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Abstract 15 

Methane (CH₄) is a critical short-lived climate forcer (SLCF), and emissions inventories provide 16 
key information to mitigate its impact. The agricultural and waste sectors are among the most 17 
significant global anthropogenic sources of CH4 and other atmospheric species, yet in Chile, the 18 
national greenhouse gas inventory reports them only at the regional (administrative) level. Here 19 
methane, together with other greenhouse gases and air quality pollutants from agricultural 20 
livestock, solid waste disposal, and wastewater treatment and discharge, was estimated at high 21 
spatial resolution as part of the high-resolution national inventory of anthropogenic emissions 22 
(INEMA). Annual emissions of CH4, nitrous oxide (N2O), ammonia (NH3), and non-methane 23 
volatile organic compounds (NMVOCs) were quantified for 2005–2022, using national activity 24 
data, country-specific emission factors where available, and national spatial proxies. Over this 25 
period, combined CH4 emissions rose by about 37 % to 574 Gg in 2022, dominated by solid waste 26 
disposal and livestock enteric fermentation, while livestock manure management was the main 27 
source of N2O, NH3, and NMVOC. Emissions concentrate in the central and southern zones of the 28 
country, consistent with previous inventories; however, the high resolution of INEMA resolves 29 
the specific sources behind these patterns, distinguishing diffuse pasture-based livestock emissions 30 
in the south from discrete waste disposal point sources in the central zone. By identifying the 31 
specific sources that dominate national emissions, notably a small number of high-emitting waste-32 
disposal sites, the updated INEMA dataset (version 3.0, which integrates these livestock and waste 33 
sectors into the full national inventory; available at https://doi.org/10.5281/zenodo.23169719, 34 
Álamos Correa et al., 2026) supports atmospheric modelling, complements national and global 35 
emissions inventories, and informs targeted public policies. 36 
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1. Introduction  37 

Methane (CH4) is a short-lived climate forcer (SLCF) and a potent greenhouse gas (GHG), with a 38 
global warming potential about 28 times that of carbon dioxide (CO2) over a 100-year time horizon 39 
(IPCC, 2021). CH4 has received increasing attention in emission inventories, due to its role in 40 
driving near-term climate change (Saunois et al., 2025; UNEP/CCAC, 2021). At global scale, 41 
atmospheric CH4 concentrations have increased, driven by rising anthropogenic emissions 42 
originating primarily from agriculture (e.g., livestock production, rice cultivation, and biomass 43 
burning), fossil fuel production and use, and waste disposal (Saunois et al., 2025). In this context, 44 
high resolution emissions inventories provide the technical foundation for identifying major 45 
emission sources, characterizing air quality, and designing targeted public policies. Additionally, 46 
developing country-specific information is essential to reconcile the discrepancies documented 47 
between global emissions products and national realities in South America (Huneeus et al., 2020, 48 
Puliafito et al., 2021; Castesana et al., 2018).  49 

In Chile, the National Greenhouse Gas Inventory (INGEI, from the Spanish Inventario Nacional 50 
de Gases de Efecto Invernadero) provides a bottom-up perspective of sectoral emissions at a 51 
regional scale as part of the reporting obligations under the United Nations Framework Convention 52 
on Climate Change (UNFCCC, 2023). However, these reports often lack the spatial granularity 53 
required for local-scale applications, highlighting a critical need for spatially explicit datasets to 54 
better understand the distribution of these emissions. To address this gap, the High-Resolution 55 
Inventory of Anthropogenic Emissions (INEMA, from the Spanish Inventario Nacional de 56 
emisiones Antropogénicas) was developed (Álamos et al., 2022). Nevertheless, the current version 57 
of INEMA does not yet include the agricultural and waste sectors, which represent a significant 58 
void in the national methane budget. Emissions from these sectors depend strongly on local 59 
conditions and specific practices such as climate, production systems, manure management 60 
systems, waste composition, and treatment technologies (IPCC, 2006; 2019).  61 

Within the agricultural sector, CH4 emissions are generated primarily through enteric fermentation 62 
in ruminants and, to a lesser extent, through manure management systems; together, these sectors 63 
account for approximately 25–40 % of global anthropogenic methane emissions (Dangal et al., 64 
2017; Reisinger et al., 2021). Furthermore, additional emissions of nitrous oxide (N2O), ammonia 65 
(NH3), and non-methane volatile organic compounds (NMVOCs) are also produced in the manure 66 
management process (IPCC, 2006; EMEP/EEA, 2023). In contrast, the waste sector, which 67 
includes solid waste disposal, biological treatment, open burning and incineration, and wastewater 68 
treatment and discharge (IPCC, 2006), accounts for approximately 18 % of global anthropogenic 69 
CH4 emissions (Bogner et al., 2008). While other pollutants and trace gases are released from this 70 
sector, their contributions are generally considered minor compared to methane (EMEP/EEA, 71 
2023). 72 
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In Chile, the most significant sources of CH4 are livestock enteric fermentation and solid waste 73 
disposal (MMA, 2024a). Livestock production is a key component of Chile’s economy (ODEPA, 74 
2024), with cattle being the primary species contributing to these emissions. The sector exhibits  75 
marked geographical variability, with intensive dairy systems concentrated in the central-south 76 
regions and extensive beef production spanning the southern territories. Simultaneously, solid 77 
waste disposal has increased significantly, driven by population and economic growth (Cayumil 78 
et al., 2021; Kaza et al., 2018). In 2019, Chile generated approximately 18 million tons of non-79 
hazardous waste, including both organic and inorganic fractions (MMA, 2023). Approximately 50 80 
% of this total originated from the industrial sector and 48 % from municipal sources, while the 81 
remainder corresponds mainly to wastewater treatment sludge.  82 

This study aims to estimate high-resolution (0.01° x 0.01°) emissions for the livestock and waste 83 
sectors in Chile for the period 2005-2022. This work serves as an extension of the INEMA 84 
inventory, which provides a sectoral and spatial dataset for both greenhouse gases and air 85 
pollutants (Álamos et al., 2022). This comprehensive update incorporates previously unconsidered 86 
sources, enhancing the robustness of national information. By providing a detailed spatial 87 
representation, this inventory serves as a critical input for air quality modeling and offers a 88 
spatially explicit tool to complement the INGEI, enabling the detection of local hotspots and 89 
supporting the design of national mitigation strategies.  90 

The remainder of this paper is organized as follows: Section 2 describes the datasets and 91 
methodologies applied to estimate emissions for each sector and pollutant; Section 3 presents the 92 
main results and spatial distribution patterns; Section 4 compares INEMA with other national and 93 
global inventories and with top-down observations to assess its robustness; Section 5 discusses the 94 
main advances, limitations, and future directions; and Section 6 summarizes the main conclusions. 95 

2. Methodology and Data  96 

INEMA is a high-resolution national anthropogenic emissions inventory developed for Chile to 97 
support climate and air quality assessments. The first version is described in Álamos et al. (2022), 98 
while a second version was subsequently released as a public dataset 99 
(https://zenodo.org/records/7970953). This second version includes emissions for the 2015-2020 100 
period from energy production (1.A.1), industrial energy consumption (1.A.2), on-road transport 101 
energy consumption (1.A.3.b), commercial energy consumption (1.A.4.a), residential firewood 102 
consumption (1.A.4.b), agricultural energy consumption (1.A.4.c), industrial processes (2), and 103 
biomass burning (3.C.1), the latter of which treats agricultural waste and forest fires separately.  104 

This study represents an extension of INEMA (version 3), specifically incorporating the livestock 105 
and waste sectors. This update includes enteric fermentation (3.A.1), manure management (3.A.2), 106 
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solid waste disposal (4.A), and wastewater treatment and discharge (4.D), following the 2006 107 
IPCC Guidelines for National Greenhouse Gas Inventories (IPCC, 2006). Annual emissions of 108 
CH4, N2O, NH3 and NMVOCs were quantified at a 0.01° x 0.01° spatial resolution for the 2005-109 
2022 period, reflecting the availability of national input data. The resulting version 3.0 of INEMA, 110 
archived on Zenodo (Álamos Correa et al., 2026; https://doi.org/10.5281/zenodo.23169719), 111 
therefore comprises the complete national inventory: the sectors released in the previous versions 112 
together with the livestock and waste sectors presented in this work. Parallel to this, Osses et al. 113 
(2022) developed detailed high-resolution road transport estimates for the 1990–2020 period, 114 
which serve as a critical input for the INEMA national grid. 115 

Emission estimates in this study follow the general methodology of the 2006 IPCC Guidelines for 116 
National Greenhouse Gas Inventories and their 2019 Refinement (IPCC, 2006; 2019) for CH4 and 117 
N2O emissions, while the European Monitoring and Evaluation Programme/European 118 
Environment Agency guidebook (EMEP/EEA, 2023) was used to estimate NH3 and NMVOC. 119 
Emissions were quantified only for sector–pollutant combinations for which methodologies are 120 
explicitly defined in the corresponding guidelines, as summarized in Table 1. Specifically, for the 121 
livestock sector, we followed IPCC Volume 4 (Chapters 10 and 11) and EMEP/EEA Section 3.B. 122 
For the waste sector, estimates were based on IPCC Volume 5 (Chapter 2, 3, and 6) and 123 
EMEP/EEA Sections 5.A and 5.D. Pollutants not covered by these specific methodologies were 124 
excluded from the inventory. 125 

