Supplementary Information
Title: Evaluating national machine-learning predictions of household biogas use across time and local contexts in Nepal

1. Supplementary Methods 
1.1 Survey harmonization and outcome comparability
Nepal Demographic and Health Survey (DHS) data were harmonized across the 2011, 2016, and 2022 Household Recode and Household Members Recode files. Household composition was reconstructed from household rosters where available, and survey weights, strata, and primary sampling unit (PSU) identifiers were retained. CNH household and census data from 2014, 2017, and 2023 were harmonized to common household predictors and biogas outcomes. The national DHS outcome was primary biogas use. CNH 2023 provided the matching primary-use outcome and therefore supported exact external validation, whereas CNH 2014 and 2017 measured any current biogas use and were treated as cross-outcome comparisons. Plant installation, plant activity, any current use, and primary use were retained as separate stages of biogas transition rather than combined into a single adoption measure. Detailed source variables and coding are reported in Table S1.

1.2 Predictor construction and model development
National models used household size and age composition, dependency ratio, maximum adult education, electricity access, large-ruminant ownership, land area, and a fuel-free material-resource component based on television, bicycle, motorcycle/scooter, refrigerator, and mobile-phone ownership. The material-resource component was estimated within model preprocessing, and cooking-fuel or other outcome-derived information was excluded from the national predictors. Caste, community-forest characteristics, institutional participation, perceived committee responsiveness, and household coordinates were used only after national-to-local transport as local diagnostics. The primary analysis included all households; large-ruminant ownership was used separately to define a sensitivity population with stronger manure-feedstock potential. The measurement audit confirmed use of DHS household records, valid derivation of the CNH 2023 primary-fuel outcome, and absence of predictor leakage.

1.3 Model selection, chronological validation, and transport
Survey-weighted logistic regression, elastic-net logistic regression, random forest, and XGBoost were developed using DHS 2011 with five-fold cross-validation repeated five times and grouped by PSU. Preprocessing was estimated within training resamples. Candidate specifications were evaluated using Brier score, log loss, ROC AUC, PR AUC, and calibration. Finalized DHS 2011 specifications were evaluated in DHS 2016, and XGBoost was selected using the prespecified performance criteria. The selected XGBoost specification was then refitted using DHS 2011 and 2016 and evaluated unchanged in DHS 2022. For national-to-local transport, historically aligned models used DHS 2011 for CNH 2014, DHS 2011 and 2016 for CNH 2017, and DHS 2011, 2016, and 2022 for CNH 2023. Transported probabilities were evaluated before recalibration or local augmentation.

1.4 Household transitions and subgroup diagnostics
A total of 1,194 households were linked between CNH 2014 and 2017 using household identifiers and consistency checks on survey location and stable household characteristics. Household transitions were classified as persistent non-use, new use, continued use, or stopped reporting current use. Among households not using biogas in 2014, the unchanged DHS 2011 score was evaluated as a baseline indicator of relative biogas-use propensity rather than as a literal three-year adoption probability. For CNH 2014 and 2017, prediction gaps were defined as observed any-current biogas use minus the historically transported national probability of primary biogas use. Caste and current community-forest status were evaluated jointly using PSU-clustered standard errors. These analyses were interpreted as cross-outcome residual diagnostics rather than causal models.

1.5 Applicability, sensitivity, and spatial diagnostics
National-to-local model applicability was evaluated using predictor-space support derived from the national development data. Principal subgroup analyses were repeated among households inside this support. The complete model-development and transport procedure was also repeated among households owning at least one large ruminant. For CNH 2023, restricted household coordinates were linked within the approved analytical environment. Geographic patterning of continuous raw and Pearson prediction residuals was evaluated using Moran’s I across prespecified symmetric nearest-neighbor and distance-based spatial-weight definitions. Exact coordinates and record-level predictions were not exported to public outputs. The spatial analysis used continuous residuals rather than threshold-defined classification errors.

2. Supplementary Results
2.1 Stage-specific national-to-local transport results from CNH 2023
The relationship between the transported national primary-use score and observed biogas outcomes depended on the transition stage. ROC AUC was 0.760 for plant installation, 0.846 for plant activity, 0.843 for any current use, and 0.862 for primary use. The corresponding observed-to-expected (O/E) ratios were 3.77, 1.89, 1.82, and 0.84, respectively. Only primary use represented an exact comparison with the national DHS outcome; comparisons with installation, activity, and any current use were stage-specific diagnostic comparisons.

