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{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
gﬁfteen years. Exposing to the Sun, facades have great potential to supply the electricity
ineeds of energy-efficient buildings using photovoltaic panels. However, the improper
§orientation to the radiation direction, especially in summer, reduces the efficiency of
i PV panels integrated into the facades. Aiming to increase the efficiency of the southern
BIPV’s facade, this research introduces an optimal combined pattern of PV panels and flat
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

is founded on experimental and simulation models. Research tools used in the
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
i comparative process the best setting for each month, and finally for the entire year was
%selected and introduced.

INDINGS: Having determined the optimum constructing parameters, the study

calculated the proposed geometry output efficacy. The results showed significant
§increase in output power up to 87.38% in summer (June 21), 36.33% in spring (March
§21), and 17.83% in winter (December 21) with an average of 46.44% during the year.
%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
i effect. The first group includes lateral angle of side mirrors, lateral angle of underneath
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,
fand 10.5, 15, and 13.7 percent of the effect on the “increase in radiation intensity” are
i at the fourth to sixth order of influence on the proposed envelope- efficiency. It’s proved
gthat 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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Table 1. Insolation properties during the equinoxes and solstices in Hamedan City (Latitude: 34.77°, Altitude: 48.51°)

21 September 21 June 21December

g N Solar Position g = Solar Position g N Solar Position

o N —~ o N —~ oo —~
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E =2 > 3 52 > 2 53 5 £

= 3 2 Ey g 3 > Eq g 3> E: g

gz z 2 22 g < 5 5 2 <

c o = [t = c =

23 = E 23 = E 23 = E

20 g g 20 g g joll B =) g

& 3 ] & 3 ] & 3 ]

< < <
9 960.3 52.87 120.74 995.8 40.96 93.51 780.80 71.94 137.37
10 1012.1 43.21 136.27 1030.5 28.81 104.93 890.60 64.62 149.92
11 1037 36.42 157.30 1048.1 17.62 125.91 943.5 59.83 164.51
12 1043.2 34.31 183.12 1053.7 11.34 177.66 958.7 58.21 180.45
13 1032.9 37.69 208.14 1048.8 16.96 231.93 941.7 60.02 196.35
14 1002.6 45.33 227.75 1032.2 28.02 254.09 889.50 64.97 210.83
15 941.9 55.45 242.20 998.8 40.14 266.86 767.40 72.40 223.26
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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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Sun Path on Vertical Plane

Fig.4. Comparison of sloped reflectors (¢) with the

vertical and horizontal ones (b) from the point of

shadow casting view considering vertical projection of
sun light through a day (a).
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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
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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).

s

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)
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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

variable
e Increase
variable

in Reflection

e Area of Shadow Casting May created by Envelope

Component on each other -Third dependent variable

Intensity- Second dependent

Lateral Angle of Side Mirrors -LA0SM

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

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

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* D D2

Values -2° 2° 41° 20°

5:8 0.02m 1° 1.70m 0.39m 0.1Im

*Hight of Compound Surface

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).



cee S 597 G2 W gT 58 gl il diwgy (B> 3b (5981

AP0 Slio /Y o3k 1Y 0395 . 1 Foe ylins) § 0l

Slelw sl (29,5 Ol 9 Gl il o2l
A4S 005 awbxe Jad o (el §s)) j0 500
sl 00l OQ)BT (\Y)JL»: Lcha)low B QT C_ll.u
J=a3 Sy sl sl o e 8L 4> e (ol Bue
Be s J_Qb‘sa ULMAJ LQ)‘J}QJ ) | J_.Aﬁ
o ol 3ok o )esl ke Lol Joad
=B VY Celw ag ol wlwlp Olaudas ay
o Bl gy 550 Byl 518l |, 6t byl
LIV 7Y L S KNP S S SO A SGv W
—alS asg, 5l glad Ve 9% Slelw jo Ladalio aigys
arodlais S o)lo )’5) Jﬁ_lo e uu_ala C.la_w )‘\)9_4)'
o0 4 S aas o plid Jead ol e il el

mSiles 5 00l Jlasl K0 Jmad g0 wlelw plos
Jw 5 sl oyl laclass (o e <led )
ool 0058 )5 (B e dge Jos (lgieg oad Lol
..".. o ‘Slme?‘
2 sl st o 5 ilwannd 5l
J-.Jj)&-ﬂ-la?bo&.«u‘d\ dgd> ¢ Jad , o 5l el
Loyl o gylululw cols as gl
So9—ed 59, | Gmly e Selw 2 sl 39 b0
VY 5l aSges 9 OV) IS o a S a0 8 zlhse
(F) ooz ;0 Lisled g oudoals ylis soiadgr Jlogd
sl sl g5 5 (9995 lradlse Bl onlass
03,91 b g el SSE a a i slagly 6l

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)

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

Compound Envelope Parameters Increase in Avrea of Output Power Output Power
Radiation Reflection/ without Applying
5 © Panels Area (%) Reflectors Reflectors
g £ =2 32 > 2. g & (W/m2) (W/m2)
» 2 2 5 88 = =
- _ Z T n )
5 9 -2° 0° 3 0.09m 44> 0° 234.83 108.01 6.47 21.85
IS 10 -2° 2° 10 0.02m 32° 24° 107.04 106.32 18.91 39.67
E 11 2° 2° 3 0.06m 32° 22° 97.36 122.71 26.1 52.44
@ 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
g = 10 140 10° 4 00lm 50° 4° 28.13 96.02 74.36 98.66
;5). L 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 1475 82.87 114.44
_ 9 -4 28° 8 0.00m 30° 0° 16.5 84.09 110.17 133.19
% 10 22° 30° 4 0.07/m 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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Fig.12. Amounts of Area of reflection, Increase in radiation, and Output power of the proposed geometry during hours
of the index day of each season according to the optimum parameters of each hour
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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 Increase in ~ 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
53 10 71.92 101.23 19.33 33.62 73.93
E @ 11 97.37 122.71 27.36 55.02 101.10
23 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
o 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 37.91
~ 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
_‘é 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 834.58886.63927.07941.95941.20935.05930.48927.18918.08892.30849.40816.38  900.02
(W/m2)

Average of the radiation
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
applying Reflectors (m2)
Average of increase in Panels
Avrea 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 22.36 15.73 13.72  46.73

Variable)

Average of Output Power

without applying Reflectors |107.03/94.94 | 77.07 | 51.99 | 28.97 | 20.73 26.66 46.40 70.22 89.89 105.06111.16/ 69.18
(w/m?)

Average of Output Power
applying Reflectors (w/m?)
Amount of Output Power (%) 1 19.88 26.14  36.33 |54.77 | 77.34 87.38 77.66 55.53 37.17 23.52 20.01 17.84 44.46
Sum of the first and second
variables in each month (%)
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30.98 1 43.22 66.30 109.99161.65171.94162.09111.20 67.58 43.50 30.87 27.03 ~ -----
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Table 7. Optimum Parameters for the algorithm based
on the results of the Optimization

Input Parameters Values
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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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