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SUPPLEMENTARY TABLES
Table S1: LCA results of the four farms from cradle to gate (functional unit = 1 tonne rice paddy)
	Impact Category
	Impacts
	F1
	F2
	F3
	F4

	Resource Use
	Energy resources: non-renewable, fossil (kg oil-Eq)
	61.908
	62.297
	99.877
	107.432

	
	Material resources: metals/minerals (kg Cu-Eq)
	3.742
	2.828
	4.758
	8.711

	
	Water use (m3)
	4.837
	6.946
	6.814
	15.126

	Non-Toxic impacts
	Climate change (kg CO2-Eq)
	242.980
	225.158
	260.621
	408.116

	
	Acidification: terrestrial (kg SO2-Eq)
	0.905
	1.013
	0.911
	1.895

	
	Eutrophication: freshwater (kg P-Eq)
	0.035
	0.046
	0.056
	0.209

	
	Eutrophication: marine (kg N-Eq)
	0.054
	0.088
	0.040
	0.068

	Toxic impacts
	Human toxicity: carcinogenic (kg 1,4-DCB-Eq)
	67.654
	42.031
	53.736
	93.652

	
	Human toxicity: non-carcinogenic (kg 1,4-DCB-Eq)
	413.946
	392.580
	319.619
	955.957

	
	Particulate matter formation (kg PM2.5-Eq)
	0.375
	0.351
	0.362
	0.911

	
	Ecotoxicity: freshwater (kg 1,4-DCB-Eq)
	35.342
	-20.191
	12.801
	43.218

	
	Ecotoxicity: marine (kg 1,4-DCB-Eq)
	43.624
	6.435
	16.801
	52.983

	
	Ecotoxicity: terrestrial (kg 1,4-DCB-Eq)
	741.587
	467.409
	704.440
	3232.825









Table S2: The top-three individual contributors to the various impacts on each farm.
	Impact
	Contributor
	F1
	F2
	F3
	F4

	Acidification: terrestrial (Kg SO2-Eq)
	Water pump operation, diesel | APOS, U - IN
	0.172
	-
	-
	-

	
	Tillage, ploughing | APOS, U - RoW
	0.115
	-
	-
	-

	
	Milk production, from cow | manure, solid, cattle | APOS, U – RoW
	0.076
	0.198
	-
	-

	
	Heat production, at hard coal industrial furnace 1-10MW | heat, district or industrial, other than natural gas | APOS, U - RoW
	-
	0.108
	0.09
	0.13

	
	Combine harvesting | APOS, U - RoW
	-
	0.105
	-
	0.132

	
	Urea production | APOS, U - RoW
	-
	-
	-
	-

	
	Tillage, rotary cultivator | APOS, U - RoW
	-
	-
	0.065
	-

	
	NPK (15-15-15) fertiliser production | APOS, U – RoW
	-
	-
	0.045
	-

	
	Sulfuric acid production | APOS, U - RoW
	-
	-
	-
	0.136

	Climate change (CO2-Eq)
	Water pump operation, diesel | APOS, U - IN
	87.207
	-
	-
	-

	
	Tillage, ploughing | APOS, U - RoW
	23.833
	-
	-
	-

	
	Natural gas venting from petroleum/ natural gas production | APOS, U - GLO
	19.292
	-
	25.439
	-

	
	Diesel production, petroleum refinery operation | Diesel | APOS, U - IN
	-
	1.79E+02
	-
	-

	
	Ammonia production, partial oxidation, liquid | ammonia, anhydrous, liquid | APOS, U – RoW
	-
	24.937
	16.693
	25.584

	
	Ammonia production, steam reforming, liquid | ammonia, anhydrous, liquid | APOS, U – RoW
	-
	23.695
	15.861
	24.309

