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[bookmark: _Hlk137568678]Table S1: Fiber properties of bleached hardwood kraft pulp.
	Pre-treatment
	Sample ID
	Fiber length, Lw (mm)
	Fines, 
Lw (%)
	Tensile index (Nm/g)
	Mean fiber width (µm)
	Mean Curl Index (Lw)
	Mean Kink Index (1/mm)
	Freeness, CSF (ml)

	None
	BHW
	0.99 ± 0.01
	3.30 ± 0.23
	24.15 ± 1.86
	19.0 ± 0.1

	0.078 ± 0.002
	2.02 ± 0.02
	577 ± 6



Figure S1: Simplified flowsheet of the cell-free enzyme fiber modification methodology. Adapted from [1].
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Figure S2: Sensitivity analysis of primary variable cost contributors in the enhanced dewatering scenario.
Table S2: Uncertainty of GWP reduction accounting for the experimental variability in solids after pressing.
	 Parameter 
	Min:48%
	Nominal:50%
	Max:52%

	GWP
	871
	844
	823

	Total GWP reduction
	-10%
	-12%
	-15%


 
 
[bookmark: _Hlk193274430]Uncertainty: (12.3% ± 2.5%)
Table S3: Sensitivity analysis of cost savings variability based on fluctuations in natural gas prices, enzyme usage, and starch costs in the enhanced dewatering scenario.
	 Parameter 
	-25%
	0
	25%

	Natural gas
	-7.27
	-11.28
	-15.30

	Enzyme
	-11.74
	-11.28
	-11.74

	Starch cost
	-12.48
	-11.28
	-10.09



Table S4: Effect of cell-free enzyme pretreatment on water retention value (WRV), hard-to-remove water (HW), freezing bound water (FBW), and non-freezing bound water (NFBW) content of the fibers.
	Enzyme dose (%)
	Cationic starch dose (%)
	Refining (PFI revs)
	Water retention value (gwater/gdry fibers)
	Hard-to-remove water (gwater/gdry fibers)
	Freezing bound water (gwater/gdry fibers)
	Non-freezing bound water (gwater/gdry fibers)

	 
	 
	 
	Avg.
	Std.
	Avg.
	Std.
	Avg.
	Std.
	Avg.
	Std.

	0
	0
	0
	1.98
	0.08
	1.48
	0.10
	0.33
	0.05
	0.31
	0.07

	0
	0
	1000
	2.42
	0.06
	2.02
	0.06
	0.63
	0.09
	0.30
	0.06

	0.5
	0
	1000
	2.21
	0.09
	1.91
	0.16
	0.58
	0.11
	0.29
	0.04

	0
	0.5
	1000
	2.21
	0.18
	1.71
	0.18
	0.41
	0.08
	0.31
	0.04

	0.5
	0.5
	1000
	1.89
	0.09
	1.49
	0.09
	0.38
	0.04
	0.30
	0.06


Table S5: Energy Variation for enhanced dewatering scenario of virgin integrated bleached hardwood fiber production.
	LP steam demand
	GJ/h
	Baseline (39%)
	Enhanced dewatering (50%)

	Bleaching plant
	GJ/h
	203.931
	203.931

	Seal pit PM
	GJ/h
	33.310
	33.310

	Evaporators
	GJ/h
	192.478
	192.478

	Concentrator
	GJ/h
	101.624
	101.624

	Mud washer
	GJ/h
	1.959
	1.959

	Slaker
	GJ/h
	0.587
	0.587

	ClO2 production
	GJ/h
	1.505
	1.505

	Digester
	GJ/h
	19.711
	19.711

	Air heater
	GJ/h
	0.001
	0.949

	Tota LP
	GJ/h
	555.109
	556.057

	MP steam demand
	 
	
	 

	Dryer PM
	GJ/h
	363.763
	228.001

	Digester
	GJ/h
	159.583
	159.583

	CLO2 production
	GJ/h
	0.348
	0.348

	Air heater
	GJ/h
	31.205
	29.080

	Total MP
	GJ/h
	554.898
	417.012

	Steam for electricity
	GJ/h
	194.400
	194.400

	Steam loss
	GJ/h
	166.501
	145.960

	Condensate returned 
	GJ/h
	223.789
	257.448

	Steam production
	 
	
	 

