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LCA results

Table S1. Life cycle inventory of electrochromic preparation stage for 1 m> EC window.

Input Consumption Unit Ecoinvent Unit Process
Input from Nature
Water, decarbonised {GLO}| market for water,
Water 702 ke decarbonised | CUT-OFF, U
Input from Technosphere
Flat Glass 9.75 Kg  Float Glass {GLO}| production | CUT-OFF, U
.. Electricity, medium voltage {GLO}| market group for |
Electricity 27.47 kWh CUT-OFF. U
Table S2. Life cycle inventory of hot coater stage for 1 m2 EC window.
Input Consumption Unit Ecoinvent Unit Process
Input from Technosphere
1 kg Tungsten carbide powder {GLO}| market for tungsten
WO:; 1.25E-03 kg  carbide powder | Cut-off, U Tungsten carbide powder
{CN}| tungsten carbide powder production | APOS, U
Titania slag, 94% titanium dioxide {CN}| vanadium-
V205 2.00E-04 kg  titanomagnetite mine operation and beneficiation | CUT-
OFF, U
LiClO4 5.50E-04 kg  Lithium chloride {GLO}| production | CUT-OFF, U
fluorine-doped tin oxide 3 44E-03 K Sputtering target, sintered, indium tin oxide {GLO}|
(FTO) ' € market for | CUT-OFF, U
- Electricity, medium voltage {GLO}| market group for |
Electricity 43.00 kWh CUT-OFF, U
Hot sputter deposition, 400 215 KWh Electricity, medium voltage {GLO}| market group for |
-500°C ’ CUT-OFF, U
Cold sputter deposition, 215 KWh Electricity, medium voltage {GLO}| market group for |

150 °C

CUT-OFF, U

Table S3. Life cycle inventory of first preparation loop for 1 m? EC window.

Input Consumption Unit Ecoinvent Unit Process
Input from Technosphere
.. Electricity, medium voltage {GLO}| market group for |
electricity 15.16 kWh CUT-OFF, U
. . Electricity, medium voltage {GLO}| market group for |
Data matric code with laser 0.255 kWh CUT-OFF, U
Oven 14.9 KWh Electricity, medium voltage {GLO}| market group for |

CUT-OFF, U




Table S4. Life cycle inventory of the second and third preparation loops for a 1 m> EC window.

Input Consumption Unit Ecoinvent Unit Process

Input from Technosphere

Electricity 36.95 KWh glstrzrt_rg:;tl}:/: lrjntadium voltage {GLO}| market group for |
Glass cutting 11.00 KWh glstrzrt_rg:;tl}:/: lrjntadium voltage {GLO}| market group for |
Grinding and edging 15.00 KWh glstrzrt_rg:;tl}:/: lrjntadium voltage {GLO}| market group for |
Cleaning and surface 1.10 KWh Electricity, medium voltage {GLO}| market group for |
preparation CUT-OFF, U

Coating application 250 KWh El{ej?l:c_rg:llstl};: [r}ledium voltage {GLO}| market group for |
Curing and drying 200 KWh El{ej?l:c_rg:llstl};: [r}ledium voltage {GLO}| market group for |
Electrode integration 1.75 kWh El[ej?_rggl};: [I}l edium voltage {GLO}| market group for |
Sealing and encapsulation 1.40 kWh El[ej?_rggl};: [I}l edium voltage {GLO}| market group for |
Assembly and integration 1.90 kWh El[ej?_rggl};: [I}l edium voltage {GLO}| market group for |
Packaging and shipping 0.30 KWh ](E:l[eﬁ:c_rg:;t%/: [r}ledium voltage {GLO}| market group for |
Natural gas 46.76 MJ I;rczagl,) ;i(::t‘rlccij lczf Oilr;;ltl%rial, natural gas {GLO}| market
Coating application 13.19 MJ I;rczagl,) ;i(::t‘rlccij lczf Oilr;;ltl%rial, natural gas {GLO}| market
Curing and drying 26.60 MJ I;rczagl,) ;i(::t‘rlccij lczf Oilr;;ltl%rial, natural gas {GLO}| market
Electrode integration 3.17 MJ ;‘iﬁ;’) ?;:t‘riccbgfoi;;ltl%rial, natural gas {GLO}| market
Assembly and integration 3.80 MJ Heat, district or industrial, natural gas {GLO}| market

group for | CUT-OFF, U




Table S5. Life Cycle Inventory of the Frame Design Stage for a 1 m*> EC Window.

Input Consumption Unit Ecoinvent Unit Process

Input from Technosphere

Polypropylene 0.18 kg  Polystyrene, extruded {GLO}| market for | Cut-off, U

Copper 0.50 kg  Wire drawing, copper {GLO}| processing | CUT-OFF, U

Selective coat, stainless steel sheet, black chrome {GLO}|
market for | CUT-OFF, U

Silicon dioxide gel 3.31 kg  Silicon dioxide gel {GLO}| market for | CUT-OFF, U

Stainless steel 1.75 kg

Table S6. Life cycle inventory of 1 m?> DP window.

Input Consumption Unit Ecoinvent Unit Process

Input from Technosphere

Silica sand SiO» 7.10 kg Silica sand {GLO}| market for silica sand | Cut-off, U
Soda (Na,O) 1.40 kg Soda {GLO}, Market

Lime (CaO) 0.90 kg Lime {GLO}| market for lime | Cut-off, U

Magnesia (MgO) 0.40 ke I(\:/Ili%(r)lgéi%m oxide {GLO}| market for magnesium oxide |
Ropryetes 015 kg A oile renmelugial (G101 e o
Electricity 2491 KWh Elg%tfglFtI}:/: [r}nedium voltage {GLO}| market group for |
Batch preparation 0.88 KWh Elg%tfglFtI}:/: [r}nedium voltage {GLO}| market group for |
Ecotoxicity 381 KWh Elg%tfglFtI}:/: [r}nedium voltage {GLO}| market group for |
Fossil fuel depletion 4.40 kWh Eﬁ?fggl}:’: [I? edium voltage {GLO}| market group for |
Annealing 117 KWh Elg%tfglFtI}:/: [r}nedium voltage {GLO}| market group for |
Tempering 11.72 kWh gﬁ?fggl}:’: [r}ledium voltage {GLO}| market group for |
Laminating 293 KWh }él[(j?l}_rgg}}:,: [r}ledium voltage {GLO}| market group for |
Natural gas 22850.54 MJ Ig'lr‘zﬁp g;it‘rg%gf(;%%usljmal natural gas {GLO}| market
Autoclave 43433 MJ I;rzagr,) g;it‘rlcc{j r(;r_ Oir;(élfs;}tri&ll, natural gas {GLO}| market
Ecotoxicity 16077.88 MJ Heat, district or industrial, natural gas {GLO}| market

group for | CUT-OFF, U
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Heat, district or industrial, natural gas {GLO}| market

Annealing 3091 MJ group for | CUT-OFF, U
. Heat, district or industrial, natural gas {GLO}| market
Tempering 6307.42 MJ group for | CUT-OFF, U
. Aluminum oxide, non-metallurgical, {GLO}| market
Aluminum 340 ke group for | CUT-OFF, UGLO
. Selective coat, stainless steel sheet, black chrome {GLO}|
Stainless steel 1.75 kg market for | CUT-OFF, U
Polypropylene,  granulate = {GLO}| market for
Polypropylene 0.18 ke polypropylene, granulate | Cut-off, U
vinyl 3.00 ke ij}d chloride {GLO}| market for vinyl chloride | Cut-off,
Adhesive 0.68 oz Adhesive, for metal {GLO}| market for adhesive, for metal
| Cut-off, U
Sealant 101 oz Silicone product {GLO}| market for silicone product | Cut-
off, U
. Silicon dioxide gel {GLO}| market for silicone product |
Desiccant 3.31 kg Cut-off, U
Inert gas for discharge lamps {GLO}| argon to generic
Argon 0.11 ke market for inert gas for discharge lamps | Cut-off, U
Output
DP window 1 m? Generated
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Fig. S2. Contribution of process energy and material flows in the electrochromic preparation step using

TRACIL.
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Fig. S3. Contribution of process energy and material flows in the hot coater stage using TRACI.



10% mumE B B B B B B B

OOven
®mDMC with Laser
75%
50%
25%
0%
. . . P - XS Q .
\\\o & %&o o‘{’\@ .oq;\\o @*‘\Q S Q\o ;{@o .i.\ox\ \é\\o
@’Q $‘b & @ ) QQO . QQO (9 xO Q‘Q
& N xb’ Q'Q N & ° &
& kS O & &~ <~ K A
o o Nad N o o & S
O(\) 6\ & e“éQ c&
% Q‘ QOC’

Fig. S4. Contribution of process energy and material flows in the first preparation loop stage using TRACI.
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Fig. S5. Contribution of process energy and material flows in the second and third preparation stages using
TRACI.
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Fig. S6. Contribution of process energy and material flows in the frame design stage using TRACI.
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Fig. S7. Contribution of process energy and material flows in the production of a conventional DP window

using TRACI.



ANN Model results

Table S7. Predictive results for electrochromic preparation stage from Pytorch’s ANN model.

