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Abstract

Emission inventories at fine spatial and temporal scales were developed for light alka-
nes, volatile organic compounds (VOCs), and nitrogen oxides (NOx) from upstream and
midstream oil and gas operations in the Permian Basin oil and gas production region
for 2022–2024. The inventories were spatially aggregated at basin, county, and 12 km
by 12 km grid cell levels, and temporally resolved at hourly resolution, with underlying
methods capable of generating inventories at other spatial and temporal scales. Spatial
and temporal variability in emissions in the Permian were compared at various spatial
scales with inventories for the Marcellus oil and gas production region, developed using
the same methods. Emission sources that drive spatial and temporal variability differ by
regional production characteristics, the level of spatial aggregation, and emitted species.
Temporal variability in emissions decreases as the scale of spatial aggregation increases.
Among counties with at least 10 active producing wells, maximum-to-annual-average
hourly emission rate ratios reached 2.5 for methane, 2.8 for VOCs, and 2.3 for NOx. At
the 12 km by 12 km grid cell level, the corresponding maximum ratios were 33.7, 26.5,
and 13.9. These ratios illustrate the magnitude of short-term emission variability and the
extent to which peak hourly emissions can exceed annual average estimates, with potential
implications for episodic air-quality impact assessment. Compared with the gas-dominated
Marcellus Basin, the oil-dominated Permian Basin shows lower temporal variability in
hydrocarbon emissions due to fewer episodic gas production related sources (e.g., liquid
unloadings) and a greater contribution from near-continuous oil production related sources
(e.g., associated gas venting and tank flash). In contrast, NOx emissions exhibit higher tem-
poral variability in the Permian due to more frequent preproduction activities associated
with new well development. The spatially and temporally resolved emission inventories
by source category and chemical species can be further combined with chemical transport
modeling and air quality modeling to support assessment of regional air quality events,
such as localized and episodic ozone formation.

Keywords: emission inventory; spatial variability; temporal variability; methane emissions;
volatile organic compounds (VOCs); nitrogen oxides (NOx); ozone formation; oil and gas
production; Permian

Atmosphere 2026, 17, 870 https://doi.org/10.3390/atmos17090870

https://crossmark.crossref.org/dialog?doi=10.3390/atmos17090870&domain=pdf&date_stamp=2026-09-10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-1690-8091
https://orcid.org/0009-0007-4812-575X
https://orcid.org/0000-0003-2546-9617
https://doi.org/10.3390/atmos17090870


Atmosphere 2026, 17, 870 2 of 19

1. Introduction
The Permian Basin, located in western Texas and southeastern New Mexico, is one

of the largest oil and gas producing regions in the United States. In 2024, production in
the basin averaged 6.3 million barrels of oil per day and 25.4 billion standard cubic feet of
natural gas per day, accounting for nearly half of total U.S. crude oil production and 22% of
U.S. natural gas production. While oil and gas production in most other U.S. oil and gas
producing regions, such as the Eagle Ford, Bakken, and Appalachia, remained relatively
flat from 2023 to 2024, production in the Permian Basin continued to grow. Oil and natural
gas production increased by 0.37 million barrels per day and 2.7 billion standard cubic feet
per day, respectively, accounting for nearly all of the growth in U.S. oil and gas production.
The increased production was driven by continued development of new wells. In 2024, the
Permian Basin had more than 300 active drilling rigs, accounting for over half of the active
rigs operating in the United States [1,2]. The rapidly growing oil and gas production in
the Permian is accompanied by increased emissions of greenhouse gases, such as carbon
dioxide and methane, and increased emissions of volatile organic compounds (VOCs) and
nitrogen oxides (NOx), which are precursors for atmospheric ozone formation.

The frequent development of new wells in the Permian Basin underscores the need for
spatially and temporally resolved emission inventories, especially for emissions of ozone
precursors. Activities associated with new well development, such as drilling, hydraulic
fracturing, and well completion that occur over short periods of time and at locations
that change frequently, may introduce significant temporal and spatial variability in oil
and gas emissions that can lead to localized formation of ozone [3]. In addition, oil and
gas emissions exhibit substantial spatial and temporal variability. Spatial and temporal
variability in emissions can be contributed not only by large unintended emission events,
such as those from liquid storage tanks and equipment leaks [4–6], but also by intermittent,
routine operations, such as extensive venting and flaring [7]. For example, intermittent
methane venting from manual liquid unloadings at a relatively small fraction of well
pads produced an approximately twofold temporal variation in the basin-scale methane
emissions from dry gas production region in the U.S. [8].