National sources of activity data (AD) and country-specific parameters were obtained from the 126 
institutions and databases listed below: National Greenhouse Gas Inventory (INGEI), the Ministry 127 
of the Environment (MMA), the Agricultural and Livestock Service (SAG), the Superintendence 128 
of Sanitary Services (SISS), the Pollutant Release and Transfer Register (RETC), the National 129 
Socioeconomic Characterization Survey (CASEN), Undersecretariat for Regional and 130 
Administrative Development (SUBDERE), Chilean Central Bank (BCC), Ministry of Social 131 
Development and Family of Chile (MDSF), Chile’s National Institute of Statistics (INE). 132 
Additionally, datasets developed by the Center for Climate and Resilience Research (CR2) were 133 
used, including high-resolution land use change (CR2LUC, Boisier et al., 2024a) and high 134 
resolution water uses (CR2WU, Boisier et al., 2024b). Since each sector relies on specific data 135 
sources, the integration and processing of these datasets are detailed within their respective 136 
sections. All acronyms above are derived from their Spanish names and are detailed in the 137 
Supplementary Material (Sect. S1; Table S1), and the summary of each AD source is provided in 138 
the Supplementary Material (Sect. S2; Table S2.1).  139 

Default emission factors (EF) and parameters were adopted from the corresponding guidelines 140 
(IPCC, 2006; 2019; EMEP/EEA, 2023), while country-specific EF, particularly for the livestock 141 
sector (e.g., emission factors, nitrogen excretion rates, manure management system distributions, 142 
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typical animal mass), were taken from INGEI (MMA, 2024a). A summary of the sources of EF 143 
and other parameters is provided in Supplementary Material (Sect. S2; Tables S2.2 and S2.3). 144 

 145 

Table 1.  IPCC sectors, pollutants, emission factor sources, and activity data used in this study. 146 
IPCC 
Code 

Sector Pollutants EF Activity Data (AD) Source of AD 

3.A.1 Livestock—Enteric 
Fermentation 

CH4 
Country-specific, 

IPCC 2019 
Number of animals per 

commune 
CR2WU (Boisier et 

al., 2024b) 

3.A.2 Livestock—Manure 
Management 

CH4, NH3, N2O, 
NMVOC 

Country-specific, 
IPCC 2019, 

EMEP/EEA 2023 

Number of animals per 
commune 

CR2WU (Boisier et 
al., 2024b) 

4.A Solid Waste Disposal CH4, NMVOC 
Country-specific, 

IPCC 2019 
Domestic and industrial 

waste generation 

INGEI (MMA, 
2024a) - RETC 
(MMA, 2024b) 

4.D 
Watewaster Discharge 

and Treatment 
CH4, NH3, N2O, 

NMVOC 

Country-specific, 
IPCC 2019, 

EMEP/EEA 2023 

Population coverage by 
disposal system and 

treated volume per plant 

SISS 2024b - 
CASEN  (MDSF, 

2024)  

2.1. Study area 147 

Located in the southern cone of South America, Chile extends approximately 4,250 km from 148 
approximately 17°30’S to 56°30’S and has a population of about 19 million inhabitants, according 149 
to INE population projections (INE, 2017a). Administratively, the country is divided into 16 150 
regions and 346 communes (the smallest administrative unit in Chile), which can be grouped into 151 
four macro-zones (Fig. 1) with distinct demographic, climatic, and geographic characteristics. 152 
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 153 
Figure 1. Map of continental Chile showing the four macro-zones defined in this study: Northern 154 
(red), Central (yellow), Southern (green), and Austral (blue). The boundaries of the 16 155 
administrative regions of the country are indicated. The left panel shows Chile in the context of 156 
South America, while the right panel presents the macro-zone delineation within the country. 157 
Basemap: Esri World Light Gray Canvas. Sources: Esri, HERE, Garmin, © OpenStreetMap 158 
contributors, and the GIS User Community. Powered by Esri. 159 

The northern macro-zone, extending approximately from 17°30’S to 32°10’S, includes the 160 
Atacama Desert and is dominated by arid and desert climates. The central macro-zone (32°10’S–161 
38°45’S) is characterized by Mediterranean and temperate climates, while the southern macro-162 
zone (38°45’S–44°00’S) exhibits temperate rainy conditions. Unlike previous versions of INEMA, 163 
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the present study distinguishes an austral macro-zone, extending from 44°00’S to 56°30’S 164 
(Sarricolea et al., 2017), characterized by cold temperate and subpolar climates. The separation 165 
between the southern and austral macro-zones was introduced to better capture the spatial 166 
heterogeneity of emission sources across southern Chile, particularly in livestock and waste 167 
sectors, which exhibit strong contrasts in activity levels between the two areas.  168 

2.2. Livestock 169 

Enteric fermentation is the main source of CH4 emissions in the livestock sector. It occurs during 170 
the microbial digestion of feed in animals, and it is particularly significant in ruminants, which 171 
have complex multi-chambered stomachs. The magnitude of these emissions varies according to 172 
animal species, age or physiological state, feed quality, and intake (FAO, 2023; IPCC, 2006). 173 

Manure management constitutes an additional source of emissions. CH4 and NMVOCs arise from 174 
the anaerobic decomposition of organic matter during manure storage and handling, while NH3 is 175 
emitted through the volatilization of total ammoniacal nitrogen (TAN). N2O emissions occur 176 
through nitrification and denitrification processes and are classified into direct emissions, which 177 
occur during storage and treatment, and indirect emissions, which result from nitrogen losses 178 
through volatilization and leaching. The magnitude and relative contribution of these emissions 179 
depend on production systems, feed intake, nitrogen excretion, storage conditions, and 180 
management practices (IPCC, 2019; EMEP/EEA, 2023). 181 

2.2.1. Activity data: 182 

Livestock population data, at the commune level, were obtained from CR2WU for the period 1950-183 
2021 in continental Chile (Boisier et al., 2024b), which provides communal scale counts 184 
disaggregated by species. For 2022, livestock populations were estimated by carrying forward the 185 
2021 values. The reference and access details for this dataset are provided in the Supplementary 186 
Material (Sect. S2; Table S2.1). 187 

For this study, the available livestock species were grouped into dairy cattle and non-dairy cattle 188 
(e.g., beef cows, bulls, steers, and calves), swine, poultry, and other species (sheep, goats, horses, 189 
mules, llamas, and alpacas). Livestock were further classified into low-intensity grazing systems 190 
and high-intensity confinement systems, according to production practices and manure 191 
management characteristics (see Table 2). Under this framework, low-intensity systems were 192 
assumed to involve animals raised in grazing areas where manure is directly deposited on soils, 193 
whereas high-intensity systems involve manure collected and managed within production 194 
facilities. This classification determines the manure-management characterization of each species, 195 
detailed in the Supplementary Material (Sect. S2; Table S2.4), following the manure-management 196 
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system distribution reported in INGEI (MMA, 2024a), while the corresponding spatial allocation 197 
(point sources for swine and poultry, and pastureland for dairy cattle) is described below. 198 

Different spatial proxies were applied according to the production system. For low-intensity 199 
systems, yearly communal livestock populations were allocated within pasture areas based on the 200 
1×1 km  (i.e., 0.01° x 0.01°) yearly land cover CR2LUC dataset (Boisier et al., 2024a, see 201 
Supplementary Material, Sect. S2, Table S2.1). Since the CR2LUC land cover dataset covers the 202 
1950–2020 period, the 2020 land cover was used as the spatial proxy for 2021 and 2022. For high-203 
intensity swine and poultry systems, populations were allocated to point sources using 204 
establishment records obtained from SAG via Chilean Transparency Law request (SAG, 2024; 205 
Table S3.1). As these records do not include annual timestamps, the same spatial distribution of 206 
establishments was assumed across the entire study period. When establishment data were 207 
incomplete (accounting for about 1 % of livestock heads within high-intensity systems), the 208 
remaining livestock population was distributed following low-intensity system proxies. Dairy 209 
cattle, although managed under high-intensity systems, were spatially allocated to pasture areas at 210 
the commune level using the CR2LUC land-cover proxy described above, reflecting that dairy 211 
production in Chile occurs predominantly on grazing land.  212 

Table 2.  Livestock categories, production systems, spatial units, and species estimated. 213 
Livestock type Production system Spatial Unit Pollutant estimated 

Swine 

High-intensity 
Establishment and 

Pasture Land Cover 
CH4, N2O,  

NMVOC, NH3 
Dairy Cattle 

Poultry* 

Non-dairy cattle* 
Low-intensity Pasture Land Cover CH4 

Other species 

*Poultry do not emit CH4 from enteric fermentation; therefore, this pollutant was not estimated for this group. 
Note: N2O, NH3, and NMVOC emissions were estimated only for animals in confinement systems, namely swine, 
dairy cattle, poultry and the fraction of calves (within non-dairy cattle) managed in confinement. A small fraction  
(<1 % ) lacking establishment-level information was assigned to the grazing system and excluded from these 
pollutants.  

