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Data Availability Statement
Tables S4–S9 in the Supporting Information contain the detailed data underlying the figures. Supplementary datasets are accessible at the following public link: https://github.com/ZJQ20250725/PEMFCs-cold-start-data. The ML models and training dataets areavailable in the public link: https://github.com/ZJQ20250725/PEMFCs-cold-start. The multi-objective optimization code and pre-trained ML models are available in the public link: https://github.com/ZJQ20250725/PEMFCs-cold-start-optimization.

S1. Mechanism equations in gFUELCELL

Table S1. Conservation equations
	Equation Name
	Definition/Analytical Formulation

	Gas phase component balances
	Gas phase water balance in channel:

	
	


	
	Gas phase component balances (except water) in channel:

	
	


	
	Gas phase water balance in GDL:

	
	


	Ice balance
	

	Ionomer Phase Water Balances 
	Water Balance in the Anode CL:


	
	Water Balance in the PEM:


	
	Water Balance in the Cathode CL:



	Liquid water balances
	Liquid phase water balance in channel:

	
	

	
	Liquid phase water balance in GDL:

	
	



Table S2 Energy balance equations
	Equation Name
	Definition/Analytical Formulation

	Energy Balance
	Energy Balance in BP

	
	


	
	Energy Balance in Gas Channel

	
	




	
	Energy Balance in GDL/MPL

	
	


	
	


	
	Energy Balance in Anode CL

	
	






	
	Energy Balance in PEM

	
	



	
	Energy Balance in Cathode CL

	
	







[bookmark: _Hlk192841375]Table S3 Electrochemical kinetics equation
	Equation Name
	Definition/Analytical Formulation

	[bookmark: _Hlk192803130]Anode CL: HOR
	Half-cell potential:

	
	


	
	Overpotential:

	
	

	
	Temperature dependence of reference exchange current density:

	
	
Butler-Volmer reaction kinetics:


	Cathode catalyst: ORR
	Half-cell potential:



	
	Overpotential:


	
	Temperature dependence of reference exchange current density:


	
	Butler-Volmer reaction kinetics:



S2. The results of the compare with the simulation experiment results

Table S4. Temperature (℃) in coolant liquid/fuel gases during the start-up in Fig. 5A.
	Time
	Cathode catalytic reaction
	Anode catalytic reaction

