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Abstract - In solar PV fields, solar photovoltaic panels are typically
arranged in parallel rows one after the other. This arrangement
introduces variations in the distribution of solar irradiance over the
entire field, compared to measurements made at meteorological weather
stations and data obtained from solar radiation databases. This is due to
the difference in the view factors between the rows of the solar PV field
and a single reference surface, as well as the presence of shade on rear
rows and in the space separating the rows. These phenomena combined
will reduce the energy yield of a solar PV field. Accurate estimation of
solar radiation on solar fields requires knowledge of the sky, ground,
and rear surface of the preceding row view factors, and an estimation of
the time and space occupied by the row’s shadow. Prior literature has
addressed this issue using two-dimensional (2D) techniques such as
Crossed-Strings Method, which this study proved to be inaccurate
particularly in the case of Rooftop solar PV fields. This study uses a
novel three-dimensional (3D) analytical and numerical analysis to
determine the view factors associated with solar fields using hourly solar
irradiance data acquired from Solar-GIS for the period 2007-2020,
including global, beam, and sky diffuse irradiance components on
horizontal plane. The study uses both isotropic and anisotropic
transposition analyses to determine solar irradiance incident on the
solar field with varying tilt angles of solar panels and distance separating
the rows.

Index Terms - PV Solar field, view factor, sky view factor,
ground view factor, rooftop solar PV

I. INTRODUCTION

With the exception of the first row in a solar field, it is not
well known that the total solar radiation incident on the rest
of the solar field consists of four components; beam, sky
diffuse, ground reflected, and radiation reflected from the
back of the front rows [1,2]. Arranging solar fields in rows
one after the other inevitably results in uneven intensity of
solar radiation over the entire field, which is not reflected in
meteorological databanks and is not accounted for in
traditional transposition models in the calculation of
irradiance on an inclined plane [3]. The inherent differences
in the sky and ground view factors amongst the solar field
rows and the presence of shadows in the space separating the
rows make the handling of ground-albedo for the entire solar
field more complex than it would for a single row array or the
first row of a solar field, as was discussed in several
experimental [4] and theoretical research studies [5].

View factors are widely used in radiative heat transfer
analysis of many energy engineering applications. An on-line
compilation of view factors for over 300 common geometries
is provided by Howell [6], and the list is regularly updated
with new geometries. Nassar recently developed a numerical
model that facilitates the simulation of all types of solar fields

[7]. Most studies relating to view factors were reviewed in
[8]. View factors of photovoltaic collectors on roof tops of
buildings were reported in [9], and view factors of solar
collectors deployed on horizontal, inclined and step-like
planes were discussed in [5]. All previously maintained
studies addressed the solar PV field as a two-dimensional
problem. In general, two-dimensional analysis is based on the
hypothesis that the length of a row is infinitely longer than its
height [9]. Although this assumption might be considered
reasonable for large solar PV fields, the same cannot be said
for rooftop solar PV installations. The installation of solar
PV on roof-tops of buildings is becoming more widespread
and can be a solution to the energy problem in many countries
[10,11].

The view factors of the sky and the ground as seen by the
rows of solar PV field has typically been calculated by means
of Crossed-String Method (CSM) [4,5,8]. What distinguishes
this study from its predecessors is the use of three-
dimensional  analysis to  address the problem
comprehensively, making it applicable to any type of solar
field. A key finding of this work is the outline of two
approaches to estimate solar irradiance incident on solar field
rows for isotropic and anisotropic skies, something that has
not thus far been studied, to the best of our knowledge. This
represents the significance of the present research.

II. MATHEMATICAL MODELLING OF VIEW FACORS

A. Definition and Algebra of View Factors

The view factor F, 4; is defined as the fraction of
radiation leaving surface A; that is directly striking surface
A;. Knowledge of basic view factor algebra is necessary for

analysing and solving view factor problems, some of which
are [12]:

The reciprocity rule: AiFAi_Aj = AjFAj_Ai )
The summation rule: ¥, Fyp, = 1 2)
The superposition rule: 3)

FAi—(Aj1+Ajz) = FAi—Aj1 + FAi—Ajz
B. Two-Dimensional approach for calculation of view

factors

One of the most widely used methods for two-
dimensional analysis of view factors is Crossed Strings
Method (CSM). CSM is applicable to geometries that are very long
in one direction relative to the other directions. By attaching strings
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between corners, as illustrated in Fig. 1, CSM can be expressed as

[5]:

