials
are used to propose the replacement of conventional glass plate by solar photoelectric panels
to be an integrated part of the building shell proposed as the BIPV (Building-Integrated
Photovoltaic) system in building architecture. Results of laboratory studies proved that in
addition to providing electrical energy to the building, the BIPV building shell is also effective
in thermally shielding and isolating the building.

The BIPV system proposed in this research will greatly alleviate the electricity burden during
peak hours; its application will promote the development of sustainable energy sources.
Comparisons of these solar panels to be used on buildings will be conducted based on their
material, angle, temperature, and panel clarity. The results will be used to access the actual
cost-effectiveness of installing and using these solar panels on existing buildings.
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2. Development of integrated sunshading board and Building-Integrated
Photovoltaic (BIPV)

Previous research results published in literature [6–8] shows that if based on the total CO2

emission from a building with 50-year life cycle, about 80% of CO2 emission is caused by the
air conditioning. The energy saving regulations enforced in Taiwan stipulated that the building
shell energy consumption index be used for designing an energy-saving building. In other
words, the annual thermal loadings is the thermal loading for providing air conditioning to
maintain a healthy and comfortable room; the loading is based on the outdoor thermal
environment adjacent to windows, walls, and wall openings.

The thermal flow caused by “difference between outdoor and indoor temperatures” and “solar
radiation” is the major factor causing air conditioning energy loadings. Hence, the technology
of insulating the building and shading the solar radiation is an important factor for designing
the energy-saving features of a building. The effectiveness of solar panels is affected by
environmental factors such as solar illumination and temperature, among many others, which
affect the voltage and current of the electricity produced, causing unusual movement of Fly-
back Converters.

A solar panel combined with a shading board is proposed in this research to increase the
building shading effect so that the cost-effectiveness of the solar panel can be augmented. A
current convertor to convert the produced DC (direct current) into AC (alternate current) and
electricity storage to overcome the inherited problem of unstable energy source for solar panels
are also integrated into the BIPV building in order to raise the cost-effectiveness of the proposed
system.

2.1. Design of external shading

Taiwan is located in subtropical region; research results indicate that the major factors affecting
the air conditioning energy consumption for buildings in the hot and humid environment are
the “percentage of window opening” and “window shielding factor” About 62–85% of the
building’s air conditioning energy is affected by these two factors whereas only 10–15%
depends on the orientation of the building in question. Among these factors, the “opening
percentage” is the most influential factor; buildings with higher opening percentage will waste
more energy on air conditioning.

Regardless of the type of glass used for windows, a 1% increase of the glass window area will
cause the energy consumption to rise by 1.0%. In contrast, the “window shielding factor” will
save energy consumed for air conditioning in addition to preventing reflective light to ensure
good natural lighting and views. The studies in this research were conducted in South Taiwan.
Based on local climatic and geographic conditions, and incident angle of solar radiation, the
outside window shielding system will be designed as blinds with 1:4 horizontal to vertical
ratio (the horizontal shielding depth is 60 cm for a 240 cm French window) to evaluate its
thermal insulating efficient.
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2.2. Solar photoelectrical system

The integrated system consists of several modules: including the solar electricity-generating
module, an integrated parallel connection module to connect to the municipal power system,
an emergency power supply module to convert direct and alternate currents, and a battery
module to store excess energy produced during the daytime.

2.2.1. Solar photoelectrical system

The basic principle of solar electricity generation is to convert solar light with wavelengths
between 0.7 to 0.9 micrometer irradiating on a semiconductor. Inside the semiconductor,
negatively charged electron and positively charged electron holes will be generated and
accumulated at the P-type and N-type layer regions, respectively, thus producing an electro‐
motive difference depending on their unique characteristics. If connected to an external
loading, the semiconductor cell produces electricity that can be used for a variety application
in the building

2.2.2. Integrated parallel connection to municipal power system and exchanger to provide emergency
direct and alternate electric currents

The electricity produced by solar panels and batteries is direct current (DC) whereas the
general appliances use alternate current (DC). Hence, the solar generated DC must be con‐
verted into AC with an electric converter so that the electric energy can be widely supplied to
household appliances. Additionally, solar electricity generation depends on the solar intensity
and angle that the output electrical current and voltage are unstable. If used as an independent
electric source, the energy system lacks stability and will not provide a reliable source of
energy. Hence, a converter must be used to change the pattern of electricity; in addition to
converting the solar generated DC into AC, the solar electricity generation module will be
connected to municipal power system to maintain a steady supply of electricity. When the
solar energy becomes insufficient, the municipal power system will kick in to provide the
needed electricity. If the solar energy is greater than the loading, the excess electricity can be
sent back to other consumers through the municipal power system. This arrangement will
greatly elevate the stability of solar energy generation system to fully extend it cost-effective‐
ness.

2.2.3. Battery module

When the electric system is operated steadily, changes in the solar electricity generated and
the system operation in response to variations of external conditions will be compensated by
using the battery module. If the solar system produces more electricity than is needed, the
excess electricity will charge the battery model, or it will be sent back to the municipal power
system.

When the solar electricity is insufficient (such as at night) to meet the building’s demands, the
electricity stored in the battery module will supply the needed power before obtaining power
from the municipal system. Thus, the battery module will allow the solar system to be flexible
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in response to various conditions. Additionally, when the solar power system malfunctions,
or the electrical voltage becomes 10% higher or 15% lower than the normal level, the battery
can temporarily kick in to make the adjustment so that the solar power system combined with
the battery module will depend less on the municipal system to provide steady electricity to
meet the loadings.

2.3. Integrated Photovoltaic (BIPV)

The integrated photoelectrical solar panels used in this experiment have 30kW capacity
consisting of 8.58kW, 8.82kW, and 12.6kW panels. Figure 1 shows the system (System I)
equipped with multiple crystal silica arrays.
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Figure 1. Integrated photoelectrical solar panel System I of 8.58kW

Development of Novel Building-Integrated Photovoltaic (BIPV) System in Building Architectural Envelope
http://dx.doi.org/10.5772/60574

147



Figure 2 shows the system (System II) equipped with multiple silica and single silica solar
energy photoelectrical panels.
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Figure 2. Integrated photoelectrical solar panel System II of 8.82kW

Figure 3 shows the system (System III) with single silica solar photoelectrical panels only
installed.

