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Abstract

Adding various colors to photovoltaic (PV) modules is essential for the building-integrated
photovoltaics (BIPV) market; however, it can also reduce PV performance and increase
manufacturing costs. Therefore, a tool is required to predict PV performance based on color
before production of PV modules. In this study, we demonstrate an approach for predicting the
performance of colored PV modules before they are produced. First, we analyzed the optical
properties of various colors of polyvinyl chloride (PVC) films available in the market and their
correlation with power. A total of 15 prediction models were trained. Then, we manufactured
colored films for BIPV, predicted their power using the trained models, and compared the
predictions with actual power values. Additionally, we validated and optimized the prediction
models using mean absolute error (MAE) and root mean squared error (RMSE). We achieved a
low MAE of 3.8% and an RMSE of 4.3% using a prediction model formula that consisted of
transmittance or a combination of transmittance and absorption. This approach offers several
advantages, such as the ability to predict the performance based solely on the optical properties
of front-colored films or glass used in colored BIPV without the need for sample production,
which can save time and resources.

Keywords: A= U A|E e g7 A A8 (Building integrated photovoltaic (BIPV)), Z 2]
BIPV E-:_a_r(Colored BIPV module), i & &9 o|Z(Photovoltaic module power
prediction), A ¥HA|<=(Correlation coefficients)

LME

2020 Al 2ol =] g AlAglo] =Y o] AELAY HFFIHAA-(BIPY
Building Integrated Photovoltaic)& Aol F43] 44451 Ict?. 20214 1729
2,6005F 22|95l BIPV AR HEE 20260l = 407¢] 6,300%t Gej7tz] 271 A

o & APEY. BIPVE el R ES 285 18-S tARIsHAA 115 "aghefu

Journal of the Korean Solar Energy Society Vol. 43, No. 6, 2023 67



el ] =2l

A& Artehe Bl AR Sh o9 7152 Al dhe s Aol @l AVE7Fs ol|AIE Akttt
=S 7RIAL Q7 whzoll At i BE iE] =2 70l Bkl RS S o|n| BIPVE HH
st Holglom, A APgoll A Eet FaArto e 2ke) J1 gofY. AZskE PR o2 E uf, BIPVeE 1|

S SSA7I7] el 271, AV, A4 5 Bol] 9lo] 2 7S 7RHoF SRR el BeEel Ake 9
Joh= 22

© QIAage] QB HIAbE|o] o x| 4280 ZIAS ojulRl . w3t AulE s 9Jgt 27149l
A g0 FAEe] B 2ol A TS Eole 8110 = ojofx A "t wjebd A%< Skl BIPVE
A5t o 9ol 27kl 22k Aske AloeiE s BE-S Aas] de] £ Apgolt Ao
tht BIPV REC] ofuf 7] At 482 o= Ao] uf¢- Gafsir). olof| BES ARtslA] bt AlE A Aol A
Azefo] EARe 2 Bjef mEO] A clSehe TaAl2st B e 1 ik

A el e BIPV 550] 452 l5517] $18 514 R A

E
e
re,
-
2
o
i
£“.:
OL
H
iy
)
X
o
i

mel Chloride (PVC) A2 <] 2 BF ARSI 2™, BIPV-g-2.2 A2 22 Z2]0 55 o5 2] 4]
-85t 22 Hd BE0 5= dSstlnt. oS Hde 913t ol W ors Al oaRd 5 A1y

3171 242 g oton] Aag vlmste] Fewg sk,

2. 2l

PVC color film ] [ Make color film for BIPV ]

! |

Measured optical Measured optical
properties properties
[ Measured |-V Predicting Power ]
Prediction models for
[ Power [ Make color BIPY ]

[ Validation ]

Fig. 1 Diagram for the model to predict the performance of colored BIPV modules
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Fig. 2 Transmittance, reflectance and absorption of PVC color films. Absorption was calculated as : Absorption = 1- (Trnasmittance

+ Reflectance)