2.2.2. Emission Estimation Methods  214 

Methane emissions from enteric fermentation were quantified only for livestock species with 215 
relevant enteric processes (dairy and non-dairy cattle, swine, and other livestock). In contrast, CH4 216 
emissions from manure management were estimated for all livestock species. Emissions of N2O, 217 
NH3, and NMVOC from manure management were estimated only for livestock raised under high-218 
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intensity confinement systems (swine, dairy cattle and poultry, and the fraction of calves within 219 
non-dairy cattle managed under confinement). Emissions associated with manure deposited 220 
directly on pasture (low-intensity grazing system, see Table 2) are excluded from this study and 221 
will be incorporated in future INEMA versions under the agricultural soils sector, as recommended 222 
by the IPCC (2006). All emissions were estimated as annual totals; therefore, the time index is 223 
omitted in the following equations for brevity. 224 

Enteric fermentation CH4 emissions (LEF CH4 in t yr-1) were calculated as the product of emission 225 
factor (EF, kg head-1 yr–1) and the animal population (N) for each livestock type (T) and production 226 
system (P), where the factor 103 converts kilograms to tonnes. Following the Tier 2 approach, 227 
country-specific emission factors were applied for dairy and non-dairy cattle, as reported in the 228 
national inventory (MMA, 2024a). For the remaining livestock categories, a Tier 1 approach was 229 
used, applying default IPCC values due to the lack of national coefficients for those species. 230 
Specific references for all emission factors used are provided in the Supplementary Material 231 
(Section S2; Table S2.2). The calculation is described in Eq. (1): 232 

 𝐿𝐸𝐹	𝐶𝐻4 	 = 	∑𝑇,𝑃 𝐸𝐹(𝑇,𝑃) ∙ &𝑁(𝑇,𝑃)
103
'      (1) 233 

Methane emissions from manure management (LMM CH4) were estimated using two approaches 234 
based on data availability. For dairy cattle, non-dairy cattle and swine, a Tier 2 approach was 235 
adopted by applying country-specific emission factor (kg CH₄ head ⁻¹ yr ⁻¹ ) derived from the 236 
INGEI (MMA, 2024a). In these cases, emissions were calculated directly as the product of the 237 
emission factor and the corresponding animal population.  238 

In contrast, a Tier 1 approach was used for the remaining livestock categories, applying default 239 
IPCC emission factors. For these species, emissions were estimated as the product of animal 240 
population (N), the volatile solids excreted per head (VS), the fraction of manure allocated to 241 
each management system (AWMS) and the default emission factor of the manure management 242 
system (EF), summed over each livestock type (T), production system (P), and manure 243 
management system (S), as shown in Eq. (2).  244 

𝐿𝑀𝑀	𝐶𝐻* =	 (∑+,,,- *𝑁(+,-) ∙ 𝑉𝑆(+,-) ∙ 𝐴𝑊𝑀𝑆(+,,,-) ∙ 𝐸𝐹+,,,-1/10005        (2) 245 

Volatile solids excretion rates (VS) were derived from typical animal mass (TAM) values obtained 246 
from INGEI (MMA, 2024a) and default IPCC volatile solids excretion parameters. For poultry, 247 
we applied the IPCC high-productivity emission factor (solid storage) rather than the Latin 248 
American low-productivity default, reflecting Chile’s predominantly industrial, confined poultry 249 
operations, with a broiler-representative TAM of 2.5 kg used to derive volatile solids. All specific 250 
references to these parameters, emissions factors, and the fractional distribution of the manure 251 
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management systems are provided in the Supplementary Material, Section S2; Table S2.2, S2.3 252 
and S2.4). 253 

Direct N2O emissions from manure management (LMM N2O), which occur directly within storage 254 
and treatment systems via combined nitrification and denitrification processes, were estimated as 255 
a function of the animal population (N), the nitrogen excretion rate (Nex), the fraction of manure 256 
managed in each animal waste management system (AWMS), and the emission factor (EF). 257 
Emissions were subsequently converted to N₂O using the molecular weight ratio of 44/28, as 258 
shown in Eq. (3). Country-specific nitrogen excretion rates for dairy cattle were taken from the 259 
INGEI (MMA, 2024a), while default values were applied for swine and poultry. The specific 260 
references to these values are detailed in the Supplementary Material (Section S2; Tables S2.3). 261 
Default IPCC emission factors (EF) were applied for all species, and their sources are detailed in 262 
the Supplementary Material (Section S2; Table 2.2). 263 

𝐿𝑀𝑀	𝑁.𝑂 =	 7∑, 7∑+,- 8*𝑁(+,-) ∙ 𝑁𝑒𝑥(+,-)1 ∙ 𝐴𝑊𝑀𝑆(+,,,-);< ∙ 𝐸𝐹(,)< ∙
**
./

         (3) 264 

Indirect N2O emissions, which result from the subsequent environmental conversion of nitrogen 265 
lost from the systems via volatilization (primarily as NH3 and NOx) and leaching or runoff, were 266 
calculated based on total nitrogen losses (Nlosses) attributed to volatilization and leaching, 267 
multiplied by the corresponding emission factor (EF), and converted to N2O using the 44/28 268 
molecular weight ratio. Nitrogen losses were estimated as the product of the animal population 269 
(N), the nitrogen excretion rate (Nex), the fraction of manure managed in each system (AWMS), 270 
and the specific fraction of nitrogen lost via each pathway (Fraclosses), as shown in Eq. (4). Most 271 
of these variables are consistent with those used in previous calculations described above. Default 272 
IPCC values were applied for nitrogen loss fractions (Fraclosses) and for volatilization and leaching 273 
emission factors; the specific references for these parameters are consolidated in Supplementary 274 
Material (Section S2; Table S2.2 and S2.3). 275 

𝑁012232 =	 =∑, 7∑+,- 8*𝑁(+,-) ∙ 𝑁𝑒𝑥(+,-) ∙ 𝐴𝑊𝑀𝑆(+,,,-)1 + 𝑁456(2); ∙ 𝐹𝑟𝑎𝑐012232(+,,)<B        (4) 276 

 277 

Notably, losses via leaching were only accounted for from the Ñuble Region to the south 278 
(approximately south of 36°S). This geographic threshold reflects the climatic conditions required 279 
for leaching to occur, specifically where annual precipitation exceeds evapotranspiration, 280 
conditions that are generally not met in the arid and semi-arid regions of northern and central 281 
Chile. 282 

Finally, NMVOC and NH3 emissions were estimated as the product of the animal population and 283 
the corresponding default emission factors; references for these factors are provided in the 284 
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Supplementary Material (Section S2; Table S2.2). It is important to note that these estimates were 285 
calculated independently for each pollutant; therefore, a full nitrogen mass-balance, ensuring strict 286 
consistency between NH3 and N2O pathways, was not performed. This approach follows the 287 
standard Tier 1 application of separate IPCC and EMEP/EEA guidelines.  288 

2.3. Solid Waste Disposal  289 

CH4 and NMVOC are the most relevant pollutants associated with gas generation in solid waste 290 
disposal (SWD) sites. CH4 generation occurs during the anaerobic decomposition of organic waste. 291 
This process begins shortly after waste deposition and can continue for several decades (IPCC, 292 
2006). Thus, the estimation of current emissions must account for waste deposited in previous 293 
years. The First Order Decay (FOD) model, recommended by the IPCC, is widely used to simulate 294 
the time-dependent degradation of degradable organic carbon and the gradual release of CH₄ 295 
(IPCC, 2006; Malmir et al., 2023; Merab et al., 2025). The magnitude of CH4 production depends 296 
on waste composition, climate, moisture content, and site management conditions (IPCC, 2019; 297 
Ishigaki et al., 2005; Spokas et al., 2003).  298 

NMVOC is released in much smaller quantities, as trace compounds, within gas emissions from 299 
disposal sites. Under the EMEP/EEA (2023) methodology, these emissions are represented as a 300 
fixed fraction of CH4 emissions. 301 

2.3.1. Activity Data 302 

To estimate emissions from solid waste disposal, annual solid-waste series were constructed at the 303 
commune level for the domestic and industrial sectors (Table S3.2 and S3.3); the reconstruction 304 
of earlier years is required because the First Order Decay model accounts for waste deposited in 305 
previous decades. The analysis of emissions focuses on the 2005–2022 period.  306 

A regional per-capita waste generation rate was calculated dividing the total regional waste 307 
quantities reported in the INGEI (MMA, 2024a) for the 1950 - 2022 period by corresponding 308 
regional population. This rate was multiplied by the commune-level population to obtain annual 309 
domestic waste generation for each commune. Population data, at both regional and commune 310 
level, were taken from commune level population series (1952-2024) constructed for this study 311 
from the 2017 Census and INE intercensal projections (INE, 2017a; Table S3.4). Waste 312 
composition was assigned using six material fractions (organic matter, paper/cardboard, plastics, 313 
glass, metals, and other; Table S2.5). Only biodegradable fractions were used to estimate CH4 314 
generation; plastics, glass and metals were excluded.  315 

Final disposal sites and their management types were identified using several SUBDERE datasets 316 
(2013, 2018, and 2024), which specify the facility in use and its management system for each 317 
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commune; the references to these databases are provided in the Supplementary Material (Sect. S2; 318 
Table S2.1).  Management systems were classified into managed and unmanaged sites, where 319 
managed sites correspond to sanitary landfills, and unmanaged sites include dumpsites and open 320 
dumps. An annual time series of active disposal sites and their management status was constructed 321 
for the full study period, assuming the temporal persistence of sites identified as active in 2012 322 
(SUBDERE, 2013) for preceding years, accounting for the reported opening of new facilities or 323 
the cessation of operations in others. From this series, the registry of domestic disposal sites, with 324 
each site's classification for 2005 and 2022, is reported in the Supplementary Material (Table 325 
S3.5). Domestic waste estimates for each commune were then allocated to the corresponding 326 
disposal site based on the yearly facility information.  327 

Annual industrial solid waste quantities (Table S3.3) were obtained from the RETC database 328 
(MMA, 2024b) for the 2015–2022 period. To extend this series back to 1960, we first 329 
reconstructed historical regional GDP as the product of national GDP series (World Bank, 2024) 330 
and the annual regional share of economic activity. Regional shares were compiled from the 331 
MIDEPLAN regional GDP splicing series (1960-2001; MIDEPLAN, 2004), and Central Bank 332 
regional accounts (2013-2022; BCC, 2024), with linear interpolation used to fill the intermediate 333 
years (2002-2012) (Table S2.1). Region-specific constant waste generation factors were then 334 
derived by dividing total reported industrial waste by regional GDP over the 2015-2022 baseline 335 
and applied to the reconstructed regional GDP for the 1960-2014 period. While we acknowledge 336 
that more elaborate approaches could be applied to refine these estimates, this methodology 337 
represents a necessary first-order approximation. We recognize the limitations of this constant-338 
factor assumption, and its potential impact on our results is explicitly discussed in Section 5; 339 
further refinements to this methodology will be considered in future versions of this dataset.  340 