	
	Combine harvesting | APOS, U - RoW
	-
	-
	-
	21.301

	Ecotoxicity: freshwater (kg 1,4 DCB-Eq)
	Treatment of bottom ash, MSWI, waste copper, slag compartment | APOS, U - RoW
	13.556
	2.777
	-
	6.739

	
	Treatment of bottom ash, MSWI, waste copper, slag compartment | APOS, U - Europe without Switzerland
	6.418
	1.31
	-
	-

	
	Treatment of sulfidic tailings, from copper mine operation, tailings impoundment | APOS, U – CL
	2.691
	1.547
	1.74
	5.672

	
	Treatment of sulfidic tailings, generic, tailings impoundment | APOS, U - GLO
	-
	-
	1.631
	-

	
	Treatment of sulfidic tailings, from copper mine operation, tailings impoundment | APOS, U – RoW
	-
	-
	1.256
	4.049

	Ecotoxicity: marine (kg 1,4 DCB-Eq)
	Treatment of bottom ash, MSWI, waste copper, slag compartment | APOS, U - RoW
	16.15
	3.308
	-
	8.028

	
	Treatment of bottom ash, MSWI, waste copper, slag compartment | APOS, U - Europe without Switzerland
	7.646
	-
	-
	-

	
	Treatment of sulfidic tailings, from copper mine operation, tailings impoundment | APOS, U – CL
	3.331
	1.915
	2.153
	7.021

	
	Treatment of sulfidic tailings, generic, tailings impoundment | APOS, U – GLO
	-
	1.474
	2.059
	-

	
	Treatment of sulfidic tailings, from copper mine operation, tailings impoundment | APOS, U – RoW
	-
	-
	1.555
	5.014

	Ecotoxicity: terrestrial (kg 1,4 DCB-Eq)
	Treatment of brake wear emissions, lorry | APOS, U – RoW
	88.952
	1.52E+02
	1.42E+02
	1.18E+02

	
	Smelting of copper concentrate, sulfide ore | Copper, anode | APOS, U – CN
	83.418
	-
	58.57
	-

	
	Smelting of copper concentrate, sulfide ore | Copper, anode | APOS, U – RoW
	82.028
	-
	-
	-

	
	Heat production, light fuel oil, at industrial furnace 1MW | heat, district or industrial, other than natural gas | APOS, U - RoW
	-
	82.763
	69.559
	-

	
	Treatment of brake wear emissions, lorry | APOS, U – RER
	-
	61.782
	-
	-

	
	Zinc monosulfate production | APOS, U – RER
	-
	-
	-
	1.51E+03

	
	Zinc monosulfate production | APOS, U – RoW
	-
	-
	-
	3.38E+02

	Energy resources: non-renewable, fossil (Kg oil-Eq)
	Petroleum and gas production, onshore | APOS, U – RoW
	9.585
	-
	-
	-

	
	Petroleum and gas production, onshore | APOS, U – IQ
	6.382
	-
	-
	-

	
	Petroleum and gas production, onshore | APOS, U – US
	4.505
	-
	10.672
	-

	
	Hard coal mine operation and hard coal preparation | APOS, U – CN
	-
	4.183
	5.735
	6.625

	
	Petroleum and gas production, onshore | APOS, U – RU
	-
	3.338
	5.737
	-

	
	Hard coal mine operation | hard coal, run-of-mine | APOS, U – IN
	-
	-
	-
	21.443

	
	Lignite mine operation | APOS, U - IN
	-
	-
	-
	9.058

	
	Petroleum and gas production, onshore | natural gas, high pressure | APOS, U - US
	-
	3.169
	-
	-

	Eutrophication: freshwater (kg 1,4 DCB-Eq)
	Treatment of spoil from hard coal mining, in surface landfill | APOS, U – GLO
	8.94E-03
	0.024
	0.025
	0.071

	
	Treatment of spoil from lignite mining, in surface landfill | APOS, U – GLO
	6.00E-03
	7.21E-03
	0.014
	0.096

