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ARTICLE INFO Extended ABSTRACT
Article History: . ACKGROUND AND OBJECTIVES: According to the International Energy Agency, the
Received 2020/08/03 construction sector accounts for more than 33 percent of total energy consumption per
Revised 2020/09/21 i capita as the largest energy consumer globally, while in Iran, the share is accounting for 40
Accepted 2020/10/18 i percent. Meanwhile, the loss of nearly 11 percent of electrical energy while transmitting
Available Online  2021/12/22 {it through grid lines to cities has led to the rapid growth of a decentralized generation of
i electricity at end-use through building integrated photovoltaic (BIPV) systems over the past
Keywords: gﬁfteen years. Exposing to the Sun, facades have great potential to supply the electricity
Facade Integrated Photovoltaic ineeds of energy-efficient buildings using photovoltaic panels. However, the improper
Combined Envelope i orientation to the radiation direction, especially in summer, reduces the efficiency of
Flat Reflector PV panels integrated into the facades. Aiming to increase the efficiency of the southern
Genetic Algorithm BIPV’s facade, this research introduces an optimal combined pattern of PV panels and flat

Electrical Efficiency i reflectors as an integrated system capable of improving both the intensity and the area of

i solar irradiation on panels.

.................................................... . ETHODS: The research has an applied approach, and the method of the research
Use your device to scan is founded on experimental and simulation models. Research tools used in the

and read the article online

istudy process include descriptive geometry to analyze solar radiation and reflection
§on the panels, study models to consider the reflections, and Grasshopper plugin in
iRhino software environment as a parametric tool to simulate the proposed integrated
i envelope. Ladybug plugin has also been used to extract solar radiation properties from
i the climate information file generated by Meteonorm software. At first, the experimental
gand analytical method was used to find the best concept for the combination, and
ithen the logical reasoning method was applied to select the best pattern among the
i possible alternatives for a combined, concentrated photovoltaic facade. At the second
i stage, defining the constructing parameters, the proposed envelope is simulated aiding
Grasshopper software. The parameters are optimized using the genetic algorithm through
ithe Octopus plugin. At the third and final stage, input data, related to the index days,
i entered to the algorithm and optimization process was done so that the best values have
ibeen introduced for each input data to fulfill the research objectives. Then through a

Number of References

28 gcomparative process the best setting for each month, and finally for the entire year was
i selected and introduced.
(S :
i INDINGS: Having determined the optimum constructing parameters, the study
Number of Figures {0 calculated the proposed geometry output efficacy. The results showed significant
17 §increase in output power up to 87.38% in summer (June 21), 36.33% in spring (March

521), and 17.83% in winter (December 21) with an average of 46.44% during the year.
i The findings of the study addressed the six main parameters of the combined envelope
{influencing the efficiency. These parameters can be divided into two groups based on their

Number of Tables i effect. The first group includes lateral angle of side mirrors, lateral angle of underneath
7 i mirrors, horizontal depth of side mirrors with 52.75, 47.75, and 39.25 percent impact on
“surface area of radiation” and with 64.5, 39.33, and 51.75 percent effect on the “increase
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?in radiation intensity” respectively. The second group, meant, the number of panels in
i the vertical direction, side mirrors slope angle and the underneath mirrors ‘slope angle
i with 34.75, 23.25 and 18.75 percent of the impact on “the area of radiation” respectively,
iand 10.5, 15, and 13.7 percent of the effect on the “increase in radiation intensity” are
{ at the fourth to sixth order of influence on the proposed envelope- efficiency. It’s proved
Ethat changing the most vital parameters affect the amount of “increase in radiation” up
i 10 64.14% and cause 62.21% variation on “increasing the area of reflection” values while
§for the least influencing parameters, these items were calculated 15.85% and 15.90%,
i respectively.

ONCLUSION: Facades integrated photovoltaic panels have low efficiencies due to the
H non-optimal angle of the building envelope to the radiation, especially in summer. On
i the other hand, the need to design openings, particularly in the southern facade of the
i building, reduces the solar system’s efficiency by reducing the area of installable panels.
i In this study, the strategy of combining a flat reflector with PV panels in the form of a
i novel geometry was used to form the main idea to increase the efficiency of BIPVs. In
%this research, the two main criteria meant, radiation intensity and the area of reflection,
i were considered as objective functions in optimization. The results showed that using the
i proposed integrated system during the year will increase the radiation intensity by an
average of 38.8% and the reflection area by 46.70%. However, they will improve, in order,
up to 71.41% and 100.53% in summer. In other words, using the proposed model, about
30% of the southern facade surface can be allocated to openings, and at the same time,
i the irradiated surface during the year is considered equal to the total facade surface. The
i study showed that the electrical output power in summer, using the proposed model,
%will increase to 88%, and for the two seasons of winter and spring, it will be 17.84 and
i 34.36%, respectively. The study showed that the proposed geometry could be introduced
i as a practical solution to enhance the fagade integrated photovoltaic efficiency. So, it is
capable of generating more electricity, especially in the cold climate of Iran.

