&

AT RIS

Article

Energy Storage and Conversion 2025, 3(1), 1957.
https://doi.org/10.59400/esc1957

Modeling of energy gain in bifacial vertical PV fences

Aasim A. Azooz'", Zeyad T. Ali?

1 Department of Physics, College of Science, Mosul University, Mosul 41002, Iraq
2 Department of Electrical engineering and Electronics, University of Liverpool, Liverpool L3 5TR, UK
* Corresponding author: Aasim A. Azooz, aasimazooz1@yahoo.com

CITATION

Azooz AA, Ali ZT. Modeling of
energy gain in bifacial vertical PV
fences. Energy Storage and
Conversion. 2025; 3(1): 1957.
https://doi.org/10.59400/esc1957

ARTICLE INFO

Received: 9 November 2024
Accepted: 25 December 2024
Available online: 3 January 2025

COPYRIGHT

[CMom

Copyright © 2025 by author(s).
Energy Storage and Conversion is
published by Academic Publishing
Pte. Ltd. This work is licensed under
the Creative Commons Attribution
(CCBY) license.
https://creativecommons.org/licenses/
by/4.0/

Abstract: A quantitative model-based analysis was conducted to estimate the percentage
output energy ratio of vertically installed bifacial PV modules in fences, cattle barriers, and
roadsides compared to the output energy of two types of monofacial PV installations. The first
comparison is between the output of the vertical bifacial PV fence and the output of the same
fence furnished with vertically installed monofacial PV modules. The second comparison is
between the output of the vertical bifacial fence and the output of south-facing monofacial PV
modules installed at the optimal inclination angle for the particular latitude. The results show
that bifacial fences can produce net yearly energy outputs up to 80% higher than those of
monofacial PV modules. Additionally, vertical bifacial PV fences produce only a few percent
lower energy compared to optimally installed monofacial PV modules. A MATLAB software
program was written to calculate the gain of fences of any geometry, and it has been made
freely available. Examples of gain results for a few such geometries are presented.
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1. Introduction

It has been almost two centuries now since Edmond Becquerel (1839) [1]
demonstrated that electricity can be generated when light fall on certain materials.
Over these two centuries research and developments have resulted in increases of solar
cells efficiencies from less than 1% to current values of 15%-20% [2], depending on
type and structure. This represents an average annual increase of about 0.1%.
Photovoltaic (PV) electricity is expected to become a major player in global efforts to
replace fossil fuels and address climate change. In 2023, solar PV alone accounted for
three-quarters of renewable capacity additions worldwide [3]. The global capacity of
PV-generated electricity has grown remarkably from around 100 GW in 2012 to over
1180 GW in 2023, an increase of 7.3% from 1110 GW at the end of 2022 [4,5].

Driven by the strong demand for increased PV efficiency, extensive research in
recent decades has focused on developing new PV structures, materials, and
configurations to enhance efficiency. Among various innovations, a significant
development is the invention of bifacial PV panels. These panels can convert incident
solar radiation to electricity on both sides. One side converts direct, diffuse, and
surrounding reflected radiation, while the other side converts the latter two, which can
contribute 5%-30% of the total radiation depending on the surroundings. This can
result in up to a 30% increase in overall efficiency compared to mono-facial PV panels
[6-10].

Although most references suggest that the introduction of bifacial PV modules
was by a Spanish company called, ISO-FOTON in 1983-1984 [11,12], other
references state that the first prototype bifacial PV’s was introduced in 1966, and they
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were used by the Russians to power their satellites as early as 1970 [13]. Regardless
of their history, bifacial PV modules now form a significant and rapidly growing share
of the PV market. Their market share has increased from about 15% in 2019 to
approximately 50% in 2024 and is expected to reach around 70% by 2030 [14].

The standard orientation for installing both monofacial and bifacial PV panels is
south-facing in the northern hemisphere and north-facing in the southern hemisphere,
with an appropriate inclination angle. The inclination angle depends on the latitude
and the season for optimal performance [15]. Two important developments related to
bifacial PV’s are worth mentioning. The first is that the current market trends showing
bifacial prices not significantly higher than monofacial ones. The second is that
bifacial panels of bifaciality value defined as the ratio of light to electricity efficiency
of the back to front side exceeding 90% are becoming more widespread. Several
studies have demonstrated that choosing bifacial PV panels over monofacial ones can
be economically advantageous [16,17].