	RB
	GJ/h
	1075.127
	1076.988

	BB
	GJ/h
	123.145
	123.145

	NG
	GJ/h
	496.425
	360.664

	Total steam produced 
	GJ/h
	1694.697
	1560.797



Table S6: Life Cycle Inventory for the baseline of virgin integrated bleached hardwood fiber production with 39% solids after press.
	LCI hardwood (baseline 39%)

	Input

	Logs (50% moisture)
	m3/ADt
	59.432

	Bleaching chemicals
	
	

	Oxygen
	kg/ ADt
	1.987

	H2O2
	kg/ ADt
	1.987

	H2SO4
	kg/ ADt
	3.647

	ClO2 (internal)
	kg/ ADt
	24.651

	MgSO4
	kg/ ADt
	8.253

	NaOH
	kg/ ADt
	9.818

	Chlorine Dioxide Production
	
	

	Methanol
	kg/ ADt
	8.692

	H2SO4
	kg/ ADt
	20.173

	Sodium chlorate
	kg/ ADt
	88.752

	Make up chemicals
	
	

	NaOH makeup
	kg/ ADt
	23.433

	Na2SO4 makeup
	kg/ADt
	14.369

	CaO (98%)
	kg/ ADt
	18.073

	Fossil fuels
	
	

	NG for limekiln
	m3/ ADt
	37.088

	NG for Boiler
	m3/ ADt
	230.108

	Water demand
	m3/ ADt
	101.839

	Electricity from grid
	kWh/ ADt
	71.776

	Output

	Product
	ADt / ADt
	1.000

	Waste
	
	

	Dregs
	kg/ ADt
	14.026

	grits
	kg/ADt
	6.011

	sludge
	kg/ ADt
	54.227

	Wastewater
	kg/ ADt
	28.628

	Emissions

	Biogenic RB
	kg/ ADt
	2428.795

	Biogenic BB
	kg/ADt
	230.165

	Biogenic Limekiln
	kg/ ADt
	142.167

	Fossil Limekiln
	kg/ ADt
	67.504

	Fossil NG boiler
	kg/ ADt
	416.931

	H2S
	kg/ADt
	0.169




Table S7: Life Cycle Inventory for the enhanced dewatering scenario of virgin integrated bleached hardwood fiber production with 50% solids after press.
	LCI hardwood 50%

	Input

	Logs (50% moisture)
	m3/ADt
	59.432

	Bleaching chemicals
	
	

	Oxygen
	kg/ ADt
	1.987

	H2O2
	kg/ ADt
	1.987

	H2SO4
	kg/ ADt
	3.647

	ClO2 (internal)
	kg/ ADt
	24.651

	MgSO4
	kg/ ADt
	8.253

	NaOH
	kg/ ADt
	9.818

	Chlorine Dioxide Production
	
	 20.173 

	Methanol
	kg/ ADt
	8.692

	H2SO4
	kg/ ADt
	20.173

	Sodium chlorate
	kg/ ADt
	88.752

	Make up chemicals
	
	

	NaOH makeup
	kg/ ADt
	23.433

	Na2SO4 makeup
	kg/ ADt
	14.369

	CaO (98%)
	kg/ ADt
	18.073

	Papermaking chemicals 
	
	

	Starch
	kg/ ADt
	4.77

	Enzymes 
	kg/ ADt
	4.77

	Fossil fuels
	
	

	NG for limekiln
	m3/ ADt
	37.088 

	NG for Boiler
	m3/ ADt
	159.031 

	Water demand
	m3/ ADt
	93.929

	Electricity from grid
	kWh/ ADt
	207.903

	Output

	Product
	ADt/ADt
	1.000

	Waste
	
	

	Dregs
	kg/ ADt
	 14.026 

	Grits
	kg/ADt
	 6.011 

	Sludge
	kg/ ADt
	 54.227 

	Waste water
	kg/ ADt
	29.164

	Emissions

	Biogenic RC boiler
	kg/ ADt
	2,301

	Biogenic BM boiler
	kg/ADt
	218.058

	Biogenic Limekiln
	kg/ ADt
	142.167

	Fossil Limekiln
	kg/ ADt
	67.504

	Fossil NG boiler
	kg/ ADt
	294.966

	H2S
	kg/ADt
	0.160


Table S8: Life cycle assessment of enhanced dewatering scenario for virgin integrated bleached hardwood fiber production.
	GWP (kg CO2-eq/ADt)

