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Abstract

Volatile organic compounds (VOCs) emitted from the oil and gas extraction and processing industry constitute a major fraction
of global anthropogenic VOC releases, with significant implications for tropospheric ozone formation, secondary organic aerosol
production, and population-level health risks. This review adopts a source-monitoring-control-impact four-dimensional
analytical framework to systematically evaluate the current state of research spanning the full petroleum industrial chain. The
analysis reveals a progressive compositional shift in emission profiles, from alkane-dominated fugitive releases in upstream
extraction to aromatic- and olefin-rich process emissions in midstream refining, culminating in evaporative losses during
downstream storage and transport. A persistent discrepancy exists between bottom-up emission inventories and top-down flux
measurements, with fugitive sources systematically underestimated by factors of two to five. The three-tier monitoring hierarchy
of offline speciation, online continuous monitoring, and satellite- and UAV-based remote sensing provides complementary
spatial and temporal coverage, yet cross-tier data integration remains underdeveloped, limiting the realization of unified emission
estimates. Control strategies follow a three-stage hierarchy in which source reduction and process optimization deliver
substantially greater emission reduction per unit cost than end-of-pipe treatment alone, although condensation-adsorption-
catalytic oxidation remains the mainstream refinery exhaust treatment configuration. Health risk assessments consistently
identify benzene-driven incremental lifetime cancer risk exceeding regulatory benchmarks in fenceline communities, while
secondary pollution from ozone and aerosol formation extends impacts hundreds of kilometers downwind. To shift from reactive
compliance to proactive VOC management, interconnected areas must be prioritized: artificial intelligence powered operational
multi-platform emission inventories, unified VOC-greenhouse gas surveillance networks, intelligent closed-loop process control,
pilot-scale synergistic abatement technologies, integrated co-control policies that jointly reduce VOCs and methane, and
prospective cohort studies with biomarker-based exposure assessment.
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1. Introduction

Volatile organic compounds (VOCs) encompass a chemi-
cally heterogeneous class of carbon-based substances charac-
terized by vapor pressures sufficient to produce significant
gas-phase concentrations under ambient conditions, including
alkanes, alkenes, aromatic hydrocarbons, oxygenated organ-
ics, and halogenated species [1]. The oil and gas extraction
and processing industry—spanning upstream drilling and ex-
traction, midstream refining and petrochemical conversion,
and downstream storage, transport, and distribution—is
among the largest anthropogenic VOC source sectors globally,
contributing an estimated 15 to 25 percent of total anthropo-
genic non-methane VOC emissions depending on regional in-
dustrial intensity and regulatory context [2, 3].

The environmental and public health significance of petro-
leum-industry VOC emissions arises from three intercon-
nected mechanisms. First, VOCs function as critical precur-
sors to tropospheric ozone formation through photochemical
reactions with nitrogen oxides (NOx), with C3-C¢ alkenes and
C7-Cy aromatics exhibiting disproportionately high ozone for-
mation potential (OFP) relative to their emitted mass [4, 5].
Second, the atmospheric oxidation of aromatic VOCs yields
secondary organic aerosol (SOA), contributing to regional
PM2.5 loadings that degrade visibility and produce adverse
respiratory outcomes [6]. Third, several petroleum-associated
VOCs—most notably benzene and 1, 3-butadiene—are estab-
lished human carcinogens, with fenceline monitoring studies

documenting incremental lifetime cancer risk (ILCR) values
exceeding 1 10 in communities adjacent to refining and ex-
traction facilities [7, 8].

Research activity has accelerated over the past decade, with
a threefold increase in annual publication volume between
2015 and 2023 across atmospheric chemistry, environmental
engineering, toxicology, and policy analysis [3]. Methodolog-
ical advances have been pronounced in fast-response online
mass spectrometry for real-time fenceline monitoring [9, 10],
satellite-based spectroscopic instruments for basin-scale emis-
sion quantification [11], and advanced porous adsorbents and
oxygen-vacancy-engineered catalysts for VOC removal [12,
13]. However, the rapid expansion of primary literature has
not been matched by integration across traditionally siloed re-
search domains.