2.2 CNH 2023 subgroup diagnostics
The exact primary-use subgroup analysis was limited by the small number of events. Among the 821 households with a valid primary-use outcome, all 24 households reporting primary biogas use were current community-forest members; no primary users occurred among former or never members. This produced complete separation by community-forest status and prevented stable conventional estimation of the corresponding coefficient. Caste-specific events were also sparse, and adding caste did not improve the exact-outcome model in exploratory grouped validation. Analyses of participation and perceived committee responsiveness among current community-forest members provided no clear additional signal. These results were treated as exploratory rather than as evidence of a community-forest effect. The analysis plan explicitly treats caste and CF variables as post-transport diagnostics rather than causal predictors.

2.3 Predictor-space support sensitivity analysis
Predictor-space support included 1,178 of 1,235 CNH 2014 households, 1,374 of 1,489 CNH 2017 households, and 791 of 821 CNH 2023 households. Restricting the 2014 and 2017 subgroup analyses to households within national support produced little change in the principal caste pattern. The Dalit difference relative to Brahmin/Chhetri households was −16.1 percentage points in 2014 and −14.8 percentage points in 2017, while the difference associated with current community-forest status remained close to zero. These results indicate that the principal subgroup findings were not primarily attributable to extrapolation beyond nationally represented predictor combinations.
2.4 Large-ruminant holding household sensitivity analysis
Restricting the full model-development and transport workflow to households owning at least one large ruminant reduced ranking performance relative to the primary all-household analysis. ROC AUC was 0.779 in DHS 2016 and 0.798 in DHS 2022, and 0.646, 0.715, and 0.640 in CNH 2014, 2017, and 2023, respectively. The direction of observed-to-expected differences nevertheless remained consistent with the primary analysis. Large-ruminant ownership was interpreted as stronger manure-feedstock potential rather than as a requirement for household inclusion.

2.5 Spatial residual diagnostics
Restricted coordinates were available for the CNH 2023 households used in the spatial analysis. Residual spatial patterning was modest. Across the prespecified spatial-weight definitions, Moran’s I was approximately 0.03–0.05 for raw residuals and 0.05–0.07 for Pearson residuals, with evidence of clustering under several definitions. The small effect sizes indicate that remaining national-to-local prediction gaps were only weakly geographically patterned. These analyses identify residual spatial structure but do not identify the underlying local mechanism.

























Table S1. Survey variables, source codes, and coding used in the analysis
Panel A. Variables of biogas transition and outcomes comparison
	Study variable
	DHS source variable(s)
	CNH 2014/2017 source variable(s)
	CNH 2023 source variable(s)
	Coding used in this study
	Analytical role / notes

	Primary biogas use
	HR HV226
	—
	E_5_1:E_5_97, E_6, E_6_1
	DHS: 1 when primary cooking fuel is biogas; fuel labels were used where available, with survey-specific fallback codes (2011/2016 = 4; 2022 = 5). CNH 2023: 1 when biogas is the sole current fuel or is identified as the primary fuel (E_6_1 = 4) among multiple fuels.
	Primary national model outcome; exact external outcome in CNH 2023

	Any current biogas use
	—
	E_17_4
	E_5_4
	1 when biogas is reported among fuels currently used for cooking
	Biogas transition outcome; cross-outcome comparison in CNH 2014/2017

	Biogas plant installed
	—
	E_6
	E_7
	2014/2017: binary plant installation/ownership measure. 2023: E_7 = 1 or 2 indicates an installed plant; E_7 = 0 indicates none.
	Biogas transition outcome representing technology delivery

	Biogas plant active
	—
	—
	E_7
	E_7 = 1 indicates plant activity during the previous 12 months; E_7 = 0 or 2 indicates inactive/not installed
	Biogas transition outcome representing continued operation; available exactly only in 2023

	Fuel-stack count
	—
	E_17_1:E_17_6, E_17_97
	E_5_1:E_5_6, E_5_97
	Number of currently reported cooking fuels
	Secondary measure of household energy practices

	Motorcycle/scooter ownership
	HR HV211
	E_4
	H_4
	Binary ownership
	Comparison technology outcome; also used in the material-resource component when not itself modeled

	Refrigerator ownership
	HR HV209
	E_12
	H_12
	Binary ownership
	Comparison technology outcome; also used in the material-resource component when not itself modeled



Panel B. Shared national (DHS) and local (CNH) survey predictor variables
	Study variable
	DHS source variable(s)
	CNH 2014/2017 source variable(s)
	CNH 2023 source variable(s)
	Coding used in this study
	Analytical role / notes

	Household size
	HR HV009; PR household roster
	Census roster
	Census roster
	Number of current household members; roster-derived count preferred when available
	National predictor