In each system, the panel faces south, and is 25° inclined that can be manually adjusted 10° up
and down. These systems were used to investigate the influence of solar panel material, angle
of inclination, ambient temperature and panel clarity on the effectiveness of solar energy
generation.
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3. Installation of experimentalequipment

The integrated solar energy panel proposed in this research consists of shielding and solar
panels. Initially, the experimental room is only equipped with the proposed shielding panels
for comparing variations of the room temperature, humidity, and energy consumption of air
conditioning before and after installing the shield panels. Solar energy panels are then installed
for studying the performance and efficiency of solar photocells made of different materials
under various environmental conditions, comparing the effectiveness of solar photoelectrical
systems equipped with or without the battery module, analysing the various methods to
connect the current converters, studying the influence of solar panel installation angles on the
efficiency under direct sunshine or solar radiation.

The experimental site is located in Tainan City, Taiwan; the experimental installations are
shown in Figures 4 and 5. The solar panel system is mounted on an existing building in order
to evaluate on-site the system’s efficiency under natural solar illumination conditions. The
evaluation is also carried out using a system facing east, south, and west so that annual
performance and efficiency of the solar system proposed in this research can be assessed.
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Figure 3. Integrated photoelectrical solar panel System III of 12.6kW
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Figure 4. Final Photo of experimental installations in test filed

Figure 5. Final Photo of experimental installations with Integrated Photovoltaic and Sunshading Board

4. Results and discussions

4.1. Advantages of sunshading board for energy-saving of building

Temperature differences of the experimental building before and after installing sunshad‐
ing board and then the solar panel were recorded. The actual effectiveness of shading board
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was evaluated by comparing the indoor room temperature and the shaded spot tempera‐
ture with the outside temperature in order to monitor the savings on air conditioning energy
consumption.

The temperature monitoring programme started one year before the installation of shading
boards and lasted for three years; the results obtained during the hottest August and Septem‐
ber were used for evaluating the cooling effectiveness. The temperature sensors were installed
on the balcony of the building so that the temperature measurement was not affected by direct
sunshine or precipitation.

Energy consumption for cooling was recorded with three digital wattmeters from 8:00 am till
5:00 pm. The daily energy consumption was accumulated to yield the monthly consumption,
and the following formula was used to estimate the energy savings:

Reduction of WattsPercent of Energy Savings %
Yearly Watts

= (1)

The on-site experimental results obtained with three experimental rooms are shown in Figure
6. The room equipped with a shading board shows lower temperature of 2.6°C to 2.7 °C in
August and 1.8° C to 2.1 °C in September.
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Figure 6. The temperature variation of various test rooms before and after they were equipped with a shading board

Figure 7 shows the analyses on energy consumption in August and September for the three
rooms. Savings on air conditioning energy air consumptions for the two-year study period
were 9.17% to 31.95% in August and 18.30% to 29.05% in September.
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Figure 7. The power consumption in August and September for the three rooms before and after they were equipped
with a shading board

4.2. Energy efficiency for solar panels installed at various angles

The efficiency of solar panels in stalled at various angles — 15°, 25° and 30°, — was carried
out using the polycrystalline silicon and monocrystalline silicon panels in Systems I and III.
These panels have different output rated values, so that the results are normalized by dividing
the data by the output rated value of individual solar panels. As shown by the results in Figure
8, the solar panel with a 25° inclination has better energy output efficiencies than those 15o and
30o inclinations. Additionally, the performance of monocrystalline silicon panel is not signifi‐
cantly influenced by the angle of installation.
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4.3. Solar panel surface clarity and energy efficiency

Improving the solar panel energy efficiency by cleaning the solar panel was undertaken to
study the energy output efficiency for the non-crystalline, monocrystalline, and polycrystalline
solar panel with and without the emulated rainfall. The weather in Taiwan is rather humid;
the dust in the air is thus easily moistened, adhered to and accumulated on the solar panel,s
surface to interfere with the solar panel’s energy efficiency. On-site observations reveals that
raindrops were somewhat effective in cleaning the solar panel surface. Hence, a water spraying
system was installed above the solar panel and operated once every week to study the
effectiveness of cleaning by rainwater. The results are shown in Figure 9.
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Figure 9. The comparison of the energy output efficiency for the non-crystalline, monocrystalline, and polycrystalline
solar panel

Without the water spray cleaning system, the polycrystalline solar panel produces 3.7% more
energy than the monocrystalline solar panel. Providing the water spray cleaning system,
however, causes the solar panels to produce more energy: 17.72% for the polycrystalline solar
panel, and 5.38% for the non-crystalline solar panel.

A BIPV building will lower the indoor temperature by 1.8-2.7 °C during summer to save 9.17%
to 31.95% of energy in cooling the building. The solar panel used in the BIPV building is made
of monocrystalline silicon with a 25° inclination oriented westerly in order to obtain the
maximum energy generating efficiency. The variation of ambient temperature may cause the
electricity generation to vary by 0.07–4.5%; clear ambient air will assist in elevating the power
generation by 3.7% to 29%. The overall experimental results revealed that the order of
improved energy efficiency using water spray cleaning is monocrystalline solar panel, non-
crystalline solar panel, then polycrystalline solar panel.

The energy output for solar panels before and after cleaning at various ambient temperatures
are listed in Tables 1 and 2. The results in each table indicated that the clarity of solar panels
affects the efficiency of solar panels made of different materials; dirty solar panels will lower
the efficiency of producing electricity by 3.7% (Table 1) to 29.29% (Table 2).
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  Generated power output (kW)   
   After cleaning    

 
Item 

Before 
cleaning 

 
During 

Earlier 
stage 

Later 
stage 

Clear 
degree 

Real 
temperature 

System (44 oC) cleaning (30 oC) (44 oC) (%) variation (%) 
Polycrystalline 

silicon 1.31 1.59 1.64 1.48 12.98 1.44 

Non-crystalline 
silicon 1.08 1.13 1.09 1.12 3.70 0.07 

Table 1. Solar panel energy output for panel before and after cleaning.