This review adopts a source-monitoring-control-impact
four-dimensional analytical framework to evaluate petroleum-
industry VOC research published between 2016 and 2026,
drawing on 149 peer-reviewed publications from high-impact
journals. Four evaluation criteria anchor this framework:
source contribution weight determination, monitoring tech-
nique applicability boundaries, control technology feasibility
assessed through abatement efficiency and lifecycle cost, and
spatial heterogeneity of environmental and health risks bench-
marked against regulatory compliance requirements (Figure
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Figure 1. Framework diagram.

2. Materials and Methods

A systematic literature search was conducted across Web of
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Science Core Collection, Scopus, PubMed, and the China Na-
tional Knowledge Infrastructure (CNKI), using controlled vo-
cabulary and free-text keyword combinations spanning four
thematic dimensions: emission characterization (VOC,
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NMHC, emission factor, source profile, inventory, fugitive
emission), monitoring technology (GC-MS, PTR-MS, FTIR,
DOAS, fenceline monitoring, remote sensing, UAV, TRO-
POMI), control technology (catalytic oxidation, adsorption,
biofiltration, condensation, LDAR, vapor recovery), and en-
vironmental and health impact (ozone formation potential,
SOA, ILCR, health risk assessment). Boolean operators com-
bined petroleum-industry terms with each dimension, re-
stricted to peer-reviewed articles published in English or Chi-
nese between January 2016 and May 2026. The initial search
retrieved 1,847 records; after automated deduplication, 1,326
unique records underwent title and abstract screening. Two in-
dependent reviewers applied inclusion criteria —original
quantitative measurements, methodology evaluation, control
technology performance data, or regulatory analysis in
SCIE/SSCI-indexed or Chinese core journals—achieving 92
percent inter-reviewer agreement, with disagreements re-
solved through consensus. Full-text assessment of 186 articles
yielded a final corpus of 149 publications distributed across
emission characterization (41 studies), monitoring technology
(28 studies), control technology (37 studies), health and envi-
ronmental impact (26 studies), and regulatory analysis (17
studies).

3. Results and Discussion

3.1. Emission Characteristics and Inventory
Construction Across the Petroleum
Industrial Chain

The emission profile of volatile organic compounds from
the petroleum industrial chain exhibits a progressive compo-
sitional shift from light alkanes in upstream extraction,
through olefin- and aromatic-enriched process streams in mid-
stream refining, to evaporative mixtures dominated by inter-
mediate-volatility species in downstream storage and distribu-
tion. This section traces that compositional evolution and
evaluates the methodological frameworks for constructing and
reconciling emission inventories.

3.1.1. Upstream Extraction

Upstream oil and gas extraction releases VOCs through
well-pad equipment leaks, gas-liquid separation, produced-
water handling, pneumatic device venting, and intermittent
well completion and workover activities. The dominant VOC
species are C,-Cg alkanes—ethane, propane, n-butane, isobu-
tane, n-pentane, isopentane, and n-hexane—accounting for 70
to 85 percent of total non-methane VOC mass in most basin-
level measurements [14, 15]. This compositional signature re-
flects thermodynamic partitioning of volatile hydrocarbons
from the reservoir fluid and is relatively consistent across con-
ventional and unconventional production types.

Quantifying upstream VOC emissions has proven challeng-
ing due to the inherently fugitive and intermittent nature of
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release points. Bottom-up inventories, which multiply activity
data by emission factors, have historically underestimated
measured ambient concentrations by factors of two to five [14,
16] Francoeur et al. [16] compared EPA National Emission
Inventory estimates with top-down flux inversions using
TROPOMI satellite data and aircraft mass-balance measure-
ments across multiple U.S. production basins, finding the larg-
est discrepancies for basins with aging infrastructure and
sparse continuous emission monitors. In the Uintah Basin,
Foster et al. [17] confirmed that methane and VOC emissions
exceeded inventory estimates by a factor of two to three, with
the largest underestimation at wells in intermediate production
phases where automated monitoring is least common.

In China, the Junggar Basin emission inventory by Zhang
et al. [15] identified production wellheads and gas-gathering
stations as the dominant upstream sources, contributing 48
and 26 percent of total upstream emissions respectively. Emis-
sion factors from field measurements were approximately 30
percent higher than U.S. AP-42 defaults, reflecting differences
in well age distribution, vapor recovery system penetration,
and produced-water management practices. Seasonality exerts
a substantial effect, with summer emissions exceeding winter
values by 40 to 60 percent for wellhead sources.

