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Abstract: Photovoltaic collectors in the second and in the subsequent rows in a multiple row 
deployment of PV fields are subject to two effects: Shading and masking both of which reduce the 
incident solar radiation, and hence reduce the electric energy generated by the PV field. Shading 
affects the direct beam incident radiation and masking (expressed by the sky view factor) affects the 
diffuse incident radiation on the PV modules. Both effects depend on field and collector geometric 
parameters. The result of these effects is uneven distribution of the incident solar radiation on the PV 
modules, manifested by formation of steps across the I-V characteristic. However, these two effects 
differ in their nature-shading depends on the movement of the sum and is time dependent whereas 
masking is position dependent and attains constant values, dependent on geometrical parameters 
only. Not much attention was paid in the past to the masking phenomenon and its effect on the power 
loss of PV systems. A series of recent works show that masking in PV fields is an emerging topic of 
technical significance. Masking may be more detrimental than shading, especially at locations with 
high percentage of diffuse radiation. 
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1. Introduction 

Photovoltaic (PV) systems are usually deployed in multiple collector rows in PV fields. The 
rows are separated by a distance. The PV collectors in the second and in the subsequent rows are 
subject to two effects: Shading and masking both of which reduce the incident solar radiation, and 
hence, reduce the electric energy generated by the PV field. Shading affects the direct beam incident 
radiation and masking affects the diffuse incident radiation. Masking is expressed by the view factor 
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of the collector to the sky (sky view factor). Although both effects are detrimental to the energy 
generation of the PV field, the energy loss mechanisms are different. Shading depends on the 
movement of the sun in sky and on field and collector geometric parameters, whereas the sky view 
factor depends of the geometric parameters only. The shading and masking effects, in this review 
article, are limited to mutual shading and masking between collector rows. The article does not deal 
with shading on the PV collectors by overhead wires, poles, trees and other structures, and does not 
deal with masking on collectors by other obscuring objects. 

Figure 1 shows two collector rows facing south. The front (first) collector cast, at a given time, 

a shadow (gray) of length sL and height sH  on the second collector. As the shaded and unshaded 

areas of the collector vary with time during the day, the cells in the PV module are exposed to 
non-uniform incident solar radiation. Since the cells are connected in series in the PV module, the 
‘weakest’ cell dominates the module performance and therefore, the loss of energy due to shading is 
un-proportional and is much beyond the shaded area. 

While the direct beam radiation is deterministic in nature, the diffuse incident radiation can be 
envisioned as arriving from multiple sources distributed across the sky-dome. As the sky view factor 
parameters are associated with different parts on the collector surface, these parts ‘see’ uneven 
portions of the sky and consequently, receive different amounts of diffuse radiation (hence receive 
different amounts of global radiation). In this case, cells on the upper part of the PV module are 
exposed to higher incident diffuse radiation than cells in other parts, therefore the current mismatch 
between the cells results in power loss. Both shading and masking are field and collector parameter 

dependent: Collector width H , collector inclination angle  , row-to-row distance D , and are 

independent of the collector length for L  above 15 meters. These two effects, shading and masking, 
have technical significance implications because the design of PV system is based on module's rated 
power for all modules in the PV field. Mitigating these effects may be achieved by decreasing the 

height ( sinH  ) and increasing D . However this approach is bounded by the available land area, 

generated energy and economic considerations. The purpose of the present article is to provide a 
review on shading and masking in photovoltaic systems and their effect on the loss of energy, 
designers of PV system must take into account. 

 

Figure 1. Shading by collectors. 
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2. Shading 

The effect of shading, of various kinds, cast on PV collectors and affecting the I-V 
characteristics and the performance of the PV systems has been dealt in many articles and will not be 
mentioned in the present review paper. The present article mentions articles that present the shading 
on PV collectors (mutual shading) in solar fields by analytical expressions [1–11]. Berra et al. 
developed an analytical-numerical method for shading calculation for concentrating 
cylindrical-parabolic collectors in multiple rows [1]. Appelbaum et al. [2]; Jones et al. [3]; Budin et 
al. [4]; Bany et al. [5]; Groumpos at al. [6]; Elsayed [7,8]; Passias et al. [9]; Thakkar et al. [10]; 
Quaschning et al. [11] formulate shading expressions for flat plate collectors in multiple row 
deployments. Bany et al. [5] is an extension study to Appelbaum et al. [2] and the approaches of 
Jones [3]; Budin et al. [4]; Groumpos et al. [6] are generally similar to Appelbaum et al. [2]; Bany et 
al. [5], and Elsayed [7]; Elsayed et al. [8] calculate also the shading losses. Passias et al. [9]; Thakkar 
et al. [10]; Quaschning et al. [11] deal with shading losses of flat plate PV collectors in solar fields. 

