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Abstract

Oil depots are continuous sources of volatile organic compounds (VOCs), which contribute
to ground-level ozone (O3) and secondary organic aerosol formation, posing threats to air
quality and public health. This study investigated typical crude and refined oil depots
in the Xigu District of Lanzhou by measuring VOC source profiles and establishing an
emission inventory. The maximum incremental reactivity (MIR) method was applied to
assess the chemical reactivity of VOCs; both the emission inventory and VOC profiles
were incorporated into the WRF-CMAQ model for numerical simulations. Results showed
that the average ambient VOC concentrations were 49.8 ug/m? for the crude oil depot
and 66.1 pg/m?3 for the refined oil depot. The crude oil depot was dominated by alkanes
(37.1%), aromatics (25.1%), and OVOCs (22.5%), while the refined oil depot was dominated
by alkanes (57.3%) and OVOCs (16.7%), with isopentane identified as the most abundant
species in both depots. The ozone formation potentials (OFPs) of the crude oil and refined
oil depots were 153.1 pg/m? and 178.3 pig/m?3, respectively. Aromatics (47.0%) and OVOCs
(29.0%) were the primary contributors at the crude oil depot, with isopentane, o-xylene, etc.,
as the dominant reactive species. In the refined oil depot, the main contributors were alka-
nes (27.8%), alkenes and alkynes (26.6%), OVOCs (24.5%), and aromatics (20.5%), among
which isopentane, trans-2-butene, etc., were most prominent. In 2023, VOC emissions from
the crude oil and refined oil depots were estimated at 1605.3 t and 1287.8 t, respectively,
mainly from working loss (96.6%) in the crude oil depot and deck fitting loss (60.7%) and
working loss (31.3%) in the refined oil depot. Numerical simulations indicated that oil
depot emissions could increase regional MDA8 O3 concentrations by up to 40.0 pg/m?>. At
the nearby Lanlian Hotel site, emissions contributed 15.1% of the MDAS8 O3, equivalent
to a 6.1 pug/m? increase, while the citywide average was 1.7 pg/m?>. This study enriches
the VOC source profile database for oil depots, reveals their significant role in regional O3
formation, and provides a scientific basis for precise O3 control and differentiated emission
reduction strategies in Northwest China.

Keywords: oil depots; VOCs; VOC source profile; O3; ozone formation potential (OFP);
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1. Introduction

Tropospheric ozone (O3) is a greenhouse gas with strong oxidizing properties that
regulates atmospheric oxidation capacity and contributes to climate warming. Elevated
O3 concentrations pose risks to human health and crop productivity [1-3]. Ground-level
O3 pollution remains a pressing environmental challenge worldwide, particularly in in-
dustrialized regions. In East Asia, O3 concentrations have shown a clear upward trend
in recent decades [4]. In China, for instance, the summer trend in maximum daily 8 h
average (MDAS) O3 increased by 1.9 ppb per year from 2013 to 2019 [5], contributing to
increasingly severe pollution episodes in major urban agglomerations such as the Yangtze
River Delta, the Pearl River Delta, and the Fenwei Plain [6,7], while industrial cities in
Northwest China, including Lanzhou and Yinchuan, are also experiencing increasingly
severe O3 episodes [8,9]. In contrast, North America and Europe have seen a general decline
in surface O3 from 2000 to 2018, particularly in summer, along with a seasonal shift of O3
peaks from summer to spring, driven by NOy; controls and background O3 changes [10].
However, more recent data indicate the United States summer O3 concentrations have
plateaued during 2013-2023, with little improvement over the past decade [11].