F Y crossed strings — Y, uncrossed strings
inj =

“

2 X string on surface i

According to this definition, the view factors may be written
as:
1+ cosp

FA1—>S =f (5)

1

FAZHS 2

d d :
1+, - \/(W - cosﬁ) + (sin/?)z] 6)

Where: Fy, s is 1* row to sky view factor, F _¢ is 1* row to
ground view factor, Fy, ¢ is 2" row to sky view factor, F, Aymsg
is 2" row to ground view factor, and Fy, _,, is 2" row to
rear-surface of the 1% row view factor, f is the surface tilt angle
and d presents the distance separating the rows, W is row’s

. . d .
hight and the fraction -, bresents the aspect ratio.

Fig. 1 Definition of crossed-strings method for two surfaces of infinite
length

Fig.2 illustrates a comparison between the 2™ row
surface view factors for different design parameters, for
CSM and 3D analysis

o L/W=1 & L/W=10 +L/W=25 o L/W=50 o0L/W=100 x L/W=200

0.25

02 =
CSM.

Faptar

Fig.2. Comparison of view factors of surface F,, obtained by CSM and 3D
analysis as a function of aspect ratio d/W for various aspect ratios L/'W
and B=30°

Error in the estimation of view factors is calculated using
the formula:
F, (CSM) —F, (3D)
E 0 = 22 2 X 100
r7or% F,. (CSM)
For solar field with aspect ratios % ~ 1.5 and % ~ 25, the
view factors estimates showed errors of 3%, -1% and 44% for
Fa s, Fa,g and Fy, 4, ., respectively. In the case of rooftop

(7

solar PV installations with aspect ratios % ~ 1.5 and % ~ 5,
the errors were found to be 30%, -6% and 38% for F s ,
Fy,gand Fy,_, , respectively. It should be noted that CSM
produced a large Fj,,,,. error even for vertical planes

compared with 3-D analysis. Applying eq (10) for the same
solar field ( % ~ 1.5 and% ~ 25), the errors produced were

0.4% for 3D method [8] and -11% for CSM.
The inherent restriction of CSM where the length of a solar

field is assumed to be much longer than its width (i.e. % =

) is applicable only in large solar PV fields >100 MW. In
comparison, smaller solar PV fields such as rooftop

installation where the aspect ratio % is relatively small (<5),
the view factors estimates exhibit significantly larger errors.

C. Three-Dimensional approach for calculation of view
factors

In order to achieve improved predictions of energy yield,
costs, and ensure optimum design, it is necessary to adopt a
3-D analysis approach to accurately calculate view factors of
solar PV fields. Fig.3, shows two solar collectors placed one
behind the other to represent a solar PV field, indicating all
the view factors associated with it, serving as a reference for
the remaining discussion in this paper. It also presents the
nomenclature of view factors that take place in a horizontal-
plan fixed-mode solar PV field at any moment of time.
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Fig.3 View factors of a horizontal plane solar PV field at an instant of time

The view factors expressions presented in references [6,7]
can be rewritten to match the geometry of the solar PV field
depicted in Fig.3. It should be noted that these multi-
integration expressions have no mathematical solution and
will require the use of numerical techniques to evaluate them.
The 4™ order integral has been solved numerically by Nassar
by means of Simpson’s 1/3 rule [7]. While other integrats are
partially solved with one term remaining unsolved. The
unsolved term is solved in this work numerically by means of
Gaussian Quadrature 5 points rule.

D. Calculation of shadow in space separating rows

Shadow plays an important role in determining the ground
view factor for the 2" and subsequent rows. The space that
separates the rows can be divided into two parts, shaded and
unshaded zones. Estimation of shadow in solar fields has
been studied extensively [13, 14]. Alsadi and Nassar
developed a general expression for shadow geometry in all
types of solar fields [15].

Since the length of the shadow in the space separating the
rows is much longer than its width, it can be assumed that the
shadow is of rectangle shape, which will have the effect of
simplifying the problem without significant effect on the
results. Fig.4 depicts the graphical representation of the
derivation of expressions for shaded and unshaded zones. The
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expressions that represent the length of shaded g; and
unshaded g» zones shown in Fig. 4 can be written in the form
of dimensionless ratio of lengths Z; and Z; of shaded and
unshaded zones, respectively, to the distance separating the
rows (d), to give the following equations:

Lo By
Z, W W sinf a > dad-
oz ol - 8
d dcosﬁ+dmnacos(® (2 i Zy Ly ®)
—>1 —=1
A
2 2 _
L_, 4 if a<%3a=0 ©)
d " d