	Number of children
	PR HV105
	Census age
	Census age
	Number of current household members aged <15 years
	National predictor

	Number of adults
	PR HV105
	Census age
	Census age
	Number aged 15–64 years
	National predictor

	Number of older adults
	PR HV105
	Census age
	Census age
	Number aged ≥65 years
	National predictor

	Dependency ratio
	Derived from PR roster
	Derived from census roster
	Derived from census roster
	((\text{children}+\text{older adults})/\text{adults}); missing where no adult aged 15–64 was present
	National predictor

	Maximum adult education
	PR HV108; fallback HV106 + HV107
	Census Grade
	Census Grade
	Maximum harmonized education years among household members aged ≥18
	National predictor

	Electricity access
	HR HV206
	E_15
	E_1
	Binary current electricity access
	National predictor

	Large-ruminant ownership
	HR HV246A, HV246B, HV246I
	B_2 cow count; B_3 buffalo count
	D_1_1_Cow, D_1_2_Buff, with corresponding “none” indicators
	1 when household owns ≥1 harmonized large ruminant
	National predictor; also defines the sensitivity population with stronger manure-feedstock potential

	Land area
	HR HV244, HV245
	A_17
	A_3_Bigha, A_3_Kattha, A_3_Dhur, A_3_0
	Converted to hectares. DHS nonownership set to zero; CNH 2014/2017 Kattha and CNH 2023 Bigha/Kattha/Dhur converted using common units.
	National predictor

	Television ownership
	HR HV208
	E_2
	H_2
	Binary ownership
	Fuel-free material-resource component

	Bicycle ownership
	HR HV210
	E_3
	H_3
	Binary ownership
	Fuel-free material-resource component

	Motorcycle/scooter ownership
	HR HV211
	E_4
	H_4
	Binary ownership
	Fuel-free material-resource component; omitted from component when motorcycle is modeled as comparison outcome

	Refrigerator ownership
	HR HV209
	E_12
	H_12
	Binary ownership
	Fuel-free material-resource component; omitted when refrigerator is modeled as comparison outcome

	Mobile-phone ownership
	HR HV243A
	E_7
	H_7
	1 when household owns ≥1 mobile phone
	Fuel-free material-resource component



Panel C. Social, institutional, and place-based diagnostic variables.
	Study variable
	DHS source variable(s)
	CNH 2014/2017 source variable(s)
	CNH 2023 source variable(s)
	Coding used in this study
	Analytical role / notes

	Caste group
	—
	F_19
	H_16
	1 = Brahmin/Chhetri; 2 = Hill Janajati; 3 = Dalit; 4 = Newar; 5 = Terai Janajati; 6 = Other
	Post-transport social/equity diagnostic

	CF connection/status
	—
	C_1, C_2
	F_1, F_2
	Classified as current, former, or never CF member
	Post-transport institutional diagnostic

	CF election participation
	—
	C_14
	F_1_3
	Binary participation indicator
	Component of local institutional participation diagnostic

	CF meeting participation
	—
	C_15
	F_1_4
	Binary meeting-participation indicator
	Component of local institutional participation diagnostic

	CF participation index
	—
	Derived from C_14, C_15
	Derived from F_1_3, F_1_4
	Sum of available election and meeting indicators among current members
	Tests whether degree of participation adds information among current CF members

	Perceived committee responsiveness
	—
	C_13
	F_1_6
	Responses coded 1–2 = committee listens/responds; 3–4 = does not
	Institutional voice/responsiveness diagnostic

	Household coordinates
	—
	—
	Restricted GPS: HHID, Longitude, Latitude
	Linked by household identifier and projected for spatial analysis
	Place-based diagnostic; coordinates remain restricted and are not publicly released



Notes: HR = DHS Household Recode; PR = DHS Household Members Recode; CNH = Chitwan household survey; CF = community forest. National model predictors were included when they could be consistently harmonized across DHS and CNH surveys and did not rely on biogas outcomes or other cooking-fuel-derived information. The fuel-free material-resource component was estimated during model preprocessing from five harmonized durable-asset indicators. Caste, community-forest variables, and household coordinates were not included in national model development or prediction. These variables were used only after national-to-local transport as social, institutional, and place-based diagnostics.

























