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A.1. Theoretical Estimation of CO2 and H2O Generated in Aerobic Process
1. Aerobic Treatment Data
	Parameter
	Value

	Initial BOD concentration
	344 mg/L

	Final BOD concentration
	102 mg/L

	BOD removed
	242 mg/L

	Reactor volume
	24.24 L wastewater + 60 L activated sludge


2. Aerobic Oxidation Reaction
During aerobic biological treatment, microorganisms oxidize biodegradable organic matter using dissolved oxygen as the electron acceptor. The simplified aerobic reaction can be expressed as:
Organic Matter + O2 → CO2 + H2O + bio-substance
3. Estimation of CO2 Generation
Theoretical estimation assumes that 1 g of organic matter oxidized can generate approximately 1.375 g CO2 after complete mineralization (Mr CO2/Mr O2).
BOD removed = 344 − 102 = 242 mg/L = 0.242 g/L
Estimated CO2 generated per liter:
CO2 = 0.242 g/L × 1.375 g = 0.333 g CO2/L
For 24.24 L wastewater:
Total CO2 = 0.333 g/L × 24.24 L = 8.08 g CO2
4. Estimation of H2O Generation
Assuming that water generation follows approximately the same molar formation trend as CO2 during aerobic mineralization:
Moles of CO2 = 8.08 g / 44 g/mol = 0.1836 mol
Estimated H2O generated:
H2O = 0.1836 mol × 18 g/mol = 3.3048 g H2O
A.2. Theoretical Estimation of CO2 and H2O Generation in Electrochemical Process
1. Basis of Calculation
	Parameter
	Value

	Initial COD before electrochemical treatment
	676.304 mg/L

	Final COD after electrochemical treatment
	307.325 mg/L

	Volume of vinasse treated
	16.16 L

	COD removed
	368.979 mg/L


2. Aerobic Oxidation Reaction
During aerobic biological treatment, biodegradable organic compounds are oxidized by aerobic microorganisms using oxygen as the electron acceptor. The simplified reaction can be represented as follows:
Organic Matter + O2 → CO2 + H2O
This reaction produces carbon dioxide and water as the main end-products of organic matter mineralization.
3. Electrochemical Oxidation Reaction
In electrochemical oxidation, hydroxyl radicals (•OH) and reactive chlorine species generated on the MMO electrode surface oxidize dissolved organic compounds into CO2 and H2O.
Organic Matter + •OH → CO2 + H2O + Intermediates
4. CO2 Generation Calculation
Theoretical estimation assumes that 1 g COD removed produces approximately 1.375 g CO2.
COD removed = 676.304 − 307.325 = 368.979 mg/L = 0.368979 g/L
Theoretical CO2 generation per liter:
CO2 = 0.368979 × 1.375 = 0.507 g CO2/L
For 16.16 L vinasse:
Total CO2 = 0.507 g/L × 16.16 L = 8.193 g CO2
5. H2O Generation Calculation
Assuming that water formation approximately follows the molar formation of CO2 during organic mineralization:
Moles of CO2 = 8.193 g / 44 g/mol = 0.186 mol
Assuming equal molar H2O production:
Mass of H2O = 0.186 mol × 18 g/mol = 3.348 g H2O

A.3. Theoretical Estimation of Cl2 Generated in Electrochemical Vinasse Treatment
1. Reaction
The calculation is based on Faraday’s law and the chlorine evolution reaction at the anode:
2Cl⁻ → Cl2 + 2e⁻
The reactor conditions used in the study were an applied voltage of 8 V, current of 8–10 A, reaction time of 60 min, and a Ti/RuO2 anode paired with a stainless-steel cathode in NaCl electrolyte.
2. Assumptions and basis of calculation
	Parameter
	Value