Volatile organic compounds (VOCs) are key precursors of O3 formation. In the pres-
ence of nitrogen oxides (NOx), VOCs undergo a series of photochemical reactions, produc-
ing peroxy radicals and driving O3 accumulation [12]. Rising temperatures significantly
enhance the photochemical reactivity of VOCs, thereby accelerating O3 production [13].
Moreover, O3 formation exhibits a complex nonlinear relationship with its precursors,
where the O3 production regime may be VOC-limited, NOx-limited, or within a transi-
tional zone, depending on the ratio of NOx to VOC concentrations [14]. Source-specific
VOC emissions vary greatly in composition, reactivity, and ozone formation potential
(OFP), thereby influencing both the efficiency of O3 production and the characteristics
of regional pollution [15,16]. Among various emission sources, petroleum storage and
transportation, particularly oil depots, are recognized as significant yet often overlooked
contributors due to their large storage capacity, frequent loading/unloading operations,
and substantial breathing losses [17]. Oil depots emit large amounts of alkanes, aromatics,
and oxygenated VOCs, including highly reactive species that play critical roles in O3 forma-
tion [18-20]. These emissions not only deteriorate local air quality but may also elevate O3
levels through the regional transport of photochemically produced ozone over distances of
tens to hundreds of kilometers, complicating pollution control efforts [21].

International studies on o0il depot VOC emissions have mainly focused on emission
factor measurement, compositional characterization, and evaluation of control technologies.
Research in the United States, Europe, and Japan has highlighted tank sealing, load-
ing/unloading practices, and temperature fluctuations as key factors influencing emission
intensity [22-24]. Modeling studies have further demonstrated that incorporating localized
source emission profiles can significantly improve the accuracy of O3 simulations, espe-
cially during high-concentration episodes [25]. However, in Northwest China (particularly
in valley-type industrial cities with complex terrain and unique meteorological conditions),
studies on oil depot VOC emission characteristics and their contributions to O3 formation
remain scarce. Current control strategies often rely on generic source profile databases,
lacking localized field observations.

As a typical industrial city in Northwest China, Lanzhou is located in a narrow valley
along the upper reaches of the Yellow River. Due to the constrained valley terrain and stable
stratification, pollutants tend to accumulate, and dispersion is limited, leading to complex
O3 formation mechanism. Monitoring data from the local environmental authority indicate
that O3 has become one of the dominant summer pollutants in recent years, with 25 days
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recorded in 2024 when it ranked as the primary pollutant (https://sthjj.lanzhou.gov.cn/,
accessed on 2 July 2025).

Previous studies have shown that VOCs in Lanzhou originate from multiple sources,
including industrial activities, solvent use, vehicle exhaust, and fuel combustion [26,27];
among them, highly reactive species such as propylene, toluene, ethylbenzene, and n-
pentane contribute significantly to O3 formation in industrial zones [28]. Simulations
using the WRF-CHEM model further revealed that the urban core of Lanzhou is VOC-
limited, while the western petrochemical zone is NOx-limited. Coordinated VOC and
NOx emissions reductions were found to effectively suppress peak daytime O3 levels.
Sensitivity analyses also indicated that the city’s unique valley topography reduces surface
ozone concentrations during the day but increases nighttime levels, thereby reshaping
the spatiotemporal patterns of photochemical reactions and pollutant transport [29,30].
Additional modeling results confirmed that emissions of NOx, VOCs, and particulate
matter led to an increase of approximately 0.98 ppb in O3 concentrations between 2013 and
2021, driven by chemical interactions and vertical mixing processes [31].

As atmospheric oxidation capacity intensifies, the co-occurrence of O3 and PM; 5 pol-
lution becomes more pronounced, with oxygenated VOCs (OVOCs) and secondary aerosol
precursors playing critical roles in regional air quality degradation [32]. Nevertheless, sub-
stantial discrepancies remain between modeled and observed concentrations of VOCs and
O3 in Lanzhou, indicating the need for refined emission inventories and updated chemical
mechanisms [33]. For a large industrial city such as Lanzhou, a detailed characterization
of 0il depot VOC source profiles, their chemical reactivity, and their contributions to O3 is
crucial for improving the accuracy of regional O3 simulations and for optimizing pollution
control strategies.