Because ozone is regulated in the United States based on the highest observed concen-
trations of ozone, emission events that lead to rapid formation and accumulation of ozone
can impact whether a region attains National Ambient Air Quality Standards. Inventories
that rely on annual averaged activity and emission data or developed at coarse spatial
and temporal resolution may not fully capture the variability and magnitude of emissions
associated with ongoing development in the basin and may not accurately predict localized
ozone formation events. For example, the U.S. Greenhouse Gas Inventory (GHGI) [9] pro-
vides annual national-scale estimates of greenhouse gas emissions, while the Greenhouse
Gas Reporting Program (GHGRP) [10] reports annual emissions from facilities with emis-
sions above certain thresholds. The National Emissions Inventory (NEI) [11], released every
three years, includes facility-level emissions for point sources and county-level estimates
for many nonpoint sources such as individual well sites. In Texas, the Texas Commission
on Environmental Quality (TCEQ) Point Source Emissions Inventory [12] reports annual
emissions from facilities that meet state reporting requirements. The annual reporting
and spatial aggregation of these commonly used national and state emission inventories
can limit their ability to capture fine-scale spatial and temporal variability associated with
rapidly changing oil and gas activities. Inventories developed from recent studies based on
multi-scale measurements have improved the spatial resolution but remain limited in their
ability to represent short-term temporal variability. For example, Zhang et al. [7] devel-
oped a methane inventory for the Permian Basin at approximately 10 km grid resolution,
representing annual emissions in 2018, and derived monthly methane emissions at ap-
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proximately 30 km grid resolution from May 2018 to March 2019 using satellite inversions.
Omara et al. [13] developed a methane inventory for the Permian Basin at approximately
1 km grid resolution, representing annual emissions for 2021. Methods for developing
basin-wide, spatially and temporally resolved inventories have been reported in the Mar-
cellus oil and gas production region [14]. Inventories for methane, ethane, VOCs and
NOx were developed at one-hour resolution for the year 2023 at the county level for the
entire basin with >200,000 oil and gas production sites. Emissions were simulated using
county-level “aggregated wells”, where each “aggregated well” represented the summed
production volumes and equipment counts from wells with the same production type (e.g.,
dry gas, wet gas, or oil) within the county. These county-average well types could then be
spatially allocated based on the locations of the wells and other facilities.

This work improves methods for developing large-scale, spatially and temporally
resolved emission inventories across oil and gas production basins by performing emission
estimation at the finest practical resolution for each source category, rather than utilizing
county level average well characteristics. Emissions from sources with more complex spatial
and temporal variability, such as from pre-production activities and liquid unloadings, are
estimated at the individual well level, while other emissions are estimated at the grid cell
or county level using spatially resolved activity data and emission factors derived from
representative distributions of emissions. This level of detail is required in regions like the
Permian Basin that have been in operation for much longer periods than regions like the
Marcellus. In the Permian, wells with very different ages and equipment configurations are
located in close geographical proximity. Consequently, county average configurations will
not represent equipment configurations accurately. Emission inventories of light alkanes
(methane, ethane, propane, butanes), VOCs, and NOx in the Permian Basin for 2022 through
2024, from a total of ~170,000 well sites, were developed at the basin, county, and 12 km
by 12 km grid cell levels, and temporally resolved at hourly resolution, with underlying
methods capable of generating inventories at finer spatial scales. As a region dominated
by oil production and with both older production operations and frequent new well
development activities, the temporal and spatial distributions of emissions in the Permian
Basin differ from those in newer gas production dominated regions, like the Marcellus. To
demonstrate this contrast, temporal and spatial variability of predicted emissions in the
Permian were compared to those in the Marcellus oil and gas production region.

This work provides a framework for developing large-scale, high-resolution invento-
ries of oil and gas emissions, characterizing the distribution and variability of emissions,
and identifying sources of spatial and temporal variability across different production
scenarios, emission species, and spatial scales of emissions aggregation. The resulting
inventory can be integrated with chemical transport modeling and air quality and health
impact analyses to identify potential hotspots of elevated air pollution. This framework
can support assessment of the broader air-quality impacts of oil and gas development,
including the identification of spatial and temporal patterns in ozone precursor emissions
and their potential contributions to regional ozone formation.

2. Methodology
2.1. Study Domain and Emission Sources

The Permian Basin study domain consists of 62 counties in Texas and 4 counties in
New Mexico, 60 of which had at least 1 active producing well during 2022–2024; 55 of those
had at least 10. County boundaries and locations of active producing well sites, midstream
sites, and flare sites are shown in Figure 1, representing production in the year 2023. The
study domain was divided into 12 km by 12 km grids used in aggregating the emission
inventories. Annual production, active producing well counts by production type, and the
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number of completions in the year 2023 and in other simulation years are summarized in
Table 1 and in the Supporting Information (SI).

Figure 1. (a) County boundaries used for inventory aggregation (left) and locations of active produc-
ing well sites and flare sites within the study domain in 2023 (right); (b) locations of gas processing
plants and transmission facilities overlaid with 12 km by 12 km grid cells and county boundaries
(left), and a zoomed-in view of Midland County and the core grid cells (right).

Emissions from a total of ~170,000 wells within the Permian Basin, with active pro-
duction in 2022, 2023, and 2024, were simulated. Of these wells, ~80% are oil wells with
>40% of total wellhead energy production associated with liquids; ~13% are wet gas wells
with 1–40% of wellhead energy production associated with liquids; the remainder are dry
gas wells with <1% of wellhead energy production associated with liquids. On average,
around 6700 wells were completed or re-completed at least once each year, about 90% of
which were new wells brought into production. Among the three simulation years, 2023
had the highest number of new wells, with nearly 7000 completions [15].
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Table 1. Annual production, active producing well counts by production type, and number of
completions in the Permian Basin and in Midland County in 2023.