The shadow height sH  and length sL  is given by [5], respectively: 
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where   is the sun altitude and s  is the sun azimuth. 

For 0s  , the shadow is eastward, and for 0s  , the shadow is westward. 

The relative shaded area is: 
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where sh  and sl  are the relative shadow height and length, respectively. 

Therefore, the direct beam incident radiation s
bG , in Watts, on a shaded collector becomes [2]: 

(1 ) coss
b bG H L s G                                    (4) 

where bG  is the direct beam radiation on the collector perpendicular to the solar rays;   is the 

angle between the solar ray and the normal to the collector surface. 
The amount of shading depends, among others, on the distance D  between the collector rows 

and is usually determined by the shadow length on the ground when the solar elevation angle is at 
minimum, namely on Dec. 21 at solar noon [12]: 
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where   is the site’s latitude and 0 23.45    is earth’s declination angle during winter solstice. 

Another approach is providing a sufficient distance between the rows for maintenance purposes of 
the PV system. In optimized PV fields for maximum annual incident energy of the PV field, the 

distance is determined by the optimization process. An optimized PV field at Tel Aviv, latitude32o N , 

with 1.882H m , field dimensions 2100 100 m  resulted in 17o  , 38 collector rows and

0.85 mD  . The difference in direct beam incident radiation between the first (unshaded) and 

second collector (shaded) is 0.49%. Increasing the distance to 1.5 1.275D m   decreases the 

shading to 0.32%. Applying Eq 5 for 17o  , the distance becomes 0.8D m . For different 

objective functions of the optimized PV fields, one may obtain different row- to row distances. The 
difference in the direct bean incident radiation between the first and the second collector is more 
pronounced with the increase of the inclination angles. 

An example of the shadow variation ( ( )s sh f l ) on the second collector row of a certain PV 

field is shown in Figure 2, for morning hours (symmetrical for afternoon hours) on January 21st for 

two row distances D . The relative shaded area ( s sh l ) is indicated at 10:00 am. The area for 

2.07D m  is much smaller than for 0.8D m  and becomes zero from 10:36 am and on, whereas 

shadow persists all day long for 0.8D m . 

An example of the daily direct beam incident radiation, in kWh, on a second collector row of a 
PV field on December 21st is shown in Table 1 for an inclined collector row with an angle equal to 

the latitude 32o N    and row-to-row distance 0.8D m . The collector consists 50 modules, 

1.293 0.33m m  each, arranged in 5 rows; 10 modules in each row. One may notice that the PV 
modules receive uneven direct beam radiation due to shading, and higher rows (#1 and #2) receive 
more incident radiation then lower rows (#3, #4 and #5) because higher rows are exposed to direct 
solar rays for longer time. Row #5 is almost shaded during the day. In summer months the 
distribution of the direct beam incident radiation on the PV modules is less dispersed. 
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Figure 2. Shadow variation sh = f ( sl ) for January 21st. 

Table 1. Daily direct beam incident irradiation on modules, in kWh, on December 21st. 

Row #1 1.19  1.19 1.19  1.19 1.19 1.19 1.19 1.19 1.19 1.20 

#2 1.18  1.18 1.18 1.18 1.18  1.18 1.18 1.19  1.19   1.20 

3# 1.12 1.12  1.12  1.12  1.12  1.12  1.12  1.12  1.13  1.19 

#4 0.53  0.53  0.52 0.52 0.52 0.52 0.53 0.53 0.54 0.69 

5# 0 0 0 0 0 0 0 0.01  0.01 0.16 

3. Masking 

Masking (obscuring part of the sky) of a collector row by a neighboring row is expressed by the 

sky view factor and is a numerical value formulated by the collector width H , inclination angle   

and the distance between the collector rows D , see Figure 1. The sky view factor varies with the 
distance x  along the collector width H , (see Figure 3). The diffuse radiation collected by PV 
collector is coupled with a view-factor of the collector to sky and may constitute a large portion of 
the global radiation. The diffuse incident radiation on a PV collector is given by [12]: 

d dhG F G                                            (6) 

where dhG  is the diffuse radiation on a horizontal plane and F  is the sky view factor of the 

collector. 
The daily diffuse radiation is given by [12]: 

( )
ss

sr
d C dhQ A F G d




                                      (7) 

where CA  is the collector area, dQ  is the daily diffuse energy,   is the solar hour angle, and 
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,sr ss   are the sunrise and sunset hour angles, respectively. 