	
	Treatment of sulfidic tailings, generic, tailings impoundment | APOS, U – GLO
	3.38E-03
	-
	2.24E-03
	-

	
	Treatment of sulfidic tailings, from copper mine operation, tailings impoundment | APOS, U – CL
	-
	1.78E-03
	-
	6.52E-03

	Eutrophication: marine (kg 1,4 DCB-Eq)
	Rice production, non-basmati | APOS, U – RoW
	9.84E-03
	-
	0.011
	0.026

	
	Alfalfa/grass silage production | APOS, U – RoW
	9.34E-03
	0.022
	-
	-

	
	Rice production, non-basmati | APOS, U - IN
	4.15E-03
	-
	4.61E-03
	0.011

	
	Maize grain production, second crop | maize grain | APOS, U - BR-MT
	-
	6.55E-03
	-
	-

	
	Rice production, non-basmati | APOS, U - CN
	-
	-
	-
	6.81E-03

	
	Urea production | APOS, U – RoW
	-
	9.04E-03
	-
	-

	
	NPK (15-15-15) fertiliser production | APOS, U – RoW
	-
	-
	4.88E-03
	-

	Human toxicity: carcinogenic (kg 1,4 DCB-Eq)
	Treatment of electric arc furnace slag, residual material landfill | APOS, U - RoW
	50.5
	25.995
	31.759
	50.32

	
	Treatment of basic oxygen furnace slag, residual material landfill | APOS, U - GLO
	4.112
	3.986
	5.774
	6.718

	
	Treatment of electric arc furnace slag, residual material refill | | APOS, U - CH
	2.226
	-
	-
	-

	
	Treatment of hard coal ash, residual material landfill | APOS, U - RoW
	-
	2.55
	4.026
	12.785

	Human toxicity: non-carcinogenic (kg 1,4 DCB-Eq)
	Treatment of sulfidic tailings, generic, tailings impoundment | APOS, U - GLO
	1.03E+02
	48.609
	67.916
	1.07E+02

	
	Diesel, burned in agricultural machinery | APOS, U - GLO
	35.939
	27.393
	32.025
	-

	
	Weaned calves production on pasture | Weaned calves, live weight | APOS, U - RoW
	26.163
	68.124
	-
	-

	
	Zinc monosulfate production | APOS, U - RoW
	-
	-
	-
	91.46

	
	Treatment of spoil from hard coal mining, in surface landfill | APOS, U - GLO
	-
	-
	26.047
	-

	
	Treatment of spoil from lignite mining, in surface landfill | APOS, U - GLO
	-
	-
	-
	83.196

	Material resources: Metals/minerals (kg Cu-Eq)
	Rare earth element mine operation and beneficiation, bastnaesite and monazite ore | Iron ore concentrate | APOS, U - CN-NM
	1.762
	1.49
	2.016
	2.484

	
	Ferronickel production | APOS, U - GLO
	0.401
	0.183
	-
	0.409

	
	Phosphate rock beneficiation | APOS, U - RoW
	0.211
	-
	0.91
	2.643

	
	Iron ore mine operation, 46% Fe | APOS, U - GLO
	-
	0.155
	-
	-

	
	Scandium oxide production, from rare earth tailings | fluorspar, 97% purity | APOS, U - CN-NM
	-
	-
	0.322
	-

	Particulate matter formation (PM2.5-Eq)
	Water pump operation, diesel | APOS, U - IN
	0.08
	-
	-
	-

	
	Tillage, ploughing | APOS, U - RoW
	0.074
	-
	-
	-

	
	Diesel, burned in agricultural machinery | APOS, U - GLO
	0.019
	-
	0.017
	-

	
	Milk production, from cow | manure, solid, cattle | APOS, U - RoW
	-
	0.024
	-
	-

	
	Combine harvesting | APOS, U - RoW
	-
	0.056
	-
	0.071

	
	Heat production, at hard coal industrial furnace 1-10MW | heat, district or industrial, other than natural gas | APOS, U - RoW
	-
	0.035
	-
	0.042

