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performed using MATLAB software. Also, the monthly efficiency changes
resulting from the optimal slope have been calculated and displayed. By
analyzing the computational relationships and their implementation by
PVsyst simulator, the optimal annual slope of solar panels obtained 30
degrees. By implementing it in the solar tree structure, the proposed annual
efficiency of the model has increased by 12% compared to the fixed state.
This article examines the technical methods of using solar systems in urban

architecture with emphasis on integration methods. In the proposed and
implemented solar tree model with the ability to adjust the optimal angle and
beautify passages, parks and recreation centers, it is possible to charge
electronic equipment such as mobile phones, tablets, and electric bicycles
through clean solar energy.

1. Introduction

The two significant challenges of environmental
pollution and the limitation of fossil energy
resources in the world have made energy one of
the most significant crises of the 21st century [1].
Restrictions on non-renewable resources have
led researchers to study the use of pure and

renewable energy [2]. Given the increase in
population and uncontrolled consumption
without saving, this great blessing will
undoubtedly end in the not too distant future [3].
Perhaps in the meantime, some countries are
somewhat safe due to their abundant fossil fuel
resources [4]. Using the right consumption
methods, optimizing energy consumption, and
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using renewable energy can control and curb the
energy challenge [5]. Solar energy is of great
importance among renewable energies due to
less environmental pollution, free and easier
access, and more [6].

In recent years, there have been many studies on
the use of solar energy. Most of these studies
have been done to increase the efficiency of
previously made models, but in some cases, new
and innovative technologies are seen as a good
step towards the use and utilization of solar
energy [7].

A method for improving the performance of
photovoltaic cells was proposed; in this method,
semi-Fresnel, the trigonometry was used to
determine the refraction and convergent, and by
using Snell’s law, the groove angle for each
groove angle of orthogonal incident ray was
determined. The feature of this concentrator is its
lower loss and aberration compared to a
conventional structure with a Fresnel lens. It also
reduces the number of solar cells needed to
receive the sunlight [8].

Today, various methods have been used to
extract solar energy, and researchers are also
looking for ways to make the most of solar
energy, given that the earth plays an essential
role in all matters, including industry,
agriculture, and construction. In addition to
proper use of the sun, the proper use of the
occupied land area must be considered [9]. On
the other hand, urban beautification and
architecture have become a management
problem due to high costs and lack of resources;
recently, artificial trees have been used for
beautification, including high electricity
consumption. The alternative solution proposed
in this article is the use of solar trees [10].

The direct conversion of sunlight to electricity is
what solar photovoltaic technology is all about
[10]. A small portion is converted to energy,
while the remainder is wasted as heat [11]. The
output temperature of the PV plate increases as a
result of this. Increases in operating temperature
have an effect on the conversion performance
and lifetime of photovoltaic panels. As a result,
a proper cooling system is effectively needed to
keep the module's operating temperature within
the defined limit in order to achieve higher
electrical performance and increase service life
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[12]. Studies have been done on forced and
forced air cooling, water spray cooling, phase
shift cooling, heat pipe cooling, and liquid
immersion cooling to improve the efficiency of
PV panels [13]. Articles on various cooling
methods, such as forced and forced air cooling,
water spray cooling, phase shift cooling, heat
pipe cooling, liquid immersion cooling and
forced circulating water circulation, are used to
improve the efficiency of PV panels [14].
Passive evaporative cooling is another of these
techniques for controlling the temperature rise of
the PV module and increasing performance by
lowering the temperature of the PV panel by
around 12 degrees Celsius, 7.7% increase of the
total electrical energy output efficiency [15].

According to the literature, the amount of

voltage, current, and output power per 10 % of

sand is reduced by 5% and 13%, respectively,
compared to the clean panel. The proposed
solution is a cleaning system to remove
contaminants. In order to increase the efficiency,
in addition to the optimal slope defined, a
cleaning system is also used [16, 17]. In this
regard, super-hydrophobic coatings are also a
good suggestion for removing contaminants
because there is no need for manual control and
panels' high efficiency [18]. In addition to the
optimal slope and measures taken to reduce the
shadow effect, this technology increases the '
efficiency of the panels [19].

