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Abstract

The oil and natural gas industry is a leading modern industry nowadays, providing a wide range of products that are essential in social construct.
Despite the critical importance of the oil and gas industry in providing some of the most needed everyday essentials that human beings depend on
today, it is crucial to recognize the effort exerted in terms of fund allocation, research and development, technology implementation, and process
enhancement to protect the environment and human health by using various methodologies to monitor, quantify, and mitigate air emissions.
For example, the use of infrared cameras and drones in operating facilities to detect and alert in case of any leakages. All of these efforts aim to
minimize the emissions associated with the life-cycle processes of the oil and gas industry in adhering to, and often championing, international
standards and regulations. As a result of the efforts of the oil and gas industry, the air emissions (including GHGs and criteria pollutants like SOx
and NOx) generated during the production and refining processes, including flaring, can be captured and treated in a sustainable way for disposal
or converted into more valuable products, thereby achieving high returns. This paper discusses air emissions from the oil and gas industry and
demonstrates how the industry mitigates the effects of such emissions. It specifically focuses on the emissions and mitigation measures of sulfur
oxides (SOx), nitrogen oxides (NOx), and greenhouse gases (GHGs), along with the detection and mitigation measures of gas leakages from

different equipment.
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Introduction

Petroleum products have been used for centuries as fuels
and lubricants, but their usage surged dramatically during the
late 18th and early 19th centuries due to increasing industrial
demand [1]. The oil and gas sector played a pivotal role in
transforming modern civilization from the Industrial Revolution
to the present, enabling the rapid development of downstream
industries such as transportation, lighting, and manufacturing [2].
The sector operates through the systematic extraction, processing,
transportation, and utilization of carbon-rich compounds [3].
The generation and mitigation of key air pollutants, specifically
sulfur oxides (SOy), nitrogen oxides (NOy), and greenhouse
gases (GHGs), which mainly include methane (CH,) and carbon
dioxide (CO;). It also highlights the technologies and regulatory
frameworks employed to monitor and control these emissions.
When sulfur-rich fuels are burned, sulfur is released into the
atmosphere in the form of sulfur oxides. Historically, these
emissions have caused serious environmental events such as the
London smog in 1952 and the Donora, Pennsylvania disaster in
1948. At elevated concentrations, SOy can damage vegetation and
aquatic ecosystems through acid rain formation and contribute to

reduced air visibility due to the generation of particulate matter
[4]. At high concentrations, SOx can damage the plants and
wildlife through acid rain and cause the formation of particulate
matter that reduces visibility [5]. Recent mitigation efforts include
reducing the sulfur content in fuels through desulfurization
processes. For example, the U.S. Environmental Protection Agency
(EPA) established stringent standards to limit sulfur content in
diesel fuel to 15 parts per million (ppm) and regulate sulfur levels
in fuels used in refineries [6]. Sulfur is primarily removed via
hydrodesulfurization (HDS) in catalytic reactors, and hydrogen
sulfide (H,S) is extracted from lighter gases using absorption
methods. By the year 2000, desulfurization was implemented in
approximately 40% of global fuel production and continues to
expand. The elemental sulfur recovered in this process is typically
captured using the Claus process [7].

Nitrogen oxides (NOy) represent another significant category
of air pollutants and include various oxidized nitrogen species
formed primarily through high-temperature
NO, emissions are generated from both point and non-point
sources. Approximately 50% originates from mobile sources

combustion.
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such as vehicles, 20% from electricity generation, and 30% from
industrial processes including cement production, nitric acid
manufacturing, steel plants, and oil refineries [8]. NOy is produced
when hydrocarbons combust in the presence of oxygen, and it
forms via two main mechanisms: fuel NOy, which originates from
nitrogen within the fuel itself, and thermal NOy, which forms from
the oxidation of atmospheric nitrogen (N;) at elevated combustion
temperatures [9]. Once in the atmosphere, NO, can react with
volatile organic compounds (VOCs) to form ground-level ozone
(03) and fine particulate matter (PM2.5), both of which are
hazardous to human health and the environment.