Waste composition in the RETC database is reported using European Waste List (EWL) codes, 341 
which were grouped into six biodegradable categories: food, beverages, and tobacco (excluding 342 
sludge); pulp and paper; agricultural sludge and pulp residues; wood; textiles; and others. 343 
Construction and demolition waste was excluded from this study, as it consists primarily of inert 344 
materials with negligible potential for CH4 generation. 345 

Because facility-level reporting in the RETC is not consistent across years, a list of industrial 346 
disposal facilities was compiled by merging all reported facilities and retaining those with 347 
consistent presence over time. This registry, with each facility's classification for 2005 and 2022, 348 
is listed in the Supplementary Material (Table S3.6). Management types for each site were 349 
assigned based on the classifications provided in the RETC records (see Table S2.1). Regional 350 
industrial waste quantities were then allocated to the consolidated disposal facilities within each 351 
region.  352 
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Tables S3.5 and S3.6 report the full input registries of domestic (207) and industrial (238) disposal 353 
sites. During the spatial allocation, domestic and industrial sites whose gridded footprints fall 354 
within the same 0.01° cell (that is, co-located within the grid resolution, about 1 km) were merged 355 
into a single physical site and their emissions summed, yielding the 331 distinct sites reported in 356 
the Results. 357 

2.3.2. Emission Estimation Methods  358 

CH4 emissions from solid waste disposal were estimated following the First Order Decay (FOD) 359 
model recommended in the IPCC Guidelines (2006; 2019), while NMVOC emissions were 360 
estimated using the EMEP/EEA (2023) methodology.  361 

The estimation of CH₄ generated first requires quantifying the mass of degradable organic carbon 362 
available for decay (DDOCm), calculated as the product of the mass of waste deposited (W), its 363 
degradable organic carbon fraction (DOC, i.e. the mass of organic carbon per unit mass of waste 364 
that is potentially available for decomposition), the fraction of that carbon that actually 365 
decomposes under the anaerobic conditions of the disposal site (DOCf), and the methane correction 366 
factor (MCF). DOC and DOCf depend on waste composition, whereas MCF reflects the 367 
management conditions of the disposal site. Country-specific values for DOC, DOCf and MCF 368 
were derived from INGEI (MMA, 2024a) (Sect. S2; Table S2.3). 369 

𝐷𝐷𝑂𝐶𝑚! = 	𝑊𝑡 ∙ 𝐷𝑂𝐶 ∙ 𝐷𝑂𝐶𝑓 ∙ 𝑀𝐶𝐹           (5) 370 

Under the FOD formulation, decomposition follows first-order kinetics, meaning that the rate of 371 
degradation depends only on the remaining amount of degradable carbon at the site and on decay 372 
rate constant k (yr-1), whose IPCC default values vary with climate and waste type (Sect. S2; Table 373 
2.3). Therefore, emissions in a given year depend not only on the waste deposited in that year but 374 
also on the organic carbon accumulated from previous years. In line with the IPCC default 375 
modelling assumption, a one-year delay was assumed between waste deposition and the onset of 376 
methane generation. This ensures the inter-annual accumulation of degradable organic carbon 377 
mass (DDOCm) is accounted for throughout the study period (1960–2022). The mass of 378 
degradable organic carbon accumulated in the disposal site at year t (DDOCmat) is estimated as 379 
the sum of degradable organic carbon deposited during that year (DDOCmt) and the fraction of 380 
the carbon remaining from previous years (DDOCmat-1) that persists after decay (e-k), as shown in 381 
Eq. (6). The amount of DDOCm decomposed during year t is estimated as the fraction of the 382 
accumulated stock from the previous year that decays (Eq. 7).  383 

𝐷𝐷𝑂𝐶𝑚𝑎9	 =	𝐷𝐷𝑂𝐶𝑚9 	+	(𝐷𝐷𝑂𝐶𝑚𝑎9;< ∙ 𝑒;=)            (6) 384 

𝐷𝐷𝑂𝐶𝑚	𝑑𝑒𝑐𝑜𝑚𝑝9 =	𝐷𝐷𝑂𝐶𝑚𝑎9;< ∙ (1 − 𝑒;=)          (7) 385 

https://doi.org/10.5194/essd-2026-850
Preprint. Discussion started: 13 November 2026
c© Author(s) 2026. CC BY 4.0 License.



 

 

14 

This decomposed carbon is then converted into methane assuming that the generated landfill gas 386 
is 50 % CH4 by volume (F=0.5), as shown in Eq. (8), while the remaining fraction is released as 387 
CO2, along with minor amounts of NMVOC. The stoichiometric ratio 16/12 is applied to convert 388 
the mass of degraded carbon into CH4 mass.  389 

𝐶𝐻*𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑9 = 	𝐷𝐷𝑂𝐶𝑚	𝑑𝑒𝑐𝑜𝑚𝑝+ ∙ 𝐹 ∙ 16/12          (8) 390 

Annual CH4 emissions from each site (x) were calculated by adjusting the total generation for gas 391 
recovery (Rₜ) and oxidation in the site cover (OXₜ) as shown in Eq. (9). Recovered methane was 392 
reported at regional level by MMA (2024c), obtained through a Transparency Law request (Sect. 393 
S3; Table S3.7), and allocated to sanitary-landfills sites in proportion to their share of regional 394 
landfill generation. Oxidation followed the IPCC default value (OXx=0.1 for sanitary landfills; 0 395 
otherwise). A summary of these parameters, including their specific source, is detailed in the Sect. 396 
S2 (Table S2.3). 397 

𝑆𝑊𝐷"#> 	 = 	 /∑𝑥 𝐶𝐻4𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑𝑥,𝑡 − 𝑅𝑥,𝑡0 ∙ (1 − 𝑂𝑋𝑥)		       (9) 398 

Additionally, NMVOC emissions were estimated by multiplying the annual CH4 emissions from 399 
each disposal site by the corresponding default emissions factor. The source of this factor and its 400 
specific value are detailed in Sect. S2 (Table S2.2). 401 

2.4. Wastewater Treatment and Discharge 402 

Wastewater treatment and discharge (WWTD) emissions were estimated for domestic and 403 
commercial sectors. The industrial sector was excluded from this version due to difficulties in 404 
obtaining and processing national data. According to the national inventory, industrial wastewater 405 
represents a minor share of wastewater-sector emissions, dominated by domestic sources (MMA, 406 
2024a); its omission is therefore not expected to substantially affect national totals. Industrial 407 
wastewater will be incorporated in future updates. 408 

Emissions were estimated per pollutant according to the system and pathway involved. In Chile, 409 
wastewater disposal systems were classified into collected (sewer networks) and non-collected 410 
(on-site) systems; collected systems may or may not receive treatment before their effluent is 411 
discharged to receiving water bodies.  412 

CH4 was estimated for all system categories, because it is produced under the anaerobic conditions 413 
represented by the methane correction factor (MCF) of each system. N2O was estimated only for 414 
collected systems (treated and untreated) through the effluent pathway, i.e., from the nitrogen 415 
discharged to aquatic environments (IPCC, 2019). N2O produced inside treatment plants during 416 
nitrification and denitrification was not included, as it is significant only in facilities with 417 
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controlled biological nitrogen removal, which are not representative of Chile; it may be added in 418 
future updates. N2O from non-collected systems was likewise not included in this version, because 419 
their effluent infiltrates the soil rather than discharging to receiving waters, and the associated soil 420 
N2O is conventionally reported under agricultural soils (IPCC, 2019). NMVOC was estimated 421 
only for collected-treated systems, consistent with the volatilization of dissolved organic 422 
compounds during aerated treatment (EMEP/EEA, 2023). No comparable emission factor was 423 
available for untreated and on-site systems. NH3 was estimated only for septic systems, where 424 
ammonia volatilizes from the untreated effluent stored on site (EMEP/EEA, 2023). In sewered 425 
systems this volatilization is minor, and the nitrogen instead remains in the wastewater and is 426 
discharged in the effluent, where it is accounted for through the N2O pathway.  427 

2.4.1. Activity Data 428 

Two main activity data sources were used, depending on the pollutant and system type: treated 429 
wastewater volumes (SISS, 2024b; Table S3.8) and population (INE, 2017a; Table S3.4).  430 

Disposal systems were first classified using fractions derived from the CASEN survey (MDSF, 431 
2024; Sect. S2, Table S2.1), which distinguish sewer-connected (collected) from on-site (non-432 
collected) systems. As CASEN is not conducted annually, these fractions were interpolated and 433 
extrapolated over the study period. Computed at the regional level and by urban and rural area, the 434 
fractions (Table S3.9) were applied to the commune-level population (INE, 2017a; Table S3.4) to 435 
obtain the collected and non-collected population in each commune. Within the collected 436 
population, the treated and untreated shares were obtained from SISS sanitary coverage reports 437 
(SISS, 2024a; Table S3.10), which give the fraction of collected wastewater that receives treatment 438 
in each locality.  439 

For the treated fraction of collected systems, CH₄ and NMVOC emissions were based on the 440 
treated wastewater volumes (m³) reported by the SISS for the 2005–2022 period (SISS, 2024b; 441 
Sect. S2, Table S2.1), whereas N₂O was based on the corresponding population. For untreated-442 
collected and non-collected systems, all emissions were based on the commune-level population.  443 