Table 1 The average transmittance, reflectance and absorption rates in the 300 ~ 1200 nm and color coordinates of PVC

color films
PVC color films Trans[r;gtan c Reﬂ[(;:[]an “ Abs[(:;gtlon L CIEa}kg% b* (= /12 Ji*Q +%2)
Red 61.12 8.03 30.84 26.58 7.73 2.50 27.79
Orange 68.56 8.40 23.03 30.74 8.09 9.07 33.06
Yellow 73.90 8.46 17.62 33.95 -2.39 11.95 36.07
Green 51.59 7.31 41.09 29.75 -10.9 4.39 31.99
Blue 64.96 7.88 27.14 26.71 0.95 -10.28 28.64
Purple 71.80 8.16 20.03 27.13 3.6 -7.43 28.36
Pink 74.05 9.01 16.93 35.45 -2.88 3.46 35.73
Gray 66.18 7.69 26.02 31.40 -0.50 0.80 46.24
Brown 47.46 6.35 46.18 28.00 0.34 2.39 35.86
Neon orange 66.18 10.47 23.34 43.79 -14.18 441 34.74
Neon yellow 78.45 9.45 12.09 35.44 0.13 -5.45 3141
Transparency 87.99 9.19 2.81 34.73 -0.36 -0.49 28.10
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Fig. 3 |-V characteristics of PV modules based on front-side color PVC films

Table 2 Performance comparison of PV modules based on front-side PVC Colors

PVC color films Voc Isc Vmax Imax Fill Factor Pmax Efficiency
[VI [A] [Vl [A] [7o] (W] [%]

Red 0.58 3.78 0.47 3.53 75.50 1.66 12.50
Orange 0.58 4.17 0.47 3.82 74.30 1.79 13.50
Yellow 0.58 4.62 0.47 4.27 73.80 1.98 14.90
Green 0.57 2.95 0.46 2.75 75.20 1.26 9.50
Blue 0.57 3.66 0.46 3.36 74.30 1.56 11.70
Purple 0.57 4.13 0.46 3.82 73.80 1.75 13.20
Pink 0.58 4.36 0.46 4.04 73.90 1.86 14.00
Gray 0.57 3.81 0.46 3.52 74.70 1.63 12.30
Brown 0.57 2.69 0.46 2.50 75.00 1.14 8.60
Neon orange 0.58 421 0.46 3.89 73.80 1.79 13.50
Neon yellow 0.58 4.77 0.46 4.42 72.90 2.02 15.20
Transparency 0.58 5.09 0.45 4.68 72.50 2.13 16.00
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Fig. 5 Pairwise scatter plots and correlation coefficients between Pmax and optical properties of the PVC film. P : Pmax, T:

Transmittance, R : Reflectance, A : Absorption, E: /22 +a*? 4 b*?
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Table 3 Pmax prediction model combining transmittance, reflectance, absorbance, and color coordinates

Model Equations o B Y 1) R-squared
P ol 2.53225 - - - 0.9980
P, BRm - 20.4949 - - 0.9902
Ps YAm - - 5.41 - 0.6804
Py OEnm - - - 0.051137 0.9750
Ps oTy + PRy 2.0613 3.8504 - - 0.9985
Ps T +vAnR 2.53889 - -0.02079 - 0.998
P; 0Ty + 8E, 2.262673 - - 0.00559 0.9984
Py BRy +YAm - 22.4422 -0.7226 0.9934
Py BR,, + 8En, - 33.41191 - -0.03259 0.9929
Pyo YA+ 0En = - -0.84105 0.05898 0.9791
Py 0T + BRn + YAm 1.8624 6.1196 -0.2461 - 0.9988
P oTy + PRy + 8B, 2.036888 4.528438 - -0.00121 0.9985
Pis aTy +yAn, + 8E, 2.18888 - -0.19999 0.008446 0.9986
P4 BRy + YA + 8En, - 31.69572 -0.57869 -0.02433 0.9948
Pis oTy + PRy + YA + OB, 1.85159 6.42779 -0.24557 -0.00056 0.9988
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Fig. 6 Transmittance, reflectance and absorption of color films for BIPY modules. Absorption was calculated as : Absorption

=1- (Trnasmittance + Reflectance)

Table 4 The average transmittance, reflectance and absorption rates in the 300 ~ 1200 nm and color coordinates of color

films for BIPV
BIPV color films Trans[r;gtance Reﬂ;;;t]ance Abs;;gtlon ) CIEal*976 = - L2+Ea*2 =
Red 62.41 10.13 27.45 31.67 7.81 0.97 32.63
Yellow 71.86 9.83 18.31 36.34 -2.54 12.71 38.58
Green 69.79 9.63 20.58 35.58 -8.44 -2.33 36.64
Blue 68.13 9.60 2227 32.61 -6.22 -8.08 34.17
Purple 55.05 9.28 35.66 29.41 2.54 -4.63 29.88
Pink 66.67 8.40 24.94 29.26 10.79 -6.12 31.78
Transparency 81.36 8.34 10.30 29.06 5.91 -4.57 30.00
A BIPV 252 A ZE + EVA + Solar cell + EVA + Backsheet 0 2 J1AJ519].0H, o= el Alof| A&