Greenhouse gases (GHGs) constitute a broad group of heat-
trapping gases in the atmosphere. In addition to NO,, which has
already been discussed, the most common GHGs include carbon
dioxide (CO;), methane (CH,), and fluorinated gases such as
hydrofluorocarbons, perfluorocarbons, hexafluoride,
and nitrogen trifluoride. These gases originate from similar
combustion processes, but also from agriculture, land use
changes, and residential and commercial activities [10]. From
(Figure 1), the trend of both SOx and NOx global emission are
depicted. From 2000 to 2020, global emissions of SOx showed
a steady decline, primarily due to the legal implementation of

sulfur

desulfurization technologies, stricter international fuel standards
(such as the EPA’s ultra-low sulfur diesel mandate and IMO’s
0.5% sulfur cap), and a shift from coal to lower carbon fuels like
natural gas and renewables. In contrast, NOx emissions initially
rose slightly and plateaued around 2010-2015 before gradually
declining, reflecting the more complex nature of NOx control in
high-temperature combustion systems. Subsequent reductions
were driven by the adoption of advanced technologies, such as
selective catalytic reduction (SCR) and the enforcement of tighter
automotive and industrial emission regulations [11,12]. The
objective of this paper is to systematically analyze the generation,
control, and management of air emissions within the oil and
gas industry, with a particular focus SOy, NOy, and GHGs. This
study aims to (i) elucidate the primary sources and mechanisms
responsible for the formation of these key pollutants along the
oil and gas value chain; (ii) evaluate the effectiveness of current
emission control technologies and regulatory frameworks; and
(iii) assess the latest innovations and best practices for monitoring
and mitigating both process and fugitive emissions. Through this
comprehensive examination, the paper seeks to provide both a
critical understanding of the sector’s environmental impact and
actionable insights for further reducing its atmospheric emissions.
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Figure 1: Global Annual Production of NOx and SOx emissions
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Processes & Emissions

Industrial production processes lead to the emission of SOx,
NOx, and GHGs. The final chemical form of these pollutants is
influenced by several factors, including the extent of incomplete
combustion, the sulfur content of the fuel, and the specific chemical
reactions occurring during synthesis [13-15]. To properly manage
emissions released into the atmosphere, any control device must
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account for these parameters to maximize the capture of SOx, NOx,
and GHGs, while ensuring compliance with environmental and
public health regulations. There are established procedures for
monitoring and reporting pollutant concentrations to ensure that,
in the event of an issue, emissions can be adjusted accordingly
[16]. The combustion of sulfur-containing fuels results in the
release of SOx from both stationary and mobile sources. Due to
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their relatively high concentrations compared to other sulfur
oxides, SOx emissions are often referred to specifically as sulfur
dioxide (SO;) or sulfur trioxide (SOs). However, sulfur trioxide
(S0O3) typically accounts for less than 1% of the total SOx emissions
produced from coal combustion [17-19]. Sulfur trioxide (SO3) can
also form through the further oxidation of sulfur dioxide (SO;) in
the atmosphere.