	Reaction time
	60 min = 3600 s

	Electrons transferred
	n = 2

	Faraday constant
	F = 96485 C/mol e⁻

	Molar mass of Cl2
	M = 70.906 g/mol

	Current range
	8–10 A


The theoretical chlorine generation was calculated using:
m = (I × t × M) / (n × F)
where m is the mass of Cl2 generated, I is current, t is time, M is molar mass, n is number of electrons, and F is Faraday constant.
3. Calculation
For 8 A:
m = (8 × 3600 × 70.906) / (2 × 96485) = 10.58 g Cl2
For 10 A:
m = (10 × 3600 × 70.906) / (2 × 96485) = 13.23 g Cl2
Therefore, the theoretical amount of Cl2 generated during 60 min of electrolysis is approximately 10.58–13.23 g, assuming 100% current efficiency and that all anodic charge is consumed by chlorine evolution.
For a 2 L reactor, this is equivalent to about 5.29–6.61 g Cl2 per liter of treated solution. In practice, the measured amount can be lower because part of the generated chlorine dissolves in water and converts into HClO and ClO⁻:
Cl2 + H2O ⇌ HClO + Cl⁻ + H⁺
HClO ⇌ ClO⁻ + H⁺
Thus, the calculated value should be treated as the theoretical maximum chlorine production at the anode, not necessarily the free gaseous Cl2 released to air.

A.4 Stoichiometric Biogas Burner Combustion Heat Calculation 
This report presents the stoichiometric combustion analysis and heat-generation calculation for a burner system that utilizes CH4 and CO generated by the vinasse treatment process. The calculation includes the stoichiometric air requirement, a 20% excess-air condition, the theoretical combustion heat, and the actual useful heat, considering burner efficiency.
1.  Gas Composition Data
	Gas
	Volume (m3)
	Mass (kg)
	Moles (mol)

	CH4
	0.00379904
	0.00249217
	0.1554

	CO2
	0.00078809
	0.00145009
	-

	CO
	7.3653E-05
	8.4333E-05
	0.00301


2. Stoichiometric Combustion Reactions
CH4 + 2O2 → CO2 + 2H2O
CO + ½O2 → CO2
3. Stoichiometric Oxygen Requirement
n(CH4) = 0.00249217 / 0.01604 = 0.1554 mol
n(CO) = 8.4333×10-5 / 0.02801 = 0.00301 mol
n(O2) = 2(0.1554) + 0.5(0.00301) = 0.312 mol O2
n(CO2) = n(CH4) + n(CO) = 0.1584 mol
m(CO2) = 0.1584 × 44 = 6.97 g CO2
m(CO2)total = 6.97 + 1.45 = 8.42 g = 0.00842 kg
4. Air Requirement with 20% Excess Air
n(air) = 0.312 / 0.21 = 1.487 mol air
n(air,20%EA) = 1.487 × 1.2 = 1.784 mol air
m(air) = 1.784 × 28.97 = 51.69 g = 0.0517 kg

5. Stoichiometric Combustion Heat
	Gas
	Mass (kg)
	LHV (MJ/kg)
	Heat Generated (MJ)

	CH4
	0.00249217
	50
	0.1246

	CO
	8.4333E-05
	10.1
	0.000852


Q(total) = 0.1246 + 0.000852 = 0.1255 MJ = 125.5 kJ
6. Burner Efficiency
Burner efficiency = 45%
Q(useful) = 0.1255 × 0.45 = 0.0565 MJ = 56.5 kJ
7. Summary of Results
	Parameter
	Value

	Stoichiometric oxygen required
	0.312 mol O2

	Stoichiometric air required
	1.487 mol air

	Air supplied with 20% excess air
	1.784 mol air

	Mass of air supplied
	0.0517 kg

	Mass of final CO2
	0.00842 kg

	Theoretical combustion heat
	125.5 kJ

	Useful burner heat (45% efficiency)
	56.5 kJ






[bookmark: _Hlk209643056]Table S1 Chemical analysis results of solid organic fertilizer
	No
	Parameter
	Test Results
	Technical Requirements*

	1
	pH
	8.29
	4 - 9

	2
	NTotal
	1.681%
	Min. 2% (accumulation)

	3
	P2O5
	0.145%
	

	4
	K2O
	2.145%
	

	5
	Moisture
	8.71%
	8 - 20%

	6
	Organic Carbon
	31.21%
	Min. 15%

	7
	C/N ratio
	18.57
	< 25


*Technical Requirements based on the Decree of the Minister of Agriculture of the Republic of Indonesia Number 261/KPTS/SR.310/M/4/2019 concerning Minimum Technical Requirements for Organic Fertilizers, Biofertilizers, and Soil Improvers.