Output Unit Float Glass Water De-ionized Water  Electricity
Ozone depletion kg CFC-11 eq 5.29E-07 4.89E-07 8.67E-09 2.03E-07
Global warming kg CO2 eq 9.722972 5.775475 0.01737 0.842872

Smog kg O3 eq 1.026678 0.659332 0.001054 0.102417
Acidification kg SO2 eq 0.082287 0.055414 0.000127 0.009777
Eutrophication kg Neq 0.012914 0.009754 6.53E-05 0.002479
Carcinogenics CTUh 3.19E-07 2.76E-07 5.58E-09 1.07E-07
Non carcinogenics CTUh 1.41E-06 1.17E-06 1.23E-08 3.75E-07
Respiratory effects kg PM2.5 eq 0.008104 0.005473 2.22E-05 0.001102
Ecotoxicity CTUe 13.89973 10.44206 0.825549 3.962105
Fossil fuel depletion M]J surplus 13.9859 8.923151 0.019743 1.46887

Table S8. Error metrics results for comparison of true and predicted values of electrochromic preparation
stage from Pytorch’s ANN model.

Ozone . Fossil
ANN Globa! Acidificat Eutrophica  Carcinoge N.O " Respirat Ecotoxic fuel
depleti  Warmi Smog ion tion nics carcinoge ory it depleti
model sets ng nics effects y P
on on
OverallR  ° '%315' 7'})21E' 7'3‘?3' 761E-01  -466E-02  325E-01  432E-01  195E-01  7.28E-01 7%9]5
Overall 334E-  3.2E+  3.30E- 3.14E+0  4.56E+
RMSE o7 00 ol 2.78E-02 1.20E-02 1.64E-07  6.44E-07  5.04E-03 | 00
Overall  9.87E+ 121E+ 2.89E+ 1.O4E+0  1.49E+
MAPE o 05 05 339E+05  721E+03  827E+03  1.80E+04  5.68E+04 ] 05
Train R 982E- 9.69E- LOOE+ g o9p ) 1.97E-01 8.08E-01 9.04E-01  487E-01 981E-01 IE
01 01 00 01
Train 2.63E-  137E+  2.15E- 3.57E+0  1.07E+
RMSE o7 00 0 2.58E-03 1.27E-02 1.03E-07  3.11E-07  4.88E-03 : 00
Train 1.78B+ 2.55E+ 1.11E+ 2.83E40  1.89E+
MAPE o1 ol 00 137E+01  3.06E+01 461E+01  226E+01  2.97E+01 | o1
TestR  O00FF 0.00E+ 000E+ 4 05000 0.00E+00  0.00E+00  0.00E+00  0.00E+o0 -00FF0  0.00E+
00 00 00 0 00
Test RMSE ~ W8%F- STTEX  6.59E- s oup 00 972803 275B-07  117E-06 547803  [04ET0 8.92E+
07 00 01 1 00
Test 395E+ 4.85E+  1.16E+ 4.17E+0  5.95F+
MAPE o5 o5 06 1.35E+06  2.88E+04  329E+04  7.17E+04  2.27E+05 f o5
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Table S9. Predictive results for hot coater stage from Pytorch’s ANN model.

fluorine-
Sputter Sputter dOPed
. Deposition, Deposition, WOs;  V:0s  LiClOx« tin
Output Unit Hot Cold oxide
(FTO)
Ozone depletion kg CFC-11eq  1.18E-07  1.18E-07 6'61?)15‘ 6'61?)15‘ 6'61%E' 6.67E-10
Global warming kg CO2eq  2.52E+00  2.52E+00 4'Z)§E‘ 4'Z)§E‘ 4'Z)§E' 4.79E-03
3.98E- 3.98E- 3.98E-
Smog kg 03 eq 8.20E-02 8.20E-02 04 04 04 3-98E-04
Acidification kg SO2 eq 5.60E-03 5.60E-03  OATE- 3ATE- - 3A4TE- g 49p o5
05 05 05
Eutrophication ke N eq 1.90E-02  1.90E-02  +83E- 48E- 48K oop s
05 05 05
Carcinogenics CTUh 2.24E-07 2.24E-07 4'5120E- 4'5120E_ 4'51%]3_ 4.53E-10
Non carcinogenics CTUh 2.34E-07 2.34E-07 221E- 221E- 2.21E- 2.21E-09
09 09 09
Respiratory effects kgPM2.5eq  7.46E-03 746E-03 > '%96E' > '%86E' > '%86E' 5.90E-06
Ecotoxicity CTUe 3.036+01  3.038+01  L18E- LISE-LISE- qop )
01 01 01
Fossil fuel depletion ~ MJ surplus 2.60E+00 2.60E+00 5'%)(;}3_ 5'%)(;}3_ 5'%(;]5_ 5.20E-03
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Table S10. Error metrics results for comparison of true and predicted values of hot coater stage from
Pytorch’s ANN model.

Ozon

ANN Glob . Fossil
¢ al Acidific Eutrophi Carcino Non ReSPI' g ootox  fuel
model Smog . . . carcino  atory .
deple War ation cation genics . icity deple
sets . genics  effects .
tion  Mming tion
Overall 7.88E 7.74E 3.13E 2.08E- 4.73E- 9.80E- 4.17E- 9.15E
R 01 01 -0l op  OO0E-0L 9.48E-01L T 01 or -0l
Overall 5.82E 8.83E 643E 5.08E- 5.15E- 798E- 1.93E+ 5.52E
RMSE 08 -01  -02 03  BOE-03  428E-08 T, 04 o1 -0l
Overall 545E 4.75E 4.89E 4.91E+0 4 90F+01 4.93E+0 7.22E+0 4.87E+ 4.98E+ 4.64E
MAPE +01 +01 +01 1 ’ 1 1 01 01 +01
. 7.04E 6.88E 247E 1.62E- 3.84E- 9.68E- 3.35E- 8.69E
TrainR " F U T ol 983E01 917E-=01 T ol o ol
Train 6.13E 9.67E 7.04E 5.56E- 5.21E- 8.74E- 2.12E+ 6.05E
RMSE 08 -01  -02 03 LO7E-03 4.69E-08 T, 04 or -0l
Train 6.04E 5.70E 5.86E 5.89E+0 5 86F+01 592E+0 7.32E+0 5.84E+ 5.97E+ 5.56E
MAPE +01 +01 +01 1 ’ 1 1 01 01 +01
0.00E 0.00E 0.00E 0.00E+0 1.00E+0 0.00E+0 0.00E+ 0.00E+ 0.00E
TestR 50 400 +00 o  0-00E+00 0 0 00 00 +00
Test 396E 129E S541E 6.24E- 4.82E- 1.76E- 4.88E- 1.12E
RMSE -08 -03 -04 06 1.88E-04  3.59E-10 07 05 02 -03
Test 2.50E 5.12E 6.64E 1.12E- 6.73E+0  2.35E- 1.61E- 4.32E
MAPE +01 -02 -01 01 9.81E-01  1.60E-01 1 01 01 -02
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Table S11. Predictive results for first preparation loop stage from Pytorch’s ANN model.

Data Matric Code

Output Unit with Laser Oven
Ozone depletion kg CFC-11 eq 4.18E-05 0.007773
Global warming kg CO2 eq 0.029801 0.162418

Smog kg O3 eq 0.000966 0.023617
Acidification kg SO2 eq 6.92E-05 0.005859
Eutrophication kg N eq 0.000227 0.011393
Carcinogenics CTUh 5.45E-05 0.005824
Non carcinogenics CTUh 0.000159 0.0133
Respiratory effects kg PM2.5 eq 0.000153 0.01727
Ecotoxicity CTUe 0.360009 0.405142
Fossil fuel depletion MJ surplus 0.030895 1.798448
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Table S12. Error metrics results for comparison of true and predicted values of first preparation loop stage
from Pytorch’s ANN model.

ANN Ozon Glob Smog Acidific Eutrophi Carcino Non Respir Ecotox Fossil
e al ation cation genics carcino atory icity fuel
model .
war genics effects deple
sets deple . .
. ming tion
tion
Overall 1.00E 1.00E 1.00E 1.00E+0 1.00E+0 1.00E+0 1.00E+ 1.00E+ 1.00E
R +00 +00 +00 0 1.00E+00 0 0 00 00 +00
Overall 550E 1.12E 233E 1.41E- 9.40E- 8.54E- 1.46E+ 1.14E
RMSE -03 +00 -02 03 1.35E-03 4.12E-03 03 03 01 +00
Overall 4.64E 4.53E 291E 2.79E+0 291E+0 2.28E+0 1.53E+ 490E+ 4.49E
MAPE +06 +01 +01 1 7.17E+00 6 6 02 01 +01
Train R 0.00E 0.00E 0.00E 0.00E+0 0.00E+0 0.00E+0 0.00E+ 0.00E+ 1.00E
+00 +00 +00 0 1.00E+00 0 0 00 00 +00
Train 4.18E 8.77E 443E 2.89E- 1.59E- 6.42E- 8.57E- 1.27E
RMSE -05 -07 -08 06 1.09E-08 5.45E-05 04 05 06 -07
Train 222E 294E 4.59E 4.35E+0 2.05E+0 1.88E+0 7.23E+ 2.38E- 4.11E
MAPE +06 -03 -03 0 4.81E-03 6 6 01 03 -04
Test R 0.00E 0.00E 0.00E 0.00E+0 0.00E+0 0.00E+0 0.00E+ 0.00E+ 0.00E
+00 +00 +00 0 0.00E+00 0 0 00 00 +00
Test 777E 1.58E 329E 1.99E- 1.33E- 1.21E- 2.06E+ 1.62E
RMSE -03 +00 -02 03 1.91E-03 5.82E-03 02 02 01 +00
Test 7.07E 9.07E 5.82E 5.14E+0 376E+0 2.68E+0 2.33E+ 9.81E+ 8.98E
MAPE +06 +01 +01 1 1.43E+01 6 6 02 01 +01
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Table S13. Predictive results for second and third preparation loop stage from Pytorch’s ANN model.