This secondary reaction leads to the formation of sulfuric
acid (H,S04), a major contributor to acid rain, which negatively
impacts soil quality, freshwater ecosystems, and infrastructure
by accelerating corrosion. Additionally, sulfate aerosols (S0?7),
a byproduct of atmospheric SO, oxidation, are key precursors to
fine PM2.5 [20]. These particles can reduce atmospheric visibility
and are harmful when inhaled, penetrating deep into the lungs
and contributing to respiratory and cardiovascular diseases.
From a life-cycle environmental analysis perspective, SO, and its
oxidation products (SO; and SO,*7) are classified as high-impact
pollutants due to their acidification potential, toxicity to aquatic
and terrestrial life, and human health risks. NOx production
from oil and gas refining comes from two main sources: power
generation and thermal operations required for refining. NOx
pollutants can take five categorical forms, nitrogen oxide (NO) or
dinitrogen dioxide (N202), nitrous oxide (N20), nitrogen trioxide
(N203), nitrogen dioxide (NO2) or dinitrogen tetroxide (N204),
and dinitrogen pentoxide oxide (N205). The form of nitrogen can
vary significantly as it approaches its final state while it undergoes
a series of redox reactions during the processing stage and then in
the atmosphere. Like NOx, the most important sources of CH4 and
CO2 among other greenhouse gases in refineries are combustion
process boilers, heaters, thermal oxidizers and burners [21,22].
The volatile emissions from equipment leaks represent significant
emission sources in addition to those produced by combustion
processes, and this GHG emissions is typically categorized into
three scopes: direct emissions from refinery operations (Scope
1), indirect emissions associated with purchased electricity
generation (Scope 2), and indirect emissions resulting from the
use of downstream products sold (Scope 3). This classification
framework helps comprehensive accounting and
management of emissions throughout the entire value chain [23].

ensure

Control Technologies

The oil and gas industry are increasingly adopting the best
available technologies (BAT) and employing various techniques
to monitor and quantify emissions to comply with international
standards and environmental regulations. Mitigation measures are
implemented to prevent or reduce air emissions at their source.
To specifically address SO, emissions, the U.S. Environmental
Protection Agency (EPA) introduced key regulatory limits: in
2006, the sulfur content of diesel fuel was capped at 15 parts
per million (ppm), and by 2013, the sulfur content of fuels used
in boiler applications was restricted to a maximum of 0.5% by
weight. These standards aim to significantly reduce SOx emissions
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and their harmful impacts on human health and the environment
[24,25].

(Table 1) shows a series of control technologies reported in
literature. One of the most common techniques is absorption.
Temperature Swing Adsorption (TSA), Pressure Swing Adsorption
(PSA), and sorbent injection are the adsorption techniques that
offer advantages in cost, deployment ease and high maturity [26].
TSA and PSA use solid adsorbents to capture SOx, with TSA relying
on heat and PSA on pressure changes to regenerate the material.
These systems are compact, water-free, and suitable for low- to
mid-concentration SOx streams, making them attractive for
decentralized or modular installations [27].

Fuel desulfurization is a critical step in reducing SOx
emissions before combustion, primarily achieved through
hydrodesulfurization (HDS), where sulfur compounds in fuels
are removed by reacting with H2 over a catalyst (i.e., Fe, Pd, Pt).
In the post-combustion (downstream processes), two main flue
gas desulfurization (FGD) methods are widely used, namely wet
and dry [28,29]. Wet FGD involves scrubbing flue gases with
a slurry (e.g., MgO or CaO) offering high SO, removal efficiency
(>90%). However, it requires significant water usage which is not
environmentally benign. In contrast, dry FGD methods, including
semi-dry and dry sorbent injection (DSI), use powdered sorbents
without generating wastewater, making them more suitable for
smaller or water-limited installations. On the whole, dry systems
are less efficient than wet systems, since they offer lower capital
and operational costs and simpler operation [30].

Oxy-fuel combustion is an emerging technique, particularly
suited for hard-to-abate sectors [31]. In this process, fuel is
burned in a mixture of pure 02 and recycled flue gas instead
of air, resulting in a flue gas with CO, and H20 vapor. This
significantly simplifies CO, capture, as the gas stream is already
highly concentrated with higher partial pressure, reducing the
need for complex separation steps. Oxy-fuel combustion offers
several advantages, such as higher thermal efficiency and ease of
integration with post CO, capture. While technology has shown
strong potential in cement and steel industries, its application
in oil and gas is still under development due to challenges like
high oxygen production costs and retrofitting requirements.
NOx emissions in refinery operations occur through Selective
catalytic reduction (SCR) or Selective Non-catalytic reduction
(SNCR), processes through which NOx are reduced to N, and H,0
[32,33]. SCR is the more advanced and widely used of the two flue
gas treatment methods, which involves the addition of ammonia
(NH3) in the presence of a titanium oxide- vanadium pentoxide
catalyst. This process can achieve a destructive removal efficiency
(DRE) of up to 94%. Selective non-catalytic reduction (SNCR) uses
ammonia or urea compounds without a catalyst, which saves on
the cost of these expensive components but requires a higher
operating temperature.
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Table 1: Control Technology Available in The Market.

