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Supplementary Table S1. Description
Supplementary Table S1 summarises the statistical characteristics of the aluminium cold rolling database used to develop the daily energy consumption model. For each rolling mill (RM4–RM6), the table reports the minimum, maximum, average, and standard deviation of daily production, pass-wise reduction ratio, tension, and rolling speed, as well as exit thickness for each pass. These statistics characterise the typical operating window and variability of the three mills and indicate that the data cover a wide range of production levels and operating conditions while maintaining tight control of final strip thickness. The ranges reported in Table S1 were used to define realistic bounds and constraints for model training and for the subsequent multi-objective optimisation.
Supplementary Table S2. Description
Supplementary Table S2 summarises the analytical rolling-energy model used in this study. For each physical quantity, the table lists the parameter name, description, governing equation, symbol, and literature source. The model starts from the mean rolling pressure and mean tension, then defines mean yield shear stress and mean yield stress based on the Ludwik work-hardening law. Using these quantities, cumulative strain, flow stress, rolling force, and the flattened roll radius are computed, followed by torque, mechanical power, and per-pass energy consumption. The definitions of geometric and operating variables (e.g. mean thickness, strip width, contact length, roll radius, arm coefficient, mechanical efficiency) are also provided. These relationships form the physics-based core of the rolling-energy module that is coupled with the data-driven network in the hybrid surrogate model.


Supplementary Table S3. Description
Supplementary Table S3 lists the CO₂ emission factors and usage ratios used to quantify daily emissions from the aluminium cold rolling process. For each component, the table reports the parameter symbol, description, unit, and numerical value. The CO₂ emission factors include grid electricity (αelect,ton CO₂-eq/MWh, primary aluminium production (αraw​, ton CO₂-eq/ton Al), rolling lubricant (αlub​, ton CO₂-eq/ton Al), and chemical additives (αadd​, ton CO₂-eq/ton Al). In addition, lubricant and additive usage ratios (rlubr​, ton/ton Al) are provided to convert daily aluminium throughput into corresponding lubricant and additive consumption. These parameters are used in the main text to compute total daily CO₂ emissions as the sum of contributions from electricity use, primary aluminium input, lubricant, and additives.
Supplementary Table S4. Description
Supplementary Table S4 lists the economic and cost-related parameters used in the aluminium cold rolling analysis. For each parameter, the table reports the description, unit, and numerical value. The parameters include the average electricity price pelect​ (USD/MWh), ETS carbon price pETS(USD/ton CO₂), raw material cost craw​ (USD/ton Al), capital cost per cold rolling line Cinv​ (USD), O&M cost rate rO&M(% of CAPEX), and the number of operating days per year Nop(day/year). These values are used in the main text to compute daily operating cost and specific production cost (SPC) in the multi-objective optimisation.
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Min
Max
Average
Standard deviation
　
　
RM4
RM5
RM6
RM4
RM5
RM6
RM4
RM5
RM6
RM4
RM5
RM6
Production (ton)

7.88
2.10
5.02
221.9
278.2
159.7
104.9
88.08
46.15
40.33
64.67
27.71
Reduction
(%)
Pass 1
35.50
34.50
34.00
41.20
40.50
40.00
39.04
38.64
38.17
1.36
1.30
1.25

Pass 2
35.00
34.50
34.00
40.50
39.80
39.20
38.49
38.10
37.61
1.35
1.22
1.19

Pass 3
30.14
30.37
29.93
35.00
35.00
35.00
34.16
34.21
34.19
1.00
0.95
0.90

Pass 4
27.03
26.45
26.01
35.00
35.00
35.00
31.49
31.81
32.04
1.49
1.46
1.38

Pass 5
23.60
21.45
20.64
33.70
35.00
34.90
28.90
29.37
29.88
1.69
1.64
1.65

Pass 6
5.93
6.12
5.92
30.00
29.88
30.00
20.01
21.13
22.32
5.34
5.20
4.79
Tension
(kN)
Pass 1
33.94
27.93
29.97
68.34
63.81
63.25
49.92
47.21
49.33
5.85
5.64
5.77