3.1.2. Midstream Refining

Petroleum refining transforms the upstream alkane mixture
into a more complex VOC emission profile. High-temperature,
catalytic, and hydrogen-addition processes—particularly fluid
catalytic cracking (FCC), delayed coking, catalytic reforming,
and hydrotreating—generate process streams enriched in ole-
fins and aromatic hydrocarbons [8, 18].

Lv et al. [18] conducted source profile characterization at a
major refinery in Shandong Province, measuring emission
factors ranging from 0.02 to 1.8 grams of VOC per ton of feed-
stock across 14 unit operations. The FCC unit dominated, con-
tributing 38 percent of total facility VOC emissions with an
aromatic-rich speciation and benzene-to-toluene ratio of ap-
proximately 0.8. The delayed coking unit was the second-larg-
est source at 22 percent with an olefin-dominated profile. Im-
portantly, the sum of diffuse and fugitive source emissions—
flange leaks, pump seals, valve packing, and open-ended
lines—equaled or exceeded combined stack emissions in sev-
eral surveyed facilities, underscoring the limitations of stack-
focused monitoring.

Historical emission trends provide evidence of regulatory
impact. Sun et al. [19] reconstructed emission inventories for
the Guangdong Province refining sector from 2000 to 2020,
documenting a peak around 2015 followed by a 25 to 30 per-
cent decline through 2020, attributed primarily to China’s GB
31570-2015 emission standard. Similar patterns have been
documented in the U.S. refining sector, where the 2015 Refin-
ery Sector Rule drove an approximately 20 percent reduction
in refinery benzene emissions between 2015 and 2020 [20].
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3.1.3. Downstream Storage and Transport

Downstream VOC emissions arise principally from evapo-
rative losses. Storage tanks represent the single largest down-
stream source category, with tank breathing losses and work-
ing losses together contributing 30 to 40 percent of total facil-
ity-level VOC releases [20, 21] Liu et al. [21] developed a
process-based emission inventory method resolving tank
emissions as a function of stored liquid vapor pressure, tank
design parameters, and meteorological variables. Application
to 12 Chinese refineries revealed that floating-roof tanks still
contributed 60 to 70 percent of total tank farm emissions when
seal degradation was accounted for, with crude oil and naph-
tha tanks exhibiting emission rates three to five times higher
than diesel or fuel oil tanks.

Loading operations—truck, rail, and marine—constitute
the second major downstream source. Vapor recovery systems
capable of capturing 95 percent or more of displaced vapors
have been widely deployed at gasoline terminals in North
America and Europe, but penetration remains lower in devel-
oping-country contexts [22]. Marine loading of crude oil and
refined products involves larger individual transfer volumes
and merits attention in regional emission inventories, particu-
larly in coastal refining centers.

3.1.4. Emission Inventory Methodologies

Three methodological paradigms underpin current petro-
leum-industry VOC emission inventories. Bottom-up meth-
ods multiply activity data by emission factors and are most
widely used for regulatory reporting [23]. Material-balance
methods compare VOC content of process inputs and outputs,
offering greater accuracy for well-characterized processes. In-
verse-dispersion methods infer emission rates from ambient
concentration measurements by solving the atmospheric
transport equation in reverse [9, 24].

The systematic discrepancy between bottom-up and top-
down emission estimates represents a consequential method-
ological challenge. Wei et al. [23] applied inverse-dispersion
calculations to a refinery in northern China, finding fugitive
VOC emissions 2.5 to 4.0 times higher than the facility’s AP-
42-based inventory. Riddick et al. [24] evaluated EPA Other
Test Method 33 A and reported that the method systematically
underestimated true emissions by 20 to 40 percent under un-
stable atmospheric conditions. Helmig et al. [25] concluded
that the average ratio of top-down to bottom-up estimates
across 11 U.S. basins was 2.3, with the largest discrepancies
in basins with aging infrastructure. Despite recognition that
multi-method reconciliation is essential for credible emission
reporting, no widely accepted reconciliation framework has
been adopted by regulatory agencies in any jurisdiction.

3.2. Monitoring Technologies

Monitoring petroleum-industry VOC emissions requires
technologies spanning at least six orders of magnitude in spa-
tial scale, from individual component leaks at the centimeter

85

scale to continental-scale satellite retrievals. This section eval-
uates the three-tier monitoring hierarchy that has emerged to
address this challenge.