	
	Coolant
	Air outlet
	H2 outlet 
	Coolant
	Air outlet
	H2 outlet 

	0
	-20
	-20
	-20
	-20
	-20
	-20

	1
	-19.99999
	-19.17911
	-16.47486
	-19.97523
	-17.18203
	-17.53483

	2
	-19.98792
	-17.15821
	-8.2703
	-19.81779
	-16.0513
	-16.3011

	3
	-19.86848
	-15.6375
	-1.23948
	-19.58555
	-15.69395
	-15.79902

	4
	-19.5411
	-13.9661
	1.89465
	-19.34711
	-15.60416
	-15.56742

	5
	-18.91894
	-12.13428
	0.81902
	-19.12289
	-15.574
	-15.38184

	6
	-17.91028
	-9.9544
	-1.27955
	-18.91488
	-15.52125
	-15.183

	7
	-16.351
	-7.03455
	-2.57142
	-18.71976
	-15.4478
	-14.96595

	8
	-14.0022
	-3.1667
	-2.4855
	-18.53423
	-15.34543
	-14.73737

	9
	-11.0404
	0.66396
	-0.8366
	-18.35476
	-15.21128
	-14.49866

	10
	-8.2432
	3.18554
	1.85137
	-18.17814
	-15.04734
	-14.26755

	11
	-5.98542
	4.61544
	4.73098
	-18.00152
	-14.85667
	-14.05295

	12
	-4.1426
	5.75112
	7.35723
	-17.8225
	-14.64197
	-13.85508

	13
	-2.49833
	7.04617
	9.61083
	-17.63907
	-14.40574
	-13.67274

	14
	-0.87055
	8.68173
	11.65035
	-17.4495
	-14.1501
	-13.50342

	15
	0.88235
	10.7251
	12.60012
	-17.25233
	-13.87714
	-13.34376

	16
	2.8543
	13.09512
	13.869
	-17.0464
	-13.58912
	-13.1894

	17
	5.05117
	15.62176
	15.64327
	-16.8309
	-13.2884
	-13.03577

	18
	7.37524
	18.0653
	17.7955
	-16.60538
	-12.9777
	-12.8781

	19
	9.69366
	20.28646
	20.14913
	-16.36985
	-12.66004
	-12.7119

	20
	11.93197
	22.3188
	22.58172
	-16.1246
	-12.33857
	-12.53336

	21
	14.09295
	24.28652
	24.98867
	-15.87055
	-12.01655
	-12.33964

	22
	16.22152
	26.30364
	27.3169
	-15.6088
	-11.69697
	-12.12888

	23
	18.37014
	28.43163
	29.60583
	-15.34092
	-11.38257
	-11.90034

	24
	20.577
	30.6795
	31.90206
	-15.0685
	-11.0754
	-11.65436

	25
	22.8564
	33.0204
	34.30572
	-14.7933
	-10.77695
	-11.39207

	26
	25.20117
	35.41473
	36.8976
	-14.51703
	-10.48777
	-11.11536

	27
	27.5935
	37.83422
	39.42016
	-14.24103
	-10.20765
	-10.82654

	28
	30.0192
	40.2758
	41.99124
	-13.96653
	-9.93574
	-10.52817

	29
	32.47103
	42.59017
	44.95052
	-13.69434
	-9.67063
	-10.22288

	30
	34.91705
	44.75265
	48.59875
	-13.42487
	-9.41077
	-9.913

	31
	37.32195
	46.79296
	54.42483
	-13.1584
	-9.1543
	-9.6008

	32
	39.6761
	48.75707
	62.63165
	-12.89475
	-8.89957
	-9.28815

	33
	41.97408
	50.80322
	71.80486
	-12.63367
	-8.64503
	-8.97645

	34
	44.1699
	52.59606
	56.6056
	-12.37482
	-8.38932
	-8.6669

	35
	46.04833
	53.54388
	49.38683
	-12.11756
	-8.13123
	-8.36024

	36
	47.45706
	54.06042
	48.69616
	-11.86146
	-7.86985
	-8.0566

	37
	48.45733
	54.35003
	49.549
	-11.60578
	-7.6044
	-7.75583

	38
	49.1803
	54.5903
	50.84316
	-11.35004
	-7.33427
	-7.45716

	39
	49.73837
	54.8882
	52.31878
	-11.09354
	-7.0582
	-7.15995

	40
	50.2168
	55.34832
	53.87167
	-10.8357
	-6.77366
	-6.86597

	41
	50.68527
	56.1557
	55.4452
	
	
	

	42
	51.20645
	57.11947
	56.6839
	
	
	

	43
	51.81866
	58.2026
	57.46655
	
	
	

	44
	52.55386
	59.475
	58.00277
	
	
	

	45
	53.44494
	60.9106
	58.52276
	
	
	

	46
	54.50778
	62.43347
	59.14944
	
	
	

	47
	55.70794
	63.88613
	59.93926
	
	
	

	48
	56.96172
	65.14382
	60.87728
	
	
	

	49
	58.1856
	66.19857
	61.89318
	
	
	

	50
	59.33773
	67.11813
	62.9102
	
	
	

	51
	60.4161
	67.9905
	63.8823
	
	
	

	52
	61.44006
	68.87536
	64.8065
	
	
	

	53
	62.43374
	69.79598
	65.7186
	
	
	

	54
	63.41696
	70.74975
	66.622
	
	
	

	55
	64.40148
	71.71908
	67.52145
	
	
	

	56
	65.39025
	72.68163
	68.41396
	
	
	

	57
	66.3798
	73.62194
	69.27282
	
	
	

	58
	67.3642
	74.53582
	70.0764
	
	
	

	59
	68.33923
	75.4327
	70.83376
	
	
	

	59.73075
	69.30334
	76.31307
	71.55892
	
	
	