Cleani
Grin ng ;
Glas ding and Coati Cr:lgn Electr Sealing
. J and ng ode and
Output Unit Cutt . Surfa Appli Si‘ldi Integ Encaps
ing Edgi ce cation y ration ulation
ng Prepa ng
ration
Ozone Cll‘:gc_ 810 201  469E-  736E- 627  S578E  S.17E-
depletion 1eg E-08  E-07 09 09 E-09 -09 09
Global kg 1.03 1.76 0.1269 0.190 0.16 0.153 0.13853
warming CO2 eq 7275 1702 89 603 487 338 5
Smo kg O3 0.02 0.05 0.0015 0.002 0.00 0.001 0.00172
& eq 6324 6517 46 606 2163 971 9
Acidificati kg SO2 0.00 0.00 0.000 0.00 0.000
on eq 1636 3885 00001 152 0131 122 0.00011
Eutrophica kg N 0.00 0.00 9.22E- 1.52E- 1.27 1.16E 1.03E-
tion eq 0259 0766 06 05 E-05 -05 05
Carcinoge CTUR 3.63 1.57 5.11E- 9.99E- 7.86 6.98E 5.90E-
nics E-08 E-07 10 10 E-10 -10 10
Cargl‘l’(‘)‘ o CTUL 3.43 1.09 9.38E- 1.66E- 1.36 1.22E 1.06E-
ics & E-08 E-07 10 09 E-09 -09 09
Respirator PI\I;I% 5 0.00 0.00 3.36E- 6.65E- 5.21 4.61E 3.89E-
y effects eq. 0237 0964 06 06 E-06 -06 06
Ecotoxicit 0.10 0.10 0.3630 0.257 0.29 0.309
y CTUe 4025 0868 19 312 0966 409 0.33721
Fossil fuel MJ 1.32 2.02 0.1517 0.243 0.20 0.188 0.16790
depletion surplus 3253 1138 12 511 5649 986 1
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Table S13. Predictive results for second and third preparation loop stage from Pytorch’s ANN model

(continued).
Assem Packa Coatin Curi Electro Assem
bly and ging g ng de bly and
Output Unit Integra and Applica and Integra Integra
tion Shippi tion Dryin tion tion
ng g
Ozone kg CFC- 0.0005 0.0003 0.00586 2.22F 0.0004 0.0004
depletion ITeq 22 02 8 -06 98 86
Global kg CO2 0.1871 0.1218 1.15312 1.121 0.1995
warming eq 8 25 7 09 59 0.1897
Smo ko O3 e 0.0042 0.0047 0.02795 0.006 0.0018 0.0013
& gv>eq 79 8 1 261 84 24
Acidification kg SO2 0.0011 0.0009 0.00092 7.32E 0.0011 0.0010
eq 47 21 3 -11 31 69
Eutrophicatio ke N e 0.0011 0.0012 0.01062 0.000 0.0003 0.0002
n gned 55 06 9 369 88 15
Carcinogenic CTUR 0.0010 0.0003 0.01532 1.14E 0.0012 0.0012
s 7 98 7 -05 4 37
Non
carcinogenic CTUh 0.0036 0.0017 0.01856 0.000 0.0047 0.0052
s 49 68 4 181 76 84
Respirato kg
etPfects Ty PM2.5 0.0004 0.0003 0.00644 9.98E 0.0002 0.0001
eq 78 78 5 -06 72 94
.. 2.5789 0.5357 1.224 0.9012 0.2637
Ecotoxicity CTUe 87 17 420607 942 62 28
Fossil fuel MJ 0.2141 0.0944 1.51250 3.021 0.3592 0.4367
depletion surplus 25 02 8 685 57 08
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Table S14. Error metrics results for comparison of true and predicted values of second and third

preparation loop stage from Pytorch’s ANN model.

Ozon

ANN Glob . Fossil
¢ al Acidific Eutrophi Carcino Non ReSPI' g ootox  fuel
model Smog . . . carcino  atory .
deple war ation cation genics . ffect icity deple
sets ; genics  effects .
tion  Mming tion
Overall 575E 874E 8.I8E  7.93E- 721E-  720B- ... 9.93E
o o o er o 69E0l 7401 T o BE
Overall 5.19E 2.83E 1.05E 7.57E- 1.49E- 1.61E- 7.41E+ 1.18E
RMSE  -08  -01  -02 04  43E03 336E-08 ., 03 0 -0l
Overall 5.84E S5.17E 5.94E 6.58E+0 1 0RF+02 1.55E+0 1.20E+0 1.59E+ 6.60E+ 2.72E
MAPE +01 +01 +01 1 : 2 2 02 01 +01
. 549E 9.87E 9.68E  9.57E- 9.26E-  8.93E- T 997E
TrainR  >0° T0 0 oL B9GE-01 898E-01 o o 4.1)7113- ol
Train 5.19E 9.78E 5.89E  4.52E- 1.61E- 1.74E- 8.06E+ 7.14E
RMSE  -08  -02  -03 04  492E03 271E-08 o, 03 0 -02
Train 5.56E 3.80E 4.36E 4.51E+0 8 05E+01 6.67E+0 8.35E+0 7.90E+ 6.61E+ 2.87E
MAPE +01 +01 +01 1 : 1 1 01 01 +01
1.00E 1.00E 1.00E 1.00E+0 1.00E+0 1.00E+0  1.00E+ - 1.00E
Test R 400 +00 +00 0 1.00E+00 0 0 00 1.%%E+ 400
Test  5.19E 6.84E 228E  1.61E- 439E-  3.64E- 3.79E- 2.49E
RMSE 08 -01  -02 03 SOBE-04 STTE08 oo 04 or -0l
Test 735E 127E 146E 1.79E+0 2 61E+02 6.38E+0 3.20E+0 5.98E+ 6.54E+ 1.88E
MAPE +01 +02 +02 2 : 2 2 02 01 +01
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Table S15. Predictive results for frame design stage from Pytorch’s ANN model.

. Plastic film Copper  Stainless steel Silicon
Output Unit . Lo
(polypropylene) wire frame dioxide gel
Ozone depletion <& CquC'l ! 1.96E-08 S32E-08  2.57E-07 1.18E-06
Global warming kg CO2 eq 0.539599 0.565618 1.918287 10.3857
Smog kg O3 eq 0.030451 0.034298 0.119674 0.633033
Acidification kg SO2 eq 0.002173 0.003141 0.011458 0.049038
Eutrophication kg N eq 0.000315 0.000576 0.00339 0.023607
Carcinogenics CTUh 3.61E-09 1.01E-08 7.17E-08 5.61E-07
Non carcinogenics CTUh 5.14E-08 1.32E-07 5.66E-07 2.22E-06
Respiratory effects kg PM2.5 eq 0.000382 0.000733 0.002561 0.009764
Ecotoxicity CTUe 4.969003 4.405288 18.18617 117.4548
Fossil fuel depletion MJ surplus 2.025492 1.87444 1.66766 1.454901
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Table S16. Error metrics results for comparison of true and predicted values of frame stage from Pytorch’s

ANN model.
ANN  9zon Glob Non  Resbir Fossil
¢ al Acidific Eutrophi Carcino 0! P Ecotox  fuel
model Smog . . . carcino  atory .
deple war ation cation genics . ffect icity deple
sets . genics  effects .
tion  Mming tion
Overall 9.87E 1.00E 1.00E 9.88E- -1.85E- 5.00E-  9.99E- - y
R 01 +00  +00 01 9.61E-01 01 01 01 3.01E- 799E
02 01
Overall 2.64E 845E 1.17E  3.22E- 1.09E- 224E- 1.27E+ 8.71E
RMSE 06 02  -02 03 >7TOE03 S96E-06 0 04 02 +00
Overall  2.76E 1.04E 8.89E 206E+0 , o o 7.02E+0 3.86E+0 9.61E+ 47IE+ LI3E
MAPE  +01  +01  +00 1 : 1 1 00 01 +02
) 9.87E 1.00E 1.00E  9.99E- 3.64E-  9.99E-  1.00E+ 3.93E- -
TrainR o1 w00 400 o1 ZROEOL 01 00 01 7'_2)31}3
Train  3.05E 2.85E 1.20E 8.86E- 6.21E- 148E- 7.65E+ 1.00E
RMSE 06 02  -02 04  >I9E-03  689E-06 o 05 0ol +0l
Train = 273B S.17E 4.04E 524E+0 | ... 631E+0 200E+0 1.74E- 3.01E+ 3.18E
MAPE 401 01 +00 0 : 1 1 01 01 +01
0.00E  0.00E 0.00E 0.00E+0 0.00E+0  0.00E+0 0.00E+ 0.00E+ 0.00E
TestR 00 100 +00 0 0.00E+00 0 0 00 00  +00
Test 1.18E 1.62E 1.05E  6.26E- 2.18E-  4.47BE- 2.16E+ 1.46E
RMSE 08 -0l  -02 03  O6S7E03 LOTE-07 0 04 02 +00
Test 2.84E 4.00E 2.34E 6.66E+0 o oo o 9.14E+0  943E+0 3.79E+ 9.80E+ 3.58E
MAPE  +01  +01  +01 1 : 1 1 01 01 +02
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Fig. S8. Contribution of process energy and material flows in the electrochromic preparation stage using
Pytorch’s ANN model.
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Fig. S10. Contribution of process energy and material flows in the first preparation loop stage using

Pytorch’s ANN model.
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Fig. S11. Contribution of process energy and material flows in the second and third preparation loop stage
using Pytorch’s ANN model.
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model.

23



ANFIS Model results

Table S17. Predictive results for electrochromic preparation stage from Pytorch’s ANFIS model.