	
	Tillage, rotary cultivator | APOS, U - RoW
	-
	-
	0.044
	-

	
	Electricity production, lignite | electricity, high voltage | APOS, U - ID
	-
	-
	0.017
	-

	
	Sulfuric acid production | APOS, U - IN-CG
	-
	-
	-
	0.039

	Water use (m3)
	Rice production, non-basmati | APOS, U - RoW
	2.052
	0.83
	2.281
	5.323

	
	Rice production, non-basmati | APOS, U - IN
	0.589
	-
	0.654
	1.527

	
	Rice production, non-basmati | APOS, U - CN
	0.547
	-
	-
	-

	
	Urea production | APOS, U - RoW
	-
	2.849
	1.036
	1.819

	
	Ammonia production, steam reforming, liquid | ammonia, anhydrous, liquid | APOS, U - RoW
	-
	0.895
	-
	-



Key: 
BR: Brazil
BR-MT:Mato Grosso, Brazil 
CH: Switzerland
CL: Chile
CN: China
CN-NM: Inner Mongolia, China
GLO: Global
ID: Indonesia
IN: India
IN-CG: Chhattisgarh, India
IQ: Iraq
PE: Peru
RER: Europe (Regional)
RoW: Rest of the World
RU: Russia
SA: Saudi Arabia
US: United States of America



Table S3: Monte Carlo Simulation Results for Environmental Impacts of Rice Production Across Four Farms(F1–F4)
	Scenario
	Mean
	Median
	SD
	Minimum
	Maximum
	90% CI [P5, P95]

	Impact Category
	Acidification: terrestrial (kg SO2-Eq)

	F1
	0.908
	0.904
	0.079
	0.634
	1.347
	[0.786, 1.046]

	F2
	1.016
	1.012
	0.083
	0.752
	1.640
	[0.887, 1.160]

	F3
	0.916
	0.911
	0.080
	0.651
	1.349
	[0.794, 1.055]

	F4
	1.900
	1.890
	0.163
	1.392
	3.908
	[1.653, 2.183]

	Impact Category
	Climate change (kg CO2-Eq)

	F1
	243.818
	242.892
	19.267
	178.332
	348.303
	[213.747, 277.042]

	F2
	225.896
	224.866
	17.445
	167.534
	434.227
	[199.332, 255.486]

	F3
	261.916
	261.067
	20.060
	191.539
	368.926
	[230.393, 296.478]

	F4
	409.058
	407.099
	33.273
	297.123
	626.636
	[358.071, 467.047]

	Impact Category
	Ecotoxicity: freshwater (kg 1,4-DCB-Eq)

	F1
	35.462
	35.226
	3.974
	22.293
	59.832
	[29.403, 42.351]

	F2
	-20.253
	-20.402
	3.412
	-33.056
	30.898
	[-25.467, -14.574]

	F3
	12.878
	12.198
	3.724
	5.314
	53.484
	[8.256, 19.766]

	F4
	43.371
	42.477
	7.039
	24.616
	289.524
	[33.913, 55.672]

	Impact Category
	Ecotoxicity: marine (kg 1,4-DCB-Eq)

	F1
	43.773
	43.479
	4.888
	27.611
	73.293
	[36.336, 52.264]

	F2
	6.467
	5.920
	3.346
	-1.663
	81.041
	[2.270, 12.478]

	F3
	16.901
	16.044
	4.773
	7.126
	74.504
	[10.959, 25.725]

	F4
	53.171
	51.997
	9.156
	29.330
	401.438
	[41.051, 69.075]

	Impact Category
	Ecotoxicity: terrestrial (kg 1,4-DCB-Eq)

	F1
	743.808
	727.293
	124.919
	420.380
	2515.362
	[573.665, 964.944]

	F2
	468.806
	451.351
	122.278
	173.114
	2242.885
	[307.009, 687.956]