The geographical location of Iran, which is
located in orbits of 25 to 40 degrees north
latitude and an area with the highest terms of
receiving solar energy in the world that has an
annual presence of more than 280 sunny days,
shows the high importance of determining the
optimal angle [20].

In a solar PV tree (SPT), unlike a land based PV
array (SPV), all panels do not produce the same
amount of power at an instant of time. This is due
to the fact that panels in a SPT are oriented at
different angles to cover the sun path of the
location, hence every panel receives different
amount of sunlight. Other drawbacks include
complicated design and higher cost due to an
aesthetically pleasing steel structure for panels
and shading effect due to random orientation of
the panels [21, 22]. However, this paper aims to
tackle the drawbacks with the help of NRI
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model for finding the optimized slope, Fibonacci
sequence for avoiding shade effect, and an
intelligent way for controlling the solar tree.
Also, the study tries to design a tree solar system
and generate electricity with not only economic
and environmental benefits, but also to beatify
the urban landscape [23].

Solar trees have different divisions, one of which
is related to their structure [24]. The structure of
a solar tree can be movable or fixed. Fixed
structures have advantages such as cost-
effectiveness and disadvantages such as less
light absorption during the day, shading of the
panels on top of each other, a fixed slope and no
efficiency change in different seasons of the year
[25].

According to research on heat transfer, the
investigation of the maximum and minimum
Nusselt number showed that in the same
conditions, moving the baffles arrangement
increases the Nusselt number [26]. The
innovation of this study is to investigate the
combination effect of the thermal radiation and
convection in the hybrid heat transfer between
solid and fluid in a channel [27].

GIS is a powerful tool for the analysis of data, maps,
and spatial information which has been used as a
means of studying the optimal location for the
construction of a solar power plant in recent years.
Concerning Iran, as the results of the present work in
Fig. 1. also suggest, it is reported that provinces in the
southern half of the country have adequate potential
for using solar energy.

Having 280 sunny days per year in more than 90% of
the country's areas, much research is conducted on
solar energy in Iran. It is reported that solar energy is
the most available and cleanest type of energy in Iran.
However, being rich in oil and gas resources and the
availability of cheap national grid power, solar energy
is not used to its full potential in Iran [28].

In this article, a panel with the specifications shown
in Table 1 has been used.

Table 2 shows the standard structure of the solar
trees.

In this article, the solar tree is presented using the
Fibonacci pattern. The features of this pattern
include:

eCommonly seen in nature
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eThe trees capture light efficiently as the
Fibonacci pattern enables all leaves to face the
sun directly

oIt has been reported to have performed better
than the flat-panel model.

In the material and method section, first, the
method of calculating angles by the Fibonacci
pattern is discussed. The algorithm for
calculating the maximum radiation and power
received from the panels is introduced. After
stating the details of calculating the optimal
slope, the amount of direct and scattered
radiation in two optimal angles and the
horizontal angle are compared in the results
section. Also, the increase in efficiency and the
effect of optimizing the angle of the panels are
shown in detail.

Average of Horizontal
Solar Radiation (W day)
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Fig. 1. Average radiation on a horizontal surface for
Asian countries [28].

Table 1. The used panels specifications.

Model RL-0605
Material Monocrystalline
Maximum working voltage 18V
Maximum working current 0.83A
Maximum output power 12w