Output Unit Float Glass Water De-ionized Water  Electricity
Ozone depletion kg CFC-11 eq 9.81E-07 1.25E-10 8.71E-09 2.56E-07
Global warming kg CO2 eq 1.01E+01 7.42E-04 2.07E-02 3.18E+00

Smog kg O3 eq 1.05E+00 3.02E-05 1.21E-03 1.04E-01
Acidification kg SO2 eq 8.78E-02 1.87E-06 1.49E-04 7.13E-03
Eutrophication kg N eq 1.30E-02 1.09E-05 7.70E-05 2.44E-02
Carcinogenics CTUh 3.26E-07 3.02E-10 3.75E-09 2.86E-07
Non-carcinogenics CTUh 1.43E-06 5.20E-10 1.59E-08 9.15E-07
Respiratory effects kg PM2.5 eq 8.32E-03 7.72E-07 2.62E-05 9.55E-03
Ecotoxicity CTUe 7.76E+01 2.12E-02 8.75E-01 4.03E+00
Fossil fuel depletion MIJ surplus 1.44E+01 1.27E-03 2.10E-02 3.29E+00
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Table S18. Error metric results for the comparison of true and predicted values of the electrochromic

preparation stage from PyTorch’s three-level ANFIS model.

ANFIS MF MF - MF - poge  Learnl g act MAPE
model Input Outp  coun h categor R RMSE (%)
pu ut t method gory ’
Non-
Gaussia  linear Hybrid Ozone 1.000E+  2.000E-  2.073E-
ANFIS 1 n @anh 10 3% (Adam)  depletion 00 10 03
+ abs)
Non-
Gaussia  linear Hybrid Ozone 1.000E+  1.000E-  2.168E-
ANFIS 2 n @anh 10 %0 (Kdam)  depletion 00 10 03
+ abs)
Non-
Gaussia  linear Hybrid Ozone 9.999E-  2.110E-  1.046E+
ANFIS 3 n (tanh 10 >00 (Adam) depletion 01 08 01
+ abs)
Non-
Gaussia  linear Hybrid Global 1.000E+  1.854E-  2.073E-
ANFIS 1 n @anh 10 3% Adam)  warming 00 03 03
+ abs)
Non-
Gaussia  linear Hybrid Global 1.000E+  2.170E-  2.168E-
ANFIS 2 n (tanh 10 >00 (Adam) warming 00 03 03
+ abs)
Non-
Gaussia  linear Hybrid Global 9.999E- 1.486E-  2.127E+
ANFIS 3 n (tanh 10 500 (Adam) warming 01 01 01
+ abs)
Non-
Gaussia  linear Hybrid 1.000E+  1.948E-  2.073E-
ANFIS 1 n anh 10 00 (Adam)  Smos 00 04 03
+ abs)
Non-
Gaussia  linear Hybrid 1.000E+  5.972E-  2.168E-
ANFIS 2 n @anh 10 00 (Adam)  Smog 00 05 03
+ abs)
Non-
Gaussia  linear Hybrid 9.954E-  2.954E-  1.575E+
ANFIS 3 n anh 10 00 Agam)y  Smos 01 02 01
+ abs)
Non-
Gaussia  linear Hybrid  Acidificatio  1.000E+  1.616E-  2.073E-
ANFIS 1 n (tanh 10 >00 (Adam) n 00 05 03
+ abs)
Gaussia  Non- Hybrid  Acidificatio  1.000E+  3.825E-  2.168E-
ANFIS 2 n e 0 %% (Adam) n 00 06 03
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(tanh

+ abs)
Non-
Gaussia  linear Hybrid  Acidificatio  9.965E-  2.047E-  1.763E+
ANFIS 3 n @anh 10 2% (Adam) n 01 03 01
+ abs)
Non-
Gaussia  linear Hybrid  Eutrophicati  1.000E+  2.392E-  2.073E-
ANFIS 1 n @anh 10 3% (Adam) on 00 06 03
+ abs)
Non-
Gaussia  linear Hybrid  Eutrophicati  1.000E+  6.680E-  2.168E-
ANFIS 2 n (tanh 10 >00 (Adam) on 00 06 03
+ abs)
Non-
Gaussia  linear Hybrid  Eutrophicati  9.952E- 1.103E-  1.385E+
ANFIS 3 n @anh 10 3% (Adam) on 01 03 01
+ abs)
Non-
Gaussia  linear Hybrid Carcinogeni  1.000E+  1.000E-  2.073E-
ANFIS 1 n (tanh 10 >00 (Adam) cs 00 10 03
+ abs)
Non-
Gaussia  linear Hybrid Carcinogeni  1.000E+  1.000E-  2.168E-
ANFIS 2 n (tanh 10 >00 (Adam) cs 00 10 03
+ abs)
Non-
Gaussia  linear Hybrid  Carcinogeni  9.969E-  6.200E-  1.694E+
ANFIS 3 n @anh 10 3% (Adam) os 01 09 01
+ abs)
Non- Non
Gaussia  linear Hybrid . . 1.000E+  3.000E-  2.073E-
ANFIS 1 n (tanh 10 500 (Adam) carcm:genlc 00 10 03
+ abs)
Non- Non
Gaussia  linear Hybrid . . 1.000E+  2.000E-  2.168E-
ANFIS 2 n (tanh 10 500 (Adam) carcm;)genlc 00 10 03
+ abs)
Non- Non
Gaussia  linear Hybrid . . 9.971E-  2960E-  1.987E+
ANFIS 3 n (tanh 10 500 (Adam) carcinogenic 01 0% 01
+ abs) S
Non-
Gaussia  linear Hybrid  Respiratory  1.000E+  1.525E-  2.073E-
ANFIS 1 n @anh 10 2% (Adam)  effects 00 06 03
+ abs)
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Non-

Gaussia  linear Hybrid  Respiratory  1.000E+  5.251E-  2.168E-
ANFIS 2 n (tanh 10 >00 (Adam) effects 00 07 03
+ abs)
Non-
Gaussia  linear Hybrid  Respiratory  9.973E-  2.129E-  1.844E+
ANFIS 3 n (tanh 10 >00 (Adam) effects 01 04 01
+ abs)
Non-
Gaussia  linear Hybrid - 1.000E+  1.422E-  2.073E-
ANFIS 1 n (tanh 10 500 (Adam) Ecotoxicity 00 02 03
+ abs)
Non-
Gaussia  linear Hybrid - 1.000E+  2.264E-  2.168E-
ANFIS 2 n (tanh 10 500 (Adam) Ecotoxicity 00 02 03
+ abs)
Non-
Gaussia  linear Hybrid . 9.955E-  2.138E+  1.493E+
ANFIS 3 n (tanh 10 500 (Adam) Ecotoxicity 01 00 01
+ abs)
Non-
Gaussia  linear Hybrid Fossil fuel 1.000E+  2.644E-  2.073E-
ANFIS 1 n (tanh 10 >00 (Adam) depletion 00 03 03
+ abs)
Non-
Gaussia  linear Hybrid Fossil fuel 1.000E+  1.815E-  2.168E-
ANFIS 2 n @anh 10 3% (Adam)  depletion 00 03 03
+ abs)
Non-
Gaussia  linear Hybrid Fossil fuel 9.961E-  3.320E- 1.536E+
ANFIS 3 n (tanh 10 >00 (Adam) depletion 01 01 01
+ abs)
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Table S19. Predictive results for hot coater stage from Pytorch’s three-level ANFIS model.

Sputter fluorine-
. Sputter . doped
) Deposition Deposition WO; V205 Ll(jlo tin
Output Unit ’ , Cold oxide
Hot (FTO)
Ozone depletion <& CquC'l L 305E101  2.62E+00  3.56E-09 125E-07 6'21%E' 1.09E-08
. + -
Global warming kg CO2 eq 2.62 1.59E-07  4.66E-02 2'050E 0 4%§E 9.52E-02
3.76E-
Smog kg O3 eq 1.59E-07 2.54E+00  6.52E-03 1.49E-01 04 1.21E-02
L . 3.32E-
Acidification kg SO2 eq 2.54E+00 8.21E-02 9.42E-04 1.17E-02 05 1.66E-03
o 4.70E-
Eutrophication kg N eq 8.21E-02 5.63E-03 1.16E-03  3.85E-03 05 1.43E-03
. . 4.35E-
Carcinogenics CTUh 5.63E-03 1.93E-02 1.42E-08  8.95E-08 10 4.35E-08
. . 2.12E-
Non carcinogenics CTUh 1.93E-02 2.25E-07 7.28E-07  3.40E-07 09 6.56E-07
. 5.66E-

Respiratory effects kg PM2.5 eq 2.25E-07 7.22E-07 1.08E-04 1.85E-03 06 1.98E-04
Ecotoxicity CTUe 7200E-07  7.54E-03 1'961E+0 1'041E+0 1'})31E' 4'051E+0
Fossil fuel 1.28E+0  4.99E-

depletion MJ surplus 7.54E-03 3.05E+01 3.07E-02 0 03 1.01E-01
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Table S20. Error metrics results for comparison of true and predicted values of hot coater stage from
Pytorch’s three-level ANFIS model.