Permian Basin Midland County

Annual gas production (BCF) 8520 830

Annual oil production (million BBL) 2174 234

Annual water production (million BBL) 8384 597

Total active wells simulated 155,985 8549

Number of wells completed 6968 643

Number of completions 6995 642

Dry gas wells 12,227 0

Wet gas wells 19,796 378

Oil wells 123,962 8171

Inventories of methane, ethane, propane, butanes, volatile organic compounds (VOCs)
and NOx were developed for the years 2022–2024 at three spatial levels: the 12 km by 12 km
grid cell level, the county level, and the basin level. Emission sources in the study domain
include pre-production sources (including drilling engines, hydraulic fracturing pumps,
and well completions), production sources (including artificial lift engines, associated gas
venting, condensate and water tank flash, pneumatic controllers, chemical injection pumps,
heaters, liquid unloadings, and leaks), as well as emissions from gathering compressor
stations, gas processing plants, gas transmission facilities, and flare sites. Locations of well
sites (for pre-production and production sources) were determined from public data [15].
Gathering and boosting sites were assumed to be evenly distributed, with nine sites per 12 km
by 12 km grid cell. This corresponds to one site per 4 km by 4 km sub-grid, obtained by
dividing each 12 km by 12 km grid cell into nine equal cells, which is consistent with the
density of gathering and boosting sites observed in satellite imagery [16]. Gas processing
plants and transmission facilities were obtained from the U.S. Environmental Protection
Agency (EPA) Greenhouse Gas Reporting Program (GHGRP) [10] and manually verified
using satellite imagery [17]. Flare locations were based on annual gas flaring estimates [18–21]
with Visible Infrared Imaging Radiometer Suite (VIIRS) observations [22].

Midland County in Texas, located in the center of the Permian Basin, was selected as a
case study region for detailed emissions modeling for 2023 and 2024. Annual production,
active producing well counts by production type, and the number of completions in 2023
in Midland County are summarized in Table 1, with corresponding data for 2024 provided
in the Supplementary Materials. Midland County is one of the most active producing areas
in the basin. In 2023, 8549 wells were actively producing in the county, representing 5.5% of
the total well count in the basin. Gas and oil production from Midland County accounted
for about 10% of the total gas and oil production in the basin [15]. All well site sources in
Midland County were simulated at the individual well level before being aggregated into
grid cells, with additional grid- and county-level simulations generated for comparison to
evaluate the effectiveness of simulations at aggregated spatial scales. The twelve core grid
cells used to aggregate well-level simulations, with most of each grid cell lying within the
county boundary, are shown in Figure 1. In other parts of the basin, most well site sources
were represented only at the grid or county levels to reduce computational requirements,
as described in later sections.
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2.2. Emission Compositions

Source-specific hydrocarbon emission compositions were estimated using the Emis-
sion Composition Tool (ECT), a searchable thermodynamic database constructed with
empirical data and thermodynamic models [23]. The ECT predicts composition profiles for
well stream, produced gas, condensate tank flash, and water tank flash, by returning the
closest matching record in the database. The match is based on a set of inputs including
separator operational parameters (pressure and temperature), well production characteris-
tics (API gravity of liquids produced and gas-to-oil ratio of the well), and produced gas
compositions. Median values of separator pressure (200 psia) and temperature (80 ◦F)
based on public data reports in the Permian Basin, and average API gravity (51.5◦), gas-
to-oil ratio (11,500 SCF/BBL), and produced gas compositions (methane: 72.9%, ethane:
13.8%, and propane: 6.83%, by molar fraction) based on public data available for Midland
County and Andrews County in Texas, were used as input [16]. Predicted compositions
of methane, ethane, propane, n-butane and iso-butane, and VOCs for each composition
profile are summarized in Table 2. The sum of propane and butane emissions was used as
a surrogate for VOC emissions from condensate tank flash. The predicted compositions
represent typical conditions in the Permian Basin but do not capture potential spatial
variability in hydrocarbon compositions across the basin. This may affect the magnitude
of species-specific emission estimates in different regions. However, this limitation is not
expected to substantially affect the spatial and temporal distribution of emissions.

Table 2. Hydrocarbon emission compositions applied in inventories.

Composition Profile Methane Ethane Propane n-Butane iso-Butane VOCs

Produced gas
(molar fraction) 74.3% 14.8% 6.06% 1.68% 1.05% 9.76%

Well stream
(molar fraction) 68.0% 14.0% 6.22% 2.18 1.25 16.96

Condensate tank flash
(kg/bbl oil produced) 1.03 2.02 4.06 4.90 2.19 11.2 *

Water tank flash
(kg/bbl water produced) 0.0359 0.0187 0.00895 0.00267 0.00461 0.0191

* Calculated as the total mass of propane and butanes in condensate tank flash.

The predicted hydrocarbon emission compositions were applied to emissions from
all sources except drilling engines and hydraulic fracturing pumps, which use diesel fuel
and therefore have different emission compositions than estimated using the ECT. For the
sources with compositions estimated using the ECT, well stream compositions were applied
to emissions from well completions and liquid unloadings; condensate tank flash and water
tank flash compositions were applied to condensate and water tank flash; and produced
gas compositions were applied to all the other sources except leaks. Leak compositions
were assigned either produced gas or well stream compositions, depending on the leak
location [24].

Emission compositions of drilling engines and hydraulic fracturing pumps were
obtained from the EPA 2020 Nonpoint Oil and Gas Emission Estimation Tool (V1.3) (referred
to as the EPA Nonpoint Oil and Gas Tool in the following text) [25], as described by Chen
et al. [14]. Only methane, VOCs, and NOx emissions were estimated for these sources, and
other hydrocarbon emissions were assumed to be negligible.