Table S2 LCI of sludge and biogas treatment recovery processes
	Exchanges
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4
	Unit
	Stream data
	Database
	Data Quality

	Materials
	
	
	
	
	
	
	
	

	Sludge
	-
	-8.08
	-
	-8.08
	kg
	Reference flow
	
	

	Cattle manure
	-
	-8.08
	-
	-8.08
	kg
	Manure, solid, cattle {GLO}| market for manure, solid, cattle | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Rice bran
	-
	-8.08
	-
	-8.08
	kg
	Rice bran (raw), at processing {CN} Mass, S
	Agri-foodprint
	2,1,1,3,na

	Azolla microphylla
	-
	-0.008
	-
	-0.008
	m3
	Green manure, organic, until April {RoW}| green manure growing, organic, until April | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Sawdust
	-
	-24.24
	-
	-24.24
	kg
	Sawdust, loose, wet, measured as dry mass {RoW}| sawing, hardwood | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Anaerobic air emission
	
	
	
	
	
	Reference flow
	
	

	   CH4
	-
	-
	2.49
	2.49
	g
	
	SimaPro flow
	2,1,1,1,na

	   CO2
	-
	-
	1.45
	1.45
	g
	
	SimaPro flow
	2,1,1,1,na

	   CO
	-
	-
	0.05
	0.05
	g
	
	SimaPro flow
	2,1,1,1,na

	Substitutes
	
	
	
	
	
	
	
	

	Urea, as N*
	-
	0.951
	-
	0.951
	kg
	Inorganic nitrogen fertiliser, as N {ID}| market for inorganic nitrogen fertiliser, as N | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Rock phosphate, as P2O5*
	-
	0.082
	-
	0.082
	kg
	Inorganic phosphorus fertiliser, as P2O5 {ID}| market for inorganic phosphorus fertiliser, as P2O5 | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Potassium chloride, as K2O*
	-
	1.213
	-
	1.213
	kg
	Inorganic potassium fertiliser, as K2O {ID}| market for inorganic potassium fertiliser, as K2O | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Heat (45% burner eff)
	-
	-
	56.5
	56.5
	kJ
	Heat, central or small-scale, other than natural gas {ID}| heat and power co-generation, biogas, gas engine | Cut-off, S
	
	

	Emissions
	
	
	
	
	
	
	
	

	CO2
	-
	-
	8.42
	8.42
	g
	
	SimaPro flow
	2,1,1,1,na

	H2O
	-
	-
	5.60
	5.60
	g
	
	SimaPro flow
	2,1,1,1,na


*The fertilizer substitution was applied based on its chemical analysis, as mentioned in Table S1


Table S3 Ecoinvent data quality
	Score
	1
	2
	3
	4
	5

	 1
 Reliability
	Verified data based on measurements
	Verified data, partly based on assumptions OR non-verified data based on measurements
	Non-verified data partly based on qualified estimates
	Qualified estimate (e.g., by an industrial expert); data derived from theoretical information (stoichiometry, enthalpy, etc.)
	Non-qualified estimate

	
	1.00
	1.05
	1.10
	1.20
	1.50

	 2
 Completeness
	Representative data from all sites relevant to the market is considered over an adequate period to even out normal fluctuations
	Representative data from >50% of the sites relevant for the market considered over an adequate period to even out normal fluctuations
	Representative data from only some sites (<<50%) relevant for the market considered OR >50% of sites, but from shorter periods
	Representative data from only one site relevant for the market was considered OR some sites, but from shorter periods
	Representativeness unknown or data from a small number of sites AND from shorter periods