3.2.1. Offline Speciation

Offline sampling followed by laboratory analysis remains
the reference method for detailed VOC speciation. The
SUMMA canister method, combining whole-air sampling in
electropolished stainless steel canisters with GC-MS/FID
analysis, achieves sub-parts-per-billion detection limits for 57
to over 100 individual VOC species [26]. A year-long moni-
toring campaign at an oil and gas station in northwest China
employed this method to characterize seasonal VOC profiles
with monthly resolution, demonstrating that alkane concentra-
tions varied by a factor of three between winter and summer
[26].

Sorbent tube sampling with thermal desorption provides
complementary capabilities for polar and higher-boiling
VOC:s subject to wall losses during canister storage. Multi-bed
sorbent tubes packed with sequentially stronger adsorbents
enable quantitative collection of VOCs spanning the Cs to Cyo
volatility range. The principal limitation is temporal resolution:
typical sampling durations of 1 to 24 hours integrate over
emission episodes and atmospheric dilution events.

3.2.2. Online Continuous Monitoring

Proton transfer reaction mass spectrometry (PTR-MS) has
emerged as the leading online monitoring technology for pe-
troleum-industry VOC applications, offering sub-second time
resolution for targeted hydrocarbons at detection limits of 10
to 50 parts per trillion by volume [9]. The technique ionizes
VOCs via proton transfer from hydronium ions under con-
trolled drift-tube conditions, producing minimal fragmenta-
tion and enabling real-time quantification without chromato-
graphic separation [10].

Automated online gas chromatographs with thermal de-
sorption pre-concentration offer an alternative that prioritizes
speciation breadth over time resolution, achieving hourly or
sub-hourly measurement cycles for 50 to 100 VOC species
[10, 27] Lee et al. [10] demonstrated that passive sampling
with thermal desorption tubes and active canister sampling
produced statistically indistinguishable concentration esti-
mates for benzene and toluene but diverged by 20 to 40 per-
cent for low-molecular-weight C,-C; species. Open-path Fou-
rier transform infrared spectroscopy (FTIR) and differential
optical absorption spectroscopy (DOAS) provide path-inte-
grated concentration measurements over 100 to 500 meters,
enabling facility-scale emission quantification from diffuse
area sources.

3.2.3. Remote Sensing and Mobile Platforms

Optical gas imaging (OGI) cameras operating in the mid-
wave infrared spectral region enable real-time visualization of
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hydrocarbon plumes, leveraging C-H stretching vibration ab-
sorption. OGI cameras have become the primary survey tool
for LDAR programs in North America, though their quantifi-
cation capability is limited to qualitative indication of emis-
sion rate [11].

Mobile measurement platforms mounted on ground vehi-
cles, UAVs, and crewed aircraft have substantially expanded
spatial coverage. Zhou et al. [11] deployed a vehicle-based
system integrating a cavity ring-down spectrometer, a flame
ionization detector, and GPS across over 1,000 well pads in
the Eagle Ford Basin, revealing a skewed emission distribu-
tion in which 5 percent of sites accounted for over 50 percent
of total detected emissions. At the largest scale, the TRO-
POMI instrument aboard Sentinel-5 Precursor, with 7-by-5.5-
kilometer nadir pixel resolution and daily global coverage, has
enabled basin-scale methane quantification [28]. Tyner et al.
[29] combined airborne LiDAR with ground survey data for
the Permian Basin, demonstrating that combining top-down
flux constraints with bottom-up equipment inventories can re-
duce emission estimate uncertainty by 30 to 50 percent.

3.2.4. Cross-Tier Data Integration

Despite the complementary capabilities of the three moni-
toring tiers, data from different platforms are rarely combined
into unified emission estimates. The technical obstacles in-
clude fundamentally different measurement support scales,
the absence of standardized uncertainty propagation methods,
and the semantic challenge of reconciling VOC measurements
performed with different speciation resolution [30]. Di Gilio
et al. [30] demonstrated a citizen-science approach combining
a distributed network of low-cost passive samplers with PTR-
MS time series, substantially improving source attribution
confidence but requiring labor-intensive calibration. The ab-
sence of a widely accepted cross-tier integration framework
has practical consequences for regulatory enforcement and
impedes the development of intelligent closed-loop monitor-
ing and control systems.