NOx emissions were estimated only for sources involving combustion. For well site
combustion sources including drilling engines, hydraulic fracturing pumps, artificial lift
engines, and heaters, NOx emissions were estimated using the EPA Nonpoint Oil and
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Gas Tool [25]. For gathering compressor stations, gas processing plants, gas transmission
facilities, and flares, NOx emissions were estimated by applying NOx-to-methane ratios
calculated from EPA AP-42 emission factors [26] to the portion of methane emissions
attributed to combustion. Methods were described by Chen et al. [14].

2.3. Emission Estimation Methods

Hydrocarbon and NOx emissions were estimated using publicly available models,
including the Methane Emission Estimation Tool (MEET) [27], the EPA Nonpoint Oil and
Gas Tool [25], the Inventory of U.S. Greenhouse Gas Emissions and Sinks (GHGI) [9],
U.S. Greenhouse Gas Reporting Program (GHGRP) [10], Compilation of Air Pollutant
Emissions Factors from Stationary Sources (AP-42) [26], and empirical models and datasets
based on field measurements [28–32] and satellite observations [18,22]. Emissions were
estimated from source categories including pre-production sources (including drilling
engines, hydraulic fracturing pumps, and well completions), production sources (including
artificial lift engines, associated gas venting, condensate and water tank flash, pneumatic
controllers, chemical injection pumps, heaters, liquid unloadings, and leaks), gathering
compressor stations, gas processing plants, gas transmission facilities, and flares.

In Midland County, pre-production and production sources that occur on well sites
were simulated at the individual well level before being aggregated into the 12 km by 12 km
grid cells. Detailed simulation methods per emission source were described in previous
work [14,16]. For the basin wide simulation, these well site sources were simulated mostly
at an aggregated spatial level, except for well completions and liquid unloadings which had
more complex temporal characteristics. For these sources, simulations remained spatially
assigned at the individual well level. The methods for simulating sources at an aggregated
spatial level were described by Graves et al. [16]. Briefly, time series of aggregated activity
data at the 12 km by 12 km grid level or county level were combined with averaged
emission factors per source, to predict time series of emissions per source. Equipment
counts per well for well-site equipment, including pneumatic controllers, chemical injection
pumps, meters/piping, and heaters, as well as the fraction of wells with liquid unloading
operations, used in emission estimates for 2022–2024 were taken consistently from the 2022
Inventory of U.S. Greenhouse Gas Emissions and Sinks (GHGI) [9], which was the most
recent version available at the time the simulations were conducted. These activity data
were expected to remain relatively stable over time. Other activity data, including locations
of active producing wells, and gas, oil, and water production per well, were collected
on a monthly basis, while pre-production and completion schedules were resolved on a
daily basis.

Based on field observations, Chen et al. [14] assumed controls on tanks based on the
existence of oil production on site. Both oil and water tanks were assumed to be present on
well sites. Tanks on sites with oil production were assumed to be controlled at 95% efficiency,
whereas tanks on sites with no oil production had no controls applied. Graves et al. [16]
based the presence or absence of tank controls on regulatory requirements. Under federal
regulation [33], control of methane emissions from tanks and other oil and gas sources
has been required since 18 September 2015. Accordingly, a control efficiency of 95% was
applied to wells with completion dates on and after 18 September 2015, while no controls
were applied to wells completed earlier. In this work, the tank control strategy based on
regulatory requirements was applied in the base case analyses, with an additional sensitivity
scenario defining control strategy based on the volume of oil production provided in the
Supplementary Materials.

For gathering compressor stations, gas processing plants, gas transmission facilities,
and flares, emissions were estimated as site total emissions, as described in previous
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work [14,16]. Specifically, for gathering compressor stations, emission factors were de-
veloped as a function of site throughput are therefore highly sensitive to the throughput
assigned to each compressor station [29]. However, site-specific throughput data for gather-
ing compressor stations were not readily available. Nine compressor stations were assumed
within each 12 km by 12 km grid cell. The total gas production within each grid cell was
then evenly distributed among the nine compressor stations and used as the throughput for
each site. The assumed uniform distribution of gathering compressor stations and the equal
allocation of grid-level gas production among these stations within each 12 km by 12 km
grid cell may affect site-level emission estimates and fail to capture spatial variability in
emissions from gathering compressor stations within individual 12 km by 12 km grid cells.
However, these assumptions are not expected to substantially affect emission estimates
aggregated to the 12 km × 12 km grid-cell level, which is the finest spatial resolution used
for inventory aggregation in this work.

Chen et al. [14] evaluated the effects of engine types (4-stroke lean-burn (4SLB) versus
4-stroke rich-burn (4SRB)) used in gathering compressor stations, gas processing plants, and
gas transmission facilities on the temporal variability of NOx emissions. Greater temporal
variability in NOx emissions was observed with 4SLB engines. 4SLB engines, which
are more frequently observed in the field, were assumed in the base case scenario, with
additional sensitivity runs using 4SRB engines provided in the Supplementary Materials.

3. Results and Discussion
3.1. Inventories at Various Spatial Scales

Figure 2 shows county-level distributions of active producing wells and annual av-
erage hourly emission rates of methane, VOCs, and NOx in the Permian Basin in 2023.
Counties with larger numbers of active wells generally show higher annual average hourly
emission rates, particularly across southeastern New Mexico and western and central Texas.
County-level hydrocarbon and NOx emission rates span several orders of magnitude.
Methane emission rates range from less than 10 to 15,695 kg/h, with a mean of 2155 kg/h
and 25th, 50th and 75th percentiles of 112, 515, and 3006 kg/h, respectively. County-level
VOC emission rates average 7028 kg/h, with corresponding percentiles of 230, 1555, and
11,158 kg/h and a maximum of 59,791 kg/h. County-level NOx emission rates average
512 kg/h, with corresponding percentiles of 10, 61, and 368 kg/h and a maximum of
7644 kg/h. Average emission rates of methane, VOCs, and NOx in Midland County are
8783, 28,247, and 1526 kg/h, representing emission rates within the top 5–10% among the
60 counties with active production in the basin.