The original intention of bifacial PV modules was to harvest indirect diffused and
albedo-reflected radiation, both of which are almost isotropic. Additionally, the south-
facing geometry ensured maximum harvesting of direct radiation. Consequently,
south-facing inclined installations represent the main type application of bifacial PV
modules, similar to mono-facial PV installations. However, bifacial PV modules also
enjoy great directional flexibility without much reduction in their overall efficiency.
This makes them ideal for situations where vertical rather than optimum inclination
installation is necessary. Such situations include vertical farm fences, highway noise
barriers, animal-retarding fences, and installations where horizontal solar collecting
land is scarce. Such installations make good use of these fences for energy generation
alongside their original designed purpose.

Most published works on bifacial solar fencing are experimental and focus on the
net energy output at specific locations. To our knowledge, there are no comprehensive
generalized modeling studies on this subject. Our aim is to present modeling results
that compare the annual energy outputs from bifacial and mono-facial PV systems as
functions of latitude and albedo value. These results will be instrumental in deciding
whether to install bifacial or mono-facial solar fences at any global position.

2. Review of phenomenological basic model

The modeling used here is based on equations developed by Issaq et al. [15],
which estimate the monthly, seasonal and annual optimum inclination angle for a
mono-facial PV panel against latitude angle. All solar radiation models use the same
geometrical equations to describe angular distribution of direct solar radiation. This
direct radiation is a function of the diffusion fraction (Kg), which is in turn a function
of the sky clearness factor (Kc). Most published calculations of optimum tilt angle
involve setting K. as a constant which represents the mean sky clearness factor at a
particular location. The current model empirically parametrizes the experimentally
measured global sky clearness factor data published by HOMER [18] in terms of both
latitude angle (¢) and day of the year (n). The parametrization which also involves a
random variations term (R) to account for the daily weather fluctuations is carried out
using the MATLAB nonlinear fitting facility which has a 95% minimum confidence
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level by default. The K. data and their two parametrizations are presented in Figure 1.
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Figure 1. Empirical parametrization of sky clearness factor in terms of (a) time of the year; (b) latitude position.

The overall normalized parametrization equation of K. obtained was:
K.(n, @) = 1.8182 x [-3.1 X 1076 x n? + 0.001 X n + 0.46] X [a,e~%2®=%)* 4 q,e=95(9=2)" { q, + R] (1)

R represents a set of daily random values—0.18 < R <0.18, and a; = 0.2632, a,
=0.0008, az = 27.3063, as = 0.1420, as = 0.0302, as = 66.7598, a; = 0.2982. Values
of K. obtained from Equation (1) are used to calculated the diffusion factor (Ky) at any
latitude ¢ on any particular day of the year n, using the following relations [19]

For K. <0.35: Ke=1-0.249K, 2)
For 0.35<K,<0.75: K, =1577-1.84K_ 3)
For K.>0.75: Ky=0.177 (4)

The model calculates the metric representing the effective total sunlight exposure
hours X (¢, 8). This metric is proportional to the total sunlight radiation received by a
unit area surface, facing south, positioned at latitude ¢, and installed at an inclination
angle 6 with the horizontal, over a period between (n:) and (n,) days of the year. This
metric is given as:
nq
X(9.6) = ) {D(n@) + (Ko @) — Kaln, )] x L(n, ) x [cos(p = 8, = 6) + (§) x (1 = cos®))T}  (5)

n;

The first term on the right-hand side of Equation (5) represents the diffusion part
of the solar radiation defined as:

D(Tl, (p) = Kd(n' (P) X Kc(nr <P) X L(Tl, (P) (6)
L(n, @), is the extraterrestrial direct radiation [20]

2 [sin(—0.83%) — sin () X sin (6n)]

L(?’l, <P) =3c

15 cos (@) X cos (6,) )
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(284 + n)

365 ®)

6y, = 23.45 X sin |360 X

The last term on the right represents the radiation reflected on the surface from
the surrounding, with (p) representing the value of the Albedo [21]. Table 1 lists some
typical values of p for several types of surfaces [22].