3.3. Control Technologies

The control of VOC emissions from petroleum-industry op-
erations follows a three-stage hierarchy of increasing cost and
decreasing marginal effectiveness: source reduction through
feedstock and design choices, process optimization and equip-
ment management, and end-of-pipe treatment through de-
struction or capture.

3.3.1. Source Reduction

Green well completion practices—in which flowback gas is
captured and directed to a gathering line rather than vented or
flared—represent the single most effective source reduction
measure for upstream operations, achieving greater than 90
percent VOC emission reduction during the completion phase
[14, 20]- Reduced emission completion (REC) technologies
were mandated for new hydraulically fractured natural gas
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wells in the United States under the 2012 NSPS Subpart, pro-
ducing an estimated 1.7 million ton reduction in methane
emissions between 2012 and 2020. In the refining context,
source reduction encompasses the substitution of high-volatil-
ity feedstocks and solvents, the adoption of closed-loop cool-
ing and sampling systems, and the redesign of process units to
minimize leak points. These measures are most cost-effective
when incorporated during major facility turnarounds or new
construction [31].

3.3.2. Process Control

Leak detection and repair (LDAR) programs form the back-
bone of process-level fugitive emission control. The conven-
tional paradigm of fixed-frequency surveys of all accessible
components has been challenged by evidence that emission
rates follow a highly skewed distribution in which a small
fraction of components accounts for a large fraction of total
emissions [32, 33] Ravikumar et al. [33] analyzed repeated
LDAR surveys from over 2,000 facilities in Canada and the
United States, finding that directed inspection programs—sur-
veying only historically high-leak components and known
problematic equipment at high frequency—achieved 80 to 90
percent of the emission reduction of comprehensive programs
at approximately 40 percent of the inspection cost.

Floating-roof tank seal retrofitting is among the most cost-
effective process control measures for downstream storage.
Internal floating-roof tanks equipped with mechanically or
liquid-mounted primary seals and rim-mounted secondary
seals achieve 60 to 95 percent standing loss reduction. Yang
et al. [34] demonstrated that secondary seal installation and
regular seal integrity inspection reduced tank-related VOC
emissions by 85 percent with a payback period of less than
two years. Closed loading systems with vapor return lines
achieve capture efficiencies exceeding 95 percent for high-va-
por-pressure products [35].

3.3.3. End Treatment

The condensation-adsorption-catalytic oxidation treatment
train represents the mainstream technology configuration for
refinery process exhaust streams with VOC concentrations in
the 500 to 10,000 mg/m? range [36]. Condensation serves as
the first stage, recovering high-boiling VOCs while reducing
organic loading on downstream units. Single-stage condensa-
tion at 5 degrees Celsius removes 80 to 95 percent of C¢+ hy-
drocarbons.

Adsorption on porous solid media—activated carbon, zeo-
lites, silica gel, and increasingly, metal-organic frameworks
(MOFs)—addresses the intermediate-volatility fraction not
captured by condensation [12, 37] Activated carbon remains
the most widely deployed adsorbent due to its low cost and
high specific surface area (800-1,500 m?/g), but its perfor-
mance degrades in humid streams and it is susceptible to bed
fires during exothermic regeneration [38]. MOF-based adsor-
bents of the UiO and MIL families offer tunable pore geome-
tries and surface chemistries for selective VOC adsorption [39,
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40] Zhu et al. [12] concluded that while MOFs exhibit supe-
rior adsorption capacities for aromatic VOCs under dry con-
ditions (up to 1.5 g/g for benzene on MIL-101), their perfor-
mance under humid conditions remains inferior to hydropho-
bic zeolites such as ZSM-5.

Catalytic oxidation completes the treatment train by con-
verting residual VOCs to CO and H»O at 200 to 500 degrees
Celsius. Noble-metal catalysts (Pt, Pd on gamma-Al,O3) offer
high activity at lower temperatures but are costly and suscep-
tible to poisoning by sulfur, chlorine, and silicon compounds
[41]. Transition-metal oxide catalysts based on Mn, Co, Cu,
and Ce oxides have attracted substantial research attention as
lower-cost alternatives [42, 43]-Oxygen-vacancy engineering
has emerged as a particularly effective strategy for enhancing
low-temperature activity: Zeng et al. [44] demonstrated that
MnO; nanorods with engineered oxygen vacancies achieved
90 percent toluene conversion at 200 degrees Celsius—ap-
proximately 40 degrees lower than the stoichiometric base-
line—with stable performance over 100 hours in dry condi-
tions. The critical unresolved challenge is maintaining this
performance in the presence of water vapor, sulfur dioxide,
and chlorinated VOCs common in real refinery exhaust.