Table S5. Ice formation (vol%) curve within the cathode structure in Fig. 5B.
	Time
	Cathode catalytic reaction
	Anode catalytic reaction

	
	cathodeCL
	cathodeGDL
	cathodeMPL
	cathodeCL
	cathodeGDL
	cathodeMPL

	0
	0.1
	0.1
	0.1
	0.1
	0.1
	0.1

	1
	0.1215469
	0.10974986
	0.10026005
	0.10000007
	0.10000007
	0.10804512

	2
	0.20328746
	0.11971275
	0.10076787
	0.11155377
	0.10009572
	0.12810072

	3
	0.8836213
	0.1242231
	0.10660129
	0.15336113
	0.10086126
	0.15615165

	4
	2.1059176
	0.12517298
	0.12188837
	0.21804883
	0.10247765
	0.19136353

	5
	2.986351
	0.12501562
	0.13412652
	0.29624659
	0.104679
	0.2313816

	6
	3.2768805
	0.12481135
	0.13862979
	0.38148041
	0.10727119
	0.27430959

	7
	3.0996623
	0.12472321
	0.13906193
	0.47018193
	0.11013654
	0.3189093

	8
	2.5929917
	0.12498411
	0.13827799
	0.56047947
	0.11321005
	0.36437996

	9
	1.924388
	0.12459876
	0.13705118
	0.6526229
	0.11646327
	0.41021253

	10
	1.3174596
	0.12371473
	0.13564187
	0.75145615
	0.11990248
	0.45609092

	11
	0.8406461
	0.12239771
	0.13404972
	0.8569641
	0.12353004
	0.50186627

	12
	0.51617157
	0.12082224
	0.13224662
	0.9669812
	0.12734059
	0.54745395

	13
	0.32936845
	0.11917673
	0.13026916
	1.0797225
	0.13132595
	0.59280153

	14
	0.2337064
	0.11761131
	0.12820287
	1.1939215
	0.13547804
	0.63787387

	15
	0.18616954
	0.11620029
	0.12615491
	1.3086507
	0.13978884
	0.6826428

	16
	0.16131578
	0.1149472
	0.12422055
	1.4231697
	0.14424964
	0.72708065

	17
	0.14712595
	0.11383094
	0.12245761
	1.536827
	0.14885025
	0.77115577

	18
	0.13824835
	0.1128297
	0.12088266
	1.6490195
	0.15357852
	0.8148314

	19
	0.13223047
	0.1119294
	0.11948372
	1.7591722
	0.15842012
	0.8580654

	20
	0.12788066
	0.1111215
	0.11823799
	1.8667294
	0.16335851
	0.9008103

	21
	0.12457964
	0.11039932
	0.11712303
	1.9711621
	0.16837496
	0.9430162

	22
	0.12197886
	0.10975563
	0.11612031
	2.0719854
	0.17344916
	0.9846324

	23
	0.11987013
	0.1091822
	0.11521529
	2.1687636
	0.17855931
	1.0256093

	24
	0.11812216
	0.10867037
	0.1143963
	2.2611286
	0.1836831
	1.0659006

	25
	0.11664788
	0.10821136
	0.11365344
	2.3487728
	0.18879756
	1.1054632

	26
	0.1153878
	0.10779775
	0.112978
	2.4314672
	0.19388022
	1.1442599

	27
	0.11429943
	0.10742355
	0.11236202
	2.5090517
	0.19890964
	1.18225925

	28
	0.11335195
	0.10708305
	0.11179906
	2.5814299
	0.20386518
	1.2194344

	29
	0.11252197
	0.10676949
	0.11128408
	2.6485646
	0.20872804
	1.2557643

	30
	0.11179339
	0.1064771
	0.11081235
	2.7104609
	0.21348125
	1.2912312

	31
	0.11115316
	0.10620125
	0.11037943
	2.7671618
	0.2181096
	1.3258212

	32
	0.11060025
	0.10594873
	0.10998967
	2.818737
	0.22259995
	1.3595228

	33
	0.11012554
	0.10574496
	0.10964173
	2.8652646
	0.22694103
	1.3923257

	34
	0.10971805
	0.10558172
	0.10933101
	2.906828
	0.2311232
	1.42421955

	35
	0.10935913
	0.1054397
	0.10905234
	2.943531
	0.2351388
	1.4551955

	36
	0.109034
	0.10530999
	0.10880035
	2.9756123
	0.23898245
	1.4852399

	37
	0.10873411
	0.10518845
	0.10856965
	3.0033857
	0.24265074
	1.5143393

	38
	0.10845341
	0.10507304
	0.10835569
	3.02761
	0.24614371
	1.5424706

	39
	0.10818691
	0.10496265
	0.10815499
	3.0490596
	0.24946274
	1.5696106

	40
	0.10793094
	0.10485653
	0.10796472
	3.0686852
	0.25260858
	1.5957294

	41
	0.10768498
	0.1047545
	0.10778324
	
	
	