{ HIGHLIGHTS:

- An integrated envelope including PV panels and flat reflectors has the capability of
i enhancing building facades in generating required electricity.

i - Using a parametric geometry in an algorithmic simulation for the proposed envelope will
i provide the ability of assessing the capacity of combined envelope in any given time of a
year.

i - From the six main constructing parameters of the proposed envelope, the three including
 lateral angle of side mirrors, lateral angle of underneath mirrors, horizontal depth of side
mirrors have the main effect on the efficiency of the integrated envelope.
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Fig.2. Combination of flat reflectors and the PV panel

(up), Voltage-Current characteristic without using

reflectors (middle) and applying 4 flat mirrors (down).

( (Sathyanarayana, Ballal, kumar, & Laksmi sagar, 2014,
pp. 358,360)
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Table 1. Insolation properties during the equinoxes and solstices in Hamedan City (Latitude: 34.77°, Altitude: 48.51°)

21 September 21 June 21December
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Fig.3. General view of the study model (up), Details of dimensional restrictions governed on the case study (down)
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Fig.5. Reflection of a flat mirror on a given vertical plate while the angle of reflector varies from 0°-45° on June 22, from 9:00
to 12:00. The red and yellow lines show the equivalent level of enclosed space between 30° and 45°-sloped mirrors respectively

Reflection Area |

~—_

Horizontal projection of Reflected ray- &

1t
Fig.6. Using of triangle flat reflector for casting reflection as a combination concept (left) and drawing the reflection of a two
45°-sloped flat reflector with the lateral angle of 5° under the sun radiation on June 22, at noon (right).

Dy=10.3%m
Defined Dimensional Limitation i

v B

(13%m

Sloped Flat Reflector

!

3= 0, 10m

1.70m

Chuter PY Panel

Inner PV Panel

- PV Panel
- Flat Reflector

Fig.7. Various alternations of combining flat reflectors and PV panels in difined dimentional limitations: (a) Just using
horizental mirrors, (b) Using horizental and vertical mirrors, (c) Using horizental and sloped mirrors and (d) Just using
sloped mirrors.(Concept of combining reflectors and PVs, which shapes the form of the proposed envelope, has been shown)

Proposed concept for hypothesis test
(Zoomed Tor more clarification)
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Table 2. Definition of independent and dependent variables of the research

Dependent Variables (Objective Functions in
Optimization)

Independent Variables (Envelope geometry and Reflection
Generating Parameters)

e Area of Reflection / Total Panels Area- First dependent e

variable
e Increase in Reflection Intensity-
variable

e Area of Shadow Casting May created by Envelope

Component on each other -Third dependent variable

Second dependent

Lateral Angle of Side Mirrors -LAoSM

Lateral Angle of Underneath Mirrors- LAoUM
Number of Panels in Vertical Directions- NoP-V
Horizontal Depth of Side Mirrors- HDoSM

Side Mirrors Slope Angle- SMSA

Underneath Mirrors Slope Angle- UMSA

PV Panels Flat Beflector

Vertical

LAolM

PoP-v)

Direction ( Mol*-H)

Number of Panels i

Number of Pands in Horizental

HDoSM

OPHOA

Fig.8. Definition of generating parameters which make the case study as a combination of flat reflectors and PV panels

Direction (MNoP-H)
H _ L -‘__
The arca under existing solar _‘!A-_:\ ="
radiation and no reflection -

3

The area that receives

reflection once The area thai receives r A AT
The area that receives - -

rellection twice

P

Friday, June 21sl 2019 {14:00:00)
Sun(All.&Az.)= 61.56,254.44(D)

Direct Normal Radiation=234_0(W/m2)
Ambient Temp.(DBT)=30.3(.C)

Area of PV Panels=3.81(m2)

Area Of Reflection/PV Panels’ Area=%93.06
Increase in Radiation=%79.15

Cell Temp.{Non-ventilated )= 39.48(.c)

Cell Temp.(Venlilated)= 37.13(.c)

Cell Efficiency(Without Reflection Non-ventilated j=%15.62
Cell Efficiency(Non-ventilated }=%15.71

YA
A A Cell Efficiency( Ventilated )= %15.9

-

Air Volume Behind Solar Envelope=1.06(m3)

> A~ Output Power(Non-ventilated j=33.5715(W/m2)