	
	1.00
	1.02
	1.05
	1.10
	1.20

	 3
 Temporal correlation
	Less than 3 years of difference from our reference year
	Less than 6 years of difference from our reference year
	Less than 10 years of difference from our reference year
	Less than 15 years of difference from our reference year
	Age of data unknown or more than 15 years of difference to our reference year

	
	1.00
	1.03
	1.10
	1.20
	1.50

	 4
 Geographical correlation
	Data from the area under study
	Average data from a larger area in which the area under study is included
	Data from a smaller area than the area under study, or from a similar area
	Data from an area with slightly similar production conditions
	Data from unknown OR distinctly different area (North America instead of the Middle East, OECD-Europe instead of Russia)

	
	1.00
	1.001
	1.02
	1.05
	1.10

	 5
 Further technological correlation
	Data from enterprises, processes, and materials under study (i.e., identical technology)
	Data from processes and materials under study (i.e., identical technology) but from different enterprises
	Data on related processes or materials but the same technology, OR data from processes and materials under study but from different technology
	Data on related processes or materials but different technology, OR data on laboratory-scale processes and the same technology
	Data on related processes or materials, but on a laboratory scale of different technologies

	
	1.00
	1.05
	1.20
	1.50
	2.00




Table S4 Life cycle inventory
	Input/Output
	Flow
	Unit
	Specific Cons.

	Unit
	Stream Data
	Database
	Data Quality

	Dilution

	Input
	
	
	
	
	
	
	

	Vinasse
	2.64
	kg
	0.162462
	kg/kg TW
	Vinasse wet, at processing {US} Mass, S
	Agri-foodprint
	2,1,1,3,na

	Water
	21.6
	kg
	1.329231
	kg/kg TW
	Tap water {RoW}| market for tap water | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Electivity
	1.67
	Wh
	0.102769
	Wh/kg TW
	Electricity, low voltage {ID}| market for electricity, low voltage | Cut-off, S
	Ecoinvent 3
	2,1,1,1,na

	Output
	
	
	
	
	
	
	

	Dilluted vinasse
	24.24
	kg
	1.491692
	kg/kg TW
	Reference flow
	
	

	
	
	
	
	
	
	
	

	Anaerobic

	Input
	
	
	
	
	
	
	

	Dilluted vinasse
	24.24
	kg
	1.491692
	kg/kg TW
	Reference flow
	
	

	Sludge
	0.66
	kg
	0.040615
	kg/kg TW
	Digester sludge {RoW}| market for digester sludge | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Electricity
	2400
	Wh
	147.6923
	Wh/kg TW
	Electricity, low voltage {ID}| market for electricity, low voltage | Cut-off, S
	Ecoinvent 3
	2,1,1,1,na

	Output
	
	
	
	
	
	
	

	Anaerobed water
	24.24
	kg
	1.491692
	kg/kg TW
	Reference flow
	
	

	Air emission
	
	
	
	
	
	

	   CH4
	2.49
	g
	0.153231
	g/kg TW
	Emission to air (unspecified)
	SimaPro flow
	2,1,1,1,na

	   CO2
	1.45
	g
	0.089231
	g/kg TW
	Emission to air (unspecified)
	SimaPro flow
	2,1,1,1,na

	   CO
	0.05
	g
	0.003077
	g/kg TW
	Emission to air (unspecified)
	SimaPro flow
	2,1,1,1,na

	
	
	
	
	
	
	
	

	Aerobic

	Input
	
	
	
	
	
	
	

	Anaerobed water
	24.24
	kg
	1.491692
	kg/kg TW
	Reference flow
	
	

	Sludge
	0.253
	kg
	0.015569
	kg/kg TW
	Digester sludge {RoW}| market for digester sludge | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Electricity
	8400
	Wh
	516.9231
	Wh/kg TW
	Electricity, low voltage {ID}| market for electricity, low voltage | Cut-off, S
	Ecoinvent 3
	2,1,1,1,na

	Output
	
	
	
	
	
	
	

	Aerobed water
	24.24
	kg
	1.491692
	kg/kg TW
	Reference flow
	
	

	Air emission
	
	
	
	
	
	