Regarding spatial allocation, emissions from collected systems were assigned to the specific 444 
geographic coordinates of the treatment plants reported by SISS. Conversely, emissions from non-445 
collected systems, which occur in both urban and rural areas, were distributed using urban blocks 446 
and rural census entities as a spatial proxy, based on INE geodata (INE, 2017b). All data sources, 447 
including the SISS, CASEN, and INE population and cartographic data, are detailed in the 448 
Supplementary Material (Section S2; Table S2.1). 449 
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2.4.2. Emission Estimation Methods  450 

To estimate CH4 emissions, the total organic matter available for methane production (TOW) was 451 
first calculated based on biochemical oxygen demand (BOD). For collected-treated systems, TOW 452 
was derived from the product of wastewater volumes (m3) and BOD concentrations (kg BOD m-453 
3) reported by SISS. For collected-untreated and non-collected systems, TOW was estimated from 454 
commune-level population data and country-specific per-capita BOD values reported in INGEI 455 
(Sect. S2; Table S2.3).  456 

CH4 emissions were then estimated as the fraction of organic matter available for anaerobic 457 
degradation after accounting for sludge removal (S), multiplied by the system-specific emission 458 
factor (the product of the maximum CH4 producing capacity B0 and the methane correction factor 459 
MCF) (Eq. 10). These parameters are reported in the Supplementary Material (Sect. S2; Table 460 
S2.3). Sludge quantities for collected–treated systems were obtained from SISS records and scaled 461 
by a treatment specific removal factor; for collected–untreated systems no sludge removal was 462 
assumed (S = 0), while for non-collected systems a sludge fraction of 0.5 was applied only to septic 463 
systems and 0 to all other system types ( Sect. S2; Table S2.3). Where the estimated sludge removal 464 
exceeded the available organic load (S > TOW), CH4 was constrained to zero as a physical lower 465 
bound. 466 

𝑊𝑊𝑇𝐷	𝐶𝐻* 	= 	 ((𝑇𝑂𝑊@ −	𝑆@) 	 ∙ 𝐸𝐹@ 	5          (10) 467 

N2O emissions were estimated for collected systems (both treated and untreated) based on the total 468 
nitrogen load in collected wastewater (TN). TN was estimated using commune-level population 469 
(P), country-specific per-capita protein consumption, the fraction of nitrogen in protein (FNPR), and 470 
correction factors accounting for nitrogen from non-consumed protein, industrial and commercial 471 
co-discharge, and household products (NHH, FNON-CON, and FIND-COM), as shown in Eq. (11). Per-472 
capita protein consumption and nitrogen content of protein were obtained from INGEI, while 473 
default correction factors were applied (Sect. S2; Table S2.3). 474 

𝑇𝑁	 = 	 (𝑃 ∙ 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 ∙ 𝐹𝑁𝑃𝑅 ∙ 𝑁𝐻𝐻 ∙ 𝐹𝑁𝑂𝑁−𝐶𝑂𝑁 ∙ 𝐹𝐼𝑁𝐷−𝐶𝑂𝑀)           (11)	475 

The nitrogen discharged in the effluent (N) was obtained as the product of the TN and the fraction 476 
of nitrogen not removed during treatment (1 - NREM) (Eq. 12). In this version no nitrogen removal 477 
was assumed (NREM = 0), so the full nitrogen load is treated as discharged to the effluent. 478 

𝑁 = ∑@ (𝑇𝑁 ∙ (1 − 𝑁IJK,@) 5       (12) 479 

Finally, annual N2O emissions were estimated by multiplying the discharged nitrogen (N) by the 480 
default emissions factor (kg N2O-N per kg N discharged) for nitrogen discharged to aquatic 481 
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environments (Sect. S2; Table S2.2) and converting from N2O-N to N2O using the molecular 482 
weight ratio 44/28 (Eq. 13).   483 

𝑊𝑊𝑇𝐷	𝑁.𝑂 = 𝑁 ∙ 𝐸𝐹 ∙ **
./

       (13) 484 

NMVOC emissions were estimated for collected-treated systems using treated wastewater 485 
volumes, consistent with their generation through volatilization in aerated treatment processes. 486 
Emissions were calculated by multiplying the treated wastewater volumes by the default NMVOC 487 
emission factor (Sect. S2; Table S2.2). 488 

NH3 emissions were estimated only for septic systems (a subset of the non-collected systems), 489 
where volatilization of total ammoniacal nitrogen (TAN) occurs. Emissions were calculated by 490 
multiplying commune-level population data by the default NH3 emission factor (Sect. S2; Table 491 
S2.2). 492 

2.5. Grid 0.01° x 0.01° distribution  493 

Emissions were spatially allocated using a downscaling approach to the INEMA national grid at 494 
0.01° x 0.01° resolution. For this purpose, activity data were linked to spatial proxies representing 495 
either point sources (e.g., treatment plants, disposal sites, livestock establishments) or area sources 496 
(e.g., pastureland, urban and rural census units) (Table 3). Area-based sources were distributed 497 
proportionally to the share of each proxy overlapping a grid cell, while point sources were assigned 498 
directly to the grid cell containing their geographic coordinates. Grazing livestock emissions were 499 
distributed over the pastureland within each commune. In communes where livestock were present 500 
but no pastureland was mapped (mainly in the altiplano and semi-arid northern zones), these 501 
emissions were instead assigned to the commune centroid, ensuring that the full emission mass 502 
was conserved during the spatial allocation. 503 

Emissions were initially estimated in tonnes and subsequently converted to gigagrams (Gg) during 504 
the gridding process. As a result, emissions are provided as annual totals in Gg on a 0.01° x 0.01° 505 
spatial grid. 506 

Table 3: Spatial datasets and territorial units by sector for emission distribution 507 
Spatial source type Activity source Spatial unit / proxy Data/source 

Area Source 

Grazing livestock production* Pasture land cover CR2 LUC (Boisier et 
al., 2024a)  

Non collected wastewater Urban blocks and rural census 
entities INE, 2017b 
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Point Source 

Solid waste disposal Domestic and industrial sites 
RETC (MMA, 

2024b) SUBDERE, 
2013, 2018, 2024 

Collected wastewater Wastewater treatment plants SISS, 2024b 

Confined livestock production Livestock establishment SAG, 2024 

Note. Full data-source details are provided in Sect. S2 (Table S2.1); the spatial allocation of each source is described 
in the corresponding sector section. *Communes without mapped pastureland were allocated to the commune centroid. 

3. Results and discussion 508 

National emissions increased over the study period for all pollutants estimated in this study. CH4 509 
emissions increased by 37 % between 2005 and 2022, driven primarily by SWD. Meanwhile, N2O, 510 
NMVOC and NH3 emissions increased by 43 %, 58 %, and 64 %, respectively, mainly due to 511 
livestock manure management (Fig. 2). Because these sectors represent distinct socio-economic 512 
and biological processes, their contributions and temporal patterns differ, reflecting the internal 513 
drivers of each source. A summary of emissions for 2005 and 2022 is presented in Sect. S4; Table 514 
S4.1. 515 

Enteric fermentation shifted from the leading CH4 contributor in 2005 to the second largest in 516 
2022, as its emissions declined while the solid waste disposal sector grew rapidly (rising by 138 517 
%). Livestock manure management was the main contributor to N2O, NMVOC, and NH3 518 
emissions, increasing across all three pollutants over the study period. The wastewater sector made 519 
comparatively minor contributions to national totals. The current dataset includes only domestic 520 
wastewater; industrial wastewater is expected to be relatively small according to the national 521 
inventory (MMA, 2024a). 522 
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 523 
Figure 2. National annual emissions of CH₄, N₂O, NH₃, and NMVOCs in Chile, 2005-2022 (Gg 524 
yr-1). Colours denote sectors: SWD (green), LEF (blue), LMM (yellow), and WWTD (purple); the 525 
black line is the total.  526 

The livestock sector was a major contributor to national emissions throughout the study period. In 527 
2022, it accounted for 49 % of national CH4 emissions, predominantly from enteric fermentation, 528 
while manure management was the primary national source of NH3 (93 %), NMVOC (95 %), and 529 
N2O (75 %) that year. Contributions varied markedly across livestock species and management 530 
systems (Table 4). Detailed livestock population by species is presented in Section S4; Table S4.2.    531 

The decline in enteric CH4 emissions, from 268.9 Gg yr-1 in 2005 to 244.4 Gg yr-1 in 2022 (about 532 
9 %), is explained mainly by a contraction of the non-dairy cattle population, driven by economic 533 
pressures (Morales and Martinez, 2025; INE, 2025). Cattle remained the dominant source of LEF 534 
throughout the period, accounting for approximately 86 % of the emissions in 2022 (down from 535 
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88 % in 2005), followed by other livestock, predominantly sheep (about 9 %). The decrease was 536 
partially compensated by dairy cattle, whose enteric emission rose from 44.4 to 49.5 Gg yr-1 as 537 
dairy production intensified, while non-dairy cattle emissions fell from 192.0 to 160.2 Gg yr-1.  538 

Conversely, the increase in manure management emissions is driven by the growth of the swine 539 
and poultry populations, which together account for the majority of CH4, N2O, NH3, and NMVOC 540 
emissions from this source (84 %, 93 %, 92 % and 93 %, respectively, in 2022; Table 4). Within 541 
LMM, CH4 emissions grew over the period, particularly in the last five years, driven almost 542 
entirely by swine (swine manure CH4 rose from 3.7 to 20.7 Gg yr-1 between 2005 and 2022). 543 
Because manure CH4 remains a small fraction of national CH4 emissions, this growth is less 544 
apparent in Fig. 2. This trend is directly associated with the adoption of significantly higher 545 
country-specific emission factors for swine, as reported by INGEI (MMA, 2024a). Although the 546 
underlying drivers are not fully constrained, they likely reflect structural shifts in swine production 547 
systems, including modifications in manure management practices and feed intake (Baumberger 548 
et al., 2023). The dominance of swine and poultry within LMM reflects the prevalence of high-549 
intensity confined production systems.  550 