ANFIS MF ME - MF - pooe D6 popact MAPE
model Input Outp  coun h categor R RMSE (%)
pu ut t method gory ’
Non-
Gaussia  linear Hybrid Ozone 1.000E+  6.860E-  2.411E-
ANFIS 1 n anh 10 1000 Agam)  depletion 00 15 05
+ abs)
Non-
Gaussia  linear Hybrid Ozone 1.000E+  5.523E- 1.393E-
ANFIS 2 n anh 10 1900 (Gam)  depletion 00 14 03
+ abs)
Non-
Gaussia  linear Hybrid Ozone 9.997E-  7.260E-  2.142E+
ANFIS 3 n (tanh 10 1000 (Adam) depletion 01 08 03
+ abs)
Non-
Gaussia  linear Hybrid Global 1.000E+  1.557E-  6.852E-
ANFIS 1 n @anh 10 1900 \iam)  warming 00 08 07
+ abs)
Non-
Gaussia  linear Hybrid Global 1.000E+  3.029E-  2.258E+
ANFIS 2 n (tanh 10 1000 (Adam) warming 00 03 01
+ abs)
Non-
Gaussia  linear Hybrid Global 1.000E+  6.552E-  2.120E+
ANFIS 3 n @anh 10 1900 \dam)  warming 00 03 01
+ abs)
Non-
Gaussia  linear Hybrid 1.000E+  1.076E-  3.955E-
ANFIS 1 n (tanh 10 1000 (Adam) Smog 00 09 06
+ abs)
Non-
Gaussia  linear Hybrid 1.000E+  4.263E-  3.523E+
ANFIS 2 n @anh 10 1000 igam)  Smog 00 04 01
+ abs)
Non-
Gaussia  linear Hybrid 1.000E+  3.849E-  2.875E+
ANFIS 3 N (tanh 10 1000 (Adam) Smog 00 04 01
+ abs)
Non-
Gaussia  linear Hybrid  Acidificatio  1.000E+  2.253E-  3.677E-
ANFIS 1 n (tanh 10 1000 (Adam) n 00 10 06
+ abs)
Gaussia  Non- Hybrid  Acidificatio  1.000E+  1.154E-  1.217E+
ANFIS 2 N o 10 1000 (Adam) N 00 05 01
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(tanh

+ abs)
Non-
Gaussia  linear Hybrid  Acidificatio  9.999E-  3.215E-  1.619E+
ANFIS 3 n @anh 10 1000 \gam) n 01 05 01
+ abs)
Non-
Gaussia  linear Hybrid  Eutrophicati  1.000E+  7.488E-  7.052E-
ANFIS 1 n @anh 10 1900 idam) on 00 10 06
+ abs)
Non-
Gaussia  linear Hybrid  Eutrophicati  1.000E+  1.695E- 1.314E-
ANFIS 2 n (tanh 10 1000 (Adam) on 00 07 01
+ abs)
Non-
Gaussia  linear Hybrid  Eutrophicati  9.999E-  7.804E-  3.193E+
ANFIS 3 n @anh 10 1900 idam) on 01 05 01
+ abs)
Non-
Gaussia  linear Hybrid Carcinogeni  1.000E+  3.546E-  2.631E-
ANFIS 1 n (tanh 10 1000 (Adam) cs 00 15 06
+ abs)
Non-
Gaussia  linear Hybrid Carcinogeni  1.000E+  1.602E-  1.082E+
ANFIS 2 n (tanh 10 1000 (Adam) cs 00 09 02
+ abs)
Non-
Gaussia  linear Hybrid  Carcinogeni  9.995E-  9.226E-  3.149E+
ANFIS 3 n @anh 10 1900 iiam) os 01 08 03
+ abs)
Non- Non
Gaussia  linear Hybrid . . 1.000E+  1.941E-  2.415E-
ANFIS 1 n (tanh 10 1000 (Adam) carcm:genlc 00 14 06
+ abs)
Non- Non
Gaussia  linear Hybrid . . 1.000E+  3.009E-  4.916E-
ANFIS 2 n (tanh 10 1000 (Adam) carcm;)genlc 00 12 0
+ abs)
Non- Non
Gaussia  linear Hybrid . . 9.956E-  2.714E-  3.866E+
ANFIS 3 n (tanh 10 1000 (Adam) carcinogenic 01 07 03
+ abs) s
Non-
Gaussia  linear Hybrid  Respiratory  1.000E+  5.230E-  8.729E-
ANFIS 1 n @anh 10 1000 ldam)  effects 00 10 05
+ abs)
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Non-

Gaussia  linear Hybrid  Respiratory  1.000E+  7.002E-  3.381E-
ANFIS 2 n (tanh 10 1000 (Adam) effects 00 09 02
+ abs)
Non-
Gaussia  linear Hybrid  Respiratory  9.999E-  2.663E-  5.159E+
ANFIS 3 n (tanh 10 1000 (Adam) effects 01 05 01
+ abs)
Non-
Gaussia  linear Hybrid - 1.000E+  6.607E-  2.318E-
ANFIS 1 n (tanh 10 1000 (Adam) Ecotoxicity 00 07 06
+ abs)
Non-
Gaussia  linear Hybrid - 9.275E-  4.742E+  1.653E+
ANFIS 2 n (tanh 10 1000 (Adam) Ecotoxicity 01 00 03
+ abs)
Non-
Gaussia  linear Hybrid . 9411E- 3.334E+ 8.363E+
ANFIS 3 n (tanh 10 1000 (Adam) Ecotoxicity 01 00 02
+ abs)
Non-
Gaussia  linear Hybrid Fossil fuel 1.000E+  7.787E-  3.531E-
ANFIS 1 n (tanh 10 1000 (Adam) depletion 00 08 06
+ abs)
Non-
Gaussia  linear Hybrid Fossil fuel 1.000E+  1.745E-  1.475E+
ANFIS 2 n @anh 10 1000 dam)  depletion 00 04 00
+ abs)
Non-
Gaussia  linear Hybrid Fossil fuel 9.998E- 1.644E-  2.450E+
ANFIS 3 n (tanh 10 1000 (Adam) depletion 01 02 01
+ abs)
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Table S21. Predictive results for first preparation loop stage from Pytorch’s three-level ANFIS model.

Data Matric Code with

Output Unit Laser Oven
Ozone depletion kg CFC-11 eq 1.88E-09 1.10E-07
Global warming kg CO2 eq 2.98E-02 1.74E+00

Smog kg O3 eq 9.66E-04 5.65E-02
Acidification kg SO2 eq 6.63E-05 3.87E-03
Eutrophication kg N eq 2.27E-04 1.33E-02
Carcinogenics CTUh 2.65E-09 1.55E-07
Non carcinogenics CTUh 8.49E-09 4.96E-07
Respiratory effects kg PM2.5 eq 8.87E-05 5.19E-03
Ecotoxicity CTUe 3.60E-01 2.10E+01
Fossil fuel depletion M]J surplus 3.09E-02 1.80E+00
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Table S22. Error metrics results for comparison of true and predicted values of first preparation loop stage
from Pytorch’s three-level ANFIS model.

ANFIS MF ME - MF - poe  Tearmin o bact MAPE
model Input Outpu  coun h category R RMSE (%)
t t method
Non-
. linear Hybrid Ozone 1.000E+0 2.840E 2.509E
ANFIST  Gaussian 10010000 ) depletion 0 42 -03
abs)
Non-
. linear Hybrid Ozone 1.000E+0 1.660E 2.509E
ANFIS2 - Gaussian e 10010000 4om)  depletion 0 09 -03
abs)
Non-
. linear Hybrid Ozone 1.000E+0 5.000E 5.019E
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) depletion 0 -09 -03
abs)
Non-
. linear Hybrid Global 1.000E+0 4.500E 2.509E
ANFIS 1 Gaussian (tanh + 10 1000 (Adam) warming 0 04 03
abs)
Non-
. linear Hybrid Global 1.000E+0 2.630E 2.509E
ANFIS 2 Gaussian (tanh + 10 1000 (Adam) warming 0 -0 03
abs)
Non-
. linear Hybrid Global 1.000E+0 7.940E 5.019E
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) warming 0 02 03
abs)
Non-
. linear Hybrid 1.000E+0 1.460E 2.509E
ANFIS 1 Gaussian (tanh + 10 1000 (Adam) Smog 0 05 03
abs)
Non-
. linear Hybrid 1.000E+0 8.540E 2.509E
ANFIS 2 Gaussian (tanh + 10 1000 (Adam) Smog 0 04 03
abs)
Non-
. linear Hybrid 1.000E+0 2.570E 5.019E
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) Smog 0 03 03
abs)
Non-
. linear Hybrid o . 1.000E+0 1.000E 2.509E
ANFIS 1 Gaussian (tanh + 10 1000 (Adam) Acidification 0 06 03
abs)
. Non- Hybrid o . 1.000E+0 5.850E 2.509E
ANFIS 2 Gaussian linoar 10 1000 (Adam) Acidification 0 05 03
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(tanh +

abs)
Non-
. linear Hybrid - . 1.000E+0 1.760E 5.019E
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) Acidification 0 04 03
abs)
Non-
. linear Hybrid  Eutrophicatio 1.000E+0 3.430E 2.509E
ANFIS 1 Gaussian (tanh + 10 1000 (Adam) N 0 06 03
abs)
Non-
. linear Hybrid  Eutrophicatio 1.000E+0 2.010E 2.509E
ANFIS 2 Gaussian (tanh + 10 1000 (Adam) N 0 04 03
abs)
Non-
. linear Hybrid  Eutrophicatio 1.000E+0 6.060E 5.019E
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) N 0 04 03
abs)
Non-
. linear Hybrid  Carcinogenic 1.000E+0 4.000E 2.509E
ANFIS 1 Gaussian (tanh + 10 1000 (Adam) s 0 12 03
abs)
Non-
. linear Hybrid  Carcinogenic 1.000E+0 2.340E  2.509E
ANFIS 2 Gaussian (tanh + 10 1000 (Adam) s 0 09 03
abs)
Non-
. linear Hybrid  Carcinogenic  1.000E+0 7.050E 5.019E
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) s 0 09 03
abs)
Non- Non
. linear Hybrid . . 1.000E+0 1.280E 2.509E
ANFIS 1 Gaussian (tanh + 10 1000 (Adam) carcm:genlc 0 11 03
abs)
Non- Non
. linear Hybrid . . 1.000E+0 7.490E 2.509E
ANFIS 2 Gaussian (tanh + 10 1000 (Adam) carcmsgemc 0 09 03
abs)
Non- Non
. linear Hybrid . . 1.000E+0 2.260E 5.019E
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) carcm;)gemc 0 08 03
abs)
Non-
. linear Hybrid Respiratory  1.000E+0 1.340E 2.509E
ANFIST  Gaussian oy 10010000 0qimy effects 0 06 -03
abs)
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Non-