Table 3 presents statistics of hydrocarbon and NOx emissions for the basin and Mid-
land County in the year 2023, with inventories simulated at the county level. Average
hydrocarbon and NOx emission rates in Midland County accounted for about 7% and 4%,
respectively, of average hydrocarbon and NOx emission rates in the basin. NOx emissions
exhibit greater temporal variability, with higher maximum to average emission rate ratios
at both basin and county levels, compared to hydrocarbon emissions. Statistics of hourly
emission rates for other simulation years are available in the Supplementary Materials.
Hourly inventories for 2022, 2023 and 2024 by species by source aggregated in the Permian
Basin and in Midland County are also provided in the Supplementary Materials. The com-
parison of Midland inventories simulated at the individual well level and then aggregated
to the twelve core grids within the county (shown in Figure 1), versus those simulated
directly at the 12 km resolution grid level is provided in the Supplementary Materials. The
two inventories agree well in both emission magnitude and temporal variability, with dif-
ferences in annual total emissions of less than 1% for both hydrocarbon and NOx emissions
when all sources are aggregated. Larger differences occur for some individual sources and
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are primarily due to differences in how active equipment and emission factors are assigned
in the grid-level and well-level simulations, rather than the effect of spatial aggregation
(see Supplementary Materials).

Figure 2. County-level distributions of (a) active well count and annual average hourly emission rates
of (b) methane, (c) VOCs, and (d) NOx across the Permian Basin in 2023. The six counties without
active producing wells during 2022–2024 are filled with diagonal line patterns.

Table 4 presents the distribution of maximum to annual average hourly emission rate
ratios among 805 12 km by 12 km grid cells and 55 counties with at least 10 active producing
wells across the Permian Basin in 2023. An additional 207 grid cells and five counties with
less than 10 active producing wells were excluded from statistical analyses to avoid bias
associated with aggregating emissions from only a small number of sources. Maximum
to average emission rate ratios decrease as the scale of spatial aggregation increases. At
the county level, maximum hourly hydrocarbon emission rates could be about 2–3 times
higher than the annual average hourly rate, whereas at the 12 km by 12 km grid cell
level, maximum hourly hydrocarbon emission rates could be over 30 times higher than
the annual average hourly rate. At the county level, hydrocarbon and NOx emissions
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exhibit comparable temporal variability. At the grid level, however, NOx emissions show
higher temporal variability, due to the spatially and temporally clustered drilling and
fracturing activities.

Table 3. Distributions of methane, ethane, propane, butanes, VOCs, and NOx hourly emission rates
for the basin and Midland County in 2023.

Species Mean
(Tonnes/h)

Median
(Tonnes/h)

75th
Percentile
(Tonnes/h)

90th
Percentile
(Tonnes/h)

Max
(Tonnes/h)

Max-to-
Mean Ratio

Basin

Methane 129.3 129.2 130.2 131.2 134.9 1.04

Ethane 105.0 105.1 106.1 106.8 108.8 1.04

Propane 159.4 159.8 161.3 163.1 164.5 1.03

iso-Butane 79.71 80.01 80.81 81.72 82.20 1.03

n-Butane 174.1 174.8 176.6 178.6 179.5 1.03

VOCs 421.7 422.7 427.0 431.6 438.6 1.04

NOx 30.76 30.72 31.81 32.82 34.48 1.12

Midland County, TX

Methane 8.783 8.737 8.957 9.104 9.774 1.11

Ethane 7.041 7.023 7.115 7.198 7.544 1.07

Propane 10.70 10.69 10.76 10.86 11.23 1.05

iso-Butane 5.326 5.324 5.357 5.386 5.547 1.04

n-Butane 11.68 11.68 11.75 11.80 12.14 1.04

VOCs 28.25 28.22 28.43 28.83 29.98 1.06

NOx 1.526 1.525 1.795 1.929 2.314 1.52

Table 4. Distributions of maximum to annual average hourly emission rate ratios among 805 12 km
by 12 km grid cells and 55 counties with at least 10 active producing wells across the Permian Basin
in 2023.