Table 4. Emissions from enteric fermentation and manure management by livestock type in 2005 551 
and 2022 (Gg yr⁻¹). 552 

  
Livestock type 

CH₄ (LEF) CH₄ (LMM) N₂O (LMM) NH₃ (LMM) NMVOC (LMM) 

2005 2022 2005 2022 2005 2022 2005 2022 2005 2022 

Poultry NA NA 7.81 11.17 1.75 2.49 10.03 16.25 9.99 15.86 

Dairy Cattle 44.36 49.54 3.42 3.25 0.18 0.15 3.06 2.89 1.21 1.12 

Other Cattle 192.02 160.17 1.99 1.82 0.06 0.07 0.58 0.6 0.37 0.38 

Other livestock 28.02 26.12 1.41 1.1 — — — — — — 

Swine 4.47 8.57 3.7 20.72 0.32 0.62 11.1 21.3 1.65 3.17 

Total  268.87 244.4 18.34 38.06 2.32 3.34 24.77 41.04 13.22 20.53 

Note: Poultry do not produce CH₄ from enteric fermentation. N₂O and NH₃ and NMVOC reported for non-dairy 
cattle correspond exclusively to the fraction of calves managed under confinement; emissions from grazing manure 
deposition (remaining non-dairy cattle and other livestock) are excluded here and will be reported under agricultural 
soils in future INEMA updates. NA: no applied 

While CH4 emissions from grazing are included (Table 4), the current estimates exclude NH3, N2O 553 
and NMVOC emissions from manure deposited on pasture. N2O from grazing is conventionally 554 
reported under agricultural soils (IPCC, 2019). The exclusion of grazing-related NH3 and NMVOC 555 
means that the relative contribution of swine and poultry may be overrepresented within the 556 
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agricultural sector (Castesana et al., 2018; MMA, 2024a). These grazing-related emissions are 557 
planned for inclusion in future updates of the INEMA inventory.  558 

The SWD sector showed the largest relative increase in CH4 emissions of all sectors (Fig. 2), rising 559 
by 138 % between 2005 and 2022. Its shares of national CH4 increased from 28 % to 49 %, marking 560 
it the dominant national CH4 source. This growth is driven primarily by a 68 % increase in the 561 
volume of biodegradable waste sent to final disposal, with domestic waste consistently the largest 562 
fraction. Because emissions grew faster than the waste volume, the trend also reflects evolving 563 
management practices; the share of waste disposed in sanitary landfills rose from 59 % in 2005 to 564 
87 % in 2022. Although this transition improved environmental control, it promoted more 565 
anaerobic conditions that unintentionally increase methane generation potential (IPCC, 2019; 566 
Bogner and Matthews, 2003). A temporary decrease in CH4 emissions in 2006-2010 (Fig. 3), 567 
coincided with a period of increased methane recovery.  568 

SWD also contributes to NMVOC emissions, which increased from 0.42 Gg yr -1 in 2005 to 1.0 569 
Gg yr -1 in 2022, about 5 % of national NMVOC emissions that year.  570 

 571 
Figure 3: Methane mass balance in Chile’s solid waste disposal sector, 2005-2022. Bars partitions 572 
total generated CH4 into oxidized (yellow), recovered (pink), and emitted (green) methane (Gg yr-573 
1).  574 

WWTD represented a relatively minor contribution to total national emissions (Fig. 2). However, 575 
it is a significant source of N2O, accounting for approximately 25 % of the national total in both 576 
2005 and 2022 (Sect. S4; Table S4.1). Within the wastewater sector, CH4 emissions remained 577 
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relatively stable, with a slight overall decline over the period despite population growth and rising 578 
wastewater generation, reflecting two opposing dynamics (Table 5). Emissions from collected 579 
systems increased with population growth and expanding sewer coverage, particularly in urban 580 
areas, but remained comparatively low because part of the organic load is removed as sludge 581 
before anaerobic degradation. Emissions from non-collected, by contrast, decreased overall and 582 
drove the net decline. Septic-system emissions rose as their coverage expanded, although sludge 583 
removal limiting CH4 generation. Latrine emissions, which have no sludge removal and therefore 584 
emit more per unit of organic load, decreased substantially. This drop in latrine emissions 585 
outweighed the septic-system and collected-system increases, producing the net downward trend. 586 

Finally, in a limited number of collected–treated cases, the independent reporting of treated 587 
volumes, BOD and sludge by SISS caused the estimated sludge removal to exceed the available 588 
organic load (S > TOW), producing negative CH4 values; these were constrained to zero, 589 
increasing the collected–treated CH4 total by about 2 %. 590 

NH3 emissions were estimated exclusively for septic systems (a non-collected category). As the 591 
population served by septic systems increased, wastewater NH3 emissions also rose by 43 % over 592 
the period (Table 5). NMVOC was estimated only for collected-treated systems, whereas N2O was 593 
estimated for collected systems (treated and untreated) via the effluent pathway. Both increased 594 
over time (Table 5), consistent with population growth, expanded sewer coverage and increasing 595 
volumes of treated wastewater.  596 

Table 5: Pollutant emissions from collected and non-collected wastewater systems in 2005 and 597 
2022 (Gg yr⁻¹). 598 

System 
CH4 N2O NMVOC NH3 

2005 2022 2005 2022 2005 2022 2005 2022 

Collected 5.40 6.52 0.8 1.13 0.01 0.02 — — 

Non collected 9.88 6.72 — — — — 2.29 3.28 

Total 15.28 13.24 0.8 1.13 0.01 0.02 2.29 3.28 

Regarding spatial distribution, in 2022 emissions of all evaluated pollutants were markedly 599 
concentrated in the central and southern zones of the country in (Fig 4). The spatial pattern of CH4 600 
emissions illustrates this heterogeneity, with diffuse livestock sources in the south. SWD emissions 601 
are highly localized in the central zone, particularly within the Santiago Metropolitan Region, 602 
which hosts about 40 % of the national population; as these are point sources concentrated in a 603 
few grid cells, this SWD dominance is most evident in the regional bars (Fig. 4). In contrast, LEF 604 
emissions dominate the southern zone as diffuse area sources across regions with extensive 605 
pasture-based cattle systems.  606 
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Other pollutants follow similar socio-economic and geographic drivers. The central zone 607 
concentrates large-scale, high-intensity confined swine and poultry production facilities; these 608 
specific agricultural clusters account for the vast majority of national agricultural N2O and NH3 609 
emissions within the LMM sector (Fig. 4). In contrast, the northern and austral zones contributed 610 
only marginally to national emissions of all evaluated pollutants, consistent with their low 611 
population density and limited agricultural and waste-sector activity. 612 

 613 
Figure 4: Emissions in 2022. Left: total CH₄ per 0.01° grid cell (Gg yr⁻¹, log scale); SWD point 614 
sources appear as small high-intensity cells but are quantified in the bars. Right: per-region 615 
stacked emissions of CH₄, N₂O, NH₃ and NMVOC by sector; note the different horizontal-axis 616 
scales. 617 
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These patterns are consistent with national sectoral trends observed over time. By incorporating 618 
precisely these sectors, the previous high-resolution inventory for Chile (Álamos et al., 2022) is 619 
complemented, providing a spatially explicit picture of how these pollutants, and methane in 620 
particular, are distributed across the country. Sectors still outside the present scope, such as 621 
agricultural soils, may also contribute and could modify the relative sectoral balance; their 622 
integration is planned for future versions of INEMA. A notable exception occurs for NMVOC: 623 
residential wood burning for heating is an important source of NMVOC in southern Chile (Álamos 624 
et al., 2022), so its inclusion would markedly increase NMVOC in the southern zone and shift the 625 
relative importance of the waste and livestock sectors for this pollutant, likely yielding a more 626 
balanced distribution between the central and southern zones. 627 

At finer scale, Fig. 5 zooms into the central zone and maps the leading emission sector within each 628 
0.01° grid cell, revealing a fine-grained mosaic in which landfill point sources (SWD) appear as 629 
discrete hotspots and livestock dominates the rural cells. Wastewater (WWTD) is the leading 630 
sector in a large number of cells; this reflects that it is the most spatially ubiquitous source, 631 
following population across the inhabited valleys, rather than the largest in absolute terms 632 
(nationally, WWTD is the smallest CH₄ source; see Fig. 2 and Table 5). The equivalent maps for 633 
N₂O, NH₃ and NMVOC are provided in Sect. S4; Fig. S4.1. 634 

635 
Figure 5: Leading emission sector for CH₄ per 0.01° grid cell over central Chile (Valparaíso, 636 
Metropolitan, O'Higgins), 2022. Colour shows the highest-emitting sector per cell, not its 637 
magnitude; WWTD leads widely only because it is the most spatially ubiquitous (population-638 
driven) source. SWD point sources appear as green cells.  639 
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4. Comparison and Assessment of Inventory Robustness 640 

4.1. Comparison with other inventories 641 

Emissions of CH4, N2O, NH3 and NMVOC for the period 2005-2022 were compared with the 642 
National GHG inventory INGEI (MMA, 2024a) and the global gridded product EDGAR (V.8; 643 
Crippa et al., 2024). The temporal evolution and sectoral contributions of these pollutants are 644 
illustrated in Fig. 6.  645 

Although INEMA and the official INGEI share several underlying national activity datasets, their 646 
critical distinction lies in spatial resolution: while INGEI aggregates data at a coarse regional level, 647 
INEMA delivers a high-resolution 0.01° x 0.01° grid specifically tailored for atmospheric 648 
modeling. Furthermore, discrepancies between these national datasets stem from updated emission 649 
factors and distinct sectoral scopes, whereas deviations from EDGAR are primarily driven by its 650 
reliance on global top-down statistical downscaling and generalized emission factors that 651 
consistently fail to capture local operational realities. 652 