Against this backdrop, this study focuses on typical crude oil and refined oil depots
in Lanzhou’s Xigu District. High-resolution VOC source profiles were obtained through
field observations, combined with an emission inventory and the maximum incremental
reactivity (MIR) method to quantify chemical reactivity [34]. These observed source profiles
were converted into CB06 mechanism species and incorporated into the WRF-CMAQ model
to simulate O3 formation and quantitatively assess the impacts of oil depot emissions on
O3 concentrations [35]. In this study, we aim to establish a localized VOC source profile
database for oil depots in Northwest China, identify key reactive species and quantify their
contributions to O3 formation from oil depot emissions, and provide a scientific basis for
developing differentiated and refined O3 pollution control strategies for Lanzhou and other
similar regions.

2. Materials and Methods

2.1. Sampling and Analysis
2.1.1. Site Description

Lanzhou is located in the semi-arid climate zone of China [36]. The oil depot complex
in the Xigu District, comprising a crude oil depot and a refined oil depot, functions as
a major petroleum hub, with storage capacities of 2.30 x 10° m?® and 0.36 x 10® m3 and
annual throughputs of 31.21 x 107 m? and 11.46 x 107 m3 in 2023, respectively (Figure 1).
Situated within the urban built-up area, the depot is surrounded primarily by residential
neighborhoods and building-material markets. Operational processes include crude oil
storage, cyclic heating, tank switching, and external transfer. According to the Technical
Specification for Application and Issuance of Pollutant Permit Bulk Oil Terminal and
Filling Station (HJ 1118-2020) [37], VOC emissions from oil depots primarily originate from
working losses and standing losses, with emission intensity closely related to throughput,
floating-roof design, and tank fittings.
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Figure 1. Geographical scope of sampling sites and CMAQ simulation domains. (a) Lanzhou City’s
location in China. (b) CMAQ domains over Northwest China with marked oil depots and Lanzhou
urban area. (c) Sampling sites of crude and refined oil depots in Xigu District. (d) Wind frequency in
Lanzhou from 2004 to 2023.

The crude oil depot employs external floating-roof tanks with double-deck full-contact
floating roofs and secondary mechanical seals, while the refined oil depot adopts internal
floating-roof tanks with double-deck or pontoon-type roofs and bladder seals. Substantial
fugitive VOC emissions occur during routine operations, and tank design differences
significantly affect VOC profiles. The crude oil depot uses double-deck full-contact floating
roofs, which eliminate vapor space due to welded decks, resulting in zero deck seam
losses. In contrast, pontoon-type roofs in the refined oil depot retain vapor space, leading
to notable deck seam losses. Additionally, secondary mechanical seals used in the crude oil
depot have lower rim seal loss factors than bladder seals in the refined oil depot, which
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provide only single-stage sealing. These structural differences lead to varying emission
patterns, further details can be found in Section 2.3.

2.1.2. Sampling Procedures and Timeline

The Emission Standard of Air Pollutant for Bulk Petroleum Terminals (GB 20950-
2020) specifies explicit requirements for boundary emission monitoring [38]. Previous
studies have shown that fugitive VOC emissions are commonly monitored at facility
boundaries or outside workshops to evaluate emission characteristics, OFP, and health risks,
highlighting the critical role of boundary monitoring in industrial emission control [39-41].
Following both HJ 732-2014 (Emission from Stationary Sources-Sampling of Volatile Organic
Compounds-Bag Method) and GB 20950-2020 [42], and considering the specific conditions
of the study area, four sampling sites were established along the boundaries of both the
crude oil and refined oil depots at a height of approximately 1 m. The sampling bags used
in this study were made of polytetrafluoroethylene (PTFE, 1.5 L) with low adsorption and
permeability. The sampling system consisted of a transparent vacuum box (5 L), pump,
flow meter, connecting tubes, sampling tube, and valves. Before sampling, the bags were
cleaned three times with the vacuum sampler and evacuated. During collection, inflow
was controlled at a constant rate via the flow meter.