Maturity Level
. (Technology
Technology Pollutant Advantages Disadvantages Challenges Readiness Lev- Remarks
el)
- Balancing flame
- Cost effective - Limited to 50-70% stability with NOx
Low-NOx Burn- ) NOx reductio reduction Used in refinery heaters, boil-
NO - Easy retrofit for . . - 9 )
ers (LNB) X . - Less effective at very high | - May increase ers, and combustion systems
boilers o
percentage CO emissions (by
products)
- High reduction . . . . - . .
Selective Cata- efficiency (up to - High capital and operating | _ Ammonia slip Used in re.:fmerles, 'espec1a'lly in
. . costs o FCC (fluid catalytic cracking)
lytic Reduction NO 95%) . - Catalyst easily sin- 7 . .
X - Catalyst degradation over . units, gas turbines, and large
(SCR) - Proven technolo- | . tered and poisoned .
. time combustion sources.
gySelective to NOx
- Lower cost than
Selective SCR - Lower efficiency (30- - Precise tempera-
Non- Catalytic NO - Simple instal- 50%) ture control needed 7 Not much refinery adopting this
Reduction X lation - Limited operating - Less effective at technology.
(SNCR) - No catalyst temperature range low concentration
needed
Flue Gas - Simple concept ;]6(‘,’/";” efficiency (20- - Limited applica-
Recirculation NO - Low mainte- /o) . . tion to large-scale 7-9 Refineries and gas plants.
X - Limited to specific boiler
(FGR) nance systems
types
- Requires high
Fuel Desulfur- - Removes sulfur ] Expensn./e pressure and tem- Central to refinery operations;
. SO - - Not feasible for all fuel perature 9 o
ization X before combustion . hydrodesulfurization (HDS)
types (e.g., coal) - Catalyst mainte-
nance
- High SO, remov- . L . .
Wet Flue Gas - High water usage - Corrosion issues Used in larger gas- fired or
. al (>95%) . . : .
Desulfuriza- SO, - Produces i - Large carbon footprint - Wastewater treat- 9 combined refinery/power units
tion (Wet FGD) EYP - Complex sludge handling | mentis essential with high sulfur content.
sum as byproduct
- Smaller foot- - Less suitable for
Dry Flue Gas . . - Lower efficiency (70- large plants . )
. print- Easier ; . Used in smaller gas fired
Desulfuriza- SO, retrofit- No liquid 90%)- Sorbent disposal - Efficiency decreas- 7 refiner
tion (Dry FGD) waste d required es with high SO, y
concentration
- Difficult sorbent
. SO_/Acid - Low-cost retrofit | - Moderate removal effi- handling PSA_ and .TSA are cqmrgonly
Adsorption X . . 9 used in refinery applications or
Gases - Fast deployment | ciency 1- Less suitable for
. flare gas treatment.
high SO,
- Minimal water
use
. - System integration
Oxv-fuel Com- - Reduces NOx by | \Fizr{l?rleg:ocfﬁen roduc- - 02 separation cost Still in development stage,
y-Tue. NO_ /SO eliminating N2 in ed ygenp should be added 5-6 promising technology for hard-
bustion X . tion .
combustion . - Combustion to-abate sectors.
- Complex operation .
dynamics

Low-NOx Burners (LNB) and Flue Gas Recirculation (FGR)
are two effective combustion control strategies used in industrial
and power generation settings to reduce NO, emissions [34].
LNBs achieve NO, reduction (typically 30-50%) by staging
the combustion process, lowering the flame temperatures and
02 concentration, respectively, making them a cost-effective
and easy-to-retrofit solution [35]. In contrast, FGR recirculates
a portion of the flue gas back into the burner to dilute the O,
concentration, offering higher NO, reduction potential (up to