  Generated power output (kW)   
   After cleaning    

 
Item 

Before 
cleaning 

 
During 

Earlier 
stage 

Later 
stage 

Clear 
degree 

Real 
temperature 

System (38 oC) cleaning (34 oC) (38 oC) (%) variation (%) 
Polycrystalline 

silicon 1.40 1.63 1.71 1.81 29.29 4.53 

Non-crystalline 
silicon 1.20 1.21 1.29 1.29 7.17 1.74 

Table 2. Solar panel surface clarify and temperature before and after cleaning.

Hence, maintaining a clear solar panel surface by washing with natural raindrops or artificial
water spraying system will assist in promoting the energy efficiency of the solar panel. The
cleaning will lower the surface temperature of solar panels; but the temperature variation
caused by cleaning the solar panel will result in decreasing energy efficiency slightly of only
0.07% (Table 1) to 4.53% (Table 2).

5. Conclusions

Various factors such as the solar panel’s material, inclination angle, natural cleaning by
rainwater and climatic conditions, among many others, may affect the solar panel’s energy
efficiency. Additionally, how the solar panel can be integrated with the shell of a building so
that the combination will become a reliable source for cheap energy to provide air conditioning
for the building is also the ultimate goal of this research.

The research results confirm that installing solar heat shading boards will lower the indoor
temperature by 1.8oC to 2.7°C, save about 9.17% to 31.95% of energy consumption. As far as
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the solar panel’s material is concerned, the monocrystalline panel is better than non-crystalline
solar panel, which is better than polycrystalline panel. The order of magnitude for the panel
installing angles is 25°>20°>30° with west-orientation being the most favorable for energy
production, followed by south-orientation and east-orientation.

Maintaining a clean solar panel surface by washing will reduce the panel surface temperature
to lower the energy output by 0.07% to 4.57%; however, this action will improve the energy
output by 3.7% to 29%. In summary, installing the shading board will reduce the energy
consumption for air conditioning. Raising the energy efficiency of solar panels, and developing
new solar panel technology and implementation methods will effectively alleviate the peak
power demand, improve the balance of power consumption, and promote the development
and reuse of renewable energy sources.
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1. Introduction

Many architectural examples rank among masterpieces for its beautiful and harmonious use
of solar radiation. However, their creation had to rely solely on intuition because they
possessed a curvilinear nature. As the necessary tools required for evaluating shapes derived
from the sphere or the circle were not available, such forms could not be assessed.

Circular emitters represent an important issue not merely in architecture but in the field of
configuration factors calculation. The circle form is present in a variety of devices and emitters
that find ample application in the realms of thermal engineering, daylighting in architecture
and artificial light, amongst others. In the past, several factors have been found for specific
positions of the unit area in relation to the sources of such surface, centered with respect to the
circle, but not for a generic location whether parallel or inclined. In this respect, perpendicular
semicircles have been totally disregarded. As a result, calculation for the said configuration
factors was sustained by iterative methods, which do not provide the desired accuracy in every
situation and also require considerable effort and time in terms of computational capacity.

In previous researches, new configuration factors have been devised for complex forms and
shapes, such as the paraboloid, the ellipsoid, the sphere and the straight cone, which are ever
present in architecture and engineering. What is more, several configurations of volumes that
include similar elements could also be assessed by virtue of adroit mathematical deduction.
As a result, researchers and designers were provided with new configuration factors, so that
the design process is entirely freed from iterative methods.

© 2015 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



In this chapter, an exact analytical solution derived from complex double integration is
presented. The expression obtained significantly soothes the calculation of the configuration
factor between a circular emitter and a point that lies in a plane located at any position to the
former, not only in an axis perpendicular to its center. Those results were checked against more
conventional formulas. Based on such calculus procedures, an entirely new factor for the
semicircle to a perpendicular plane that contains the straight edge has been deducted.
Likewise, the solution has been converted into an original algorithm and programmed in
simulation software developed by the authors so that interactive maps of the radiative field
can be visualized in a consistent and accurate way. Thus, computer simulation techniques,
engineering and image applications will be greatly enhanced and benefitted.

2. Outline of the problem & objectives

The reciprocity principle enunciated by Lambert in his paramount book Photometria, written
in Latin (Lambert, 1760), yields the following well-known integral equation:

( )
1 2

  
1 2

1 2 1 2 1 2 2

·· ·
·

q q
p-Æ = - ò òb b

A A

dA dAE E cos cos
r (1)

Relevant terms in equation (1) are depicted in figure 1.

Figure 1. The reciprocity principle and quantities’ significance for surfaces A1 and A2
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From the times of Lambert to our days, researchers and scientists in the fields of Geomet‐
ric  Optics  and  Radiative  Transfer  have  striven  to  provide  solutions  for  the  canonical
equation  1.  This  is  no  minor  feat,  since  the  said  equation  will  lead  in  most  cases  to  a
quadruple integration and to be sure the fourth degree primitive of even simple mathemat‐
ical expressions implies lengthy calculations. For this reason, direct mathematical calcula‐
tion of  circular emitters was avoided,  and only expressions for some particular position
with respect to the emitter were available. In this sense, a detailed catalogue of configura‐
tion factors is provided online in [1], but with respect to circular emitters, only specific ones
where the receiving point location is restricted to an axis passing through the center of the
emitting circle are included[2],[3].

Considering the importance of these emitters and its wide application in architectural design
and engineering, the objectives of the research aimed at establishing precise mathematical
expressions for the required configuration factors. Such procedure entails exact analytical
solutions of the quadruple integral, in order to yield expressions that barely include geometric
parameters.

That said, a circular source that emits with constant power has been considered; receiving
points are located freely in any parallel or inclined plane. Starting from canonical equation
(1) and following mathematical procedures, new configuration factors are developed for these
surfaces.

3. Integration process for circular emitters

3.1. Direct integration for a differential element to a circular disk on a plane parallel to that
of the element

Let us consider the proposed figure. In order to determine the radiant interchange between an
emitting circle, which lies in the plane ZX, and a point P situated in another parallel plane XY,
the following coordinate system is proposed (Figure 2).