Table S2. Descriptive statistics of biogas transition outcomes, portable national predictors, and local diagnostic variables by survey.
Panel A. Biogas transition outcomes
	Variable
	Statistic
	DHS2011
	DHS2016
	DHS2022
	CNH2014
	CNH2017
	CNH2023

	Biogas plant installed
	n / valid n (%)
	—
	—
	—
	218/1,235 (17.7%)
	220/1,489 (14.8%)
	109/822 (13.3%)

	Biogas plant active
	n / valid n (%)
	—
	—
	—
	—
	—
	54/822 (6.6%)

	Any current biogas use
	n / valid n (%)
	—
	—
	—
	201/1,235 (16.3%)
	208/1,489 (14.0%)
	52/822 (6.3%)

	Primary biogas use
	n / valid n (%)
	322/10,826 (3.2%)
	320/11,040 (2.6%)
	179/13,786 (1.2%)
	—
	—
	24/821 (2.9%)

	Current cooking-fuel count
	Median [IQR]
	—
	—
	—
	2.00 [1.00–2.00]; n=1,235
	2.00 [1.00–2.00]; n=1,489
	2.00 [1.00–2.00]; n=822



Panel B. Shared national (DHS) and local (CNH) survey predictor variables
	Variable
	Statistic
	DHS2011
	DHS2016
	DHS2022
	CNH2014
	CNH2017
	CNH2023

	Household size
	Mean (SD)
	4.45 (2.20); n=10,826
	4.24 (2.22); n=11,040
	3.94 (1.96); n=13,786
	5.27 (2.19); n=1,235
	5.46 (2.38); n=1,489
	4.61 (1.66); n=822

	Number of children
	Mean (SD)
	1.63 (1.45); n=10,822
	1.43 (1.39); n=11,038
	1.17 (1.22); n=13,782
	1.26 (1.10); n=1,235
	1.20 (1.06); n=1,489
	0.91 (0.94); n=822

	Number of adults
	Mean (SD)
	2.56 (1.44); n=10,822
	2.52 (1.46); n=11,038
	2.46 (1.36); n=13,782
	3.69 (1.74); n=1,235
	3.93 (1.93); n=1,489
	3.33 (1.38); n=822

	Number of older adults
	Mean (SD)
	0.25 (0.54); n=10,822
	0.29 (0.57); n=11,038
	0.30 (0.59); n=13,782
	0.31 (0.57); n=1,235
	0.33 (0.59); n=1,489
	0.37 (0.64); n=822

	Dependency ratio
	Mean (SD)
	0.92 (0.92); n=10,560
	0.84 (0.88); n=10,672
	0.73 (0.81); n=13,153
	0.52 (0.48); n=1,218
	0.48 (0.46); n=1,464
	0.45 (0.47); n=803

	Maximum adult education (years)
	Mean (SD)
	5.81 (4.30); n=10,764
	6.44 (4.30); n=11,028
	7.55 (4.51); n=13,737
	9.50 (3.90); n=1,235
	10.16 (3.71); n=1,489
	10.83 (4.00); n=822

	Electricity access
	n / valid n (%)
	8,331/10,826 (76.3%)
	9,787/11,040 (90.5%)
	13,016/13,786 (96.4%)
	1,177/1,235 (95.3%)
	1,449/1,489 (97.3%)
	819/822 (99.6%)

	Large-ruminant ownership
	n / valid n (%)
	5,833/10,826 (54.2%)
	6,376/11,040 (53.5%)
	7,224/13,786 (43.3%)
	691/1,235 (56.0%)
	696/1,489 (46.7%)
	283/822 (34.4%)

	Land area (ha)
	Median [IQR]
	0.00 [0.00–1.00]; n=10,807
	0.20 [0.10–0.50]; n=10,903
	0.10 [0.00–0.30]; n=13,670
	0.24 [0.07–0.49]; n=1,235
	0.20 [0.05–0.41]; n=1,489
	0.10 [0.03–0.27]; n=822

	Television ownership
	n / valid n (%)
	4,982/10,826 (46.9%)
	5,282/11,040 (51.6%)
	5,902/13,786 (48.7%)
	938/1,235 (76.0%)
	1,209/1,489 (81.2%)
	596/822 (72.5%)

	Bicycle ownership
	n / valid n (%)
	3,623/10,822 (39.8%)
	3,884/11,040 (37.3%)
	4,296/13,786 (36.9%)
	1,063/1,235 (86.1%)
	1,261/1,489 (84.7%)
	713/822 (86.7%)

	Motorcycle/scooter ownership
	n / valid n (%)
	1,212/10,822 (10.9%)
	1,781/11,040 (18.6%)
	3,074/13,786 (27.9%)
	327/1,235 (26.5%)
	558/1,489 (37.5%)
	423/822 (51.5%)