To avoid daytime photochemical degradation of reactive VOCs [43], all sampling
was performed at night. This approach minimizes the degradation of reactive species and
enhances the accuracy of VOC profiles. As daytime measurements largely reflect residual
VOCs after photochemical reactions, nighttime sampling reduces survivor bias and more
accurately captures key precursors driving ozone formation. Sampling at the crude oil
depot was conducted from 22:05 to 22:45 on 8 August 2024, and at the refined oil depot
from 23:50 on 8 August to 00:30 on 9 August. Each site was sampled for 40 min, meeting the
>30 min requirement in HJ 1010-2018 (the Specifications and Test Procedures for Ambient
Air Quality Continuous Monitoring System with Gas Chromatography for Volatile Organic
Compounds) [44]. Sampling took place under stable meteorological conditions, with
confirmed regular operations. This timing avoided upcoming maintenance involving
solvents, ensuring representativeness. All samples were stored in a light-protected box and
transported to the laboratory. All procedures followed HJ 732-2014. During the sampling
period, meteorological conditions were relatively stable, with an average temperature of
21 °C, relative humidity of 70%, prevailing easterly winds, and a mean wind speed of
2 m/s. The small diurnal temperature variation and limited atmospheric dispersion or
transport suggest that the sampling results are highly representative.

2.1.3. Analytical Methods

Samples from the crude oil and refined oil depots were analyzed on 9 August 2024
between 05:00 and 13:00 at hourly intervals using a thermal desorption preconcentrator
(TT24-7-xr, Markes, Llantrisant, UK) coupled with a gas chromatograph-mass spectrome-
ter/flame ionization detector (GC-MS/FID, 8890-5977B, Agilent, Santa Clara, CA, USA).
The system detected a total of 116 VOC species, including 29 alkanes, 11 alkenes, 1 alkyne,
21 oxygenated VOCs, 18 aromatics, and 35 halocarbons. Detailed species information
is provided in Table S1. The FID analyzed C,-C3 hydrocarbons, while the MS was used
for other compounds. Operating conditions of the TT and GC-MS are summarized in
Tables S2 and S3, respectively. All observed mixing ratios (ppb) were converted to mass
concentrations (ng/ m3) using Equation (1).

M x the volumetric concentration

The mass concentration = (1)
Vi
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where M is molecular weights of VOCs; Vm is the molar volume of the gas, 22.4 L /mol
was selected for this study.

Statistical analysis of the sampling results was performed using descriptive statistics
(mean and standard deviation), along with inferential methods including independent-
sample f-tests and one-way analysis of variance (ANOVA), to assess both inter-group
differences and spatial variability.

2.1.4. Quality Assurance and Control

Instrument calibration and quality assurance strictly followed HJ 1010-2018, with over
90% of compounds having detection limits < 0.1 nmol/mol. Standard gases were supplied
by certified providers. The internal standard was a mixed gas (10 x 107°, v/v) containing
bromochloromethane, 1,4-difluorobenzene, chlorobenzene-Ds, and 4-bromofluorobenzene,
while external standards gases were prepared by diluting PAMS, TO-15, and OVOCs gases
to 20 x 10~° (v/v) using an SD6000 diluter. Recalibration was performed when measured
concentrations deviated by & 30% from expected values. Under stable operation, standard
gases (0.5-10 nmol/mol) were analyzed sequentially. Calibration employed the internal
standard method, with analyte/internal standard concentration ratios as the x-axis and
response ratios as the y-axis, regression lines were forced through the origin, with R* > 0.98
as required by HJ 1010-2018.

2.2. Evaluation of VOC Chemical Reactivity

VOCs are chemically diverse and often undergo multi-step atmospheric reactions,
sometimes forming chain reactions that generate additional radicals and drive further
processes. Their role in atmospheric chemistry is closely linked to both ambient concen-
trations and chemical reactivity [45]. The OFP is an indicator of the potential of a unit
mass of VOCs to generate O3 through photochemical reactions, while the MIR reflects both
mechanistic and kinetic reactivity. In this study, MIR coefficients proposed by Carter were
applied to assess the O3 formation potential of oil depot VOCs based on their measured
concentrations and compositional profiles. The calculation is presented in Equation (2).

OFP =) ™ VOC; x MIR; 2)

where OFP represents the maximum ozone formation potential (ug/ m3), VOC; is the ob-
served concentration of species i (ug/ m?), and MIR; denotes the maximum incremental re-
activity coefficient of species i (ug/ug), with values taken from Carter’s MIR database [46].