Terms depicted in figure 2 are:

d: vertical distance between the center of the emitting circle and the plane XY.

b: horizontal distance between differential element dA1 and the plane ZX that contains the said
circle.

r: Emitting surface radius.

S: Distance between differential elements (in the canonical equation (1) of the configuration
factor, it is denoted as r, but in order to differentiate it from radius of the disk (emitting surface,
r), we shift to this denomination).

According to figure 2, the differential element dA2 is expressed in terms of r and θ. Thus, to
receive a proper integral, the rest of elements inside the integration sign of the canonical
equation (1) should be expressed using the said variables. Basic construction for this expression
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can be found in numerous manuals of radiative transfer [4]. Furthermore, mathematical
support for the integration process is described in references [5]

dA1 represents the point source

2 q=dA rdrd (2)

( )
1

cos
cos

q
q

+
=

d r
S

(3)

2cosq =
b
S

(4)

2 2 2 2 ·cosq= + + -S r d b dr (5)

Substituting terms from (2) in accordance to figure 2, in the canonical equation of radiative
transfer (1), the main integral that we need to solve is,

Figure 2. Calculation parameters for the parallel plane.
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( )1 2

  2
1 2

1 2 22 2 2 2
0 0

· ·( · )· ·                           
· 2 ·

p qq q q
p q

-
=

+ + -
ò ò ò ò

a

A A

dA dA br b r coscos cos d dr
r r d b dr cos

(6)

Operating in the numerator we can decompose this integral in two parts:

( ) ( )
2 22 2

2 22 2 2 2 2 2
0 0 0 0

·cos 
2 ·cos 2 ·cos

p p qq q
q q

-
+ + - + + -

ò ò ò ò
a ab r brd dr d dr

r d b dr r d b dr
(7)

The limits for inner and outer integral are, respectively: from 0 to 2π, and from 0 to a, that is,
the whole extension of the radius of the emitting circle.

In order to solve this double integral, we first integrate with respect to θ. Proceeding with the
first integral implies taking out all the constants that are independent of θ, and this yields:

( )
2

2
22 2 2

0

·         
2 ·cos

p q

q+ + -
ò

db r dr
r d b dr

(8)

Such expression corresponds to a type, which yields the solution:

( )( ) ( ) ( )( ) ( ) ( )2 2 2 2 2

·sin( )            
·cos· cos·cos

= -
+- + -+

ò ò
dx C Ax B dx

B C AxA B C B C Ax C BB C Ax (9)

The change of variables is defined thus:

2 2 2        2    1q = = + + = - =d dx B r d b C dr A (10)

Before operating, and in order to simplify the otherwise tedious calculations, this expression
can be put in simpler form by applying logical deductions. Focusing our attention in the first
term of (9):

( ) ( )( )2 2

· ( )
·- +

C sin Ax
A B C B Ccos Ax (11)

It can be observed that sin(Ax) is in the numerator; if A=1 the former means that we have sin(X);
but we need to bear in mind that the limits for our defined integral are 2π and 0, thus, sin(2π),
sin(0), equal nil and so does the integral,

( ) ( )( )

2

2 2

0

· ( ) 0 0 0
·

p
ù
ú = - =

- + úû

C sin Ax
A B C B Ccos Ax

(12)
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Subsequently, we focus our attention in the second term of equation (9);

( ) ( ) ( )
2 2 2 2 2 2

2 22 2 2 2 2 2 2 2 2 2 2 24 4

+ + + +
- = - = +

- - + + + + -

B r d b r d b
C B d r r d b r d b d r

(13)

So far, we have solved all terms outside the integration sign of equation (9). What remains
inside the integral admits this change:

( )
2 2 2 2

·tan( / 2)2 ·
·cos( )

-
=

+ + -
ò

B C Axdx arctan
B C Ax A B C B C

(14)

Therefore, substituting all terms we receive:

( )
( )( )2 2 22 2 2

2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2

2 ·tan( / 2)2 ·
4 ( ) 4 ( ) 4

qé ù+ + ++ + ê ú
ê ú+ + - + + - + + -ë û

r d b drr d b arctan
r d b d r r d b d b r d b d b

(15)

Once more, some logics were employed in order to compact the calculations; concentrating on
the third term of (15), we find an the arctangent and a tangent expression. Bearing in mind that
the limits of integration are (2π, 0), the result of arctangent is obviously π, and that produces:

( )
2 2 2

2 2 2 2 2 2 2 2 2 2 2

2·
4 ( ) 4

p+ +
+ + - + + -

r d b
r d b d r r d b d b

(16)

The value of π is taken out of the integration mark and eliminated by means of the canonical
equation of the configuration factor. That yields:

( )( )
2 2 2

2
3

2 22 2 2 2 20

·( )2 ·
4

+ +

+ + -
ò
a r r d bb dr

r d b d r
(17)

Again making some arrangements to these elements to produce an expression that enables
easy integration, let us multiply the numerator and denominator by 4 and add and subtract a
new term, -2rd2, always bearing in mind to reproduce the original expression in (17); that gives
the following equation.

( )( )
( )( )

2 2 2 2 2
2

3
2 22 2 2 2 20

4 · 2 2
2 ·

4 4

+ + - +

+ + -
ò
a r r d b rd rd

b dr
r d b d r

(18)

Decomposing and operating again:
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( )( )
( )( )

2 2 2 2 2
2

3
2 22 2 2 2 20

4 · 2 2
2 ·

4 4

+ + - +

+ + -
ò
a r r d b rd rd

b dr
r d b d r

(18)

Decomposing and operating again:
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( )
( )( )

2 2 2 2 2
2

3
22 2 2 2 20

4 8 8
2 ·  

4 4

+ + - +
=

+ + -
ò
a r d b rd rd

b dr
r d b d r

( )
( )( ) ( )( )

2 2 2 2 2
2

3 3
2 22 2 2 2 2 2 2 2 2 20

4 8 82 ·
4 4 4 4

+ + -
+ =

+ + - + + -
ò
a r d b rd rdb dr

r d b d r r d b d r

( )
( )( ) ( )( )