Table 1. Typical Albedo values taken from MOSAIC [22].

Substance or surface Albedo
Whole earth average 0.3

Fresh snow 0.8-0.9
Sea ice 0.5-0.7
Desert sand 0.4

Green grass 0.25

Bare soil 0.17
Conifer forest 0.08-0.15
Open ocean 0.06
Fresh asphalt 0.04

3. Additional new modelling

Equation (5) describes the performance of mono-facial PV panel facing south or
north when installed within the northern and Sothern hemispheres respectively. Two
modifications of this equations are needed to make it capable in describing the solar
radiation on a bifacial PV facing any arbitrary direction, with the normal to one face
making an angle (V') with the East direction. These modifications are:

1) The first and third terms on the right-hand side of Equation (5) are to be
multiplied by a factor of (1 + r), with r being the bifacial ratio, which is defined
as the efficiency ratio of the backside of the PV to that of the front side. This
modification is to account for the diffusion and Albedo reflected radiations
incident on the backside of the bifacial PV. The ratio r depends on the types of
the PV panel, and it is usually between 0.5 and 0.95.

2) The second term represents the direct radiation when the PV is facing south (¥ =
90) measured from the east direction. This corresponds to receiving maximum
radiation at midday. Consequently, and in order to account for installation at any
other ¥ value, this term is to be multiplied by the factor of sin(¥). Equation (5)
thus becomes:

XX(@,0,9) = ) {(1+7) X D, 9) + [Ke(, @) = Ka(r, )] X L, 9) x [c05(p = 8 = 0)] X sin (¥)
L )
+ @ x (1 - cos(e))]}

With XX being the solar radiation metric for the bifacial PV module.
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4. Methodology

Equations (5) and (9) are used to calculate the two percentage gains related to
straight bifacial PV fence. Two types of gains are calculated. The first is the annual
output energy gain produced by a straight fence furnished with bifacial PV’s (Og) in
comparison to the output when the same fence is furnished with monofacial PV’s of
the same front side efficiency (Owm). Both PV’s are considered to be installed vertically
and making the same twist angle ( y ) between the normal to the face of the PV panel
and the East direction. This is defined as

Op
G = 100x(——1> (10)
Om

The second quantity (S) is the percentage difference between annual output of
the bifacial PV’s compared to the outputs of an identical mono-facial PV facing south
and inclined at the optimum yearly inclination angle (Ogptimum). This quantity is more
of an academic rather than a practical value. This is because it compares the
performance of PV furnished fences with the maximum possible solar energy output
at the same location. This parameter is defined as

S=100><<L—1> (11)

Ooptimum

5. Results

The following presentations are for a straight-line fence making different angles
with the reference East-West line. To simplify the presentation of gain data against
four independent variables, it may be helpful to categorize these variables into two
types. The first category includes physical variables that mainly affect indirect
radiation, such as the PV panel bifaciality and the albedo of the surroundings. The
second category includes geometric variables that are more related to direct radiation,
such as the latitude angle and the PV twist angle with the East-West direction.

The relationship between gain and PV percentage bifaciality for four PV twist
angles with the East-West direction, averaged over all albedo values, is presented in
Figure 2. The figure clearly shows that the gain increases almost linearly with
increasing bifaciality for all latitudes and PV twist angles. It also demonstrates the
significant impact of bifaciality on gain. Gain values can almost double when the
bifaciality is increased from 50% to 95% in most cases.

The effect of latitude on bifacial gain tends to diminish as the PVs become more
aligned with the East-West direction. This is evident from Figure 3a,b, where latitude
appears to have no effect on gain for PVs facing east or west.
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Figure 2. Linear relations of bifacial gain averaged over all albedo values against PV bifaciality for different values of
PV twist angles and latitudes.
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Figure 3. The gain dependence on albedo for four twist angles when the gain is averaged over all bifaciality values.
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A similar effect of albedo is demonstrated in Figure 3. The bifacial gain,
averaged over all bifaciality ratios, shows systematic increases with increasing albedo
values for all PV twist angles. However, it is worth noting that the bifacial gains in
both Figures 2 and 3 show significant decreases with increasing latitudes. This is
opposite from what one would expect from south-facing PV modules. This point is
discussed below.