Fig.4. Graphical representation of shaded and unshaded zones in a solar
field

II1. METHODOLOGY

The methodology begins with calculating all view factors
of first and second rows, in additional to calculating the
shadding occurring between the spaces separat the rows. The
followed approach can be outlined in the following steps:

A. First row view factors

The first row of a solar field can be thought of as a single
tilted surface for the purpose of determining the view factors
associated with it and solar radiation incident upon it. The
first row view factors include two factors, those are:

1. First row-Ground view factor; Fy g4

The subscript g refers to ground surface seen by the first
row surface Aj, assuming the ground surface in front and on
either side of the first row is unshaded. Accordingly, the value
of Fy, 4 is constant and it is effected only by the tilt angle j.
And it is directly proportional to the tilt angle £.

2. First row-Sky view factor; Fy, ¢

The value of F,, _, is constant, and it effected only by the
row tilt angle 8. And it is F,, ; is inversely proportional to
the tilt angle f.

B. Second row view factors

In general, the second row view factors include four
factors, those are:
1. Second row- reae surface of first row view factor;

F Az—Axr
The view factor Fy,_, 4, . represents the 2™ row to rear surface
of the 1 row view factor.
2. Second row-ground view factor; Fy, (g, +g,)

The subscripts g+ and g2 refer to the shaded and unshaded
zones, respectively. The value of Fy, (g, +¢,) 1S constant, and
depending on solar field design parameters f and d.

3. Second row-sky view factor; Fy, ,sky

The sky view factor is considered one of the most
important factors due to its relatively large effect on the
contribution of sky-diffuse irradiance to the total global solar
radiation. The value of F,,_, s, can be obtained by applying
the superposition rule. The second row sees the sky as the first
row sees it (Fs, g, ) less the blocking that takes place due to
the presence of the first row in front of' it (Fy,4,,)-

4. Second row-ground view factor; Fy,_,,

The subscript g refers to ground seen by row, in front and on
either side of it. Its value is obtained using the summation
rule, by subtracting the total second row view factors from
that of the first. We assume that the total ground area in this
case is unshaded.

C. Dynamic view factors

Four view factors are classified as dynamic view factors;
this is because they are dependent on the shadow that occurs
in the space separating the rows. Shadow, in turn, depends on
time and location hence the name “dynamic”. These view
factors are: Fa, 4., Fa,~g,> Fa,,»g, and F, 4, . They are
respectively: view factor between the 2™ row and the shaded
zone g,, view factor between the 2" row and the unshaded
zone g,, view factor between rear surface of the 1% row and
shaded zone g, and view factor between rear surface of the
1% row and unshaded zone g,, as illustrated in Fig. 3.

D. Calculation of Shadow

Shadow is strongly dependent on the design parameters,
location (@) and time represented by solar altitude and
azimuth angles o and y respectively. It is a well known fact
that shadow is longer at high latitudes, early in the morning
and late in the evening, reaching its longest in winter solstice.
Conversely, it is shorter at solar noon, reaching its shortest at
summer solstice, according to the approach that prescribed by
Alsadi and Nassar in [15].

Iv. RESULTS AND DISCUSSIONS

Fig.5 illustrates the relationship between the view factor
Fy,a,, and design parameters of a solar PV field in contour
forms.

Fig.5 shows that increasing the tilt angle £ leads to a
significant increase in the view factor F,,_,,. by a cubic
order polynomial. Similarly, an increase in the value of

Fy,4,,is almost proportional to that of the aspect ratio %. On

the other hand, the influence of aspect ratio % is limited to
values <10 as in the case of rooftop solar installation.
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Fig. 5. Contour representation of F,_,,, as a function of aspect ratio n

. . L
and row tilt angle S, for various values of aspect ratio v

The effect of solar field design parameters on the value of
Fp, (g, +g) 1s depicted as contour plot in Fig. 6.
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Fig. 6. Contour representation of Fg4,_,4,14,) as a function of aspect ratio

w . . L
" and row tilt angle B, for various values of aspect ratio e

Fig. 6 shows that increasing row tilt angle / leads to an
increase in view factor Fy,_,(g4,+4,) With a quadratic power
polynomial scale. It also shows that increasing the value of
aspect ratio % leads to a linear decrease in the value of
Fa,-(g1+g,)- On the other hand, increasing the length of the
row for aspect ratio %< 10 leads to a large logarithmical
scale increase in the value Fy,(4,+g,), flattening beyond
% > 10 into a straight line having zero slope.