Species Mean std Min 25% 50% 75% Max

Distributions of ratios among 805 grids

Methane 1.8 1.8 1.0 1.1 1.4 1.9 33.7

Ethane 1.5 1.1 1.0 1.1 1.3 1.5 18.6

Propane 1.4 0.7 1.0 1.1 1.2 1.4 11.0

iso-Butane 1.3 0.7 1.0 1.1 1.2 1.3 11.3

n-Butane 1.3 0.7 1.0 1.1 1.2 1.3 12.0

VOCs 1.7 1.7 1.0 1.2 1.3 1.5 26.5

NOx 2.2 1.7 1.0 1.1 1.4 2.9 13.9

Distributions of ratios among 55 counties

Methane 1.3 0.3 1.0 1.1 1.2 1.4 2.5

Ethane 1.2 0.2 1.0 1.1 1.1 1.2 2.0

Propane 1.1 0.1 1.0 1.1 1.1 1.2 1.6

iso-Butane 1.1 0.1 1.0 1.1 1.1 1.2 1.7

n-Butane 1.1 0.1 1.0 1.1 1.1 1.2 1.7

VOCs 1.2 0.3 1.0 1.1 1.1 1.3 2.8

NOx 1.4 0.3 1.0 1.2 1.4 1.5 2.3
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Figure 3 shows county-level spatial distributions of maximum to annual average
hourly emission rate ratios for VOCs and NOx across the Permian Basin and grid-level
distributions across the 12 core grid cells in Midland County. At the county level, the highest
ratios occur in peripheral counties or counties with relatively few producing wells, where
emissions from a small number of wells can lead to large temporal variability. Counties
with at least 10 active producing wells show a relatively narrow distribution of ratios, as
shown in Table 4. In Midland County, grid-level maximum to average emission rate ratios
of VOCs vary within a narrow range of 1.2 to 1.6, while ratios of NOx show greater spatial
variability, ranging from 1.9 to 5.5.

Figure 3. County-level distributions of maximum to annual average hourly emission rate ratios
of (a) VOCs and (b) NOx across the Permian Basin, and grid-level distributions for (c) VOCs and
(d) NOx across the 12 core grid cells in Midland County.

Hourly time series of methane, propane, and NOx emissions in 2023, aggregated at
the basin and Midland County level, are shown in Figures 4 and 5. Hourly time series of
other species are available in the Supplementary Materials. Emission sources are grouped
as preproduction sources (completion flowbacks, drilling engines, hydraulic fracturing
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pumps), tank flash (condensate and water tank flash), pneumatic devices (pneumatic con-
trollers and chemical injection pumps), liquid unloading, wellsite—other routine emissions
(associated gas venting, artificial lift engines, heaters, and leaks), flare, and midstream
operations (gathering and boosting, processing plants, and transmission facilities).

Figure 4. Hourly emission time series for methane (left), propane (middle), and NOx (right) emissions
in the Permian Basin in 2023.

Figure 5. Hourly emission time series for methane (left), propane (middle), and NOx (right) emissions
in Midland County, Texas in 2023.

Basin and county-level methane emissions are dominated by tank flash, associated
gas venting (categorized as wellsite—other routine emissions), and midstream operations.
For higher molecular weight hydrocarbons, tank flash becomes the primary contributing
source to county total emissions. Temporal variability in methane emissions is primarily
driven by episodic flaring and liquid unloading events, whereas temporal variability in
propane or heavier hydrocarbon emissions is dominated by monthly variations in tank flash
emissions associated with variability in monthly water and condensate production rates.
NOx emissions show different temporal behaviors compared to hydrocarbon emissions and
depend largely on the type of engines assumed for midstream operations [7]. With 4SLB
engines in midstream operations that produce lower NOx emissions on a consistent basis,
temporal variability in basin- and county-level NOx emissions is dominated by episodic
preproduction activities, particularly drilling and fracturing. This variability would be
largely reduced, though still significant, if midstream engines were 4SRB engines, which
produce over 14 times more NOx emissions compared to lean burn engines [26]. Additional
sensitivity runs with 4SRB engines assumed in midstream operations are available in the
Supplementary Materials.

Emission inventories were also aggregated into the 12 km by 12 km grid cells. At a
finer spatial scale, temporal variability in both hydrocarbons and NOx emissions increases.
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Figure 6 shows hourly emissions time series of methane, propane, and NOx emissions, in
representative grid cells with highest maximum to average hourly emission rates ratios
in Midland County in 2023. Newly developed wells have a larger influence on grid-level
emissions compared to county- and basin-level emissions. At the grid cell level, temporal
variability in methane emissions is mainly driven by new well completions, in addition
to episodic flaring and liquid unloadings, which are the primary drivers of temporal
variability at county and basin levels. While well completion emissions are not large
enough in magnitude to drive temporal variability in basin- and county-level emissions,
they could stand out at the grid cell level. Temporal variability in hydrocarbons heavier
than methane is primarily driven by variability in tank emissions associated with increasing
oil production from newly developed wells. Temporal variability in NOx emissions at the
grid level remains dominated by clustered preproduction activities.

Figure 6. Hourly emission time series for methane (left), propane (middle), and NOx (right) emissions
in the 12-km resolution grids with highest maximum to annual average hourly emission rates ratios
in Midland County, Texas in 2023. Grid IDs correspond to those shown in Figure 1.

3.2. Comparison of Temporal and Spatial Variability: Permian vs. Marcellus

The Marcellus inventory for 2023 developed by Chen et al. [14] was updated at
the county level using the same simulation methods and sources of data applied in this
work. Tank control strategy was updated based on federal regulations as described by
Graves et al. [16] to be consistent with the tank controls applied in this work. Emissions
in two representative counties, Bradford County in Pennsylvania and Wetzel County
in West Virginia that were initially aggregated into 4 km by 4 km grid cells, were re-
aggregated into 12 km by 12 km grid cells, to be consistent with the grid resolution in
the Permian inventories. A total of 22 grid cells in Bradford County and 6 in Wetzel
County were selected for statistical analysis. Most of each grid cell lies within the county
boundaries, as shown in the Supplementary Materials. Although the same simulation
methods, sources of data, control assumptions, and spatial aggregations were used to
facilitate comparison, the comparison may still be limited by differences in data quality
between the two basins. Well density and county size may also influence the distribution
of spatial and temporal variability.