Panel’s area 20% 16 = 320ﬂ
mZ

97



JCARME

Table 2. The standard structure of the solar trees.
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Structure Description Benefits Limitations
Less efficient
in light
Simple imitation of a capture as all
natural tree consisting of panels  are
Single trunk a central pole as the trunk e Simple design oriented in
with of the tree and branches e Very easy to the same
branches surrounding it at various develop direction
[29] levels e Lesser cost than Ineffective in
It consists of all panels other designs capturing
oriented at a particular sunlight
set of angles. throughout
the day
It is basically designed to
cover the complete sun . Effectively -
Hemispheric path. captures  sunlight Slightly :3
al It consists of panels throughout  the costly due to
semi-dome oriented in the south, day. large number
design. [19] southeast and southwest e High power of panels
directions to capture output.
sunlight from morning to e High efficiency
evening.
Most common very .
Phyllotaxy displayed by ggg?g:cated
ﬂa’;itr‘:‘e'”izatt‘;fching e «  Highly efficient in difficult  to
Spiraling bases of successive “qht capture. fabricate.
Phyllotaxy leaves forming a spiral * I-!lgher power Costly duel 0
solar tree . . yield the massive
(genetic spiral) on the
[30] stem e Very closely steel
This arrangement of mimics natural structure.
leaves helps to improve trees Consumes
the sunlight capturing of Iots_ of space
the solar tree for its leaves.
Solar panels can be
installed on a natural tree Ezpsehnadeen;;)r;
with  fewer branches tree P
ot ameullc e, Smle design as Lesseffecive
This  approach  will the _frame Is not in light
Panels  on reduce the cost and required. capture due to
natural . . Very low cost shading from
resource requirement of
trees [31] the solar tree and will (lowest among all the  natural
. designs) tree
give a more natural look
to the architecture of the ¢ Natural Onl){
structure. appearance applicable to
The shape of a tree plays low _bower
applications

an important role in the
orientation of panel.
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2. Materials and methods
2.1. Effect of shadows

The power output of the photovoltaic system is
directly related to the amount of sunlight on the
panel surface. Therefore, the angle of sunlight on
the panel and environmental factors such as
shadow and slope of the panel installation can
lead to changes in the output power of the panels.
In hours when the intensity of sunlight is high, if
a shadow falls on the solar panel at the shadow
edges due to light refraction, the intensity of the
radiation will be very high. This is called the
shadow effect or the edge effect.

The location of the panels should be chosen so
that we have the least shadow effect. In addition
to environmental conditions, the angle of the
panels has a significant impact on increasing
their efficiency. It should also be borne in mind
that changes in environmental factors are
unlikely and that panels may be required in these
areas. Therefore, determining the appropriate
slope for optimization is very useful. In addition
to the optimal slope, this article can prevent the
shadow effect.

2.1.1. Solution of the effect of shadow

Trees absorb light efficiently due to the
orientation and distribution of their leaves. The
fractional ratio of the number of branches to the
number of rounds of the tree varies for different
trees, and this value varies according to the
Fibonacci sequence. Fig. 2. shows a five-
pronged tree in two rounds. If x determines the
number of branches and y determines the trunk

rotations, this ratio is % for Fig. 2. After studying

and measuring different trees, Aidan Dier
realized that the ratio is different for each tree in
nature [32]. Using the Fibonacci pattern makes
the panels have no shading on each other,
considering the optimal slope in each area. In
recent research, the shadow effect calculated by
existing mathematical formulas has reached 17%
[33]. Simulation and tree construction using the
Fibonacci sequence and replacing the simulated
tree leaves with solar cells can increase the
efficiency of a set of solar cells that work
together to generate electricity. In simple words,
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the branches are placed on the tree's trunk and
the leaves on the branches, which follow the
Fibonacci sequence, to absorb maximum
sunlight and prevent the panels from shading on
top of each other [34].

The effect of shadow has been studied by
researchers and the shadow effect has been
reduced to less than two percent [35]. The angle
between the panels is 120 degrees [25]. The solar
tree made according to the Fibonacci technique
can be seen in Fig. 3. The components of the tree
are mentioned in detail below.

Body rod

50

Y.
[k

Base rod ——

Tree body

\

40"

Fig. 3. The solar tree made according to Fibonacci
pattern.
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Fig. 4. shows the angles between the branches.
In the built structure, the branches are separated
from each other using metal partitions, and each
of them can change the angle separately. The
advantage of this design is that if the tree has
been used in another location, it will not face any
limitations and with a slight change, the shadow
effect will disappear. Changing the angle makes
the structure very flexible, which can be easily
upgraded if a solar tracker is used.

Fig. 4. Angles between branches.

This design can work as % and also g The

difference in the size of the branches makes the
tree's fixed plate reminiscent of the trunk of the
tree; and the difference in their size can also be
changed, that in practice, these two ratios are
achieved with one structure being equivalent.