2.3. Construction of VOC Emission Inventory for Oil Depots

Based on a detailed investigation, it was determined all tanks at both the crude and
refined oil depots are external floating-roof types. This study estimates VOC emissions
using the methods specified in HJ 118 and Chapter 7.1 of the U.S. EPA’s AP-42 “Liquid
Storage Tanks”, as described in Supplementary Material (Text S1). The AP-42 methodology
has also been widely utilized in domestic research for estimating VOC emissions from
oil depots [47]. Notably, the Guidelines for the Investigation of VOC Pollution Sources
in the Petrochemical Industry, issued by the Ministry of Ecology and Environment of
China, also references the AP-42 methodology for calculating VOC emissions from storage
tanks. In accordance with this approach, routine emissions from floating-roof tanks were
considered as the sum of standing and working losses. Standing losses include rim seal,
deck fitting, and deck seam losses, while working loss, also known as withdrawal loss,
results from vapor displacement caused by liquid level changes against the tank wall
during filling or withdrawal. Using this method, 2023 emission inventories were compiled
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for both depots, incorporating activity data such as daily throughput, floating-roof type,
and fitting configuration.

2.4. O3 Numerical Simulation
2.4.1. Model Parameterization

This study employed the Weather Research and Forecasting model (WRF v4.2) and
the Community Multiscale Air Quality model (CMAQ v5.3) to simulate meteorological
fields and ambient air quality in Lanzhou [48,49], as illustrated in Figure 1b. The initial and
boundary conditions for WRF were obtained from the Final Operational Global Analysis
(FNL) reanalysis dataset (1° x 1°, 6 h interval) from the National Centers for Environmental
Prediction (NCEP). Oil depots VOC speciation followed the CB06 mechanism using the Spe-
ciation Tool based on the U.S. EPA SPECIATE database, which provides a comprehensive
repository of source-specific chemical composition profiles for gas-phase and particulate
emissions [50].

Anthropogenic emissions combined the 2020 Multi-resolution Emission Inventory
for China (MEIC) with the oil depot-specific VOC inventory developed in this study.
Emissions were processed via the Sparse Matrix Operator Kernel Emissions (SMOKE
v4.7) for temporal allocation and chemical speciation. Spatial allocation was performed
in ArcGIS using road networks, land use, GDP, and population data. Temporal profiles
followed the Technical Guidelines for Urban Emission Inventories by the Chinese Society
of Environmental Sciences. Biogenic emissions were estimated using MEGAN v3.1 [51].

The simulation period, 26 July-31 August, coincided with the VOC sampling campaign
and represented typical summer ozone conditions. One-month warm-season simulations
are widely used in regional photochemical modeling to capture representative meteorologi-
cal and chemical patterns [52,53]. The Integrated Source Apportionment Method (ISAM)
module in CMAQ was applied to quantify the contributions of VOC emissions from oil
depots to ambient O3 levels [54]. Detailed model configurations are provided in Table 1.

Table 1. Model configurations.

Model Group Model Attribution Configuration
Simulation period 26 July-31 August, 2023
Horizontal resolution: 105 x 105 grids for domain1, resolution: 5 km,
Resolution 125 x 125 grids for domain2, resolution: 1 km; Vertical resolution:
41 eta layers
WRE Microphysics Lin et al. scheme

Cumulus Convective
Longwave/shortwave radiation
PBL physics scheme
sfclay_physics

surface_physics

Kain-Fritsch(new) scheme

Rapid Radiative Transfer Model for GCMs (RRTMG)
Yonsei University (YSU) scheme

Revised MM5 Monin-Obukhov scheme

Unified Noah land-surface model

Speciation Tool

Input options
Transition mechanism
Output options

Measured VOC species in crude oil depot and refines oil depot
cb6r3_aeb
VOC species profile based on the CB06 mechanism