	42
	0.10745157
	0.104657
	0.10761004
	
	
	

	43
	0.10723111
	0.10456416
	0.10744436
	
	
	

	44
	0.10702355
	0.10447595
	0.1072858
	
	
	

	45
	0.10682855
	0.10439218
	0.10713423
	
	
	

	46
	0.10664552
	0.10431248
	0.10698958
	
	
	

	47
	0.10647373
	0.10423643
	0.10685172
	
	
	

	48
	0.10631238
	0.10416363
	0.10672034
	
	
	

	49
	0.10616058
	0.10409375
	0.10659497
	
	
	

	50
	0.10601743
	0.10402657
	0.10647512
	
	
	

	51
	0.10588218
	0.10396192
	0.1063603
	
	
	

	52
	0.1057542
	0.10389967
	0.10625011
	
	
	

	53
	0.10563296
	0.10383968
	0.10614423
	
	
	

	54
	0.105518
	0.10378185
	0.1060424
	
	
	

	55
	0.10540894
	0.10372605
	0.1059444
	
	
	

	56
	0.10530541
	0.10367216
	0.10585001
	
	
	

	57
	0.10520706
	0.1036201
	0.10575906
	
	
	

	58
	0.10511356
	0.10356979
	0.10567136
	
	
	

	59
	0.10502457
	0.10352113
	0.10558674
	
	
	

	59.73075
	0.10496222
	0.10348657
	0.10552676
	
	
	



Table S6. The temperature data in coolant liquid/fuel gases during the start-up in Fig. 5C.
	Time
	Cathode catalytic reaction
	Anode catalytic reaction

	
	Voltage (V)
	Current (A)
	Voltage (V)
	Current (A)

	0
	409.58398
	0
	409.59048
	0

	1
	61.826675
	0
	433.94522
	0

	2
	59.06101
	0
	434.00296
	0

	3
	56.429497
	0
	433.90366
	0

	4
	54.576725
	0
	433.82803
	0

	5
	53.09224
	0
	433.7621
	0

	6
	51.841026
	0
	433.70007
	0

	7
	50.715725
	0
	433.64114
	0

	8
	49.76792
	0
	433.5841
	0

	9
	48.860394
	0
	433.52948
	0

	10
	47.74912
	0
	433.47696
	0

	11
	46.375698
	0
	433.42566
	0

	12
	44.819756
	0
	433.3756
	0

	13
	43.100883
	0
	433.3268
	0

	14
	41.489162
	0
	433.2793
	0

	15
	39.91791
	0
	433.23312
	0

	16
	38.401237
	0
	433.18832
	0

	17
	36.91149
	0
	433.14487
	0

	18
	35.389637
	0
	433.10272
	0

	19
	33.78187
	0
	433.06186
	0

	20
	32.075336
	0
	433.02222
	0

	21
	30.295488
	0
	432.9837
	0

	22
	28.478273
	0
	432.94614
	0

	23
	26.65888
	0
	432.9094
	0

	24
	24.85839
	0
	432.8733
	0

	25
	23.085617
	0
	432.83765
	0

	26
	21.366163
	0
	432.80222
	0

	27
	19.717804
	0
	432.7314
	0

	28
	20.130884
	0
	432.6957
	0

	29
	21.912495
	0
	432.6597
	0

	30
	26.607029
	0
	432.62323
	0

	31
	52.66074
	0
	432.58633
	0

	32
	349.1249
	0
	432.54895
	0

	33
	412.66174
	0
	432.47278
	0

	34
	417.74432
	0.15725917
	432.3951
	0

	35
	367.81967
	20.157259
	432.3559
	0

	36
	353.20822
	40.15726
	432.31628
	0

	37
	341.97186
	60.15726
	432.28247
	0

	38
	331.86176
	80.15726
	432.2934
	0

	39
	324.01608
	100.15726
	409.59048
	0

	40
	317.30243
	120
	433.94522
	0

	41
	317.49948
	120
	434.00296
	0

	42
	317.6095
	120
	
	

	43
	317.64096
	120
	
	

	44
	317.61954
	120
	
	

	45
	317.56552
	120
	
	

	46
	317.4942
	120
	
	

	47
	317.4132
	120
	
	