Regarding specific pollutants, EDGAR reported higher absolute CH4 emissions than both national 653 
datasets while exhibiting a contrasting temporal behavior; whereas EDGAR showed near-stable 654 
emissions over the period, the national inventories displayed a sustained upward trend toward 655 
2022. This divergence is largely explained by differences in sectoral attribution, as EDGAR 656 
assigns a substantially larger share of CH4 emissions to WWTD and a much smaller contribution 657 
to SWD, which constitutes the dominant source in national datasets, thereby leading to a distinct 658 
structural configuration of national methane emissions.  659 

For N2O, emissions increased over time across all inventories, although national estimates showed 660 
stronger growth than EDGAR. Sectoral configurations differed markedly, as EDGAR attributed a 661 
large share of N2O to SWD (a sector excluded from national N2O inventories due to 662 
methodological tier approaches applied) while INEMA and INGEI identified LMM and WWTD 663 
as the dominant sources. Notable differences also arose between the two national datasets, where 664 
INEMA attributed the majority of N2O emissions to LMM, driving the observed historical 665 
increase, whereas INGEI reported stable LMM emissions and identified WWTD as the primary 666 
contributor.  667 

In the case of NH3, emissions exhibited increasing trends in both EDGAR and INEMA, with 668 
EDGAR consistently overestimating the total magnitude; while both identify LMM as the primary 669 
source, EDGAR includes emissions from SWD, whereas INEMA accounts for contributions from 670 
WWTD, and INGEI completely excludes NH3 due to its strict focus on greenhouse gases.  671 
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Finally, NMVOC emissions displayed the largest discrepancies among the three datasets, where 672 
INGEI showed a contrasting temporal trajectory, peaking mid-period and declining recently,  673 
EDGAR and INEMA displayed sustained upward trends. EDGAR reported consistently higher 674 
NMVOC magnitudes and, alongside INEMA, identified LMM as the principal contributor, 675 
whereas INGEI excluded this sector and attributed most NMVOC emissions to SWD, resulting in 676 
a considerably higher estimate from that specific source. 677 

 678 
Figure 6. Comparison of temporal emission trends and sectoral contributions for CH4, N2O, NH3, 679 
and NMVOCs across the INEMA, INGEI, and EDGAR inventories from 2005 to 2022, highlighting 680 
differences in magnitude and sectoral structure among datasets. 681 

Overall, differences in emission magnitudes, trends, and sectoral contributions reflect 682 
methodological contrasts across inventories. While national inventories rely on country-specific 683 
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information, discrepancies remain due to differences in livestock activity data and waste-sector 684 
methodologies. In contrast, EDGAR is based on global datasets and generalized assumptions that 685 
do not fully capture national circumstances, leading to systematic biases in both emission levels 686 
and sectoral attribution. These limitations underscore the importance of national products such as 687 
INEMA, which better represent country-specific activity patterns, management practices, and 688 
technological conditions.  689 

Complementing the temporal and sectoral analyses, the spatial distribution of emissions was also 690 
assessed through a comparison of gridded EDGAR and INEMA products. Figure 7 compares the 691 
spatial distribution of CH₄ emissions from INEMA and EDGAR over the central zone, placing the 692 
two gridded products side by side. In addition to the substantial differences in emission 693 
magnitudes, clear contrasts were observed in the spatial allocation of emissions. The EDGAR 694 
inventory distributed CH₄ emissions broadly across the national territory, with higher values over 695 
urbanized areas and pronounced hotspots in the Metropolitan Region. In contrast, INEMA showed 696 
a more spatially focused distribution, with emissions concentrated in pasture dominated areas 697 
associated with livestock enteric fermentation and in discrete point sources related to solid waste 698 
disposal sites (Fig. 7). 699 

These differences reflect the distinct spatial proxies and methodological approaches used by each 700 
inventory. EDGAR allocates emissions to grid cells using generalized spatial proxies, including 701 
population density, human settlement maps, and other broad indicators of activity to distribute 702 
national totals across space (Crippa et al., 2024), which can result in more diffuse spatial patterns 703 
and an apparent urban bias in some sectors. In contrast, INEMA explicitly incorporates the 704 
geographic location of major point sources and livestock activity, allowing for a more realistic 705 
representation of emission sources and spatial heterogeneity.  706 
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 707 
Figure 7. Spatial distribution of CH₄ emissions in central Chile for 2022, expressed as flux density 708 
(t km⁻² yr⁻¹, log scale). (a) High-resolution INEMA inventory (0.01°); (b) EDGAR v8.0 inventory 709 
at its native 0.1° resolution. Both panels share the same colour scale. 710 

Similar differences in spatial allocation between EDGAR and INEMA were observed for N2O, 711 
NH3, and NMVOC, although the dominant source regions varied by pollutant. The equivalent map 712 
comparisons for these species are provided in Sect. S4; Fig. S4.2. 713 

These contrasts highlight the limitations of global gridded inventories for representing national-714 
scale emission patterns and underscore the importance of country-specific datasets such as INEMA 715 
for spatially explicit analyses and the development of targeted mitigation policies. 716 

4.2. Comparison with top-down estimates 717 

Recent advances in imaging spectroscopy enable the direct detection and quantification of 718 
individual CH4 plumes from large point sources, providing independent measurements-based 719 
information that complements bottom-up inventories  (Petrescu et al., 2024). Here, INEMA was 720 
compared against CH4 plume retrievals from the Carbon Mapper platform  (Carbon Mapper, 2025; 721 
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data.carbonmapper.org), which integrates spaceborne and airborne observations from NASA and 722 
the airborne AVIRIS-NG spectrometer, all resolving plumes at approximately 30m spatial 723 
resolution. Because these sensors detect concentrated point sources rather than diffuse emissions, 724 
the comparison was restricted to the solid waste disposal (SWD) sector; diffuse sources such as 725 
livestock enteric fermentation cannot be retrieved with this approach and were therefore excluded.  726 

Over the 2023-2025 period, Carbon Mapper detected 184 CH4 plumes at 16 landfill sites across 727 
central and southern Chile (1-20 plumes per site; median 14). Individual plume fluxes 728 
(instantaneous emission rates, in kg h-1) were grouped into sites by spatial clustering using 10 km 729 
search radius and averaged to obtain a representative top-down flux per site, with the standard 730 
deviation across plumes taken as a measure of observational variability. For each site, the 731 
corresponding INEMA estimate was obtained by summing the annual SWD CH4 emissions of all 732 
0.01° grid cells falling within a 10 km buffer around the site and expressing them as an equivalent 733 
hourly rate, so that the bottom-up annual average flux and the top-down plume based flux could 734 
be compared on common ground (Fig. 8a). The agreement between both estimators was then 735 
evaluated on site-by-site bases (Fig. 8b). A 10 km buffer was adopted as a conservative margin 736 
that absorbs the offset between the plume-detection centroid and the gridded facility location, 737 
while remaining well below the minimum separation between sites (14.6 km); results were 738 
insensitive to this radius over the 3–10 km range. 739 

At the national scale, after merging co-located domestic and industrial sites (those sharing a 0.01° 740 
grid cell) and summing their emissions, INEMA resolves 331 distinct SWD facilities (compiled 741 
from the registries in Tables S3.5 and S3.6); yet emissions are highly concentrated, with just 16 742 
sites accounting for approximately 80 % of the sector’s CH4. All 16 landfills detected by Carbon 743 
Mapper correspond to high emitting facilities represented in INEMA, indicating full spatial 744 
coincidence between the detected plumes and the largest SWD sources in the inventory (Fig. 8a). 745 
Conversely, several high-emissions INEMA sites were not detected by Carbon Mapper, consistent 746 
with gaps in airborne flight coverage and satellite revisit frequency, and with the detection 747 
sensitivity of these instruments (limited to sources emitting on the order of ~100 kg h⁻¹ or more), 748 
rather than with differences in emissions magnitude. Across the 16 colocated sites, the two 749 
independent estimates are strongly and significantly correlated (Spearman ρ = 0.87; Pearson r = 750 
0.80 in log space) and all of them agree within one order of magnitude (88 % within a factor of 751 
three; Fig. 8b). Carbon Mapper fluxes are on average ~1.5 times higher than INEMA (median 1.4), 752 
although the summed emissions across the 16 sites differ by only 17 %. This overestimation is 753 
most pronounced at the smaller sites and disappears at the largest landfills, where the INEMA 754 
annual estimate matches or slightly exceeds the plume-based value (e.g. Loma Los Colorados, the 755 
country's main landfill). 756 
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These patterns are physically expected. Carbon Mapper retrievals capture episodic, near-757 
instantaneous plumes preferentially sampled under high-emitting conditions and favourable 758 
observing geometries, whereas INEMA reports annual-average, bottom-up fluxes for 2022; a 759 
moderate positive bias of the top-down values relative to the annual mean is therefore anticipated, 760 
particularly at smaller sites where a few high-emission overpasses dominate the average. At the 761 
largest landfills, where sustained high activity is better captured by both approaches, the two 762 
estimates converge. The comparison therefore primarily assesses spatial consistency and source 763 
relevance rather than exact temporal agreement, and the strong overlap between datasets confirms 764 
that a small number of high-emitting waste facilities dominate the sector and constitute priority 765 
targets for mitigation. More broadly, it illustrates the complementary value of top-down 766 
observations for supporting, evaluating, and progressively refining national bottom-up inventories 767 
such as INEMA. 768 