3.3.4. Emerging Technologies

Biofiltration—passing VOC-laden air through a packed bed
colonized by VOC-degrading microorganisms—offers a low-
energy, low-operating-cost alternative for dilute, high-volume
streams. Removal efficiencies of 80 to 95 percent have been
reported for BTEX compounds at inlet concentrations below
500 mg/m? [45]. The principal limitations are sensitivity to
concentration fluctuations and inability to degrade highly hal-
ogenated VOCs at economically viable rates [31].

Non-thermal plasma (NTP) technologies, particularly die-
lectric barrier discharge (DBD) reactors, generate reactive ox-
ygen and nitrogen species at ambient temperature and pressure
[46]. While removal efficiencies exceeding 90 percent are
achievable for single-component VOC streams at laboratory
scale, energy efficiency (typically 1-10 g VOC/kWh) remains
inferior to catalytic oxidation. Plasma-catalytic hybrid sys-
tems address this limitation by using the plasma discharge to
generate reactive intermediates that are selectively oxidized
on the catalyst surface at lower temperatures [47]. Photo-ther-
mal synergistic catalysis, in which the catalyst is simultane-
ously heated and irradiated with ultraviolet or visible light,
represents a frontier research direction. Prostéjovsky et al. [48]
demonstrated that ultraviolet light integration into a catalytic
reactor improved styrene degradation efficiency by 25 percent
relative to thermal catalysis alone.

3.3.5. Lifecycle Cost Analysis

Comparative economic analyses consistently indicate that
front-loaded investment in source reduction and process opti-
mization yields 30 to 50 percent greater emission reduction
per unit of lifecycle cost compared to end-of-pipe-only strate-
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gies [31, 49] Behnami et al. [31] applied multi-criteria deci-
sion analysis to a petrochemical wastewater treatment plant,
demonstrating that the optimal control strategy allocated ap-
proximately 40 percent of total abatement investment to
source reduction, 35 percent to process control, and 25 percent
to end-of-pipe treatment. This allocation achieved the same
total emission reduction as an end-of-pipe-only alternative at
30 percent lower total cost. The optimal investment allocation
depends on facility-specific factors including infrastructure
age, crude slate processed, applicable emission limits, and dis-
count rate applied to future operating cost savings.

3.4. Environmental Fate and Health Risk
Assessment

Petroleum-industry VOC emissions produce a spatial di-
chotomy in environmental and health impacts: near-source
risks are dominated by direct inhalation of carcinogenic aro-
matic hydrocarbons at concentrations exceeding regulatory
risk benchmarks, while far-field impacts arise from secondary
formation of ozone and particulate matter through multi-gen-
erational atmospheric oxidation.

3.4.1. Near-Source Carcinogenic Risk

Benzene—a Group 1 carcinogen—is the dominant contrib-
utor to inhalation cancer risk in populations proximate to pe-
troleum facilities. ILCR values exceeding 1x10° have been
documented in fenceline communities near refineries in the
Pearl River Delta, Beijing, Shandong, and the Yangtze River
Delta [7, 8, 50]. Li et al. [7] measured seasonal VOC profiles
at multiple receptor sites in Beijing and calculated ILCR val-
ues ranging from 2.3 107 to 8.7 107, with benzene contrib-
uting 65 to 80 percent of total cancer risk.

Source apportionment using positive matrix factorization
(PMF) consistently identifies petroleum-related factors—char-
acterized by high loadings of C4-Cs alkanes, cyclohexane, and
methylcyclohexane—as the dominant contributor to benzene
concentrations at fenceline locations [51]. Quasi-experimental
evidence from the idling of an urban oil production site in Los
Angeles demonstrated a statistically significant decline in am-
bient benzene concentrations following cessation of operations,
confirming the direct contribution of the petroleum source [52].
Urinary biomarker studies provide corroborating evidence:
trans, trans-muconic acid (t, t-MA) has been measured at ele-
vated concentrations in fenceline community residents, alt-
hough interpretation is complicated by dietary sorbic acid inter-
ference [7]. S-phenylmercapturic acid (S-PMA), a more spe-
cific benzene biomarker, has been less extensively deployed in
petroleum-community studies despite its greater specificity.