2.2.  Optimal angle

There are various mathematical models for
measuring the radition of the sun on the surface
of the panels to get their Maximum extractable
output. It should be noted that the difference
between these mathematical models is only in
the way of calculating scattered radiation; of
course, the complexity of the calculations is
what has caused the difference between the
models. In this paper, the NRI model is used to
estimate the solar energy potential.

2.2.1. NRI model

In this model, the solar radiant energy is
calculated based on the altitude angle of the sun,
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the cloud factor and the inclination angle. The
amounts of direct and scattered sunlight on a
plane are calculated from the Egs. (1, 2) [35].

Ipn = Fp(8)(1 — CF) [1 —exp (— %a)] @

Ign = F4(6)[0/123 +0/181 a + 10/43 CF] (2)

lo.n refers to the intensity of the direct radiation
on a vertical plane and lqnto scattered radiation
on a horizontal plane. Also, a is the angle of
elevation and in terms of degree, C.F. is the
cloud factor, and d is the angle of the inclination.
Also, the declination effectiveness coefficients,
Fy and Fqare calculated in Egs. (3-8) [36].

Fp(6) = Cp16 + Cp 3
Fd(5) = Cd16 + CdZ (4)
Kw
=55 o[ ©

b1 8 deg
Cp2 = —0 (6)
9876 Ifn—vz'/)
Cqr = —6/9 X 107°(KW /m? /deg) @)
Cap = 0/0121(KW /m?) (8)

Sunlight reaches the surface of the earth
regardless of weather conditions, but its intensity
decreases as it passes through the clouds. This
type of radiation is called diffused radiation
impacting the calculation of scattered radiation
on cloudy and foggy days. Diffused irradiation is
shown in Fig. 5. It should be noted that direct
radiation is much stronger because sunlight
reaches the surface of the earth without being
blocked by clouds.

The total radiation received by the desired page
can be written as follows in Eq. (9) [36].
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Fig. 5. Diffused irradiation.

A
N 4
A’q "

Fig. 6. ®@c: panel angle with south, ®s: sun angle
image with south and X : panel angle with the horizon.

lig=1Ipq+Igq (9)
lo.a represents direct radiation, and lq. represents
the scattered radiation fo the screen. lpa and lga

are calculated by Eqgs. (10, 11) [36]

Iy o = Iy, cOSB; (10)

loa = lan (1 - CZOS Bi) + Palen (1 — CZOS Bi) (11)

where 0; is the angle of impact (angle of solar
radiation with the average plane vector), i is the
slope of the plane relative to the horizon, pan iS
the reflection coefficient of the surface of the
earth, and I; is the intensity of the total radiation
on a horizontal plane calculated by Eq. (12) [36].

I =1p,cos(90 —a) + Iyp (12)

The angle of collision 6; for any plane with an
angle of deviation B from the horizon and an
angle of inclination y concerning the north axis
can be calculated in terms of the angle of
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inclination of the sun 6 and the angle of
incidence ® and latitude ¢ at any time [36].

For a fixed plane, the angle of incidence is
obtained according to Eq. (13) [36].

cos 6; (13)
= cosB(sind sin ¢

+ cos 6 cos ¢ cos w)

— cosd sinw sin B siny

+ sin B cosy (sin § cos ¢

— cos § cosw sin @)

In this case Bi = f.

In Fig. 6., the angles @ are called the azimuth
angle, which is the angle of the panel with the
south which has a negative value in the
southwest. The angle &g is called the sun's
elevation angle and represents the angle of the
image of the rays of the sun with the south, and
¥ is the angle of the panel with the horizon.

The electrical energy generated by the
photovoltaic cell is calculated by Eq. (14) [36]
(14)

sunset

ny
E ! > [ f lead ]
= t. t
ny —ng+ 1 n=n, L/sunrise ¢ n

where n, ns, and ns are the number of the desired
day, the beginning and the end of the time
interval, respectively, and the time of integration
of sunrise and sunset in each day. As shown in
the above formula, the integration interval values
are different for each day, but the value in these
calculations is considered from 7:30 to 16:30
according to the shortest day of the year
(December 21). Therefore, the values obtained
will increase significantly, especially in the
summer months.