2 2 2 2 2
2

3 3
2 22 2 2 2 2 2 2 2 2 20 0

4 · 8 22 · ·
4 4 4

+ + -
+

+ + - + + -
ò ò
a ar r d b rd rdb dr dr

r d b d r r d b d r
(19)

The integral of a sum is given, which can be treated as the sum of integrals. Dealing with the
first term of (19) the following expression is received:

( )
( )( )

( )
( )( )

2 2 2 2 2 2 2
2 2

3 3
2 22 2 2 2 2 2 2 2 2 20 0

4 · 8 4 ·
2 · 2 ·   

4 4 4 4

+ + - + -
=

+ + - + + -
ò ò
a ar r d b rd r r b d

b dr b dr
r d b d r r d b d r

(20)

That offers the solution:

( )( ) ( )( )
2 2

2
1 12 2

22 22 2 2 2 2 2 2 2 2 2 2
0

1

) 4 4

é ù
ê ú- = -ê ú +ê ú+ + - + + -ë û

a

b bb
d br d b d r a d b d a

(21)

Now it is time to proceed to the remaining term of (19)

( )( )
2

3
22 2 2 2 20

2 ·
4+ + -

ò
a rd dr

r d b d r
(22)

Expanding the denominator and rearranging its terms with reference to the variable r:

( )
2 2

3
4 2 2 2 2 2 2 20

22
2 ( ) ( )+ - + +

ò
a rdrb d

r r b d b d
(23)

Introducing the change of variable r2=t, that yields:
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( )

2

2 2
3

2 2 2 2 2 2 20

2
2 ·( ) ( )+ - + +

ò
a dtb d

t t b d b d
(24)

This integral responds to the following model with the solution:

2 22(2 )          4+
= = + + D = -

Dò
dx ax b for X ax bx c and ac b

X X X
(25)

Making the substitution:

( ) ( )22 2 2 2 2 2 2 2 2 2 2 21; 2 ;  ( )   4(; ) 16= = - = + D = + - - =a b b d c b d b d b d b d (26)

The ensuing outcome is given:

( ) ( )( )

2

2 2 2 2 2 2 2
2 2

2 222 2 2 2 2 2 2 2 2 2 2 2 2
0

2(2 2 2 )2
2( )16 2 ·( ) ( ) 2 4

é ù
+ - + - -ê ú = -ê ú ++ - + + + + -ê úë û

a

t b d a b d b db d
d bb d t t b d b d a d b d a

(27)

Finally, adding both terms, from (21) and (27), in order to obtain the final result:

( )( ) ( )( )

( )( )

( )( )

( )( )

2 2 2 2 2 2 2

2 2 2 22 22 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2

2 222 2 2 2 2

2 2 2 2 2

2 222 2 2 2 2

2 2 2

22 2 2 2 2

2( )4 2 4

2 2
2( )2 4

2( )2 4

1
2 2 4

+ - -
- + - =

+ ++ + - + + -

- + + - - +
+ =

++ + -

- - +
+ =

++ + -

+ -
-

+ + -

b b a b d b d
d b d ba d b d a a d b d a

b a b d b b d
d ba d b d a

a b d b d
d ba d b d a

b d a

a d b d a

(28)

3.2. Direct integration for a differential element to a circular disk on a plane perpendicular
to that of element

In the perpendicular plane, that is, the ZX plane, according to the defined coordinate reference
system, the main equation to be solved is:
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2 2 2 22 22 2 2 2 2 2 2 2 2 2

2 2 2 2 2 2 2

2 222 2 2 2 2

2 2 2 2 2

2 222 2 2 2 2

2 2 2

22 2 2 2 2

2( )4 2 4

2 2
2( )2 4

2( )2 4

1
2 2 4

+ - -
- + - =

+ ++ + - + + -

- + + - - +
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- - +
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++ + -

+ -
-

+ + -
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d ba d b d a

a b d b d
d ba d b d a

b d a

a d b d a

(28)

3.2. Direct integration for a differential element to a circular disk on a plane perpendicular
to that of element

In the perpendicular plane, that is, the ZX plane, according to the defined coordinate reference
system, the main equation to be solved is:

Solar Radiation Applications164

( )
( )

2

22 2 2
0 0

·
2

p q
q

q

-

+ + -
ò ò
a br d rcos

d dr
r d b drcos

(29)

This can be decomposed into two terms

( ) ( )
2 2 2

2 22 2 2 2 2 2
0 0 0 0

· ·
2 2

p p qq q
q q

-
+ + - + + -

ò ò ò ò
a abrd br cosd dr d dr

r d b drcos r d b drcos
(30)

The first part of this expression has already been solved, but with b2 instead of b d as a constant.
The first term was solved in two parts, which were expressed in equations (21) and (27). From
equation (21):

( )( ) ( )( )1 2 2 222 2 2 2 2 2 2 2 2 2 2

0

1·
) 4 4

é ù
ê ú- = -ê ú +ê ú+ + - + + -ë û

a

bd bdb d
d br d b d r a d b d a

(31)

Figure 3. Calculation parameters for the perpendicular plane
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Now, equation (27) is rearranged as follows:

( )

2

2 2
3

2 2 2 2 2 2 2 2

0

2(2 2 2 )2
16 2 ·( ) ( )

é ù
+ -ê ú =ê ú+ - + +ê úë û

a

t b dbd
b d t t b d b d

( )( )
2 2 2 2 2

3
2 2 2 222 2 2 2 2 2 2

( ) ( )2
4 ( )4 4

é ù
ê ú+ - -

= -ê ú
+ê ú+ + -ê úë û

a b d b dbd
b d d bb d a d b d a

( )( )
2 2 2 2 2

2 222 2 2 2 2

·( ) ( )
2 ( )2 4

+ - -
-

++ + -

d a b d d b d
b d bb a d b d a

(32)

Next, assemble equations (31) and (32), group terms by common denominator and operate:

( )( ) ( )( )
2 2 2 2 2

2 2 2 22 22 2 2 2 2 2 2 2 2 2

·( ) ( )
2 ( )4 2 4

+ - -
- + -

+ ++ + - + + -

bd bd d a b d d b d
d b b d ba d b d a b a d b d a

( )
( )( )