 

Figure 3. Calculation of the sky view factor. 

According to Bany et al.[5] the local sky view factor is given by: 

2
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And the average sky view factor of the entire collector H is therefore: 

0

1
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For the common case (see Figure 4) where collectors are deployed on a horizontal plane, the 
sky view factor of the collector H  on the right side is [5]: 

  
 2 1/21 sin
cot [(1 ]

2 2H skyF d d
                            (10) 

where / sind D H  . 

 

Figure 4. Collectors deployed on horizontal plane. 

View factors have wide applications in radiative heat transfer [13–19]. These references deal 
with thermal radiation between surfaces. In photovoltaic systems, view factors are referred to electric 
energy generation. Not much attention was paid in the past to the masking phenomenon and its effect 
on the power loss of PV systems. The detrimental effects of the view factor associated with the 



83 

AIMS Energy  Volume 7, Issue 1, 77–87. 

diffuse radiation have been addressed in recent works which established the view factor as an 
emerging subject of technical significance. 

Mathematical expressions for sky view factors for collectors deployed in multiple rows in PV 
fields are developed in Bany et al. [5]; Maor et al. [20]; Appelbaum et al. [21]. Usually the length of 
the row is much larger than its width therefore the ‘cross-string rule’ by Hottel [22] is more 

convenient to apply than the method in Bany et al. [5]. The view factor between surface 1S  and 

surface 
2S  may be determined with the help of Figure 5. 

 

Figure 5. Calculation of view factor between two surfaces. 

The view factor is given by: 

1 2 2S S

CF DE CE DF
F

CD
  




                           (11) 

where CD and EF are the widths of surfaces 1S  and 
2S , respectively, ED and CF are the diagonals, 

and CE and DF are the distances between the surface edges. According to Hottel, the (average) sky 
view factor of collector H  on the right (see Figure 4) is: 

2 2 1/2cos [ ( sin ) ]
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H D H D H
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                       (12) 

And the sky view factor for a single row of collectors, or for the first row in a multiple row 
field is [23]: 

(1 cos ) / 2F                                       (13) 

In optimized PV fields, mentioned in Section 2, the view factors of the first, Eq 13 and second 

collector row, Eq 12 are 1 0.978F   and 2 0.934F  , respectively. The percentage annual energy 

loss due to masking (diffuse radiation) on the second collector row caused by the collector in front, 
amounts to 4.45%. The percentage annual global energy loss due to shading and masking on the 
second collector row amounts to 1.64%. The incident diffuse radiation on the second and subsequent 
collector rows dominates the energy loss of the PV field. 

Moreover, multiple collector rows of photovoltaic fields containing several modules placed one 
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above the other along the collector width, experience uneven diffuse incident radiation distribution 
caused by differences in the modules' sky view factor [12]. For an optimized PV field [12] at Tel 

Aviv, latitude 32o N , with two modules 0.941H m  each along the collector width and field 

dimensions 2100 100 m  resulted in 17o  ; 38 collector rows; 0.85mD  , the top module 

collected 6.57% more diffuse energy than the bottom module, because the sky view factor of the top 

module ( 1 0.966F  ) is greater than the sky view factor of the bottom module ( 2 0.902F  ). 

The effect of masking is even more detrimental to the PV cells within the module. In typical 
crystalline silicon PV modules, a common layout is 6 strips of cells (see Figure 6) with 10 cells in 
each strip. Each strip sees the sky with a different angle, i.e., the local view factor of each strip is 
different (see Table 2) and consequently, the diffuse incident radiation is different for each strip. As 
all cells in the module are connected in series, there is a current mismatch between the strips 
resulting in formation of steps on the I-V characteristic and therefore, reducing the output power of 
the module [25,26]. The current mismatch is more pronounced in locations where the diffuse 
radiation consist a large portion of the global radiation. Appelbaum [27] addressed this issue for the 
first time. 

 

Figure 6. PV module divided by 6 strips. 