A A Output Power ( Ventilated J= 33.9781(Wim2)

b b1

Quiput Power(Non-ventilated-Without Reflection y=18.7390Wim2)
Cutput Power ( Ventilated-Without Reflection )= 18.9659(W/m2)

Fig.9. An output sample of the written algorithm in Grasshopper which creates the proposed envelope and shows reflection
on it as well as the required information needed for the optimization process. A part of the envelope is zoomed to present on
the ability of algorithm in casting and calculating reflections on PV panels
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Table 3. Governing values of the proposed envelope simulated in Grasshopper plug-in

Site Information

Hamadan City (Latitude: 34.77°, Altitude: 48.51°; Above Mean Sea Level:1749 m)

Time of Simulation

June 21" at 14.00 O’clock

Envelope Parameters

LAoSM LAoUM SMSA UMSA NOP(H;V) HDoSM OPHOA HoCS* Dy D2

Values -2° 2° 41° 20° 5:8 0.02m 1° 1.70m  0.39m 0.lm
*Hight of Compound Surface
Genomes obtained form the optimiration algorithm for
March 21 at 10:00 0" Clock £
A0 - = g
60.00; 3587 107.6; 35.86 - |
L " - é
o B
?'.' "‘. & ’ -
-

Amount OF increase in Radiation (%)

0 10 20 30 £ N & T B %

100 110

Area Of Reflection/Panels Area (%)

w32

199108 : Genetic Diversty
M‘?a:rh#"‘]’] .

Apga 1 Refie

Fig.10. Method of finding the best genome for a given time among the answeres with no shading (left), and output of the
Octopus optimizer for 21st of March at 10:00; the darker cube the more optimized genome (right).
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Genomes oblained form the optimization algorithm for
December 21 at 11:00 0'Clock

Genomes obialned form the optimization algorithm for
June 21 at 12:00 0" Clock

120 79.90; 114,68

137.65; 24.53
138.38; 114.68 25

75.52; 24.54

110

Z2
b
-1
-
i
&
[
— k
A =1

Amourd OF increase in Radiation (%)
=

Amount Of increase in Radiation (%)
2

L=

%
* 0 i

A0 %0 60 7O B0 S0 100 110 120 130 140 0 10 20 30 40 50 60 TO 30 S0 100 110 120 130 140 130 160
Area Of ReflectionPagels Area (%) Arca Of ReflectionPancls Area (%)
Fig.11. The optimum answers (yellow ones) for June 21 at noon (left) and December 21 at 11:00 (right); (The orange
and green cube represent the best answers for the percentage of increase in radiation and area of reflection respectively)

+*
0 #
0

10 20 30

Table 4. The Optimum Amounts of Proposed Geometry Parameters for each of the given hours in 4 seasons

Compound Envelope Parameters Increase in Area of Output Power Output Power
Radiation Reflection/ without Applying
g ® (%) Panels Area (%) Reflectors Reflectors
§ L % 2 % % z g < (W/m2) (W/m2)
2 2 32 85 = =
[ Z T 2 =
5 -2° 0° 3 0.09m 44° 0° 234.83 108.01 6.47 21.85
g 10 -2° 2° 10 0.02m 32° 24° 107.04 106.32 18.91 39.67
E 11 2> 22 3 0.06m 32° 22° 97.36 122.71 26.1 52.44
6 12 2° 2° 3 0.04m 42° 24° 105.42 112.84 28.42 59.61
- 9 8 16° 3 0.09m 44° 0° 25.49 110.32 61.64 79.44
%D = 10 14> 10° 4 0.0lm 50° 4° 28.13 96.02 74.36 98.66
(%U-' 11 14° 16 3 0.09m 38 24° 31.13 134.35 81.37 111.17
12 16° 16° 3 0.07m 32° 22° 32.26 147.5 82.87 114.44
5 9 4° 28 8 0.00m 30° 0° 16.5 84.09 110.17 133.19
2 10 22° 30° 4 0.07m 46° 0° 18.48 112.8 126.62 157.08
= 11 24° 28 3  0.09m 40° 24° 22.08 119.44 133.98 172.39
12 28 28 3 0.07m 36° 24° 22.94 139.06 134.77 174.92
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Table 5. Yearly Outputs of Proposed Geometry when it’s adjusted according to the optimized parameters for the 21st
of June at 11:00 O’clock

Season Time  Increasein  Reflection Area/ Output Power Output Power Increase in
Radiation Panels Area (%) without Reflectors Applying Efficiency (%)
(%) (W/m2) Reflectors(W/m2)