Table 5 compares maximum to annual average hourly emission rate ratios averaged at
the basin, county, and 12 km by 12 km grid cell levels for methane, propane, VOCs and
NOx in the Permian and Marcellus basins in 2023, as an indicator of the level of temporal
variability in emissions. Figure 7 shows the distribution of county-level maximum to
annual average hourly emission rate ratios in the Permian and Marcellus Basins in 2023,
with a wider distribution of ratios indicating greater spatial variability across the counties.
Only counties with more than 10 active producing wells were included in analyses. The
basin-level and county-level comparisons cover the full study domains, whereas the grid-
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level comparison is limited to the grid cells within Midland (TX), Bradford (PA), and Wetzel
(WV) Counties. The number of grid cells within each selected county may also influence
the distribution of temporal and spatial variability. Well density is generally higher in the
Permian Basin, which may reduce temporal variability when emissions are aggregated
at the same spatial scale relative to the Marcellus, although substantial variability in well
distributions exists within both regions.

Table 5. Maximum to annual average hourly emission rate ratios averaged at the basin, county, and
12 km by 12 km grid cell levels in the Permian and Marcellus Basins in 2023.

Species

Basin Level County-Level Average Grid-Level Average

Permian Marcellus
Among

55 Counties
in Permian

Among
153 Counties
in Marcellus

Among
12 Grids in

Midland, TX

Among
22 Grids in

Bradford, PA

Among
6 Grids in

Wetzel, WV

Methane 1.0 1.2 1.3 1.8 1.6 3.8 4.4

Propane 1.0 1.4 1.1 2.4 1.2 3.8 3.0

VOCs 1.0 2.6 1.2 6.4 1.3 4.9 3.0

NOx 1.1 1.1 1.4 1.3 3.7 1.5 2.5

Figure 7. Distribution of county-level maximum to annual average hourly emission rate ratios in the
Permian and Marcellus Basins in 2023. The upper and lower whiskers represent the maximum and
minimum ratios across counties. The upper and lower bounds of each box represent the 75th and
25th percentiles, respectively. The horizontal line within the box indicates the median, and the cross
represents the mean. The y-axis is shown on a logarithmic (log10) scale.

In the Permian Basin, the average ratios are lower for hydrocarbon emissions, but
higher for NOx emissions than in the Marcellus at all spatial scales of analysis, indicating
lower temporal variability in hydrocarbon emissions but greater variability in NOx emis-
sions in the Permian. Hydrocarbon emissions in the Permian Basin also exhibit a narrower
distribution of ratios, indicating lower spatial variability across counties in the Permian.
This difference is primarily due to the lower fraction of episodic sources, such as liquid
unloadings, and the higher fraction of emissions from near-continuous sources, such as
associated gas venting in the Permian. Temporal variability in hydrocarbon emissions in
the Permian, driven primarily by flaring and tank flashing, is substantially smaller than
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the variability driven by liquid unloadings, which are the primary drivers of temporal
variability in the Marcellus. In contrast, NOx emissions in the Permian show greater tempo-
ral variability than in the Marcellus, especially at the grid cell level, due to more frequent
pre-production activities associated with the addition of new wells.

3.3. Limitations

The inventories developed in this study have three main limitations.
First, emission estimates depend on the quality and completeness of publicly avail-

able activity data, emission factors, and empirical models. Although large measurement
datasets were incorporated into the simulations for most well-site sources, this limitation
is particularly important for gathering compressor stations and other midstream facili-
ties. Emissions from gathering compressor stations are sensitive to assumptions regarding
facility locations and site throughput and could be improved using facility-specific data
when available. Emissions from gas processing plants and transmission facilities were
assumed to remain constant over time. Because these sources account for a large portion of
total emissions, particularly for NOx, this assumption may reduce the estimated temporal
variability. Additional observational data from field measurements and time-resolved
operational data should therefore be incorporated when available.

Second, representative hydrocarbon compositions developed primarily from data
collected near Midland were applied across the Permian Basin and may not capture re-
gional differences in production characteristics and gas composition. Spatially resolved
composition and operating data, particularly separator pressures, which strongly influence
speciation estimates, would improve these estimates.

Third, the inventories developed primarily represent emissions from routine oper-
ations and do not include unintended emission events due to equipment malfunctions,
abnormal operations, or other super emitters, which may contribute substantially to total
emissions in the measurement-based inventories. The inventories developed in this work
were evaluated against ambient observations in a separate atmospheric modeling study by
Graves et al. [16]. Hourly ethane and propane emissions resolved at the 12 km by 12 km
grid level were used as inputs to dispersion and chemical transport modeling for repre-
sentative weeks in 2022, and modeled concentrations were compared with observations
from a regional air quality monitor in Midland County, Texas. The modeled time series
generally captured the timing of elevated ethane and propane concentrations measured
at the regional monitor, indicating that the developed inventory is representative of the
temporal variability in routine oil and gas emissions. Differences between predicted and
observed concentrations may be attributed to uncertainties in estimated emission magni-
tudes and contributions from abnormal high-emitting events that are not represented in
the inventory.