T 2 B oS AL Stet. BIPV-§ e] WS ] 249 AT R B T, w3
2, 25, 5, W, Heb AR B S B ol B BE Fikgo] £2 &Ast Jolar], 3
=(66.77%) BEE] 78-F Bt Fiheo] 25(69.79%), 55(68.13%) BEHT F2 W &8 SH M=+
292 B T olft BEEAe SAHIR A2 Bepanle] 22§45 ~HER tigl 600 nm ~
900 nm' 1ol B Bee] Frkgeo] 9] RO AL,

BIPV 2o} B5o] 41 nEe| 342 dl55p] 9I5) Z38 Yo S4L o5 2] Hgalsct
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Table 59] 15714 Hellofl £78%H F7KT,), ¥FAKR,), S7(Ay) 18]3 ARREHE,)& 2854 2 5 A
T2 g of|E519, A £ v ste] Table 5ofl 2715159k T35 2Elo] BrEx] B2 MAE (Mean
absolute Error), RMSE (Root Mean Square Error)& AF&5}0] 7} RElo] A5-& H7151Ach MARE AAIgE
T} o 541e] 2ol Auigio s Hglet § Bal2 F5to] EchH, diEtt gt AAlgre] Aol & Sjnlritt.
RMSE+= AAIRI 5788k0] @AME Algsto] Hatet 4o Ala A AMgshe o s BEHxE ot
SR A2 A A ghat gk AfolQl 9.are] oFg et ARgRicH . MAES RMSE gh2 2Ha<
2 o &gl AA) ghe] et} i 2L ojnjgich, MAESFRMSEE A1(1)¥} 4)(2) 0 2 vpehd 4= Qe 19,

MAFE(Mean Absolute Error) = % Z | Y, — 3;L| oy
RMSFE(Root Mean Squared Error) Z | Y — yl | @

Table 5 Comparison data of actual power and estimated values based on the prediction models and colors

Red Yellow Green Blue Purple Pink  Transparency| MAE RMSE
(W] [W] (W] (W] (W] [W] [W] [7] [Vo]
Prcasur. 1.66 1.94 1.74 1.71 1.35 1.79 2.13 - -

P, 1.58 1.82 1.77 1.73 1.39 1.69 2.06 3.8 4.3
P, 2.08 2.01 1.97 1.97 1.90 1.72 1.71 152 17.7
Ps 1.49 0.99 1.11 1.20 1.93 1.35 0.56 78.7 117
P4 1.67 1.97 1.87 1.75 1.53 1.63 1.53 10.3 16.1
Ps 1.68 1.86 1.81 1.77 1.49 1.70 2.00 4.9 5.5
Ps 1.58 1.82 1.77 1.73 1.39 1.69 2.06 3.8 4.3
P; 1.59 1.84 1.78 1.73 1.41 1.69 2.01 4.3 4.6
P 2.08 2.07 2.01 1.99 1.83 1.70 1.80 14.8 16.4
Py 2.32 2.03 2.02 2.09 2.13 1.77 1.81 17.2 20.8
Pio 1.69 2.12 1.99 1.83 1.46 1.66 1.68 10.2 12.5
Py 1.71 1.89 1.84 1.80 1.51 1.69 2.00 5.5 6
P 1.69 1.86 1.81 1.78 1.51 1.70 2.00 52 5.7
P 1.59 1.86 1.80 1.74 1.39 1.68 2.01 4.1 4.4
Py 2.26 2.07 2.04 2.08 2.01 1.74 1.85 16.6 19.2
Pis 1.72 1.90 1.84 1.80 1.51 1.70 2.00 5.6 6.1

FAHD), HAHR), F=+(A) 22130 BAHE) 2 2 290 15709] o5 29 - Py, PeollA 7P R MAES}
RMSES HArt. o 22+ £aKT), F2KT) + TA)2 7499 2Y Ao oF 3.8%2] MAES} 4.3%9]
RMSES Hort. vhd Frant 495 ol & =l PoflA] 78.7%, 117%2 714 & MAESF RMSES Hck
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