CMAQ

Simulation period
Resolution

Gas-phase chemistry

Aerosol module

Photolysis

Diffusion

Initial and boundary conditions

1-31 August, 2023

Horizontal resolution: 100 x 100 grids for domain1, resolution: 5 km,
120 x 120 grids for domain2, resolution: 1 km; Vertical resolution:

41 eta layers

Carbon Bond 6 version r3 chemical reaction mechanism (CB6r3)
AERO6 modes

Photolysis-inline

Asymmetrical Convective Model Version 2 (ACM2)

Default global background concentration file in the model
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2.4.2. Scenario Design

To assess the impact of oil depot emissions, two ozone simulation scenarios were
established. The baseline scenario included anthropogenic emissions from MEIC with
default VOC speciation. The comparison scenario additionally incorporated VOC emissions
from crude and refined oil depots using source profiles derived in this study, while other
sources followed MEIC defaults. Biogenic VOCs were simulated using MEGAN v3.1. Key
differences are summarized in Table 2.

Table 2. Description of O3 simulation scenarios and VOC configuration.

Scenario Oil Depot VOC Emissions VOC Speciation
Baseline Not included Default MEIC profiles

Oil depots: field-based (this
study); others: MEIC default

Comparison Included (crude + refined depots)

2.4.3. Model Evaluation Methods

Model performance was evaluated by comparing simulated and observed data using
statistical metrics: correlation coefficient (R), normalized mean bias (NMB), root mean
square error (RMSE), and index of agreement (IOA) [55]. Meteorological data were obtained
from the China Meteorological Administration (https://www.cma.gov.cn/, accessed on
5 May 2025), and air quality data from the China Air Quality Online Database (https:
//quotsoft.net/air, accessed on 3 June 2025). Formulas for the evaluation metrics are
provided in Equations (3)—(6).

Yt (Si—5) x (0; = 0)

R= o\ 2 =\ 2 (3)
VIR (55 x X, (0,-0)
NmB = S0 000, (4)
i=1 O
1 vm
RMSE = \/ L (S0 (5)
m . . 2
IOA =1-— =1 (5~ 0) (6)

m (18 —51 +10;—01)*

where Si and Oi denote the simulated and observed values, respectively; S and O represent
their averages; and m is the number of paired samples.

3. Results and Discussion

3.1. Emission Characteristics of VOCs in Oil Depots
3.1.1. Concentration Level of VOCs

Figure 2 illustrates the VOC concentration distributions at the boundary monitoring
sites of the crude and refined oil depots. At the crude oil depot, VOC concentrations ranged
from 41.7 to 56.9 pg/m3, with the highest level on the southern boundary and the lowest
on the northern boundary, yielding a mean of 49.8 ug/m? and relatively low variability
(standard deviation = 8.5 ug/ m?). In contrast, VOC concentrations at the refined oil depot
were higher overall, ranging from 56.0 to 82.5 ug/m?3, with the highest value on the western
boundary and the lowest on the eastern boundary. The mean concentration was 66.1 ug/ m3
with greater variability (SD = 11.5 ug/m?). A two-sample t-test (1 = 4 per depot) confirmed
that VOC levels at the refined oil depot were significantly higher than those at the crude oil
depot (p < 0.01). One-way ANOVA showed significant directional differences at the refined
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oil depot (p = 0.04) but not at the crude oil depot (p = 0.11), suggesting that VOC dispersion
at the refined facility is more sensitive to wind direction and fuel volatility. These results
align with the observed higher concentrations on the western and southern boundaries,
consistent with prevailing easterly winds and the storage of more volatile fuels.

100
Crude oil depot
82.5 [ Refined oil depot
80 66.1=11.5
e}
=
£ 601 574 49.8+8.5
E
g
g 40
o
o
>
20
0
West North East South Average

Figure 2. VOCs concentrations at monitoring points for oil and refined depots.