. linear Hybrid Respiratory  1.000E+0 7.840E 2.509E
ANFIS 2 Gaussian (tanh + 10 1000 (Adam) effects 0 -05 -03
abs)
Non-
. linear Hybrid Respiratory ~ 1.000E+0 2.360E 5.019E
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) offects 0 04 03
abs)
Non-
. linear Hybrid - 1.000E+0 5.440E 2.509E
ANFIS 1 Gaussian (tanh + 10 1000 (Adam) Ecotoxicity 0 03 03
abs)
Non-
. linear Hybrid - 1.000E+0 3.170E 2.509E
ANFIS 2 Gaussian (tanh + 10 1000 (Adam) Ecotoxicity 0 01 03
abs)
Non-
. linear Hybrid .. 1.000E+0 9.57E- 5.02E-
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) Ecotoxicity 0 01 03
abs)
Non-
. linear Hybrid Fossil Fuel 1.000E+0 4.67E- 2.51E-
ANFIS 1 Gaussian (tanh + 10 1000 (Adam) Depletion 0 04 03
abs)
Non-
. linear Hybrid Fossil Fuel 1.000E+0 2.72E- 2.51E-
ANFIS2  Gaussian oy 10010000 Nqim)  Depletion 0 02 03
abs)
Non-
. linear Hybrid Fossil Fuel 1.000E+0 8.21E- 5.02E-
ANFIS 3 Gaussian (tanh + 10 1000 (Adam) Depletion 0 02 03
abs)
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Table S23. Predictive results for second and third preparation loop stage from Pytorch’s three-level ANFIS

model.
Cleani
Grin ng ;
Glas ding and Coati CI:lgrl Electr Sealing
. J and ng ode and
Output Unit Cutt . Surfa Appli Si‘ldi Integ Encaps
ing Edgi ce cation y ration ulation
ng Prepa ng
ration

Ozone CllégC- 8.31 1.13 7.82E- 1.88E- 1.50 1.32E 1.05E-

depletion 11eq E-08 E-07 09 08 E-08 -08 08
Global ke 131 179 1.24E- 2.98E- 2.38 2.09E 1.67E-

. CO2 E+0 E+0

warming eq 0 0 01 01 E-01 -01 01
Smo kg O3 4.24 5.79 4.02E- 9.65E- 7.72 6.75E S5.41E-

& eq E-02 E-02 03 03 E-03 -03 03
Acidificati kg SO2 291 3.97 2.76E- 6.62E- 5.29 4.63E 3.71E-

on eq E-03 E-03 04 04 E-04 -04 04
Eutrophica kg N 1.00 1.36 9.45E- 2.27E- 1.81 1.59E 1.27E-

tion eq E-02 E-02 04 03 E-03 -03 03
Carcinoge CTUR 1.16 1.59 1.10E- 2.65E- 2.12 1.86E 1.49E-

nics E-07 E-07 08 08 E-08 -08 08

Non

carcinogen CTUh 3.74 5.09 3.53E- 8.48E- 6.78 5.94E 4.75E-

ics E-07 E-07 08 08 E-08 -08 08
Respirator PI\I;I% 5 3.91 5.32 3.69E- 8.86E- 7.09 6.20E 4.96E-

y effects eq. E-03 E-03 04 04 E-04 -04 04

. 1.58 2.16 2.87

Ecotoxicit 1.49E 3.59E 2.51E 2.01E+

y CTUe ETO EJ{O +00 +00 Ego +00 00
Fossil fuel MJ 11343(6) IIEE(S) 1.28E- 3.08E- 2.46 2.16E 1.72E-

depletion surplus 0 0 01 01 E-01 -01 01

Table S23. Predictive results for second and third preparation loop stage from Pytorch’s three-level ANFIS
model (continued).

Packa

Assem ging Coatin Curin Electro Assem
Output Unit bly and and g g an‘d de bly and
Integra .. Applic Dryin Integra Integra
. Shippi . . .
tion ation g tion tion
ng
Ozone kg CFC- 1.43E- 2.13E- 7.56E- 1.52E 1.81E- 2.18E-
11eq 08 09 08 -07 08 08
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depletion

Global kg CO2 2.26E- 3.38E- 5.56E- 1.12E 1.33E- 1.60E-
warming eq 01 02 01 +00 01 01

Smo e O3 6 7.33E- 1.09E- 1.20E- 2.42F 2.88E- 3.46E-
& gt>eq 03 03 02 02 03 03

Acidification kg SO2 5.03E- 7.50E- 6.79E- 1.37E 1.63E- 1.96E-
eq 04 05 04 03 04 04

Eutrophicati ke N 1.72E- 2.57E- 8.37E- 1.72E 2.06E- 2.47E-
on gneq 03 04 05 04 05 05

Carcinogenic CTUR 2.02E- 3.00E- 6.58E- 1.32E 1.58E- 1.90E-
s 08 09 09 -08 09 09

carcﬂgnenic CTUR 6.45E- 9.62E- 1.00E- 2.02E 2.41E- 2.89E-
) g 08 09 08 -08 09 09

Respiratory PI\I;I% 5 6.73E- 1.00E- 4.43E- 8.95E 1.07E- 1.28E-
effects eq ’ 04 04 05 -05 05 05

L 2.73E+ 4.07E- 6.37E- 1.28E 1.53E- 1.84E-
Ecotoxicity CTUe 00 01 01 +00 01 01

Fossil fuel MJ 2.34E- 3.49E- 1.51E+ 3.04E 3.62E- 4.34E-
depletion surplus 01 02 00 +00 01 01
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Table S24. Error metrics results for comparison of true and predicted values of second and third preparation
loop stage from Pytorch’s three-level ANFIS model.

ANFIS MF ME - ME - pge Learmin  pact RMS  MAPE
model Input Outpu  coun h g category R E (%)
t t method
Non-
. linear Hybrid Ozone 1.000E+0  1.890 1.921E-
ANFIST  Gaussian 1002000 Nqamy depletion 0 E-10 03
+ abs)
Non-
. linear Hybrid Ozone 1.000E+0  4.310 1.953E-
ANFIS2  Gaussian 1002000 Nqam)  depletion 0 E-10 03
+ abs)
Non-
. linear Hybrid Ozone 1.000E+0 4.380  2.017E-
ANFIS 3 Gaussian (tanh 10 200 (Adam) depletion 0 E-10 03
+ abs)
Non-
. linear Hybrid Ozone 1.000E+0  3.120 1.888E-
ANFIS 4 Gaussian oy 1002000 ldam)  depletion 0 E-09 03
+ abs)
Non-
. linear Hybrid Ozone 9.999E- 1.050  4.271E-
ANFIS 5 Gaussian (tanh 10 200 (Adam) depletion 01 E-09 01
+ abs)
Non-
. linear Hybrid Ozone 9.998E- 5260  4.356E-
NFIS6  Gaussian (o 1002000 \am)  depletion 01 E-09 01
+ abs)
Non-
. linear Hybrid Ozone 9.975E-  7.150 1.246E+0
ANFIS 7 Gaussian (tanh 10 200 (Adam) depletion 01 E-09 1
+ abs)
Non-
. linear Hybrid Global 1.000E+0  3.060 1.921E-
ANFIS 1 Gaussian (tanh 10 200 (Adam) warming 0 E-04 03
+ abs)
Non-
. linear Hybrid Global 1.000E+0  1.260 1.953E-
ANFIS 2 Gaussian (tanh 10 200 (Adam) warming 0 E-04 03
+ abs)
Non-
. linear Hybrid Global 1.000E+0  1.060  2.017E-
ANFIS 3 Gaussian (tanh 10 200 (Adam) warming 0 E-04 03
+ abs)

. Non- Hybrid Global 1.000E+0  3.690 1.888E-
ANFIS 4 Gaussian linoar 10 200 (Adam) warming 0 E-04 03
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(tanh

+ abs)
Non-
. linear Hybrid Global 9.999E- 1.687  4.271E-
ANFIS 5 Gaussian (tanh 10 200 (Adam) warming 01 E-02 01
+ abs)
Non-
. linear Hybrid Global 9.998E- 1.129  4.356E-
ANFIS 6 Gaussian (tanh 10 200 (Adam) warming 01 E-02 01
+ abs)
Non-
. linear Hybrid Global 9.975E- 2216 1.246E+0
ANFIS 7 Gaussian (tanh 10 200 (Adam) warming 01 E-02 1
+ abs)
Non-
. linear Hybrid 1.000E+0  1.000 1.921E-
ANFIS 1 Gaussian (tanh 10 200 (Adam) Smog 0 E-05 03
+ abs)
Non-
. linear Hybrid 1.000E+0  4.000 1.953E-
ANFIS 2 Gaussian (tanh 10 200 (Adam) Smog 0 E-06 03
+ abs)
Non-
. linear Hybrid 1.000E+0  3.000  2.017E-
ANFIS 3 Gaussian (tanh 10 200 (Adam) Smog 0 E-06 03
+ abs)
Non-
. linear Hybrid 1.000E+0  1.100 1.888E-
ANFIS 4 Gaussian (tanh 10 200 (Adam) Smog 0 E-05 03
+ abs)
Non-
. linear Hybrid 9.999E- 5450  4.271E-
ANFIS 5 Gaussian (tanh 10 200 (Adam) Smog 01 E-04 01
+ abs)
Non-
. linear Hybrid 9.998E-  3.590  4.356E-
ANFIS 6 Gaussian (tanh 10 200 (Adam) Smog 01 E-04 01
+ abs)
Non-
. linear Hybrid 9.975E-  7.110  1.246E+0
ANFIS 7 Gaussian (tanh 10 200 (Adam) Smog 01 F-04 1
+ abs)
Non-
. linear Hybrid o . 1.000E+0  6.890 1.921E-
ANFIS 1 Gaussian (tanh 10 200 (Adam) Acidification 0 E-07 03
+ abs)
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Non-