2.3. Solution algorithm

Fig. 7 shows the flowchart for calculating the
optimal slope and maximum energy that can be
received in the structure. Accordingly, inputs
that are generally fixed, such as the cloud factor,
latitude and panel angle, typically zero degrees,
are entered to obtain the amount of radiation and
energy that can be received at the horizon. Also,
this angle is changed from zero to 180 degrees to
the south at the other entrance. According to the
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formulas presented, the maximum monthly and
annual radiations are calculated. Finding the best
slope and calculate the maximum energy, in each
step, 10 degrees are added to the panel angle, and
by calculating the new direct and scattered
radiation and entering the panel efficiency,
which is a constant value of 20%, each time the
energy from that degree is compared with the
energy obtained from the previous angle. When
the 18 steps of these changes are done, the
maximum amount of the energy is adjusted to its
angle. On the other hand, in the formula for
calculating efficiency, we need a diary, which,
by applying it, the best slope and maximum
energy that can be received per month are
obtained.

3. Results and discussion
3.1. Radiation analysis for tracking

With a latitude of 29 °, Shiraz city has medium
cloudiness and average temperature compared to
other Iran regions. The performance of the NRI
model is discussed by MATLAB software to
calculate the maximum radiation and power
received from the panels. The structure is
analyzed only for the city of Shiraz.

3.2. Calculate the optimal slope

According to the flowchart description in the
previous section, 18 samples are taken each
month to find the maximum power. Tables 3 and
4. show these samples at every ten degrees
change for each month of the year. After finding
the maximum power, it is adapted to the relevant
angle; and to find the optimal slope, ten more
samples are taken in the interval where the
maximum power is received; thus, the optimal
slope for each month is calculated. The result of
these calculations can be seen in Table 5. These
values are the angle of the panel facing south,
and the negative angle means the panel is sloped
north.

Because the tree is made of semi-movable plates,
it is necessary to calculate an angle with the
highest efficiency, which according to Tables 3
and 4, has the highest output power in the range
of 20-30 degrees to the south with ten samplings
during this period. It is observed that the power
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reaches its maximum value at an angle of 29-30
degrees to the south. The slope intended for
building the tree is 30 degrees. One of the
advantages of the solar tree is the ease of
changing the angle of the panel on the branch.
This feature makes building the solar tree not
limited to a specific location and with minor
changes, it has the highest panel efficiency in
another location with different latitudes.

fre)

Start
, \I/ y

CEpi-0, Panel ofﬂcienc_\// 0<pi<180 /<

altitude angle
| ‘ (I(lnv Ila)op |

Eoptn<Eoptn-1

[ Max:{P;;,P;, 1,---Pio} ‘

Fig. 7. The flowchart of optimized slope and
maximum received energy calculation process.

Table 3. Samples of each month to find the maximum
power (0 - 90).
Deg. 0 10 20 30 40 50
to to to to to to
10 20 30 40 50 60
Jan. 31 33 373 425 45 441

Feb. 38 382 394 418 42 419
Mar. 37 381 392 41 4.08 399
Apr. 42 45 441 432 431 382
May. 49 47 468 458 451 4.48
Jun. 6 581 571 569 547 532
Jul. 54 537 531 518 491 489
Aug. 5 51 501 49 481 473
Sep. 54 553 6 589 581 578
Oct. 43 448 453 561 57 561
Nov. 39 42 431 451 455 46
Dec. 32 338 342 351 42 4.5
Ann. 51 55 6 582 563 558




JCARME

Table 4. Samples of each month to find the maximum
power (-90 - 0).

Analysis and implementation of . . .

-60  -50 -40 30 -20 -10
Deg. to to to to to to

-50 -40 -30 20 -10 0
Jan. 247 258 261 266 287 3.08
Feb. 297 321 362 368 371 3.76
Mar. 298 321 322 352 361 3.68
Apr. 359 362 381 397 4.01 4.8
May. 421 44 469 477 481 4.87
Jun. 523 543 551 568 573 6
Jul. 529 536 538 541 548 55
Aug. 471 473 475 481 488 4091
Sep. 5.01 511 528 531 535 538
Oct. 369 381 383 391 411 428
Nov. 351 358 361 368 371 38
Dec. 261 273 280 283 29 3.1
Ann. 455 485 461 4.68 471 491

Table 5. The optimal slope in each months.