	F3
	709.025
	688.229
	134.295
	401.606
	2189.898
	[533.445, 951.945]

	F4
	3235.071
	3167.733
	571.114
	1511.773
	9095.925
	[2428.894, 4266.227]

	Impact Category
	Energy resources: non-renewable, fossil (kg oil-Eq)

	F1
	62.118
	61.898
	4.947
	43.670
	85.360
	[54.359, 70.618]

	F2
	62.496
	62.320
	4.419
	47.054
	86.083
	[55.530, 70.067]

	F3
	100.387
	100.154
	7.079
	76.066
	133.741
	[89.198, 112.410]

	F4
	107.699
	106.952
	9.871
	76.412
	178.404
	[92.808, 125.002]

	Impact Category
	Eutrophication: freshwater (kg P-Eq) 

	F1
	0.035
	0.033
	0.009
	0.016
	0.179
	[0.024, 0.052]

	F2
	0.047
	0.042
	0.019
	0.015
	0.330
	[0.026, 0.082]

	F3
	0.056
	0.051
	0.023
	0.016
	0.473
	[0.030, 0.098]

	F4
	0.209
	0.187
	0.093
	0.052
	1.794
	[0.106, 0.385]

	Impact Category
	Eutrophication: marine (kg N-Eq)

	F1
	0.054
	0.054
	0.007
	0.033
	0.222
	[0.045, 0.066]

	F2
	0.088
	0.086
	0.014
	0.052
	0.335
	[0.070, 0.112]

	F3
	0.040
	0.040
	0.004
	0.028
	0.066
	[0.034, 0.047]

	F4
	0.068
	0.068
	0.008
	0.043
	0.126
	[0.056, 0.082]

	Impact Category
	Human toxicity: non-carcinogenic (kg 1,4-DCB-Eq)

	F1
	414.842
	403.084
	77.007
	214.796
	1261.053
	[313.455, 556.376]

	F2
	393.964
	383.400
	75.188
	218.010
	2472.899
	[298.459, 523.389]

	F3
	321.345
	304.657
	93.530
	127.511
	2004.970
	[206.359, 490.461]

	F4
	959.277
	919.262
	226.869
	493.792
	10709.588
	[49.733, 162.350]

	Impact Category
	Human toxicity: carcinogenic (kg 1,4-DCB-Eq)

	F1
	67.958
	62.078
	28.094
	17.578
	391.173
	[34.756, 121.034]

	F2
	42.151
	38.712
	17.146
	11.292
	768.722
	[22.687, 72.920]

	F3
	54.187
	49.562
	22.745
	14.582
	902.289
	[28.609, 95.209]

	F4
	93.762
	85.618
	43.367
	24.465
	1890.252
	[689.723, 1354.727]

	Impact Category
	Material resources: metals/minerals (kg Cu-Eq)

	F1
	3.756
	3.742
	0.315
	2.702
	6.111
	[3.266, 4.299]

	F2
	2.839
	2.800
	0.332
	1.945
	6.614
	[2.379, 3.430]

	F3
	4.782
	4.727
	0.543
	3.276
	8.952
	[4.009, 5.746]

	F4
	8.732
	8.655
	0.876
	5.835
	14.472
	[7.443, 10.275]

	Impact Category
	Particulate matter formation (kg PM2.5-Eq)

	F1
	0.377
	0.372
	0.045
	0.244
	0.961
	[0.312, 0.457]

	F2
	0.353
	0.349
	0.035
	0.247
	0.683
	[0.302, 0.414]

	F3
	0.364
	0.361
	0.038
	0.253
	0.677
	[0.309, 0.430]

	F4
	0.913
	0.909
	0.076
	0.652
	1.602
	[0.796, 1.046]

	Impact Category
	Water use (m3)

	F1
	4.859
	4.805
	0.602
	3.070
	10.859
	[3.966, 5.923]

	F2
	6.968
	6.913
	0.798
	4.421
	11.319
	[5.776, 8.372] 

	F3
	6.843
	6.797
	0.733
	4.359
	11.137
	[5.720, 8.121]

	F4
	15.158
	15.020
	1.737
	9.609
	24.575
	[12.547, 18.217]


Note: SD = Standard Deviation; CI = Confidence Interval; P5 = 5th Percentile; P95 = 95th Percentile. CI is based on Monte Carlo simulation results.