	Distribution
	Baseline (39%)
	Enhanced dewatering (50%)

	Direct emissions Boiler
	417
	305

	Direct emissions Limekiln
	68
	68

	Electricity
	34
	34

	Wood production
	93
	93

	Transport
	86
	86

	Chemicals
	86
	111

	Waste
	60
	60

	Fuels
	121
	88

	GWP
	963
	844

	Total GWP reduction
	-
	-12%



Table S9: Direct emissions breakdown of enhanced dewatering scenario for virgin integrated bleached hardwood fiber production.
	kg CO2-eq/ADt

	Distribution
	Baseline (39%)
	Enhanced dewatering (50%)
	Red. %

	Share dryer
	290.44
	177.68
	-37%

	NG boiler
	394.59
	294.97
	-27%

	Total
 (lime kiln + boiler)
	484
	373
	-23%



Table S10: Information available for cost estimation for enhanced dewatering scenario for virgin integrated bleached hardwood fiber production.
	Natural Gas cost1 ($/GJ)
	5.80

	Starch cost1 ($/kg)
	0.62

	Enzymes cost2 ($/Kg protein)
	4.25

	Enzyme concentration3 (kg/OD ton fiber)
	5.00

	Enzyme protein per fiber3 (kg/ADt)
	0.45

	Starch (Kg/OD ton fiber)
	5.00

	Pulp production (ODt/h)
	53.80

	Pulp production (ADt/h)
	56.50

	Pulp production (ADt/day)
	1356

	Pulp production (ADt/year)
	484,092


1Gas and starch price were obtained though Fisher Solve [2]. 
2Enzyme cost is based on Larnaudie et al. (2019, 2021) [3,4].
3Protein concentration is calculated based on protein content (90 mg/ml) and enzyme wt% used in this study.
Breakdown of energy cost savings
Calculation of fuel savings 
1. Change in Natural Gas Consumption:

· ∆NGconsumed: natural gas change in consumption
· NG baseline: (natural gas in baseline): 230.108 m³/ADt (from Table S4), 
· NG enhanced (natural gas in enhanced dewatering scenario): 159.031 m³/ADt (from Table S4)

This represents the reduction in natural gas consumption.
2. Unit Conversion of NG Volume to Energy: To convert the volume of natural gas to energy, we use the following values:
· Natural gas high heating value (HHV): 55.58 GJ/mt, [5]
· NGdensity: 0.7 kg/ m3, [6]
The energy savings are calculated as:

Substituting the values:


This represents the energy savings per ADt.
3. Cost savings: The cost of natural gas is 5.80 USD/GJ [2]. Therefore, the fuel cost savings are calculated as:

Substituting the values:

This represents a cost savings of 16.05 USD/ADt due to the reduced natural gas consumption in the enhanced dewatering scenario.
Calculations of enzyme dose per protein content.
1. Enzyme dose concentration: 0.5% wt per OD fiber



2. Protein concentration in enzyme dose: 90 
3. Fiber amount: 1 ton = 1000 kg
4. Cost of enzyme: 4,24 
5. Production OD basis 53.80 OD/h
6. Working day: 357

1. Calculation of enzyme dose per ton of fiber
Enzyme dose (kg) = Fiber amount (kg)×Enzyme dose concentration (wt. fraction)
Enzyme dose (kg)=53,800 kg×0.005=269kg
2. Conversion of protein concentration 
Protein concentration in enzyme dose is:
90  = 90  = 0.09 

Since 1 L of enzyme solution weighs approximately 1 kg (assuming mostly water-based), the protein concentration can also be expressed as:
0.09 kg protein per kg enzyme dose
3. Calculation of protein used per ton of fiber
Protein (kg) = Enzyme dose (kg) × Protein concentration 
Protein () =  = 0.45 kg

4. Calculation of enzyme cost per OD fiber annually

Annual cost ($) = Annual protein usage (kg) x annual production x Cost per kg of protein ()


2
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