Pass 2
41.05
39.28
40.99
74.37
72.25
73.20
58.40
55.60
57.74
5.67
5.52
5.30

Pass 3
54.97
52.97
56.67
82.08
79.26
83.65
69.88
68.41
71.71
4.31
4.53
4.62

Pass 4
54.79
51.42
55.05
86.75
85.40
91.61
71.11
70.40
74.43
5.03
5.00
5.21

Pass 5
60.34
57.84
59.02
95.62
98.28
98.11
78.03
77.39
82.08
5.17
5.07
5.46

Pass 6
35.81
33.01
34.35
93.46
92.36
96.52
67.99
68.48
74.33
11.38
11.23
10.63
Speed
(m/s)
Pass 1
8.33
8.33
8.33
12.07
11.77
12.20
9.67
9.46
10.32
0.79
0.73
0.81

Pass 2
9.26
9.12
9.33
14.28
14.10
14.71
11.60
11.37
12.24
0.93
0.87
0.92

Pass 3
9.50
9.23
10.73
16.31
15.57
16.60
12.98
12.76
13.64
1.06
1.00
1.03

Pass 4
11.00
10.53
11.40
17.94
17.62
18.37
14.73
14.50
15.36
1.14
1.13
1.16

Pass 5
12.93
13.39
13.32
20.13
20.04
20.53
16.76
16.58
17.31
1.24
1.19
1.24

Pass 6
15.33
14.61
15.99
22.52
22.00
23.00
19.18
19.02
19.80
1.32
1.33
1.26
Thickness
(mm)
Exit 1
0.16
0.16
0.17
0.253
0.253
0.253
0.209
0.19
0.20
0.011
0.012
0.012

Exit 2
0.10
0.10
0.10
0.154
0.154
0.165
0.132
0.12
0.12
0.007
0.0070
0.007

Exit 3
0.06
0.06
0.07
0.099
0.099
0.11
0.088
0.08
0.08
0.004
0.005
0.004

Exit 4
0.04
0.05
0.05
0.066
0.077
0.077
0.055
0.05
0.06
0.003
0.003
0.003

Exit 5
0.03
0.03
0.03
0.044
0.055
0.066
0.044
0.04
0.04
0.002
0.002
0.003

Exit 6
0.03
0.03
0.03
0.033
0.033
0.033
0.033
0.03
0.03
0.003
0.002
0.001


Table S2. Analytical rolling-energy model summary
Parameter
Description
Equation 
Symbol
Reference
 
Mean rolling pressure
 
: mean thickness (m), 
μ: fricition coefficieent, 
ld​ strip-roller contact length(m)
[1]
 
Mean tension
 
: back/front tension 
[1]
 
Mean yield shear stress
 
: mean yield stress (MPa)
[2]
 
Mean yield stress
 
: Ludwik coefficient (MPa)
n: strain hardening exponent(-)
: strains,  (-)
[2]
 
Cumulative strain 
 
 : per-pass strain increment (-)
-
 
Flow stress
 
-
[3]
 
Rolling force
   
 : strip width (m)
 
: flattened radius (m)
[2]

flattened radius (m)
 
: roll radius (m)
[3]
 
torque
 
 : arm coefficient 
 [4]

Power
  
: angular speed (rad/s)
[5]
      
Energy consumption 
 
: Process time (s)
: Mechanical efficiency(-)
[5]

































Table S3. CO2 emission factor for cold rolling process
	Component
	Parameter
	Description
	Unit
	Value

	CO2 emission facor
	αelect
	Grid electricity emission
	ton CO2,eq/MWh
	0.4434

	
	αraw
	primary aluminium emission
	ton CO2,eq/ tonAl
	17.1

	
	αlub
	Rolling lubricant emission
	ton CO2,eq/ tonAl
	3.5

	
	αadd
	Additive emission
	ton CO2,eq/ tonAl
	8

	Usage ratio
	rlub
	Lubricant usage ratio
	tonlub/tonAl
	0.071

	
	radd
	Additive usage ratio
	tonadd./tonAl
	0.062



Table S4. Economic and cost related parameters for aluminium cold rolling analysis
	Parameter
	Description
	Unit
	Value

	elect
	Average electricity price
	$/MWh
	140

	ets
	ETS carbon price
	$/ tonCO2
	6.61

	craw
	Raw material cost 
	$/tonAl
	2370

	Cinv
	Capital cost per cold rolling line
	$
	60 ×106

	rO&M
	O&M cost rate
	%
	5

	Nop
	Operating day per year
	Day/year
	330
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