( )
( ) ( )( ) ( )

2 2 2 2 2 2 2 2 2 3 2 3

2 2 2 22 22 2 2 2 2 2 2 2 2 2

· 2 2 ·

2 22 4 2 4

+ - - - - - - +
+ = + =

+ ++ + - + + -

d a b d b d b d d b d a d b d d b d d
b d b b d bb a d b d a b a d b d a

( )
( )( )

( )
( )

( )
( )( )

2 2 2 2 2 2 2 2

2 22 22 2 2 2 2 2 2 2 2 2 222 4 2 4

- - + + + - + -
= + = + =

++ + - + + -

d a b d d b d d b d a d
bb d bb a d b d a b a d b d a

( )
( )( )

2 2 2

22 2 2 2 2

1· 1
2 4

é ù
ê ú+ -
-ê ú

ê ú+ + -ê úë û

b d ad
b a d b d a

(33)

Also, the second term from equations (30):
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2

2 2
3

2 2 2 2 2 2 2 2
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2(2 2 2 )2
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-
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( )( ) ( )( )
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2 2 2 22 22 2 2 2 2 2 2 2 2 2

·( ) ( )
2 ( )4 2 4

+ - -
- + -

+ ++ + - + + -

bd bd d a b d d b d
d b b d ba d b d a b a d b d a

( )
( )( )

( )
( ) ( )( ) ( )

2 2 2 2 2 2 2 2 2 3 2 3

2 2 2 22 22 2 2 2 2 2 2 2 2 2

· 2 2 ·

2 22 4 2 4

+ - - - - - - +
+ = + =

+ ++ + - + + -

d a b d b d b d d b d a d b d d b d d
b d b b d bb a d b d a b a d b d a

( )
( )( )

( )
( )

( )
( )( )

2 2 2 2 2 2 2 2

2 22 22 2 2 2 2 2 2 2 2 2 222 4 2 4

- - + + + - + -
= + = + =

++ + - + + -

d a b d d b d d b d a d
bb d bb a d b d a b a d b d a

( )
( )( )

2 2 2

22 2 2 2 2

1· 1
2 4

é ù
ê ú+ -
-ê ú

ê ú+ + -ê úë û

b d ad
b a d b d a

(33)

Also, the second term from equations (30):
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( )
2 2

22 2 2
0 0

·
2

p q q
q+ + -

ò ò
a br cos d dr

r d b drcos
(34)

Again, integrating with respect to θ we receive:

( )( )
2

3
2 22 2 2 2 20

4 ·
4+ + -

ò
a bdr dr

r d b d r
(35)

Employing the change r2=t in equation (35),

( )( ) ( )( )
2

3
2 22 2 2 2 20

2 ·
2+ - + +

ò
a tbd dt

t t b d b d
(36)

An integral that admits the immediate solution:

( )

2 2

2 2 2
    

     4

+
= -

D
= + + D = -

ò
bx cxdx for

X X X
X ax bx c and ac b

(37)

Making the following substitutions:

( ) ( )
( ) ( )

22 2 2 2

2 22 2 2 2 2 2

1; 2 ;    

4 16

= = - = +

D = + - - =

a b b d c b d

b d b d b d
(38)

Equation (36) becomes:

( )
( )

2

2 2 2 2 2 22 2 2 2 2 2 2

2 2 2 2 2 2 22 2 2 2 2 2 2

0

( )( ) ( )2
22 ( ) 44 2 ( )

é ù
- + +- + + +ê ú = -ê ú
+ + -+ - + +ê úë û

a

a b d b db d t b d b dbd
bdbd a b d d ab d t t b d b d

(39)

Finally, in order to produce the final solution for the perpendicular plane, it is required to
assemble equations (33) and (39). Grouping and rearranging by common denominators it
yields:
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( )
( )( )

( )2 2 2 2 2 2 2 2 2 2 2

2 2 2 2 2 222 2 2 2 2

( )

2 22 ( ) 42 4

+ - - + + +
- + -

+ + -+ + -

d b d a a b d b dd b d
b bdbd a b d d ab a d b d a

2 2 2 2 4 4 2 2 2 2 4 2 2 2 2 2

2 2 2 2 2 2

2
22 ( ) 4

- + + - - - + - -
+

+ + -

a b a d b d b d b d d a d d b d
bdbd a b d d a

2 2 2 2 2

2 2 2 2 2 2

( )
22 ( ) 4

+ +
-

+ + -

b a b d b
bdbd a b d d a

2 2 2

2 2 2 2 2 2
1

2 ( ) 4

é ù+ +
ê ú-
ê ú+ + -ë û

b a b d
d a b d d a

(40)

Again, this result can be checked against usual formulas that appear in numerous configura‐
tion factor catalogues, although those do not completely solve the problem. Only they work
when the element is in a plane that passes through the center of the circle. A more general
solution of a vector nature had been presented by the authors in other texts [6],[7]. In this
chapter a sound relationship between the two fundamentals expressions has been found.

3.3. Resolution of the integral for the third coordinate plane

Being radiation a vector, the resolution for a third coordinate plane that obviously cuts the
emitting circle in two halves is required; the outline of the integral in this case yields:

( )
2

22 2 2
0 0

· ·
2

p q q
q+ + -

òò
a br sin d dr

r d b drcos
(41)

In this particular case, the limits of the integral cannot be extended to 2π, as the value would
be nil. If (41) is integrated with respect to θ, in the numerator the derivatives of cosθ, -sinθ
could be found. Therefore by making this change:

   q q q= = -t cos dt sin d (42)

Integral (41) can therefore be expressed as:

( )
1 2

22 2 2
0 1

· ·
2-

-

+ + -
ò ò
a br dt dr

r d b drt
(43)
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( )( )
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2 2 2 2 2 222 2 2 2 2

( )

2 22 ( ) 42 4

+ - - + + +
- + -

+ + -+ + -

d b d a a b d b dd b d
b bdbd a b d d ab a d b d a
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Again, this result can be checked against usual formulas that appear in numerous configura‐
tion factor catalogues, although those do not completely solve the problem. Only they work
when the element is in a plane that passes through the center of the circle. A more general
solution of a vector nature had been presented by the authors in other texts [6],[7]. In this
chapter a sound relationship between the two fundamentals expressions has been found.