Fig. 7 is a contour plot showing the behaviour of Fy, g,

when changing the design parameters of the solar PV field f,
% and %
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Fig.7: Contour representation of Fy,_,g,, as a function of - f and e

The row tilt angle is a critical parameter in the sky view
factor such that increasing the row tilt angle leads to a
reduction of the value of sky view factor by a cubic order
polynomial. Conversely, the value of sky view factor is
inversely proportional to the aspect ratio %. The length of
row, on the other hand, has an inverse power effect for low
aspect ratio % < 10, diminishing to have no effect for larger
aspect ratios.

Fig. 8 is a contour plot representing the relationship
between the F,,_,; and the solar PV field’s design parameters
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Fig.8: Contour presentation of Fy,_,; as a function of S, g and %

Fy,q is significantly affected by tilt angle 8, having

almost direct linear relationship. With respect to the
. L .

aspect ratio -, the view factor F,,.,, has a power

. . . . . L .
function relationship where increasing " for ratios <10

leads to a sharp decrease in F,_,4, diminishing to no
effect for larger ratios. On the other hand, the aspect ratio
W/d has a lesser effect being almost direct proportion to
Fpyg-

Defining shadow as it relates to solar PV fields depends
on field dimensions and row tilt angle as well location and
time. Of these parameters, however, row tilt angle £ is
considered the most weighted and flexible parameter to
control in order to influence the effect of shadow. Vokony
and et. al. recommended tilt angles for European installations
not to exceed 30° [16], while a tilt angle of about 20° was
recommended for North Africa [17,18]. Fig. 9 is a radar plot
representing a comparison between two categories of
locations: MENA with @ = 30°, 8 = 20° and Europe with
@ = 40° 8 = 30° for both longest and shortest shadows
occurring on June 21% and December 21% respectively, for

several aspect ratios % = 0.5,0.67 and 1.0.

~%10

e

Fig. 9: Comparison of shadow zone length ratio % between two locations
with different tilt angles on the 21% of Summer and Winter Solstices. The
aspect ratio g is a parameter

V. A CASE STUDY

The results presented here are for a horizontal-plane
fixed-mode solar PV field project planned by the Libyan
government in an effort to transition to electricity generation
using abundant renewable energy resources available in the
country. The project is located on the outskirts of the capital
city Tripoli (32.815°N,13.439°E). The solar PV field is
orientated due south (3 = 0), having a tilt angle f = 20°
from the horizontal , the rows dimensions L X W are 200 X
6 m, with the rows placed 9 m apart.

Applying the above maintioned approach for the above
solar field yielded the results depicted in Fig. 10 represented
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as radar chart for the 21% of every month for both shaded and
unshaded zones.

View factor of second row; Fy,

second row- rear surface of first row view factor; Fy, 4, .
The view factor Fy,_,,,, was determined by solving the

multi-integral equation. A modified version of FORTRAN

code developed by Nassar [7] was used to numerically

evaluate the view factor Fy,_,,, .

Fpyn,, = 0.02444224

(10)

Fig.10. Aspect ratio of shaded and unshaded zones % and % for the 21* of

every month for given design parameters
@ =32.815°N,y =0,5=20° LXW =200X 6 mandd =9.0m

Second row- sky view factor; Fy,_s

The view factor F,,,; is a constant value and it
dependents only on design parameters. Fy,; has been
obtained by applying the superposition rule. The second and
subsequent rows see the sky in the same manner as the first
row (F4,_s) less the blocking that takes place due to the
presence of the first row (F4,-4,,), given by:

1+ cosp
FA2—>s = FA1—>5 - FAZ—»A” = f —Pay-a,, (1 1)

Fy,s = 0.969846 — 0.02444224 = 0.9454041

Second row- space separating rows view factor; Fa,_ g, +4,)

The view factor Fu,(4,+4,) 1S @ constant value
dependent only on design parameters. This view factor
represents the view factor between surface of second row and
space separating rows (Z; + Z;). The value of Fy, (g, + g, for
given solar PV field characteristics was found to be:

(12)

Fiys(gy+gy) = 0.0178627

Second row- sunny zone view factor; Fy,_4,

The value of view factor Fy,_,, is obtained either by
applying eq. (9) or in the same manner as calculating
Fy,-(g1+g2) Substituting the length of unshaded zone Z, for d

such that the aspect ratio become ZK and zi
2 2

Second row- shaded zone view factor; Fy,_q,

The view factor Fy, g4 is calculated directly from the
superposition rule by subtracting F,,_4, from Fu,_cg,4+g,)
giving:

(13)

FA2—>91 = FAZ—»(g1+g2) - FAz"Qz

The dynamic values of Fy,_,,, and Fy,_,,, are depicted in
the form of radar chart in Fig. 11 for the 21% of every month.
Since the values of F,,_, and F,,_,, are complementary
and dependent on shaded and unshaded profiles, increasing
the shadow length leads to an increase in Fy,, and a
decrease in Fy, 4, , and vice versa. The symmetry of the two
profiles can be observed in Fig. 11.

Fig. 11 Hourly values of Fy,_,; and Fy,_,,, for the 21* of every month

—92
Second row- surrounding ground view factor; Fy,_,4

The subscription g refers to the ground surrounding the
second, not including the space separating the rows (g, + g2)
and assumed to be unshaded. The value of F, Nyorg is obtained
by applying the summation rule:

FAz—'Q =1- (FAz—'(91+gz) + FAz—'Sk;V + FAz—’Alr)

(14)

Fyng =1—1(0.0178627 + 0.9454041 + 0.02444224)
=0.0122939

Rear surface of first row- space separating rows view
Jactor; Fp,,o(g1+g5)

The view factor F, _(gi+g, is a constant value
dependent only on design parameters. It is determined and

found as:
Fpyyo(giigy = 0.9175759

(15)
Second row- sunny zone view factor; Fy, _g,

The view factor between rear surface of first row and
unshaded zone g, is obtained by using view factor algebra
summation rule eq. (2) by subtracting the value of F, g,
from the view factor of the total space separating the rows

FA1r—>(gl+gz)'

Fairsgs = Fayrs(g1+92) ~ Farrogs (16)

The dynamic values of F,, _,, and F, . are depicted
in the form of radar charts in Fig. 12 for the 21% of every
month. The value of F, g is high at low tilt angles,
influenced largely by the width of shaded zone Z;. The
relationship is clearly demonstrated by the similarities
between Fig. 12 in that the value of F, , ;. goes up with an
increase in width of shaded zone Z; and vice versa.

Rear surface of first row-surrounding ground view factor,
FAlr"g

The view factor Fy_, _,, is treated in the same way as with
sky view factor of second row Fy,_ g, using the
superposition rule. The rear surface of first row sees the
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surrounding ground in the same manner as the first row sees
the sky (Fy, ) less the blocking that takes place due to the
presence of the second row (Fy,_, 4,,) and the space separating
the rows, giving:

14 cosp
FAn*g = 2 - (FAHH(.%*HZ) + FAz*An)
an
FA1r—>!I = 0.96984631 — (0.9175759 + 0.02444224)

=0.02782817

This value represents what the row sees from the ground
surrounding the row, assumed to be unshaded.

Fig. 12: Hourly values of Fj, _; and Fy, o for the 21* of every month.

—01

=92

Rear surface of first row- sky view factor; Fy , g
The view factor F,,, s is a constant value dependent only

on design parameters and treated in the same manner as Fy,

using the summation rule, giving:

Fpppos = 1= (Fayng + Faynggiign + Fagoay) (18)
Fy,»s =1—(0.02782817 + 0.9175759 + 0.024442243
= 0.0301537

VI.  CONCLUSIONS

This research used 3D numerical analysis to calculate the
view factors of a horizontal plane fixed mode solar PV field.
However, it can equally be applied to all types of solar fields,
including rooftops and building fagades. It only requires
defining the view factors between the PV panels and the
environment. The influence of the design parameters,
location and time are analysed. The present study shows that
the tilt angle has a higher weighting compared to other design
parameters. The key finding of this research is improved
accuracy of estimation of solar PV field potential by
introducing a model for estimating reduction in solar
irradiance incident on the 2" and subsequent rows relative to
the first row of a solar field. The obtained results showed that
reduction in solar irradiance is higher at high latitudes,
reaching 2.3%. In addition, the reduction in solar irradiance
is high under overcast sky conditions, reaching 17% at high
latitudes and up to 5% in North Africa region, and 30%
reduction in solar radiation for shaded zones. It is highly
advisable that shading in solar fields be avoided where
possible with measures such as reducing the tilt angle and/or
increasing the distance separating the rows. Although, the
later measure has some economic implications which need to
be considered.
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