Table 2. Sky view factors of 6 strips for 30 , 0.68D m     and 0.942H m . 

6 0.7507F   5 0.8095F   4 0.8531F   3 0.8850F 2 0.9084F   1 0.9258F   

Table 2 indicates that the percentage difference in the sky view factor between the top and 

bottom strips is %
1 6 1 6 1100( ) / 18.91%F F F F    . Increasing the inclination angle   causes a 

reduction of the view factor as the modules in successive rows obscure greater parts of the visible 

sky. For 20    the percentage difference is 9.46% and for 50    it rises up to 39.77% [26]. 

Peled et al. [26] predicts an overall percentage power loss of the module that ranges 2.8% up to 
about 25%, depending on the module inclination angle, the row-to-row distance and the 
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percentage diffuse radiation. 

4. Discussion 

In multiple collector rows of PV fields the second and subsequent rows are subject to two 
effects, shading and masking, both of which reduce the electric energy generation of the field. 
Although both effects are detrimental to the energy generation their energy loss mechanism is 
different. Shading on collectors depends on the movement of the sun in sky and affects the direct 
beam incident radiation on the PV modules, and masking affects the diffuse incident radiation on the 

modules. Both however, depend on field and on collector geometric parameters ( , ,H D  ). Still, as 

shading depends on the sun movement in sky, the amount of shading and its pattern varies with time 
during the day along the collector surface. In most times, shading takes place on the ground only and 
not affecting the collector power output (depending on the row-to-distance). Masking-expressed by 
the sky view factor- however depends on the geometric parameters only and is constantly 
independent on time. On the other hand, the value of the view factor is position dependent since it is 
a local value that varies along the width H  of the PV collector. Both effects result in uneven 
distribution of the incident solar radiation on the PV modules, forming steps across the I-V 
characteristic and reducing the output power of the modules. Indeed, increasing the row-to-row 
distance D  will reduce shading and masking but will also increase the land area and the length of 
cables and their costs, increase voltage drops and thus increase the energy loss of the PV field. In 
some cases, as for rooftops, the available land is limited dictating dense deployments of the PV 
collectors, thus increasing shading and masking. 

5. Conclusions 

Shading and masking on PV modules in multiple rows of solar fields lead to current mismatch 
between the stings of the module, as manifested by the formation of steps on the I-V characteristic, 
and results in a reduction in the module performance. The effect of shading, of various kinds, cast 
on PV collectors has been dealt for many years in many articles, however not much attention was 
paid in the past to the masking phenomenon and its effect on the power loss of PV systems. The 
detrimental effect associated with masking has been addressed, for the first time, in a series of 
recent work which established the view-factor as an emerging topic of technical significance. 
Masking by adjacent collectors in a multiple collector row of PV fields may be more detrimental 
than shading, especially at locations with high percentage of diffuse radiation, an addressing effect 
in PV system design. 

A distinction should be made between the percentage of shaded area of the module and the 
percentage of power loss of the module since a PV module contains a series of connected cells 
including bypass diodes. The percentage of power loss exceeds the percentage of shaded area. The 
same applies for masking since both effects cause uneven distribution of the incident solar radiation 
on the modules. The amount of shading and masking depends on parameters of the collector and the 

PV field ( , ,H D  ); field site; solar radiation data and on objective function of the PV system design. 

Accordingly, different percentage of power loss may be obtained due to shading and masking. In 
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optimized PV fields, mentioned in Section 2, the percentage annual global energy loss due to shading 
and masking on the second collector row amounts to 1.64% (not considering the effect of mismatch 
currents of the cells in the module). The study in Aronescu et al. [28] reports an energy loss of 5.2% 

in global energy for 02.0 , 30 , 1.0H m D m   . Peled et al. [26] predicts an overall percentage 

power loss of the module that ranges 2.8% up to about 25% (considering mismatch currents within 
the module). The optimized PV fields, mentioned in Section 2, was carried out at two sites: Tel Aviv, 

Israel (latitude 32o N ) with 29% (annual) diffuse radiation and Lindenberg, Germany (latitude

52.2o N ) with 51% (annual) diffuse radiation. The optimization at Lindenberg resulted in lower 

inclination angle of the collectors compared to Tel Aviv. This led to reduced shading and masking 
amounted to 0.47% at Lindenberg compared to 1.64% at Tel Aviv for the annual global energy loss 
on the second and subsequent rows. 
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