This consistency points to a clear opportunity for coordinated bottom-up/top-down work: national 769 
inventories such as INEMA can supply georeferenced priority targets, like the high-emitting 770 
landfills identified here, to guide targeted airborne and satellite campaigns, while the resulting 771 
plume-level measurements feed back into the inventory as independent constraints to verify and 772 
refine facility-level estimates. 773 
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774 

 775 

Figure 8. SWD sector CH₄: INEMA bottom-up inventory (2022) versus Carbon Mapper plume 776 
observations at 16 co-located landfills. (a) Site location; orange circles, sites detected by both 777 
datasets; squares, INEMA SWD grid cells (0.01°) coloured by CH4 emission; the inset zooms into 778 
the Metropolitan Region, with dashed circles showing the 10-km buffer used to match cells to each 779 
Carbon Mapper site. (b) Per-site annualized CH₄ fluxes (log–log): 1:1 line, factor-3 and factor-780 
10 agreement bands, and error bars (standard deviation across plume observations). (c) Site 781 
names (* open dump; others sanitary landfills). Basemap in panel (a): © OpenStreetMap 782 
contributors, © CARTO (https://carto.com/attributions). 783 

5. Progress, considerations, and next steps  784 

The updated INEMA emission inventory represents a substantial advance over previous national 785 
assessments by extending its sectoral coverage to include spatially explicit emissions from the 786 
livestock and waste sectors. This enhancement enables a more comprehensive characterization of 787 
national emissions of CH₄, N2O, NH3, and NMVOC. By combining national activity data, 788 
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georeferenced point sources, and sector-specific information, INEMA captures local conditions 789 
and production practices that are not adequately represented in global inventories, which typically 790 
rely on generalized proxies and harmonized datasets. In this sense, INEMA not only complements 791 
global products but also advances existing national datasets by providing high-resolution spatial 792 
information and by including air pollutants relevant for air quality and integrated assessment 793 
studies.  794 

The spatially explicit structure of INEMA allows for the identification of key emission drivers and 795 
distinct spatial patterns across sectors. In particular, it enables differentiation between spatially 796 
diffuse processes, such as enteric fermentation in livestock systems, and highly concentrated 797 
emissions associated with a limited number of point sources, especially within the waste sector. 798 
This level of detail enhances the inventory’s usefulness for the design of targeted mitigation 799 
strategies and supports territorial planning and policy development at regional and local scales. 800 

Despite these advances, several limitations remain. Some relevant emission sources are not yet 801 
included, notably agricultural soils and industrial wastewater, which may influence the 802 
interpretation of sectoral contributions, particularly for N2O and NH3. In addition, data gaps persist 803 
in certain subsectors, leading to partial reliance on default emission factors and an incomplete 804 
representation of small-scale or informal activities. For collected–treated systems, treated 805 
volumes, BOD and sludge are reported independently by SISS, which in some cases yields 806 
inconsistent sludge-to-load ratios. These constraints highlight areas where further data collection 807 
and methodological refinement are required. 808 

The emissions estimates also carry uncertainties that differ by pollutant and sector and no formal 809 
error analysis specific to INEMA was performed. Because INEMA inherits the emissions factors, 810 
methods and much of the activity data from the INGEI, the uncertainties reported by MMA 811 
(2024a) provide a valid reference for the magnitude of uncertainty in our estimates. As a reference, 812 
Chile’s national inventory reports a combined (Approach 1) uncertainty of -43.6 % / + 43.8 % for 813 
the national greenhouse-gas balance, with the waste sector among the largest contributors (MMA, 814 
2024a). For livestock, activity data (animal population from agricultural censuses and surveys) 815 
carry uncertainties of roughly 10 % to 40 % depending on the data source and gap-filling 816 
technique, and methane emission factors are comparatively well constrained for cattle (country-817 
specific, Tier 2) while relying on IPCC defaults for the remaining species (MMA, 2024a; IPCC, 818 
2019). Nitrous oxide carries by far the largest uncertainty: for the domestic wastewater, the INGEI 819 
reports a combined N2O uncertainty of about 139 % to 1539 %, reflecting the very wide range of 820 
the effluents emission factor, whereas the corresponding CH4 uncertainty is close to 70 % (MMA, 821 
2024a). For solid waste disposal, the combined CH4 uncertainty is on the order of 100 %, 822 
dominated by the first order deecy parameters (DOC, DOCf, MCF, k) and by activity data on the 823 
amount and composition of disposed waste (MMA, 2024a). Ammonia and NMVOC, estimated 824 
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with EMEP/EEA Tier 1 factors, are uncertain by roughly a factor of two (EMEP/EEA, 2023). 825 
Activity data derived from national census and administrative statistics are comparatively robust, 826 
although the spatial disaggregation to establishment locations and pasture areas adds uncertainty 827 
to the gridded fields. A formal quantitative (Monte Carlo) uncertainty propagation was not 828 
performed and is planned for a future INEMA release.  829 

Looking forward, the progressive integration of satellite and airborne based observations 830 
represents a promising pathway to further strengthen INEMA. Such data can improve the spatial 831 
characterization of emissions, help identify high-emitting sources, and provide independent 832 
information to support the refinement and evaluation of bottom-up estimates. Future developments 833 
of INEMA will therefore focus on expanding sectoral coverage, strengthening coordination with 834 
national institutions, and increasing the use of country-specific emission factors, with the aim of 835 
further enhancing the robustness, transparency, and policy relevance of the inventory. 836 

6. Conclusions 837 

Overall, CH₄, N₂O, NH₃, and NMVOC emissions from livestock and waste sectors were estimated 838 
at a spatial resolution of 0.01° x 0.01°, expanding the national emission inventory INEMA and 839 
delivering a substantially more complete representation of non-energy emissions in Chile and their 840 
evolution over the 2005–2022 period. 841 

The high-resolution estimates show that livestock and waste related activities play a central role 842 
in national non-energy emissions. For CH₄, solid waste disposal and livestock enteric fermentation 843 
emerge as the dominant contributors at the national scale, while livestock manure management 844 
accounts for the largest shares of N₂O and NH₃ emissions and represents a major source of 845 
NMVOC emissions. Between 2005 and 2022, emissions of all analyzed pollutants increased 846 
markedly, with CH₄ rising by 37 % and N2O, NH3, and NMVOC increasing by 43 %, 64 %, and 847 
58 %, respectively. These trends are consistent with changes in underlying activity drivers, 848 
including population growth, structural changes in livestock production systems, and increases in 849 
waste generation and management. 850 

Beyond national totals, the spatially explicit representation provided by INEMA reveals a 851 
combination of spatially diffuse sources, such as pasture-based livestock systems, and a strong 852 
concentration of emissions in a limited number of high-emitting facilities, particularly for methane 853 
from solid waste disposal. This spatial heterogeneity highlights clear opportunities for targeted 854 
and potentially cost-effective mitigation strategies. 855 

Comparisons with the national greenhouse gas inventory (INGEI) show general consistency in 856 
emission magnitudes and temporal trends. Differences in sectoral contributions arise primarily 857 
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from methodological choices, emission factors, and the spatial resolution of the inventories. While 858 
INGEI reports emissions at the level of administrative regions, the higher spatial resolution of 859 
INEMA allows emissions to be attributed to specific locations, providing additional insight into 860 
the geographic distribution of emissions. In contrast, discrepancies with the EDGAR inventory 861 
underline the limitations of global products based on generalized assumptions and emphasize the 862 
value of nationally grounded datasets. The strong spatial coincidence between high-emitting 863 
sources identified in INEMA and independent top-down observations from the Carbon Mapper 864 
platform further supports the reliability of the inventory, particularly for major point sources. 865 

Overall, this updated version of INEMA constitutes an evolving and policy-relevant tool for 866 
national reporting, atmospheric modeling, and mitigation planning. By improving the spatial 867 
representation of major emission sources and extending coverage to key pollutants beyond 868 
greenhouse gases, it strengthens the evidence base required to design effective climate and air 869 
quality strategies at national, regional, and local scales. 870 

Data Availability 871 

The complete INEMA v3.0 gridded dataset for Chile is freely available on Zenodo at 872 
https://doi.org/10.5281/zenodo.23169719 (Álamos Correa et al., 2026) under a CC BY 4.0 license. 873 
This version integrates the previously published sectors with the livestock and waste sectors 874 
(2005–2022) described in this paper. The data are provided as one compressed file per year, each 875 
containing one NetCDF (.nc) file per pollutant on a 0.01° × 0.01° grid, with one variable per 876 
emission sector expressed as annual mean flux (kg m⁻² s⁻¹) and a grid-cell area variable to derive 877 
annual totals. The sectors described in this paper correspond to the variables agl (livestock enteric 878 
fermentation and manure management combined), swd (solid waste disposal) and wwtd 879 
(wastewater treatment and discharge). 880 

The publicly available input datasets used to derive these emissions, together with their direct 881 
access links and access dates, are listed in Table S2.1 of the Supplement and cited in the reference 882 
list. Administrative datasets that are not publicly distributed (livestock establishment records, 883 
SAG; operational wastewater data, SISS; and landfill methane recovery data, MMA; all obtained 884 
through Chilean Transparency Law and institutional requests) are provided in the Supplement 885 
(Sect. S3) as summary tables and site- and plant-level listings, excluding their exact geographic 886 
coordinates. Third party datasets used for comparison and evaluation are available from their 887 
respective providers: the EDGAR v8.0 global inventory (Crippa et al., 2024; 888 
https://edgar.jrc.ec.europa.eu), the national greenhouse-gas inventory INGEI (MMA, 2024a), and 889 
CH₄ plume retrievals from the Carbon Mapper platform (Carbon Mapper, 2025; 890 
https://data.carbonmapper.org, last accessed 15 September 2025). 891 
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