4. Implications
Spatial and temporal variability in oil and gas emissions, as well as the sources that

drive this variability, depend on several factors, including regional production character-
istics, the level of spatial aggregation, and emission compositions. Regional production
characteristics, such as whether a region is oil production or gas production dominated and
the frequency of new well development, have a strong impact on the distribution of opera-
tional activities and emission sources, resulting in distinct patterns of spatial and temporal
variability in region aggregated emissions. For example, some operations associated pri-
marily with gas wells, such as liquid unloadings, occur much less frequently in the Permian
Basin compared to in the Marcellus. Instead, sources related to oil production that have
limited contributions in gas-dominated regions, such as associated gas venting, become
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more important in the Permian. In addition, the Permian Basin, as an oil-dominated region,
has more frequent flaring events to combust associated gas from oil wells or excess gas due
to limited gas processing infrastructure. As a result, flaring is one of the dominant drivers
of temporal variability in methane emissions in the Permian, which is not observed in the
Marcellus. Frequent new well development in the Permian also makes well completions an
important contributor to temporal variability in methane emissions at certain spatial scales.

The sources driving temporal variability also depend on the level of spatial aggregation
and spatial location. Some episodic sources, such as well completions, are not large enough
to drive temporal variability at the county or basin level but can substantially influence
variability at the 12 km by 12 km grid cell or finer spatial scales, or in subregions with
clustered completion events.

The drivers of variability also differ by emission species. Methane variability is pri-
marily influenced by episodic sources with produced gas or well stream compositions that
contain high methane fractions. For higher molecular weight hydrocarbons, variability
in emissions is increasingly driven by tank flashes which have higher fractions of heavier
hydrocarbons in their emission compositions. In contrast, NOx emissions, that are associ-
ated with combustion sources, show completely different patterns of spatial and temporal
variability compared with hydrocarbon emissions.

The temporally and spatially resolved NOx and VOC inventories can support air qual-
ity analyses for pollutants such as ozone. Recent measurements and modeling studies have
shown that NOx and VOC emissions from oil and gas operations can strongly influence
local ozone production [34–36]. For example, analyses of ozone concentration measure-
ments at a Permian Basin site found that on days when ozone exceeded the national air
quality standard, basin-wide column concentrations of NO2 (a component of NOx) and
HCHO (a proxy for VOC reactivity) across the Permian basin were 8% and 5% higher,
respectively, compared with average conditions during the same season. Field measure-
ments showed that alkanes associated with oil and gas operations accounted for 75% of the
total OH reactivity of measured VOCs, and NOx was strongly correlated with oil and gas
tracers, indicating a strong influence of oil and gas emissions on high-ozone conditions [34].
Compared with conventional inventories that rely on annually and spatially aggregated
emissions, the inventories developed in this work provide a higher resolution input for
predicting the magnitude, timing, and location of ozone formation and identifying the
emission sources and activities driving elevated ozone.

5. Conclusions
Hourly inventories of light alkanes, VOCs, and NOx were developed for upstream

and midstream sources in the Permian Basin for 2022–2024, at the basin level, county level,
and 12 km by 12 grid cell level. In 2023, annual average hourly emission rates from routine
operations were 129.3 tonnes/h for methane, 421.7 tonnes/h for VOCs, and 30.8 tonnes/h
for NOx. Maximum-to-annual-average hourly emission ratios were calculated at various
spatial scales to demonstrate spatial and temporal variability in oil and gas emissions.
While VOC and NOx emissions aggregated at the basin level have maximum hourly rates
that are 1.0 and 1.1 times their respective annual averages in the Permian, their maximum
hourly rates can be 27 and 14 times their respective annual averages when emissions
are aggregated at the 12 km by 12 km grid cell level. Coarsely resolved inventories may
therefore miss short-duration, localized emission peaks.

Emission sources that drive spatial and temporal variability also differ by regional
production characteristics and emitted species. In 2023, basin-level maximum-to-annual-
average hourly emission rate ratios for hydrocarbon emissions were approximately 1 in the
Permian, compared with a range of 1–3 in the Marcellus. The lower temporal variability in
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hydrocarbon emissions in the Permian was due to fewer episodic liquid unloading events
that produce highly variable emissions, and greater contributions from near continuous oil
production-related sources, such as associated gas venting and tank flashing. In contrast,
the basin- and county-level NOx ratios were comparable between the two regions, but a
greater grid-level NOx variability was observed in Midland County in the Permian than in
representative counties in the Marcellus, driven by more frequent, spatially and temporally
clustered preproduction activities in Midland.

The inventories and emission variability analyses are limited by uncertainties in
activity data and the lack of time-resolved operation information, especially for gathering
and midstream facilities. The predicted hydrocarbon composition profiles applied across
the basin may also not capture regional differences. Future work should incorporate facility-
specific, time-resolved operational data, together with spatially resolved hydrocarbon
composition data. Despite these limitations, the inventories provide much finer spatial and
temporal resolution than previous large-scale basin level inventories and largely improve
the ability to capture localize, short-duration, episodic emission events and to identify the
sources driving emission variability. Unintended large emission events may temporarily
affect the distributions of spatial and temporal variability in emissions.

The high spatial and temporal resolution inventories can be further combined with
chemical transport modeling and air quality and health impact analyses to identify potential
hotspots of elevated air pollution. For example, modeling ozone formation based on VOC
and NOx emissions from the spatially and temporally resolved inventories could have the
ability to predict both locations and timing of elevated ozone concentrations, as well as the
emission sources and oil and gas activities that drive its formation.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/atmos17090870/s1: S1. Production and well counts in the study domain.
S2. Distributions of hourly emission rates. S3. Time series of ethane, butane, and VOC emissions. S4.
Comparison between well-level simulation and grid-level simulation in Midland County. S5. Sensitivity
scenarios. S6. Updates to Marcellus Inventory.
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