3.4.2. Far-Field Ozone and Secondary Organic
Aerosol Formation

Tropospheric ozone formation proceeds through the photo-
chemical cycling of NO and NOs in the presence of VOCs,
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with OFP of individual species varying by over three orders
of magnitude depending on OH radical reaction rate and
mechanistic pathway [4, 5]. A consistent finding across mul-
tiple studies is that a small subset of petroleum-associated
VOCs—Cs-Cs alkenes and C;-Cy aromatics—accounts for 70
to 90 percent of total OFP while constituting only 30 to 50
percent of total VOC mass [4, 53]. Xiong et al. [4] applied a
chemical transport model to an oil industry center in Canada
and demonstrated that a strategy targeting the top 20 OFP-
contributing species achieved 85 percent of the ozone reduc-
tion benefit obtainable from controlling all VOC species.

In northern China, where oil production overlaps with high
population density and unfavorable dispersion conditions,
Chen et al. [5] diagnosed the ozone formation regime in Shan-
dong Province and found that ozone production was VOC-
limited throughout summer, with alkenes driving a dispropor-
tionate share of radical initiation. Secondary organic aerosol
formation from aromatic VOCs proceeds through multi-gen-
erational oxidation adding oxygen-containing functional
groups that progressively reduce volatility. Aromatic SOA
yields range from approximately 5 percent for benzene to over
30 percent for m-xylene under high-NOy conditions [6, 54].
Integrated source apportionment studies in the Beijing-Tian-
jin-Hebei region estimate that petroleum-industry VOC emis-
sions contribute 8 to 15 percent of the regional anthropogenic
SOA burden, rising to over 20 percent 50 to 100 kilometers
downwind of major refining centers.

3.4.3. Respiratory and Systemic Health Effects:
Epidemiological Evidence and Gaps

Non-cancer health effects of petroleum-industry VOC ex-
posure have been investigated through panel studies, time-se-
ries analyses of emergency department visits, and cross-sec-
tional surveys in fenceline communities. Madani et al. [55]
analyzed the association between VOC concentrations and
respiratory disease-associated emergency room visits, finding
that benzene, toluene, ethylbenzene, and xylenes each exhib-
ited independent positive associations with asthma exacerba-
tion, with odds ratios ranging from 1.15 to 1.42 per interquar-
tile range increase. The existing epidemiological literature is
constrained by three structural limitations: the predominance
of cross-sectional and ecological study designs, exposure as-
sessment relying on central-site monitoring data that do not
capture fine-scale spatial gradients [56], and the confounding
influence of co-emitted pollutants that is difficult to disentan-
gle from VOC-specific effects.

A consequential open debate concerns the appropriate dose-
response model for benzene carcinogenic risk assessment at
low concentrations characteristic of fenceline community ex-
posures. The linear no-threshold model—the default assump-
tion in U.S. EPA and WHO risk assessments—has been chal-
lenged by analyses suggesting that benzene metabolism fol-
lows saturable kinetics at low concentrations, potentially pro-
ducing a sub-linear dose-response relationship [57]. The
mechanistic basis rests on the observation that cytochrome
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P450 2E1-mediated oxidation of benzene to benzene oxide—
the rate-limiting step in metabolic activation—exhibits Mich-
aelis-Menten kinetics with a K, value in the low micromolar
range. Resolution of this debate through targeted dosimetric
and epidemiological studies at fenceline-relevant concentra-
tions would substantially reduce uncertainty in population-
level cancer burden estimates.