Table S4: Stochastic Parameters and Assigned Uncertainty Distributions for Monte Carlo Simulation
	Parameter ID
	Life Cycle Stage/Input Flow
	Unit
	Uncertainty Source
	Probability Distribution (PDF)
	Distribution Parameters (Type and Justification)

	Foreground Inputs (Primary Data)
	
	
	
	

	P1​
	Diesel for Tractor (F1​/F2​/F4​ Soil Prep. & Threshing)
	L⋅tonne−1
	Primary data/Field Survey
	Lognormal (Common for non-negative measured data)
	Lognormal (SDg = 1.20); based on estimated coefficient of variation (CV) of 20%.

	P2​
	Electricity for Pump (F4​ Water Mgmt.)
	kWh⋅tonne−1
	Primary data/Field Survey
	Lognormal (Reflecting variability in pump efficiency)
	Lognormal (SDg = 1.25); reflecting variability in pump efficiency (CV ≈ 25%).

	P3​
	Urea (46%) (F1​/F2​/F3​/F4​ Soil Fert.)
	kg⋅tonne−1
	Primary data/Field Survey
	Lognormal (Reflecting application variability)
	Lognormal (SDg = 1.20); based on estimated coefficient of variation (CV) of 20%.

	P4​
	Zinc Sulphate monohydrate (33%) (F4​)
	kg⋅tonne−1
	Primary data/Field Survey
	Lognormal (High variability in micronutrient application)
	Lognormal (SDg = 1.30); reflecting high variability in micronutrient application (CV ≈ 30%).

	P5​
	Water Use (F4​ Irrigation Volume)
	m3⋅tonne−1
	Calculated/Field data
	Normal (Reflecting variability around the mean volume)
	Normal; Standard Deviation (SD) = 20% of Mean. (Absolute uncertainty assumes symmetric variability).

	P6​
	Cow Dung (F1​/F2​/F3​ Inputs)
	kg⋅tonne−1
	Primary data/Field Survey
	Triangular (Reflecting minimum, most likely, and maximum purchase/application)
	Triangular; Mode = Survey Mean. Range assumed: ±50% of Mode

	Background & LCIA Parameters
	
	
	
	

	B1​
	Hard Coal Mine Operation (Background for F4​ Electricity)
	kg⋅unit−1
	ecoinvent 3.11 Database
	Lognormal
	SDg​ inherited directly from data quality indicators in ecoinvent dataset (Pedigree Approach)

	B2​
	Ammonia Production (Background for Fertilizers)
	kg⋅unit−1
	ecoinvent 3.11 Database
	Lognormal
	SDg​ inherited directly from data quality indicators in ecoinvent dataset (Pedigree Approach)

	B3​
	Logistical Transport (Lorry/Truck)
	tkm⋅unit−1
	ecoinvent 3.11 Database
	Lognormal
	SDg​ inherited directly from data quality indicators in ecoinvent dataset (Pedigree Approach)

	S1​
	Ecotoxicity Characterization Factor (LCIA Model)
	-
	ReCiPe 2016 Model
	Lognormal (Reflecting model uncertainty in CFs)
	Model Uncertainty; SDg​ derived from underlying CML/USEtox models within ReCiPe

	B4
	Treatment of Sulphidic Tailings (Background)
	kg⋅unit−1
	Background/ecoinvent
	Lognormal (SDg​)
	Pedigree Matrix; SDg derived from ecoinvent defaults.