3.3. Resolution of the integral for the third coordinate plane

Being radiation a vector, the resolution for a third coordinate plane that obviously cuts the
emitting circle in two halves is required; the outline of the integral in this case yields:

( )
2

22 2 2
0 0

· ·
2

p q q
q+ + -

òò
a br sin d dr

r d b drcos
(41)

In this particular case, the limits of the integral cannot be extended to 2π, as the value would
be nil. If (41) is integrated with respect to θ, in the numerator the derivatives of cosθ, -sinθ
could be found. Therefore by making this change:

   q q q= = -t cos dt sin d (42)

Integral (41) can therefore be expressed as:

( )
1 2

22 2 2
0 1

· ·
2-

-

+ + -
ò ò
a br dt dr

r d b drt
(43)
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Figure 4. Calculation parameters for the semicircle

Taking out all the constants, and integrating with respect to r, the primitive is just the quotient
of the numerator:

12

2 2 2 2 2 2 2 2 2
1

1 1 1
2 2 2 2 2

-- é ù æ ö= -ç ÷ê ú+ + - + + - + + +ë û è ø

br br
dr r d b drt d r d b dr r d b dr

(44)

Integrating (44) with respect to r; the last integral to solve is:

2 2 2 2 2 2
0 0

· ·
2 2

+
+ + - + + +ò ò

a ar rdr dr
r d b dr r d b dr

(45)

That responds to the form:

2 2· 1 ·         4
2 2

= - = + + D = -ò ò
x dx b dxlnX X ax bx c ac b
X a a X
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2 2· +
=

D Dò
dx ax barctan
X (46)

Substituting in (46) yields for both terms:

( )2 21; 2 ;= = ± = +a b d c d b

2 2 2 22 ( )   4= ± + + D =X r dr d b b (47)

Now, substituting in the first term of (45):

( )2 2 2

0
0

1 2 arctan
2

é ù-æ öé ù+ + - + ç ÷ê úë û è øë û

a
a d r dln r d b dr

b b
(48)

And bringing equation (48) to the limits of the integral [a,0]:

( )( ) ( )2 2 2 2 21 ln 2 ln arctan arctan
2

-æ ö+ + - - + + +ç ÷
è ø

d a d da d b da d b
b b b

(49)

In a similar way, for the second term of equation (45):

( )( ) ( )2 2 2 2 21 ln 2 ln
2

+æ ö- + + + + + + -ç ÷
è ø

d a d da d b da d b arctan arctan
b b b

(50)

Finally, multiplying by b
2πd

 and grouping, the final result can be expressed as:

2 2 2

2 2 2

1 2
2 4 2p p

+ - + + -æ ö+ +ç ÷ + + +è ø

a d a d b a b d adarctan arctan ln
b b d a b d ad

(51)

It can be demonstrated that the former equates the area subtended by a circular sector that
encompasses the diameter of the emitting disk and the corresponding sector of a hyperbola
defined by the intersection of the unit sphere and the cone [7].

If a=d, the factor is,

2 2

2

1 2 4
2 4p p

+
-

a b a barctan ln
b d b

(52)
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Where the former assert is more easily visualized.

If d=0 the expression is undetermined and the limit is passed with l’Hôpital’s rule, obtaining
the familiar result.

2 2

1
p
æ ö-ç ÷+è ø

a abarctan
b a b

(53)

Equation (51) is entirely new and has never been mentioned in literatures; equation (52)
constitutes a particular case of the former, that is, when a equals d, meaning that the receiving
point lies on the edge of the emitting semicircle; equation (53) is the particular case in which
the receiving point is aligned with the center of the half-disk.

3.4. Extension to three dimensional emitters – Configuration factor between a sphere and a
differential element placed at a random position

After analyzing the previous form factors for the circle, a new question can be deducted. A
sphere can be considered, in terms of radiative transfer as a circle [7], as the viewed area of the
said sphere from a distant point equals always a circle, because only half of the emitter is visible.
Let us consider as emitting source a sphere of radius r, and a differential element, placed
randomly in space at a distance (x,y,z), referenced to the three coordinate directions as shown
in figure 5:

Figure 5. Calculations parameters for the sphere and a differential element at a random position
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The differential element, as in former cases, is defined by its normal, and it is necessary to find
the radiation vector  Fr

→
 impinging on it. Obtaining the modulus (configuration factor) is a direct

operation, the angles formed by the unit element are already known:

1 1 1·cos ·cos ·cosa b g- - -= + +
suu

r d x d y d zF F F F (54)

And expanding each of them,

2

1 2 2 2 3

·
( )

- =
+ +

d x
r xF

x y z

2

1 2 2 2 3

·
( )

- =
+ +

d y
r yF

x y z

2

1 2 2 2 3

·
( )

- =
+ +

d z
r zF

x y z
(55)

3.5. Configuration factor between a sphere and a plane.

Extending the previous deduction to a finite rectangle located at a certain distance to the sphere
in a random position (figure 6), a new unknown factor has been deducted:

2 2 2 1 1 2 1 1
1 2 2 2 2 2 2 2 2 2 2 2 2 2

2 2 2 1 1 2 1 1

1
4p-

æ ö
ç ÷= - - -
ç ÷+ + + + + + + +è ø

A A
x y x y x y x yF arctan arctan arctan arctan

z x y z z x y z z x y z z x y z
(56)

Figure 6. Configuration factor between a sphere and a parallel plane
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4. Graphical visualization

To help visualize the results of this research, some formulas have been programmed by the
authors in Matlab® computational language, which greatly enhances understanding of
radiative exchange between emitting surfaces and receiving planes. 3D graphs have been
produced for a generic semicircular emitter.

Figure 7 shows a generic semicircular emitter that gives energy to a perpendicular plane in its
base. Thanks to this new configuration factor, several radiative properties for these shapes can
be clarified. For instance, a semicircular emitter is not capable of transferring more than 50%
of its energy to a perpendicular plane; this is particularly important in some engineering
lighting applications, such as lighted vaults or tunnels.