4. Conclusions and Outlook

4.1. Conclusions

This review has systematically evaluated petroleum-indus-
try VOC research through the source-monitoring-control-im-
pact framework, demonstrating that emission profiles shift
compositionally across the industrial chain, from alkane-dom-
inated upstream fugitive releases through aromatic- and ole-
fin-rich midstream process emissions to downstream evapora-
tive losses. Bottom-up emission inventories systematically
underestimate fugitive VOC releases by factors of two to five,
and the absence of practical cross-tier data integration frame-
works remains the principal barrier to unified emission esti-
mates despite complementary coverage from three monitoring
tiers. Control technology analysis shows that front-loaded in-
vestment in source reduction and process optimization
achieves 30 to 50 percent greater emission reduction per unit
lifecycle cost than end-of-pipe-only strategies, although ad-
vanced adsorbents and oxygen-vacancy-engineered catalysts
face persistent sensitivity to sulfur, chlorine, and water vapor
co-exposure in real refinery exhaust. Health risk assessments
document benzene-driven ILCR values exceeding regulatory
benchmarks in fenceline communities, corroborated by uri-
nary biomarker data and quasi-experimental evidence, while
far-field secondary pollution from ozone and SOA formation
extends impacts hundreds of kilometers downwind.

Research limitations include the predominance of studies
from North America, China, and Western Europe, constrain-
ing transferability to other petroleum-producing regions, and
the absence of standardized VOC reporting metrics precluding
formal meta-analysis. Six frontier directions—multi-platform
data fusion for dynamic inventories, intelligent closed-loop
monitoring and control, durable low-temperature catalysts for
real exhaust conditions, and prospective cohort studies with
individual-level exposure monitoring—define the pathway
from reactive compliance to proactive health-protective man-
agement of petroleum-industry VOC emissions.

4.2. Future Outlook

Six frontiers define the transition from reactive compliance
to proactive, multi-pollutant risk prevention.
1) In emission characterization, multi-platform data fusion
combining satellite total-column retrievals of both
VOCs and greenhouse gases, must move from basin-
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scale demonstrations to operational multi-species inven-
tories through standardized assimilation algorithms and
cross-platform uncertainty propagation frameworks [14,
16, 25].

2) In monitoring, a critical frontier is the integration of
VOC and greenhouse gas measurement into unified sur-
veillance networks. Recent advances in open-path dual-
comb spectroscopy have demonstrated simultaneous
quantification of methane, ethane, and propane at high
temporal resolution from a single instrument, enabling
source attribution through VOC-methane correlation
analysis [58]. Long-term community monitoring cam-
paigns combining VOC speciation with methane con-
centration measurements have proven effective in distin-
guishing oil-and-gas contributions from other methane
sources in mixed urban-industrial environments [59].

3) In process control, intelligent closed-loop systems inte-
grating real-time fenceline and greenhouse gas data
streams with machine-learning anomaly detection prom-
ise continuous multi-pollutant prevention, contingent on
robust algorithms balancing sensitivity with low false-
alarm rates in chemically complex facility environments.

4) In control technology, the synergistic abatement of
VOCs and methane—a potent short-lived climate pollu-
tant—requires advancing from single-pollutant labora-
tory testing to multi-component pilot-scale validation.
Dual-function catalysts capable of simultaneously oxi-
dizing methane alongside aromatic and oxygenated
VOCs at moderate temperatures remain in an early de-
velopment stage, with Mn-Ce oxide compositions and
Pd-based formulations showing the greatest promise for
integrated exhaust treatment [60, 61] Photo-thermal syn-
ergistic systems and plasma-catalytic hybrids must sim-
ilarly be validated under the combined sulfur-, chlorine-,
water vapor-, and CO,-laden conditions of real refinery
exhaust.

5) In policy and management, the emerging paradigm of
synergistic co-control—simultaneously targeting VOC
reductions for ozone air quality improvement and me-
thane reductions for near-term climate mitigation—rep-
resents a transformative opportunity [62]. Multi-objec-
tive optimization studies for petrochemical facilities
have demonstrated that VOC and greenhouse gas co-re-
duction strategies can achieve substantial emission re-
ductions in both pollutant categories at lower aggregate
cost than separate abatement programs, by exploiting
shared emission sources and overlapping control tech-
nologies [62-65]. Operationalizing co-control requires
institutional mechanisms that integrate currently frag-
mented VOC and greenhouse gas regulatory frameworks,
including unified emission reporting protocols, co-bene-
fit accounting methodologies, and coordinated incentive
structures.

6) In health research, prospective cohort studies employing
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wearable passive samplers and urinary VOC-specific bi-
omarkers remain essential for establishing causal expo-
sure-outcome relationships that cross-sectional designs
have left unresolved.
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