The above bifacial gain values are relative to corresponding mono-facial PV
modules of the same characteristics installed under the same conditions. It is useful to
compare bifacial PV outputs to those installed facing south at the optimum inclination
angle, as the latter represents the maximum output possible for the particular mono-
facial modules under the same conditions. Examples of the two setups are shown in
Figure 4.

Figure 4. PV fences (a) Vertical bifacial facing fence direction; (b) mono-facial facing south with optimum

inclination angle.

Figures 5 and 6 illustrate the gain of a vertically installed PV module facing four
different directions, calculated with reference to a monofacial PV module installed at
the optimum inclination and facing south. Figure 5a—d and Figure 6a—d show
negative values of S when the bifacial PV is not oriented southward. This indicates
that the output of the bifacial PV is lower compared to the monofacial PV in such
cases. This clearly demonstrates that using bifacial PV modules cannot fully
compensate for the loss of output caused by deviation from the south-facing
orientation. However, as shown in Figures 5c and 6c, S becomes positive when the
vertically installed bifacial PV is also oriented south. This suggests that the energy
loss due to the change from the optimum to a vertical inclination is more than
compensated for by the energy collected by the backside of the bifacial PV module.

Interestingly, even when the vertical bifacial PV is facing south, its productivity
is less than that of the corresponding mono-facial PV (negative S values) at small
latitudes. However, the value of S becomes positive at higher latitudes. In these
conditions, the bifacial gain relative to the optimum becomes positive because the
optimum tilt angle for mono-facial PVs becomes higher and closer to vertical. This
results in the front faces of both PVs producing about the same output, while the
bifacial PV benefits from additional backside production.
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Figure 6. The bifacial to optimum gain dependence on albedo for four twist angles when the gain is averaged over all
bifaciality values.

Results in Figures 2, 3, 5 and 6 show that while vertical bifacial PVs can produce
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significantly higher output compared to their mono-facial counterparts when installed

at the same twist angle, their output is still significantly lower than that of mono-facial

PVs installed facing south at the optimum inclination.

The physical parameters of bifaciality and albedo are controllable. These can be
selected according to available resources. Higher bifaciality PVs can cost slightly
more, and the albedo of the surrounding bare soil can be increased by planting grass,
for example. However, the geometrical parameters of latitude and fence direction
cannot be changed or optimized. Therefore, it is necessary to examine the effect of
these two geometrical parameters on bifacial gain in more detail.

The dependence on the bifacial gain on the two geometrical variables is
calculated for (10 bifaciality) x (18 albedo) = 180 combinations. However,
space considerations dictate presenting few only. Consequently, and in order to make
our selection of the presentations as objective as possible, we may need to note the
following.

1) The advancements in bifacial PV’s technology have naturally led to systematic
increases in bifaciality ratios in recent years. While some early bifacial modules
had bifaciality ratios in the range of 50% to 60%, current market products have
bifaciality in the ranges of 75% to 95% [23]. Consequently, the presentation will
include typical bifaciality of 55%, 75%, 85% and 95%.

2) The most common surroundings as far as highways, and farm fences are
concerned are those associated with asphalt, grass, desert sand, and snow. Table
1 indicates that these correspond to approximate albedo values of 0.05, 0.25, 0.4,
and 0.85 respectively.

Consequently, Figures 7-10 will show bifacial gain as function of latitude and
twist angles for the above sixteen bifaciality—albedo combinations.
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(a) Bifaciality = 55 % Albedo =5 % ( Asphalt)
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Figure 7. Bifacial gain contours against latitude and twist angles for PV bifaciality of 55% with albedos of (a) 5%; (b)

25%; (c) 40%; and (d) 85%.
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The general picture suggested by these figures involves the following:

1)
2)
angle values.
3)
and albedo values.
4)

Bifacial gains are at highest when the panel is facing East or West.
Bifacial gains are higher at large latitudes for all bifaciality, albedo and twist