Months Optimal tilt
Jan. 49
Feb. 46.5
Mar. 31
Apr. 15
May. 3
Jun. -4
Jul. -2
Aug. 12
Sep. 26
Oct. 41
Nov. 51
Dec. 55

3.3.Calculate the efficiency of solar tree

The amounts of direct and diffused monthly
radiation are shown in Figs. 8 and 9. These
values are obtained from Egs. (10, 11). From
now on H.S. is used for the values calculated at
an angle of zero degrees, and O.S. is applied for
the values calculated at an angle of 30 degrees.

The values presented in Table 1. indicate the
ideal state of the existing solar panel, according
to which, by parallelizing the panels, the output
power should be 8.9 watts with an efficiency of
20%. According to Eq. (14), a factor called total

Vol. 12, No. 1

radiation, also affects the resulting energy which
can be seen in Figs. 8 and 9. Next, the energy of
the panels is calculated in two angles of zero
degrees and 30 degrees. Voltage, Current and
Power in both H.S. and O.S. are shown
respectively in Figs. 10-12. The shown values
represent the year from January to December by
numbering 30, 60, 89, 120, 151, 182, 213, 244,
275, 305, 335 and 365.

L]
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Ng 6000
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=
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Months

Fig. 8. The H.S monthly quantities of direct and
diffused irradiation.

o
Jan I —
Feb n——
Mar ————
Apr
May
Aug
OcCt
Nov  ———
Dec ——

m Beam irridiation

m Diffused irridiation

7000
6000
5000
4000
3000
2000
1000

0

5852388

Months

Fig. 9. The O.S monthly quantities of direct and
diffused irradiation.
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Fig. 10. Comparison of the received voltage at two
fixed and optimal angles.
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Fig. 11. Comparison of the received current at two
fixed and optimal angles.
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Fig. 12. Comparison of the received power at two
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Fig. 13. The proper placements of panels on tree.

Table 6. Improved O.S efficiency compared to H.S.

Meraj Rajaee, et al.

Months Percentage
Jan. 32%
Feb. 10.60%
Mar. 10.80%
Apr. 6%
May. 0%
Jun. 0%
Jul. 2%
Aug. 2%
Sep. 11%
Oct. 25%
Nov. 16%
Dec. 20%
Ann. 12%
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It is obvious that by improving the slope of the
structure, we have improved their efficiency.
Then, the increase in efficiency in the optimal
angle mode of 30 degrees and the fixed angle of
zero degrees can be seen in Table 6. These
changes are well visible in October, November,
December, and January, which show the
importance of the optimal slope in solar
structures; because in the warm months of the
year (May-June), the efficiency of the panels is
high by itself, but in the mentioned months,
usually due to cloudy or partly cloudy weather,
the panel cannot easily absorb light. Helping to
absorb more light offers higher efficiency and
output.

Fig. 13. shows how the panels are placed on the
branches of the tree. In this structure, there are
three branches, each of the panels mounted on a
separated branch by a joint, allowing the panels
to rotate 60 degrees from the sides and rotate 120
degrees from the top. The rotation of the panels
through the joint allows the tree to be in the
optimal slope in any branch position and receive
maximum efficiency.

4, Conclusions

The built solar tree has unique features described
in detail in the article and all the steps shown in
the figures and tables. The items considered in
this project are reviewed below:

eUsing the Fibonacci pattern to avoid the effect
of shadow.

eDesigning the tree for every country in the
northern hemisphere of the earth by using a
hinge at the back of the panel to conveniently
change the angle.

eUsing NRI model to estimate the solar energy
potential by MATLAB software in 18 different
angle

eIntroducing a 30-degree angle as the optimal
angle.

eEnhancing 12% of extractable energy of the
tree by comparing the obtained energy in Zero
degrees and 30 degrees.
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