70%), but requiring more complex infrastructure. New paradigm,
integration of both into one system can further enhance the NOx
reduction in combustion systems. LNBs reduce NOx formation
by staging fuel injection and lowering flame temperatures, while
FGR works by redirecting a portion of cooled flue gas back into
the combustion chamber, diluting 02 levels and further reducing
peak flame temperatures. When integrated, these technologies
complement each other, leading to a positive synergistic effect
that can achieve NOx reductions of over 70% [36]. This combined
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method is particularly useful in industrial boilers and furnaces,
offering a practical and efficient approach to meeting stringent
emission standards without complex infrastructure.

Overall, the deployment of these control technologies in
industrial environments is driven not just by performance, but
by a balance of operational practicality, cost, efficiency, and
regulatory environments. Wet flue gas desulfurization (FGD),
while recognized for its high SO, removal efficiency and reliability
in large-scale operations, carries significant drawbacks—namely,
intensive water and energy demand, complex waste management,
and high capital outlay. This restricts its suitability to centralized
facilities able to absorb these costs and administrative burdens.
Conversely, dry and semi-dry FGD methods provide a more
flexible, lower-cost solution suitable for distributed or modular
installations and regions facing water scarcity. Yet, their lower
SO, removal efficiency can be a limiting factor where regulations
are rigorous or exhaust streams are concentrated, and frequent
sorbent handling introduces long-term sustainability questions.

Hydrodesulfurization (HDS) remains crucial for upstream
emission reduction, especially in refinery settings, but its reliance
on hydrogen supply and precious metal catalysts adds operational
complexity and cost. Deep desulfurization, increasingly mandated
by fuel standards, can raise these costs further, and the technology
offers no solution for post-combustion sources or distributed
emissions. meanwhile, Oxy-fuel combustion stands out for its
capacity to simplify CO, capture and elevate overall thermal
efficiency, making it particularly promising in hard-to-abate
sectors like steel and cement. Nonetheless, its adoption in oil and
gas has lagged, in part due to high oxygen production expenses
and the challenging retrofitting of existing infrastructure-a

Regulations
Table 2: NOx and SOx Emission Limits in the Oil & Gas Sector.

tradeoff that preserves its role mainly for future-proof or pilot-
level projects rather than widespread industrial application.

For NOx control, selective catalytic reduction (SCR) sets the
benchmark for removal efficiency, reliably achieving industry-
leading NOx reductions in refineries and power stations. Yet, it
depends on costly catalysts and requires stringent operational
controls to avoid secondary emissions (e.g, ammonia slip),
meaning that maintenance demands and safety protocols can be
intensive. Selective non-catalytic reduction (SNCR), while less
capital-intensive and simpler to implement, typically delivers only
moderate NOx abatement, with effectiveness highly contingent on
temperature regimes found in specific combustion systems. Low-
NOx Burners (LNB) and Flue Gas Recirculation (FGR) provide
upstream, process-integrated solutions that exploit combustion
staging and flue gas cooling to minimize NOx formation before
treatment is needed. These approaches are simple to retrofit and
cost-effective, making them attractive for existing industrial sites
seeking compliance upgrades. However, improper configuration
can decrease combustion efficiency or promote other undesired
emissions. When combined, LNB and FGR yield a synergistic
effect, allowing NOx reductions surpassing 70% without major
infrastructure overhaul, a compelling pathway for industrial
boiler and furnace operations under tightening standards.