With all other parameters fixed, the gain increases with increasing bifaciality,

In all, bifacial gain values range from about 18% to about 100%. In other

words, selecting bifacial over mono-facial for vertical installation is always
accompanies by increased productivity to one degree or another.
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6. Software and case studies

The above contour plots serve as approximate roadmaps that help in assessing
the advantage of selecting bifacial over mono-facial PV modules to furnish straight
barriers in any direction. However, a special MATLB software written provides for
more precise calculations of gain values for any type of straight or polygonal fence.
The software is made freely available on the MATLAB file exchange library together
with all its necessary subprograms [24]. The software can be used without much prior
knowledge of MATLAB language programming. Once the program is downloaded
into the MATLAB active library, it can be activated from the MATLAB work space
by entering the following statement, with substituted numerical values of each of the
input arguments as described below

[G,S] = Fence _ Efficiency (Latitude, Sides _ Lengths, Sides _ Directions, Albedo, Bifaciality).

Input arguments

The input argument to be provided to the software are
1) Latitude: The latitude angle ¢ in degrees.

2) Sides_Lengths: A one-dimensional array representing the actual or relative
lengths of the sides of the polygonal fence. For a single straight barrier, this will
be a single number. For example, a rectangular fence measuring 2 > 3 units
should be entered as [2, 3, 2, 3].

3) Sides_Directions: The angles i (in degrees) each side makes with the east
direction. For instance, if the shorter side of the rectangle mentioned above aligns
with the east direction, this argument would be [0, 90, 0, 90]. If this side instead
forms a 30 “angle with the east, the array would be [30, 120, 30, 120].

4) Albedo: The albedo of the surrounding area, with values ranging from 0.05 to
0.9. Typical values for this parameter are shown in Table 1.

5) Bifaciality: The ratio of the backside to the front-side efficiency of the bifacial
PV module. This value typically ranges between 0.5 and 0.95, depending on the
manufacturer [23].

The program calculates annual energy output gains. However, it can also be
configured for monthly gains by modifying the value of J = 13 in line 6 of the program.
Setting J =1 to J = 12 corresponds to each month of the year, while J=14to J = 17
corresponds to the seasons from autumn to summer.

For example, to calculate the bifacial PV gain for rectangular farm fence with
sides lengths of 2, 5, 2, and 5 lengths units extending along the east-west, north-south,
west-east, and south-north directions respectively, at a latitude of 40°, using PV panels
with bifaciality ratio of 0.9 when the surrounding albedo is 0.5, one simply enters the
statement

[G, S] = Fence _ Efficiency (40, [2 5 2 5], [0 90 0 90],0.5,0.9)

Figure 11 shows four more different shapes and directions of fences, along with
the software commands and the two output comparisons of G and S between bifacial
PVs with a bifaciality of 0.8 and monofacial PVs. Both types are vertically installed
on the fence at the same indicated latitudes with an albedo of 0.3. This procedure can
be extended to any polygonal shape with any number of sides. It is noteworthy that G
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is always positive, indicating that bifacial PVs consistently produce more energy than
monofacial PVs when installed identically. G values can exceed 90%.

Bifaciality =0.8 Albedo = 0.3 £ast Direction
Latitude = 30 Latitude = 50 Latitude = 10
>>8ifacinl_PV_Fencel30,1.0,03.08);
G=80.6%
S=-55.1%
>>Bifacial_PY_Fence[30,1.90,0.3.0.8) >>52[4 3 51D=[120 30 157}
Gud1.7% »»Bfacial_FV _Fence(50,5,0,0.3,.08)
5=-0.9% G=41.9%

5=-14.9% S=-31.9%

Figure 11. Examples of bifacial gain calculation for different geometrical shapes of fences.

7. Discussion

It is self-evident that model predictions gain much greater credibility when they
are consistent with experimental measurement results. Unfortunately, citing
experimental measurements of bifacial PV gain at arbitrary twist angles describing
situations similar to usual fences installations has proven challenging. However,
several studies by various authors have reported experimental measurements of
bifacial PV gain with PV panels oriented southward (v = 909 [25-29]. These
measurements encompass several latitude angles, and a wide range albedo values, and
bifaciality values. It is important to note that most of the experimental gain values
discussed here represent averages derived from multiple measurements reported in the
cited references, each corresponding to different combinations of latitude, albedo, and
bifaciality values. Similarly, the model predictions presented represent mean values,
calculated by averaging results from individual simulations based on specific cases.
Short descriptions of these measurements and the associated model results are
provided below:

Castillo-Aguilella and Hauser [25] measured the average bifacial gain over 30
months in New York and Arizona. The reported average annual bifacial gain is
21.42%. The corresponding model prediction was 18.84%, yielding a difference of
0.2% between the experimental and predicted values.