. linear Hybrid - . 1.000E+0  2.800 1.953E-
ANFIS 2 Gaussian (tanh 10 200 (Adam) Acidification 0 E-07 03
+ abs)
Non-
. linear Hybrid o . 1.000E+0 2.110  2.017E-
ANFIS 3 Gaussian (tanh 10 200 (Adam) Acidification 0 E-07 03
+ abs)
Non-
. linear Hybrid - . 1.000E+0  7.950 1.888E-
ANFIS 4 Gaussian (tanh 10 200 (Adam) Acidification 0 E-07 03
+ abs)
Non-
. linear Hybrid - . 9.999E-  3.730  4.271E-
ANFIS 5 Gaussian (tanh 10 200 (Adam) Acidification 01 E-05 01
+ abs)
Non-
. linear Hybrid . . 9.998E- 2.470 4.356E-
ANFIS 6 Gaussian (tanh 10 200 (Adam) Acidification 01 E-05 01
+ abs)
Non-
. linear Hybrid - . 9.975E-  4.870 1.246E+0
ANFIS 7 Gaussian (tanh 10 200 (Adam) Acidification 01 E-05 )
+ abs)
Non-
. linear Hybrid  Eutrophicati 1.000E+0  2.370 1.921E-
ANFIS 1 Gaussian (tanh 10 200 (Adam) on 0 E-06 03
+ abs)
Non-
. linear Hybrid  Eutrophicati 1.000E+0  9.590 1.953E-
ANFIS 2 Gaussian (tanh 10 200 (Adam) on 0 E-06 03
+ abs)
Non-
. linear Hybrid  Eutrophicati 1.000E+0  7.240  2.017E-
ANFIS 3 Gaussian (tanh 10 200 (Adam) on 0 E-07 03
+ abs)
Non-
. linear Hybrid  Eutrophicati 1.000E+0  1.640 1.888E-
ANFIS 4 Gaussian (tanh 10 200 (Adam) on 0 E-06 03
+ abs)
Non-
. linear Hybrid  Eutrophicati  9.999E- 1.280  4.271E-
ANFIS 5 Gaussian (tanh 10 200 (Adam) on 01 E-04 01
+ abs)
Non-
. linear Hybrid  Eutrophicati ~ 9.998E- 8.440  4.356E-
ANFIS 6 Gaussian (tanh 10 200 (Adam) on 01 E-05 01
+ abs)
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Non-

. linear Hybrid  Eutrophicati ~ 9.975E- 1.670  1.246E+0
ANFIS 7 Gaussian (tanh 10 200 (Adam) on 01 E-04 1
+ abs)
Non-
. linear Hybrid  Carcinogeni 1.000E+0  3.010 1.921E-
ANFIS 1 Gaussian (tanh 10 200 (Adam) cs 0 E-10 03
+ abs)
Non-
. linear Hybrid  Carcinogeni 1.000E+0  1.220 1.953E-
ANFIS 2 Gaussian (tanh 10 200 (Adam) cs 0 E-10 03
+ abs)
Non-
. linear Hybrid  Carcinogeni 1.000E+0  9.220  2.017E-
ANFIS 3 Gaussian (tanh 10 200 (Adam) cs 0 E-11 03
+ abs)
Non-
. linear Hybrid  Carcinogeni 1.000E+0  3.470 1.888E-
ANFIS 4 Gaussian (tanh 10 200 (Adam) cs 0 E-10 03
+ abs)
Non-
. linear Hybrid  Carcinogeni  9.999E- 1.630  4.271E-
ANFIS 5 Gaussian (tanh 10 200 (Adam) cs 01 E-09 01
+ abs)
Non-
. linear Hybrid  Carcinogeni  9.998E- 1.080  4.356E-
ANFIS 6 Gaussian (tanh 10 200 (Adam) cs 01 E-09 01
+ abs)
Non-
. linear Hybrid  Carcinogeni  9.975E-  2.130  1.246E+0
ANFIS 7 Gaussian (tanh 10 200 (Adam) cs 01 E-09 1
+ abs)
Non- Non
. linear Hybrid . . 1.000E+0  9.640 1.921E-
ANFIS 1 Gaussian (tanh 10 200 (Adam) carcinogenic 0 E-10 03
+ abs) s
Non- Non
. linear Hybrid . . 1.000E+0  3.910 1.953E-
ANFIS 2 Gaussian (tanh 10 200 (Adam) carcinogenic 0 E-10 03
+ abs) s
Non- Non
. linear Hybrid . . 1.000E+0 2.950  2.017E-
ANFIS 3 Gaussian (tanh 10 200 (Adam) carcinogenic 0 E-10 03
+ abs) °
Non- Non
. linear Hybrid . . 1.000E+0 1.110 1.888E-
ANFIS 4 Gaussian (tanh 10 200 (Adam) carcinogenic 0 E-09 03
+ abs) S
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Non-

. . Non
. linear Hybrid . . 9.999E- 5230  4.271E-
ANFIS § Gaussian (tanh 10 200 (Adam) carcm:gemc 01 E-09 01
+ abs)
Non- Non
. linear Hybrid . . 9.998E- 3470  4.356E-
ANFTIS 6 Gaussian (tanh 10 200 (Adam) carcm:gemc 01 E-09 01
+ abs)
Non- Non
. linear Hybrid . . 9.975E-  6.840 1.246E+0
ANFIS 7 Gaussian (tanh 10 200 (Adam) carcm:gemc 01 E-09 1
+ abs)
Non-
. linear Hybrid  Respiratory  1.000E+0  1.010 1.921E-
ANFIS 1 Gaussian (tanh 10 200 (Adam) effects 0 E-06 03
+ abs)
Non-
. linear Hybrid  Respiratory  1.000E+0  4.080 1.953E-
ANFIS2 - Gaussian o 1002000 qam)  effects 0 E-07 03
+ abs)
Non-
. linear Hybrid  Respiratory  1.000E+0  3.080  2.017E-
ANFIS 3 Gaussian (tanh 10 200 (Adam) effects 0 E-07 03
+ abs)
Non-
. linear Hybrid  Respiratory  1.000E+0  1.160 1.888E-
ANFIS4 - Gaussian o 1002000 qam)  effects 0 E-06 03
+ abs)
Non-
. linear Hybrid  Respiratory 9.999E- 5460  4.271E-
ANFIS 5 Gaussian (tanh 10 200 (Adam) effects 01 E-05 01
+ abs)
Non-
. linear Hybrid  Respiratory 9.998E-  3.610  4.356E-
ANFIS 6 Gaussian o 1002000 gam) effects 01 E-05 01
+ abs)
Non-
. linear Hybrid  Respiratory 9.975E- 7.130  1.246E+0
ANFIS7  Gaussian 1002000 qam) effects 01 E-05 1
+ abs)
Non-
. linear Hybrid . 1.000E+0  3.677 1.921E-
ANFIS 1 Gaussian (tanh 10 200 (Adam) Ecotoxicity 0 F-03 03
+ abs)
Non-
. linear Hybrid " 1.000E+0  1.508 1.953E-
ANFIS 2 Gaussian (tanh 10 200 (Adam) Ecotoxicity 0 E-03 03
+ abs)
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Non-

ANFIS 3 G . linear Hvybri
aussian (tanh 10 200 ybrid Ecotoxicit 1.000E+0 1.279  2.017E-
(Adam) y 0
+ abs) E-03 03
Non-
ANFIS 4 G . linear Hvybri
aussian (tanh 10 200 ybrid Ecotoxicit 1.000E+0  4.432 1.888E-
(Adam) y 0
+ abs) E-03 03
Non-
ANFIS 5 G . linear Hyvybri
aussian (tanth 10 200 ybrid Ecotoxicit 9.999E-  2.025  4.271E-
(Adam) Y 01
+ abs) E-01 01
Non-
ANFIS 6 G . linear Hvbri
aussian (tanh 10 200 ybrid Ecotoxicit 9.998E- 1.355 4.356E-
(Adam) Y 01
+ abs) E-01 01
Non-
ANFIS 7 G . linear Hybri
aussian o 100200 0 id b ooxicity | 0O7SE- 2659 1.246E+0
(Adam) y
+ abs) 01 E-01 1
Non-
. linear i ;
ANFIS 1 Gaussian e 10 200 &}Zibrld Fossil fuel 1.000E+0  3.140 1.921E-
+ abs) am) depletion 0 E-04 03
Non-
. linear i :
ANFIS2  Gaussian (tanh 10 200 (P,Ig}élbnd Fossil fuel 1.000E+0  1.340  1.953E-
+ abs) am) depletion 0 E-04 03
Non-
. linear i ;
ANFIS3  Gaussian o' 10 200 (%b“d Fossil fuel ~ 1.000E+0  1.010  2.017E-
+ abs) am) depletion 0 E-04 03
Non-
. linear i ;
ANFIS 4 Gaussian (tanh 10 200 &};brld Fossil fuel 1.000E+0  4.070 1.888E-
+ abs) am) depletion 0 E-04 03
Non-
ANF . linear i ;
IS5 Gaussian (tanth 10 200 P/Ig;lbrld Fossil fuel 9.999E- 1.743  4.271E-
+ab9) (Adam) depletion 01 E-02 01
Non-
AN . linear i :
FIS 6 Gaussian (tanth 10 200 Pi}:ibrld Fossil fuel 9.998E-  1.166  4.356E-
+ abs) (Adam) depletion 01 E-02 01
Non-
ANF . linear i ;
1S 7 Gaussian (tanth 10 200 P/Igzlbrld Fossil fuel 9.975E- 2296 1.246E+0
+ abs) (Adam) depletion 01 E-02 1
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Table S25. Predictive results for frame design stage from Pytorch’s three-level ANFIS model.