Ultimately, the optimal selection of emission control technology
is driven by a nuanced assessment of site-specific requirements,
regulatory pressure, resource availability, and operational risks.
As the oil and gas sector transitions to lower emissions, strategic
integration of these technologies—tailored to the technical and
regulatory context of each facility—remains critical for balancing
environmental goals with economic and practical realities

Country/Region Facility Type Pollutant Emission Limit
Gas turbines >50 MW NOx 9 ppmv @15% O,
United States (EPA) Boilers (natural gas) NOx 30 ppmv @3% O,
Refineries (FCC units) SOx 25 ppmv
Combustion plants >50 NOx 100 mg/Nm?
European Union (IED Directive)
MW SOx 35 mg/Nm?
Thermal power plants 3
NOx 100 mg/Nm
India (CPCB) (post-2017)
SOx 100 mg/Nm?*
Power plants NOx 100 mg/Nm?
China (MEE)
SOx 35 mg/Nm?
Gas turbines NOx 51 mg/Nm?
Australia (NEPM)
SOx 35 mg/Nm?
Boilers, Heaters NOx 120 mg/Nm?
Saudi Arabia (RCJY / PME)
Combustion sources SOx 500 mg/Nm?*
PPMV = parts per million by volume
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The World Health Organization (WHO) and U.S. Environmental
Agency published  global
recommendation values for several important air pollutants,
which are related to oil and gas industry (Table 2) [37-41]. There
are SO, emission standards for refining operations such as sulfur
recovery units

Protection have maximum

(SRUSs), furnaces and boilers, and cells using the Claus process
or other regeneration systems. To control these emissions,
regulatory bodies impose emission limits. For instance, 35 mg/
Nm? for natural gas-fired units in the EU or up to 500 mg/Nm? in
Saudi Arabia when low-sulfur fuels are used. These limits drive
the implementation of technologies such as fuel desulfurization,
flue gas desulfurization (FGD), and tail gas treatment units
(TGTUs), which are critical for compliance. Thereafter, SRUs
are often equipped with incinerators or scrubbers to ensure
SOx levels meet environmental standards, helping in reduce the
impact of SOx on air quality, acid deposition, and public health.
Meanwhile, NOx, primarily formed during high-temperature
combustion in furnaces, gas turbines, boilers, and sulfur recovery
units, are key pollutants in oil and gas operations due to their
role in smog formation, acid rain, and respiratory health impacts.
Emission limits for Nox such as 100 mg/Nm? for gas-fired turbines
under the EU Industrial Emissions Directive or 30 ppmv in U.S.
refinery boilers are applied to ensure regulatory compliance
and environmental protection. These limits inform operational
upgrades like low-NOx burners, selective catalytic reduction
(SCR), and fuel switching to reduce emissions. Their application
is critical in guiding facilities toward best practices and cleaner
technologies. For example, if a refinery exceeds a limit, it must
retrofit abatement systems to meet permitted values and avoid
penalties.

Conclusions

0il and gas facilities involve multiple processes that emit
varying levels of air pollutants, particularly nitrogen oxides (NOx)
and sulfur oxides (SOx), depending on the emission source and
type of fuel used. With advances in scientific understanding
and pollution control technologies, the industry has made
significant progress in mitigating these emissions through the
implementation of Best Available Technologies detailed in Table
1 below, such as selective catalytic reduction (SCR) for NOx
and desulfurization units for SOx. These measures are further
supported by strict adherence to international environmental
standards and regulations.

Moreover, the integration of real-time monitoring tools such
as infrared cameras, drones, and remote sensing systems has
proven effective in detecting and managing emissions, enabling
rapid intervention and reinforcing environmental compliance. For
instance, leak detection and repair (LDAR) sniffers can be adopted
to inspect each valve and flange to detectleaks. They work to detect
and locate leaks using tracer gas such as hydrogen. These tests are
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relatively inexpensive, but they require time and depend on user
experience. Infrared cameras, known as optical gas imaging (0GI),
can determine the source and concentration of a leak from up to
10 meters away. With increased computer modeling and deep
learning capabilities, leaks can be better controlled to improve the
effectiveness of LDAR policies. Furthermore, to reduce the leaked
gases significantly from the refining processes, the drones have
been used to detect and quantify the emissions from any emission
sources and equipment depending on the speed and laser
sensitivity. Collectively, these efforts contribute to minimizing the
environmental impact of oil and gas operations while protecting
ecosystem integrity and human health.
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