Du et al. [26] reported results of eight bifacial gain experiments conducted in
Shanghai and Tucson, China. Their reported average gain is 18.92%. The
corresponding model prediction, using a specified bifaciality factor of 86%, was
20.29%, which is very close to the experimental value.

Hayibo et al. [27] carried out winter bifacial gain measurements in a snowy
environment at Delta County Airport (ESC), Escanaba, MI, USA. They reported an
average gain of 19.31%. Using an estimated snowy winter albedo of 45% (from
Figure 10a in the reference) and an approximate bifaciality of 80% in the model
resulted in calculated gain of 19.57%, which is in good agreement with the
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experimental value.

Aksoy and Calik [28] used the comparison of net energy transferred to the grid
between bifacial panels with 90% bifaciality and monofacial setups installed in Konya,
Turkey on white ground with an albedo of 0.8. Their results show that the bifacial
system produced 15.9% more energy than the monofacial one. Using the same albedo
and bifaciality values, the model calculated a gain of 15.97%.

A summary of all above results is presented in Table 2.

Table 2. Summary of comparisons between literature bifacial PV gain and model predicted values.

Ref Location Latitude (9 Albedo % Bifaciality % Mean experimental gain % Mean model gain value %
New York US 40.71
[25] Arizona US 34.05 20-95 70-90 18.84 19.06
. . 31.23
[26] Shanghai & Tucson - China 3292 9-80 86 20.29 20.55
[27] Escanaba-US 45.72 45 80 19.31 19.57
[28] Konya -Turkey 38.0 80 90 15.9 15.97

An additional point that warrants discussion is the economic aspect of adopting
bifacial photovoltaic (PV) technology in general and in fences and barriers in
particular. As highlighted in the preceding analysis, bifacial PV systems produce 10—
30% more energy compared to monofacial PV systems. However, economic
considerations play a critical role in determining their suitability for specific
applications. Manufacturers such as ROCKSOLAR [29], ItekEnergy [30], and Energy
Sage [31] emphasize that the 10%-20% higher upfront cost of bifacial panels is
attributed to additional materials and more complex manufacturing processes.

Despite this, the increased efficiency of bifacial panels often offsets their costs,
especially in scenarios where installation expenses are comparable. Applications such
as PV-equipped fences, noise barriers, and snow barriers exemplify cases where the
installation of bifacial panels is unlikely to involve significantly higher costs. In these
situations, the enhanced energy output of bifacial systems makes them an
economically viable option. However, this may not always hold true for rooftop PV
installations, where the direct mounting of monofacial panels typically results in lower
installation costs in most cases.

8. Conclusions

e  This study provides a practical framework for unlocking the potential of bifacial
photovoltaic (PV) systems in innovative applications, such as farm fences,
highway barriers, noise barriers, and snow barriers. By demonstrating bifacial
energy gains ranging from 10% to 80%, particularly in high-latitude regions.

e A key outcome of this work is the development of specialized software capable
of accurately estimating bifacial gain, accounting for critical factors such as
latitude, albedo, bifaciality, and structural geometries. This tool equips
stakeholders with actionable insights, addressing a core challenge in large-scale
PV energy deployment: the extensive land area traditionally required for
installations.
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e By repurposing existing structures such as fences and barriers, this approach
eliminates the need for additional land, offering a groundbreaking solution for
space-efficient renewable energy generation. The economic advantages are
equally compelling: the enhanced energy yield of bifacial systems, coupled with
the removal of land acquisition costs, positions these installations as a cost-
effective and sustainable choice for the future of PV technology.

e  This work not only advances the understanding of bifacial PV performance but
also charts a path toward smarter, more integrated energy solutions that align with
global sustainability goals.
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