	Refrigerator ownership
	n / valid n (%)
	1,232/10,826 (10.6%)
	1,538/11,040 (15.5%)
	2,779/13,786 (26.6%)
	408/1,235 (33.0%)
	756/1,489 (50.8%)
	608/822 (74.0%)

	Mobile-phone ownership
	n / valid n (%)
	7,984/10,826 (74.7%)
	10,191/11,040 (92.8%)
	13,127/13,786 (95.8%)
	1,185/1,235 (96.0%)
	1,436/1,489 (96.4%)
	812/822 (98.8%)



Panel C. Local social and institutional diagnostic variables
	Variable
	Statistic
	CNH2014
	CNH2017
	CNH2023

	Caste group: Brahmin/Chhetri
	n / valid n (%)
	609/1,235 (49.3%)
	701/1,489 (47.1%)
	365/822 (44.4%)

	Caste group: Hill Janajati
	n / valid n (%)
	201/1,235 (16.3%)
	243/1,489 (16.3%)
	139/822 (16.9%)

	Caste group: Dalit
	n / valid n (%)
	163/1,235 (13.2%)
	207/1,489 (13.9%)
	36/822 (4.4%)

	Caste group: Newar
	n / valid n (%)
	47/1,235 (3.8%)
	63/1,489 (4.2%)
	35/822 (4.3%)

	Caste group: Terai Janajati
	n / valid n (%)
	210/1,235 (17.0%)
	268/1,489 (18.0%)
	219/822 (26.6%)

	Caste group: Other
	n / valid n (%)
	5/1,235 (0.4%)
	7/1,489 (0.5%)
	28/822 (3.4%)

	CF connection: current
	n / valid n (%)
	713/1,235 (57.7%)
	806/1,489 (54.1%)
	479/822 (58.3%)

	CF connection: former
	n / valid n (%)
	47/1,235 (3.8%)
	102/1,489 (6.9%)
	34/822 (4.1%)

	CF connection: never
	n / valid n (%)
	475/1,235 (38.5%)
	581/1,489 (39.0%)
	309/822 (37.6%)

	CF participation index, current members
	Mean (SD)
	1.19 (0.85); n=713
	1.00 (0.84); n=806
	0.82 (0.81); n=479

	Committee perceived as responsive, current members
	n / valid n (%)
	611/708 (86.3%)
	699/806 (86.7%)
	261/479 (54.5%)



Notes: Binary variables are reported as unweighted event count / valid observations (survey-weighted percentage). Continuous variables are reported as weighted mean (SD), except land area and current cooking-fuel count, which are reported as weighted median [IQR]. Nepal DHS summaries use household survey weights; CNH observations carry unit weights. A dash indicates that the variable was not measured or was not constructed for that survey. CF participation and committee-responsiveness summaries are restricted to current CF members. The fuel-free material-resource component was estimated during model preprocessing and is therefore represented here by its constituent durable-asset indicators rather than as a single descriptive score.


































Table S3. Full performance metrics for principal chronological and national-to-local validation
	Validation target
	n (events)
	Brier
	Log loss
	ROC AUC
	PR AUC
	Calibration intercept
	Calibration slope
	Observed (%)
	Predicted (%)
	O/E

	DHS 2016
	11,040 (320)
	0.0240
	0.1000
	0.838
	0.125
	−0.337
	0.987
	2.59
	3.50
	0.740

	DHS 2022
	13,786 (179)
	0.0125
	0.0588
	0.890
	0.090
	−0.944
	1.173
	1.23
	2.94
	0.419

	CNH 2014†
	1,235 (201)
	0.1231
	0.391
	0.807
	0.402
	0.865
	0.879
	16.28
	8.50
	1.914

	CNH 2017†
	1,489 (208)
	0.1057
	0.344
	0.839
	0.429
	0.933
	0.910
	13.97
	6.90
	2.023

	CNH 2023
	821 (24)
	0.0272
	0.103
	0.862
	0.092
	−0.196
	1.142
	2.92
	3.49
	0.838



Notes: DHS = Demographic and Health Survey; CNH = Chitwan household survey; ROC AUC = area under the receiver operating characteristic curve; PR AUC = area under the precision–recall curve; O/E = observed-to-expected ratio. DHS metrics were calculated using household survey weights and CNH metrics using unit weights. †CNH 2014 and 2017 measured any current biogas use whereas the transported national models predicted primary biogas use; calibration statistics and O/E ratios for these surveys therefore describe cross-outcome transport and should not be interpreted as exact calibration measures. CNH 2023 measured primary biogas use directly and provides exact external validation.
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