	   CO2
	8.08
	g
	0.497231
	g/kg TW
	Emission to air (unspecified)
	SimaPro flow
	2,1,1,1,na

	
	
	
	
	
	
	
	

	Sedimentation

	Input
	
	
	
	
	
	
	

	Aerobed water
	24.24
	kg
	1.491692
	kg/kg TW
	Reference flow
	
	

	Electricity
	0.83
	Wh
	0.051077
	Wh/kg TW
	Electricity, low voltage {ID}| market for electricity, low voltage | Cut-off, S
	Ecoinvent 3
	2,1,1,1,na

	Output
	
	
	
	
	
	
	

	Clarified water
	16.16
	kg
	0.994462
	kg/kg TW
	Reference flow
	
	

	Sludge
	8.08
	kg
	0.497231
	kg/kg TW
	Reference flow
	
	

	
	
	
	
	
	
	
	

	Electrochemical

	Input
	
	
	
	
	
	
	

	Clarified water
	16.16
	kg
	0.994462
	kg/kg TW
	Reference flow
	
	

	NaCl
	96.96
	g
	5.966769
	g/kg TW
	Sodium chloride, powder {GLO}| market for sodium chloride, powder | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Ti/RuO2
(as TiO2)
	5.54E-02
	g
	0.003409
	g/kg TW
	Titanium dioxide {RoW}| market for titanium dioxide | Cut-off, S
	Ecoinvent 3
	2,1,1,2,na

	Ti/RuO2
(as Ru)
	5.54E-02
	g
	0.003409
	g/kg TW
	Ruthenium {GLO} | primary production, mining and processing | production mix, at plant | 12.37 g/cm3 | LCI result
	EF Database 3.1
	2,1,1,2,na

	Stainless stell
	1.94E-02
	g
	0.001194
	g/kg TW
	Stainless steel quarto plate {RoW} | rolling | production mix, at plant | stainless steel | LCI result
	EF Database 3.1
	2,1,1,2,na

	Electricity
	479.03
	Wh
	29.47877
	Wh/kg TW
	Electricity, low voltage {ID}| market for electricity, low voltage | Cut-off, S
	Ecoinvent 3
	2,1,1,1,na

	Output
	
	
	
	
	
	
	

	TW
	16.25
	kg
	1.00000
	kg/kg TW
	Reference flow
	
	

	Air emission
	
	
	
	
	
	

	   CO2
	8.19
	g
	0.50400
	g/kg TW
	Emission to air (unspecified)
	SimaPro flow
	2,1,1,1,na

	   Cl2
	11.9
	g
	0.732308
	g/kg TW
	Emission to air (unspecified)
	SimaPro flow
	2,1,1,1,na




Table S5 LCIA of ReCiPe midpoint (H) 2016
	Impact category
	Unit
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4

	Global warming
	kg CO2 eq
	1.136761
	0.855227
	1.13164
	0.85544

	Stratospheric ozone depletion
	kg CFC11 eq
	1.10E-06
	1.59E-06
	1.10E-06
	1.59E-06

	Ionizing radiation
	kBq Co-60 eq
	0.00417
	0.002684
	0.00417
	0.002696

	Ozone formation, Human health
	kg NOx eq
	0.003155
	0.002548
	0.003155
	0.002563

	Fine particulate matter formation
	kg PM2.5 eq
	0.020763
	0.015541
	0.020763
	0.015555

	Ozone formation, Terrestrial ecosystems
	kg NOx eq
	0.003193
	0.002472
	0.003193
	0.002487

	Terrestrial acidification
	kg SO2 eq
	0.004545
	0.003705
	0.004545
	0.003743

	Freshwater eutrophication
	kg P eq
	0.001733
	0.00129
	0.001733
	0.00129

	Marine eutrophication
	kg N eq
	0.000209
	0.000581
	0.000209
	0.000581

	Terrestrial ecotoxicity
	kg 1,4-DCB
	2.207875
	1.095639
	2.20764
	1.096256

	Freshwater ecotoxicity
	kg 1,4-DCB
	0.073554
	0.061871
	0.073553
	0.061871

	Marine ecotoxicity
	kg 1,4-DCB
	0.088819
	0.064026
	0.088818
	0.064026

	Human carcinogenic toxicity
	kg 1,4-DCB
	0.106719
	0.068274
	0.106715
	0.068273

	Human non-carcinogenic toxicity
	kg 1,4-DCB
	1.814311
	1.309457
	1.814293
	1.309512