9 19.99 70.02 6.33 7.62 20.38
= 10 71.92 101.23 19.33 33.62 73.93
E Z’ 11 97.37 122.71 27.36 55.02 101.10
E 2 12 93.67 108.17 29.88 59.08 97.72
~ Mean 71.41 100.53 20.73 38.84 87.38
_ 9 33.99 29.84 60.03 79.79 32.92
s 10 34.79 31.67 75.69 102.86 35.90
£ '§ 11 34.83 32.49 84.90 116.74 37.50
c%é‘ 12 34.62 32.60 87.65 120.88 3791
~ Mean 34.56 31.69 77.07 105.07 36.33
:’T 9 10.91 11.55 89.22 101.69 13.98
55 10 12.85 13.43 110.02 128.75 17.02
E é 11 14.31 14.78 121.13 144.44 19.24
z 3 12 14.76 15.15 124.27 149.08 19.96
g Mean 13.21 13.31 111.16 130.99 17.84

Table 6. The average annual output of the proposed envelope separately sorted by each month according to the best
parameters found for the summer on January 21 at 11 O’clock (to reach the best results, the average amount of 4
index-hours of the 21st day of each month has been considered)

Annual
Jan | Feb | Mar | Apr May Jun Jul  Aug Sep @ Oct | Nov | Dec Average
Average of the radiation
without applying Reflectors 834.58/886.63927.07941.95/941.20935.05930.48/927.18918.08/892.30/849.40816.38  900.02
(W/m2)
Average of the radiation gy 561075 311220.81419.61609.91602.81591.9 1401.8 1214.5 1080.9977.99925.05 125688
applying Reflectors (w/m2)
Amount of Increase in
Radiation (%) (First Dependent| 15.22 1 21.29 /31.69 | 50.71 71.05  71.41|71.09 | 51.20 32.29 21.14 15.14 13.31 38.80
Variable)
Sum of Panels Area without | 1y 551 50 11,50 11.50 11.50 11.50 11.50 11.50 11.50 11.50 11.50 11.50 11.50
applying Reflectors (m2)
Average of increase in Panels 3 31114 07 1548 1832 21.92 23.06 21.97 1840 15.56 14.07 1331 13.08 16.87
Area applying Reflectors (m2)
Amount of Increase in Panels
Area (%) ( Second Dependent | 15.76 | 21.93  34.61 59.28  90.59 100.53 91.01  60.01 35.29 22.3615.73 |13.72  46.73
Variable)
Average of Output Power
without applying Reflectors |107.03/94.94 | 77.07 1 51.99 | 28.97 1 20.73  26.66 | 46.40 1 70.22  89.89 [105.06/111.16/  69.18
(w/m?)
Average of Output Power
. 5 128.31/119.76/105.07/ 80.47 | 51.37 38.84 147.36 | 72.17 1 96.32 |111.03/126.08/130.99  92.31
applying Reflectors (w/m?)
Amount of Output Power (%) | 19.88 26.14 36.33 | 54.77 | 77.34  87.38 77.66 |55.53 37.17 23.5220.01 17.84 | 44.46

Sum of the first and second

. . 30.98 43.22 66.30 109.99161.65171.94/162.09111.20 67.58 43.50 30.87 27.03
variables in each month (%)

el 5o w._u)gf.” 59959 6L_b¢a.]§4 U»L_w‘).: JL_W

Table 7. Optimum Parameters for the algorithm based
on the results of the Optimization

Input Parameters Values
LAoSM 2°
LAoUM 2°
NoP-V 3
HDoSM 0.06m
SMSA 32°
UMSA 22°
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B Sum of the First and Second dependent variables for Spring (%)
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¥ Annual Average Output Power Applying Reflectors (Proposed
Combind Geometry) (W/m2)

B Annual Average of Efficiency Increase (%)

Fig.13. Annual output comparison when the algorithm is adjusted according to the optimum answer of each season (the
first and the second dependent variables are “Increase in Radiation” and “Area of Reflections/ Panels area” respectively
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Fig.14. Percentage of Reflection Area (left) and Radiation Increase (right) of the Proposed Combined Geometry
comparing to an equal PV-facade without reflectors (21st day of each month considered as an index-day in the calculation)
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Fig.15. Average Output power of each month within a year when the geometry adjusted according to the optimum
parameters (see table 6 and figure 17-right)

Fig.16. The effect of change in SMSA amounts on the dependent variables (Black columns represent input parameters
and the blue ones show the outputs or dependent variables; each continues line stands for one change in SMSA amount).
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Fig.17.Study of the effect of each independent variables (input parameters) on dependent variables; Sum of the amounts
of each two dependent variables is the index of effect (left) and the status of proposed combined geometry on June 21 at
11:00 while adjusted according to the Optimum Input parameters (right).
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