. Plastic film Copper  Stainless steel Silicon
Output Unit . Lo
(polypropylene) wire frame dioxide gel
Ozone depletion <& CquC'l ! 1.96E-08 416E-08  2.46E-07 6.18E-06
Global warming kg CO2 eq 0.546646 0.406402 1.842315 9.987099
Smog kg O3 eq 0.031499 0.045069 0.107709 0.624791
Acidification kg SO2 eq 0.00219 0.009453 0.009502 0.046929
Eutrophication kg N eq 0.000317 0.007191 0.006868 0.022572
Carcinogenics CTUh 3.49E-08 1.18E-07 1.15E-05 5.39E-07
Non carcinogenics CTUh 9.43E-08 2.32E-06 6.37E-07 2.13E-06
Respiratory effects kg PM2.5 eq 0.000384 0.001186 0.002446 0.009324
Ecotoxicity CTUe 4.924047 221.2489 144.2082 111.3384
Fossil fuel depletion MJ surplus 2.00924 0.411929 1.569978 18.00479
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Table S26. Error metrics results for comparing true and predicted values of the frame design stage from
PyTorch’s three-level ANFIS model.

ANFIS MF ME - MF - pooe D6 popact MAPE
model Input Outp  coun h categor R RMSE (%)
pu ut t method gory ’
Non-
Gaussia  linear Hybrid Ozone 1.000E+  1.320E- 1.895E-
ANFIS 1 n anh 10 1000 Agam)  depletion 00 10 03
+ abs)
Non-
Gaussia  linear Hybrid Ozone 1.000E+  1.940E-  2.153E-
ANFIS 2 n anh 10 1900 (Gam)  depletion 00 07 03
+ abs)
Non-
Gaussia  linear Hybrid Ozone 9.986E-  7.420E- 4.863E+
ANFIS 3 n (tanh 10 1000 (Adam) depletion 01 08 00
+ abs)
Non-
Gaussia  linear Hybrid Global 1.000E+  1.190E- 1.895E-
ANFIS 1 n @anh 10 1900 \iam)  warming 00 04 03
+ abs)
Non-
Gaussia  linear Hybrid Global 1.000E+  2971E-  2.153E-
ANFIS 2 n (tanh 10 1000 (Adam) warming 00 02 03
+ abs)
Non-
Gaussia  linear Hybrid Global 9.986E- 1.872E-  4.863E+
ANFIS 3 n @anh 10 1900 Gam)  warming 01 01 00
+ abs)
Non-
Gaussia  linear Hybrid 1.000E+  7.000E- 1.895E-
ANFIS 1 n (tanh 10 1000 (Adam) Smog 00 06 03
+ abs)
Non-
Gaussia  linear Hybrid 1.000E+  1.857E-  2.153E-
ANFIS 2 n (tanh 10 1000 (Adam) Smog 00 03 03
+ abs)
Non-
Gaussia  linear Hybrid 9.986E- 1.173E-  4.863E+
ANFIS 3 n (tanh 10 1000 (Adam) Smog 01 02 00
+ abs)
Non-
Gaussia  linear Hybrid  Acidificatio  1.000E+  0.000E+  1.895E-
ANFIS 1 n (tanh 10 1000 (Adam) n 00 00 03
+ abs)
Gaussia  Non- Hybrid  Acidificatio  1.000E+  1.360E-  2.153E-
ANFIS 2 N o 10 1000 (Adam) N 00 04 03
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(tanh

+ abs)
Non-
Gaussia  linear Hybrid  Acidificatio  9.986E-  8.510E-  4.863E+
ANFIS 3 n @anh 10 1000 \gam) n 01 04 00
+ abs)
Non-
Gaussia  linear Hybrid  Eutrophicati  1.000E+  0.000E+  1.895E-
ANFIS 1 n @anh 10 1900 idam) on 00 00 03
+ abs)
Non-
Gaussia  linear Hybrid  Eutrophicati  1.000E+  5.700E-  2.153E-
ANFIS 2 n (tanh 10 1000 (Adam) on 00 05 03
+ abs)
Non-
Gaussia  linear Hybrid  Eutrophicati  9.986E-  3.620E-  4.863E+
ANFIS 3 n @anh 10 1900 idam) on 01 04 00
+ abs)
Non-
Gaussia  linear Hybrid  Carcinogeni  1.000E+  1.810E- 1.895E-
ANFIS 1 n (tanh 10 1000 (Adam) cs 00 10 03
+ abs)
Non-
Gaussia  linear Hybrid Carcinogeni  1.000E+  3.950E-  2.153E-
ANFIS 2 n (tanh 10 1000 (Adam) cs 00 07 03
+ abs)
Non-
Gaussia  linear Hybrid  Carcinogeni  9.986E- 1.530E- 4.863E+
ANFIS 3 n @anh 10 1900 iiam) os 01 07 00
+ abs)
Non- Non
Gaussia  linear Hybrid . . 1.000E+  6.180E- 1.895E-
ANFIS 1 n (tanh 10 1000 (Adam) carcm:genlc 00 10 03
+ abs)
Non- Non
Gaussia  linear Hybrid . . 1.000E+  5.440E-  2.153E-
ANFIS 2 n (tanh 10 1000 (Adam) carcm;)genlc 00 08 03
+ abs)
Non- Non
Gaussia  linear Hybrid . . 9.986E- 3.500E-  4.863E+
ANFIS 3 n (tanh 10 1000 (Adam) carcm;)gemc 01 0% 00
+ abs)
Non-
Gaussia  linear Hybrid  Respiratory  1.000E+  0.000E+  1.895E-
ANFIS 1 n @anh 10 1000 ldam)  effects 00 00 03
+ abs)
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Non-

Gaussia  linear Hybrid  Respiratory  1.000E+  2.500E-  2.153E-
ANFIS 2 n (tanh 10 1000 (Adam) effects 00 05 03
+ abs)
Non-
Gaussia  linear Hybrid  Respiratory  9.986E- 1.570E-  4.863E+
ANFIS 3 n (tanh 10 1000 (Adam) effects 01 04 00
+ abs)
Non-
Gaussia  linear Hybrid - 1.000E+  4.883E- 1.895E-
ANFIS 1 n (tanh 10 1000 (Adam) Ecotoxicity 00 02 03
+ abs)
Non-
Gaussia  linear Hybrid - 1.000E+  1.158E+  2.153E-
ANFIS 2 n (tanh 10 1000 (Adam) Ecotoxicity 00 00 03
+ abs)
Non-
Gaussia  linear Hybrid - 9.986E-  7.303E+ 4.863E+
ANFIS 3 n (tanh 10 1000 (Adam) Ecotoxicity 01 00 00
+ abs)
Non-
Gaussia  linear Hybrid Fossil fuel 1.000E+  8.780E- 1.895E-
ANFIS 1 n (tanh 10 1000 (Adam) depletion 00 04 03
+ abs)
Non-
Gaussia  linear Hybrid Fossil fuel 1.000E+  5.950E-  2.153E-
ANFIS 2 n @anh 10 1000 dam)  depletion 00 02 03
+ abs)
Non-
Gaussia  linear Hybrid Fossil fuel 9.986E-  3.750E- 4.863E+
ANFIS 3 n (tanh 10 1000 (Adam) depletion 01 01 00
+ abs)
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Fig. S13. Contribution of process energy and material flows in the electrochromic preparation stage using
Pytorch’s three-level ANFIS model.
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Fig. S14. Contribution of process energy and material flows in the hot coater stage using Pytorch’s three-level
ANFIS model.
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Fig. S15. Contribution of process energy and material flows in the first preparation loop stage using
Pytorch’s three-level ANFIS model.
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Fig. S16. Contribution of process energy and material flows in the second and third preparation loop stage
using Pytorch’s three-level ANFIS model.
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Fig. S17. Contribution of process energy and material flows in the frame design stage using Pytorch’s three-
level ANFIS model.
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ANN and ANFIS comparison results
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Fig. S18. Comparison of coefficient of determination in ANN and ANFIS modeling methods for energy output
and environmental impacts of electrochromic preparation stage.
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Fig. S19. Comparison of coefficient determination in ANN and ANFIS modeling methods for energy output
and environmental impacts of hot coater stage.
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Fig. S20. Comparison of coefficient of determination in ANN and ANFIS modeling methods for energy output
and environmental impacts of first preparation loop stage.
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Fig. S21. Comparison of coefficient of determination in ANN and ANFIS modeling methods for energy output
and environmental impacts of second and third preparation loop stage.

52



—

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0 -
&

& o 32 & & <& & & S
& S o« & & & & & § &
¥ & S & & 5 & & $ N
R > & > S o ® R
¥ & B Q & & S & ¥
2 D o & <O © xO <5 >
& & o S e & & &S
o ) L N N
<~ AL <&

B ANN = ANFIS

Fig. S22. Comparison of coefficient of determination in ANN and ANFIS modeling methods for energy output
and environmental impacts of frame design stage.

53