	Land use
	m2a crop eq
	0.081646
	0.482715
	0.081645
	0.482992

	Mineral resource scarcity
	kg Cu eq
	0.011327
	0.009842
	0.011327
	0.010421

	Fossil resource scarcity
	kg oil eq
	0.265047
	0.190161
	0.265043
	0.191039

	Water consumption
	m3
	0.031667
	0.02879
	0.031667
	0.029675



Table S6 Cumulative energy demand of vinasse wastewater treatment
	Impact category
	Unit
	Scenario 1
	Scenario 2
	Scenario 3
	Scenario 4

	Total
	MJ
	12.88242
	9.646986
	12.88221
	9.690107

	Non renewable, fossil
	MJ
	12.00755
	8.614541
	12.00737
	8.655014

	Non-renewable, nuclear
	MJ
	0.105307
	0.076346
	0.105297
	0.078389

	Non-renewable, biomass
	MJ
	9.70E-05
	-3.06E-05
	9.70E-05
	-3.06E-05

	Renewable, biomass
	MJ
	0.020841
	0.397049
	0.020823
	0.397035

	Renewable, wind, solar, geothermal
	MJ
	0.492528
	0.364324
	0.492526
	0.364571

	Renewable, water
	MJ
	0.256099
	0.194759
	0.256095
	0.195128




Table S7 Uncertainty analysis of GWP
	Scenario
	Impact category
	Unit
	Mean
	Median
	SD
	CoV (%)
	2.50%
	97.50%
	SEM

	Scenario 1
	GWP100 - biogenic
	kg CO2-eq
	0.038848
	0.038834
	0.001102
	2.836433
	0.036761
	0.041073
	1.10E-05

	
	GWP100 - fossil
	kg CO2-eq
	1.084375
	1.083934
	0.023259
	2.144891
	1.039261
	1.131311
	0.000233

	
	GWP100 - land transformation
	kg CO2-eq
	0.001716
	0.001715
	4.40E-05
	2.563621
	0.00163
	0.001804
	4.40E-07

	Scenario 2
	GWP100 - biogenic
	kg CO2-eq
	0.030353
	0.030333
	0.000905
	2.980806
	0.028633
	0.032175
	9.05E-06

	
	GWP100 - fossil
	kg CO2-eq
	0.814596
	0.8144
	0.017105
	2.099813
	0.781616
	0.848582
	0.000171

	
	GWP100 - land transformation
	kg CO2-eq
	0.001231
	0.00123
	3.21E-05
	2.609722
	0.001169
	0.001295
	3.21E-07

	Scenario 3
	GWP100 - biogenic
	kg CO2-eq
	0.034743
	0.034718
	0.001104
	3.177487
	0.03262
	0.036937
	1.10E-05

	
	GWP100 - fossil
	kg CO2-eq
	1.083889
	1.083459
	0.023592
	2.176627
	1.039186
	1.131633
	0.000236

	
	GWP100 - land transformation
	kg CO2-eq
	0.001715
	0.001714
	4.46E-05
	2.603612
	0.00163
	0.001804
	4.46E-07

	Scenario 4
	GWP100 - biogenic
	kg CO2-eq
	0.027328
	0.027317
	0.000906
	3.313957
	0.025574
	0.029136
	9.06E-06

	
	GWP100 - fossil
	kg CO2-eq
	0.813534
	0.813461
	0.017196
	2.100786
	0.785187
	0.853122
	0.000172

	
	GWP100 - land transformation
	kg CO2-eq
	0.001231
	0.001231
	3.23E-05
	2.626953
	0.001169
	0.001296
	3.23E-07


SD: Standard deviation; CoV: Coefficient of variation; SEM: Standard error of mean