Figure 7. The radiative field generated by a half disk of radius 3m. Over the perpendicular plane that contains the
straight edge of the disk in a grid of 10 by 10 m.

Such new configuration factors can also be employed in the analysis of the architectural
heritage in terms of environmental values and specifically in natural lighting; as was stated in
the beginning of this chapter, several of these paradigms of architecture feature a balanced
treatment of natural lighting coming from the sun but, as no calculation methods were
available, their designs were merely the result of intuition and happenstance.

These new configuration factors find application in bringing light to the understanding of the
said designs. In this sense, the authors would like to present the simulation cases of two
epitomes of ancient Roman architecture, whose accurate radiative performance was largely
unknown: the Pantheon (Figures 8, 9) and its superb baroque evolution the Church of
Sant’Andrea all Quirinale (Figures 10, 11, 12).
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Figure 8. The Roman Pantheon illuminated by diffuse radiation of an intensity of 10000 lumen/m2 (lux). Typical situa‐
tion in autumn and spring. Scale 0 to 400 lux.

Figure 9. Simulations of the lighting field inside the Pantheon under clear sky conditions.

In Figures 8 and 9, luminous radiation is dimmed and constant for the lower spaces. It is
outlined that the values for the Pantheon were not significant (sometimes, under 200 lux) and
this fact may have led to the introduction of vertical windows in the drum of the cylinder by
late Renaissance or Baroque epochs. Differences in the peak levels are remarkable (400 lux and
1000 lux) due to the amount of energy coming from the sun and the sky; also, in figure 9 the
solar penetration inside the Pantheon can be distinctly noticed due to the reflection on the left
side of the drawing. These simulations were only possible; thanks to the new configuration
factors for circular emitters presented in this text.
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Radiative performance does not show an acute seasonal variation, but allows for sunshine to
reveal certain decorative details of the structure adding to the reputation of spiritual luminous
atmosphere that encompass the work of Bernini (Figures 10, 11, 12).

Figure 10. Plan of Sant’Andrea all Quirinale’s Church by Bernini (Rome) illuminated by direct solar radiation in win‐
ter. Values in lux (0-800)

Figure 11. Sant’Andrea all Quirinale’s Church. Transversal Section under direct solar radiation in winter. Values in lux
(0-1600)
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The architect and sculptor of light, Gian Lorenzo Bernini completed this masterwork, consid‐
ered to be his own spiritual retreat (Figure 12) and paved the way for further illumination
achievements by Guarino Guarini Figure 13).

Figure 12. Sant’Andrea all Quirinale’s Church. Longitudinal section under direct solar radiation in winter. Values in
lux (0-1600)

Figure 13. Values measured at Guarini’s church in Torino
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In the same fashion of studying radiation due to circular emitters, a building currently under
construction, the new railway station at the airport of Barcelona (Spain) is briefly presented in
an effort to show how simulation can help in the design process and assessment (Figures 14, 15).

Figure 14. Section of the new railway station in Barcelona. Radiative performance design by the author. Project by the
architects Cesar Portela and Antonio Barrionuevo. Values in lux (0-600)

Figure 15. Plan of the railway station in autumn. Values in lux

Changing the scale for the modern requirements of transportation spaces which have become
the cathedrals of our time, the author proposes a lighting design in which the oculus reaches
a diameter of 30 metres and the radiative energy is distributed by means of massive aluminium
louvers with a height exceeding 3 metres in total. The simulations show good values in winter
and summer and an acceptable raise of temperature levels at the glazed aperture due to the
solar protection and the mild climate of Barcelona.
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Figure 16. The Rautatalo building of 1955 by Alvar Aalto, Helsinki. Simulation of 40 skylights (8*5), performed in June
with direct sunlight and monitored on 21st of June 2011. Values in lux

Figure 17. Solar chart of Helsinki. Latitude 61.16 degrees North

The final case to be introduced is the Rautatalo building of 1955, by the modern Finnish master
Alvar Aalto. Originally a department store, it beckoned Helsinki’s citizens by its intelligent
use of luminous radiation, enhanced by conical skylights subtly adapted to the solar path in
this lively northern city. (Figures 16, 17)

The latter example, the Rautatalo building, brings the reader back to the efforts of the modern
movement in architecture to control radiation. With 40 circular skylights it was subsequently
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adapted to many projects around the world, which generally speaking fared less well than the
original for climatic and economic circumstances.

5. Conclusions

In this chapter four new configuration factors related to circular emitters have been presented.
They have been deducted via direct analytical work, solving the integral according to the
canonical expression of the theory of configuration factors.

In this sense, the components of the radiative field for the three directions of the space with
respect to a circular emitter have been found. It is important to stress that thanks to this
new factor radiative field can be assessed in any point of the space. In this way, former
restrictions regarding the position of the receiving point [8],[9] have been superseded by
the new expressions.

It is suggested that several complex surfaces can be estimated in a similar manner, provided
that they allow for some decomposition into clusters of tangent circular elements; to perform
this operation only the direction of the normal vector at each point considered is needed. With
the aid of CAD software and simulation programs, such procedure is readily facilitated.

Following mathematical deduction this factors can be extended to three-dimensional emitters;
the case of a spherical source is remarkable, as the viewed portion of a sphere from a receiving
differential element can be assimilated to a circular emitter. Extension of this factor for a finite
receiving surface, that is, a rectangle, allows for more complex calculations.

After this mathematical deduction, advances in the practical application of these new factors
have been presented, mainly in the field of lighting engineering, natural lighting in architecture
and thermal engineering but also in human comfort and medicine areas. The architectural
examples, a set of climate-responsive buildings would remind the reader that, in order to
produce universal results there is the need to consider local weather parameters.

Such a meticulous task can only be achieved in the case of solar radiation with the help of
scientific Approach that we believe to have greatly facilitated by the discovery of new
expressions to regulate the transfer of energy due to circular and other curved emitters and by
creating and diffusing powerful and simple computer programs that successfully implement
the desired algorithms.
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