	48
	317.31973
	120
	
	

	49
	317.2062
	120
	
	

	50
	317.06628
	120
	
	

	51
	316.89746
	120
	
	

	52
	316.69977
	120
	
	

	53
	316.47513
	120
	
	

	54
	316.22562
	120
	
	

	55
	315.95325
	120
	
	

	56
	315.6595
	120
	
	

	57
	315.34616
	120
	
	

	58
	315.0138
	120
	
	

	59
	314.66443
	120
	
	

	59.73075
	314.4008
	120
	
	


S3. The changes in hydrogen components during the cathode catalytic reaction cold-start simulation experiment
Table S7. The data of volume fraction of H2 (vol%) 
in the intake/exhaust components in Fig. 5D.

	Time
	Cathode inlet
	Cathode outlet
	Anode inlet
	Anode outlet

	3
	44.6
	0.1
	0.28
	0.286

	12
	44.6
	0.1
	0.28
	0.284

	27
	44.6
	0.1
	0.28
	0.287

	30
	30
	0
	0.28
	0.289

	33
	0
	0
	0.281
	0.271

	40
	0
	0
	0.419
	0.144

	59.7305
	0
	0
	0.419
	0.143


Table S8. The data of gas molar fractions (%) in the stack anode inlet/outlet flow in Figs. 8A, 8B.
	Time (s)
	Anode inlet
	Anode outlet

	
	H2
	H2O
	H2
	H2O
	N2

	3
	88.6
	11.4
	99.6
	0.2
	0.2

	12
	88.6
	11.4
	99.3
	0.6
	0.1

	27
	88.6
	11.4
	94.7
	5
	0.3

	30 
	88.6
	11.4
	90.3
	9.5
	0.2

	33
	88.6
	11.4
	90.6
	9
	0.4

	40
	88.6
	11.4
	90.6
	8.8
	0.6

	59.7
	88.6
	11.4
	81.2
	18
	0.8



Table S9. The data of gas molar fractions (%) in the stack cathode
 inlet/outlet flow in Figs. 8C, 8D.
	Time (s)
	Cathode inlet
	Cathode outlet

	
	H2
	O2
	H2O
	N2
	H2
	O2
	H2O
	N2

	3
	44.6
	8.8
	13.6
	33
	0.1
	9.8
	0.2
	89.9

	12
	44.6
	8.8
	13.6
	33
	0.1
	7.3
	1.2
	91.4

	27
	44.6
	8.8
	13.6
	33
	0.1
	1.9
	8.5
	89.5

	30 
	30
	11.8
	13.7
	44.5
	0
	0.6
	8.1
	91.3

	33
	0
	18.2
	12.4
	69.4
	0
	17.2
	8.8
	74

	40
	0
	18.4
	12.4
	69.2
	0
	10.5
	10.5
	79

	59.7
	0
	18.4
	12.4
	69.2
	0
	8.7
	26.1
	65.2



S4. Appendix figures
[image: ]
[bookmark: _Hlk210521216]Fig. S1. Bayesian hyperparameter optimization for ML models (e.g., XGBoost) flowchart 
[image: ]
Fig. S2. Comparison between the simulated polarization curve from this work and the experimental data from the reference
[image: ]
Fig. S3. Temperature distribution contour of MEA during electrochemical heating phase: 
 cathode CL in 33 s (a) , 40 s (b) and 59.7 s (c); 
PEM in 33 s (d), 40 s (e) and 59.7 s (f);
 anode CL in 33 s (g), 40 s (h) and 59.7 s (i)


[image: ]
Fig. S4. The energy distribution within the anode CL
 in 3 s (a) , 7 s (b) and 14 s (c), in 33 s (d), 40 s (e) and 59.7 s (f)

[image: ]
Fig. S5.  accumulation during cold start-up process within cathode CL in：
 3 s (A) , 7 s (B) and 14 s (C); 
 27 s (D), and 33 s (E)

[image: ]
Fig. S6. The volume fraction distribution of ice within cathode CL in:
3 s (a) , 7 s (b) and 14 s (c); 
 27 s (d), and 33 s (e)

[image: ]
Fig. S7. Comparison of the prediction performances using various ML models 
on MAXφcaCL_ice, tpreheat and tecchem:
MAPE (A); RMSE (B) ; R2 (C); Pearson r (D) 
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