Both depots exhibited higher VOC concentrations along their western and southern
boundaries, supporting the role of wind-driven transport. Overall, the refined oil depot
showed higher average concentrations than the crude oil depot, reflecting the storage of
more volatile fuels such as gasoline and diesel. The observed concentration levels were
comparable to concentrations observed at the downwind site of a chemical industrial park
in Kunming (48.0 & 46.6 pg/m?>) and at the boundary of a chemical complex containing
oil storage tanks (59.0 £ 40.0 ug/ m3) [56,57], but were substantially lower than those
measured at the boundary of a northern China refinery (378.0 £ 363.0 ug/ m3) [58]. These
differences mainly reflect variations in industrial source types and scales. The referenced
refinery processes 8 million tons of crude oil annually and includes multiple production
units, resulting in higher and more complex VOC emissions. In contrast, the oil depots
investigated in this study are dedicated solely to storage, with simpler operations and
fewer emission sources.

3.1.2. Compositional Characteristics of VOC Species

The compositional characteristics of VOCs are presented in Figure 3. In the crude oil
depot, alkanes dominated (37.1%), followed by aromatics (25.1%), OVOCs (22.5%), halocar-
bons (12.2%), and alkenes/alkynes (3.1%). In contrast, the refined oil depot was primarily
composed of alkanes (57.3%), with lower proportions of OVOCs (16.7%), aromatics (10.4%),
halocarbons (8.6%), and alkenes/alkynes (6.9%).

Compared with previous studies, the alkane fraction in the crude oil depot was
markedly lower than that reported for crude oil storage tanks in Hebei (49.9-84.6%), the
urban area of Dongying (70.9%), a petroleum extraction and processing city, and the
Zhoushan crude oil storage area (75.6%) [59-61]. This discrepancy may be related to differ-
ences in crude oil sources and monitoring locations: the crude oil in this study originated
mainly from Northwest China, with relatively higher proportions of aromatics and OVOCs,
whereas the Dongying measurements were taken within the urban area and thus subject to
mixed-source influences. For the refined oil depot, the alkane proportion falls between those
reported for diesel (51.9%) and gasoline (92.5%) from Zhoushan gas stations [61]. These
results are also consistent with the national VOC profile range (36.5-69.3%), particularly
for sources in Northwest China, as reported by Wang et al. (2022) [62].
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Figure 3. VOC composition and top 10 species at crude and refined oil depots.

This suggests that while the overall alkane content in both depots aligns with the
broader characteristics of petroleum-related sources, notable depot-specific differences
remain. Notably, Wu et al. (2019) found that alkanes comprised over 60% of total VOCs
in many industrial and urban sites in Lanzhou, highlighting their widespread dominance
in petrochemical-related emissions in Northwest China [28]. The relatively lower alkane
and higher OVOC and aromatic fractions observed in the crude oil depot of this study
may reflect differences in crude oil origins (primarily sourced from Northwest China),
storage conditions, and emission environments, as opposed to the urban-affected sites like
Dongying. Additionally, discrepancies across studies may also result from variations in
sampling methodologies (e.g., fence-line sampling in this study vs. nozzle sampling in
Zhoushan), fuel additive usage, and the degree of gasoline—diesel mixing.

A total of 116 VOC species were identified in this study (detailed in Table S1). The
top ten species contributed 21.8 pg/m?> (43.8%) in the crude oil depot and 37.2 pg/m?3
(56.2%) in the refined oil depot, indicating higher emission intensity associated with refining
processes. In the crude oil depot, isopentane (16.6%) was the dominant compound, followed
by toluene and several oxygenated species, with further contributions from aromatics
and long-chain alkanes. In contrast, the refined oil depot showed a substantially higher
proportion of isopentane (33.8%), with strong enrichment of short- and medium-chain
alkanes, while the relative contributions of aromatics and OVOCs were lower.

Comparisons revealed that isopentane was the most abundant species in both depots,
with its fraction in this study (16.6% in the crude oil depot and 33.8% in the refined oil
depot) significantly higher than values reported for the Zhoushan crude oil storage facility
(3.10%), and the refined oil depot values falling between those reported for diesel (14.36%)
and gasoline (68.67%) at Zhoushan gas stations. Similar dominance of isopentane and
C,—Cs alkanes has been reported in both Lanzhou and Zhoushan [28,61]. In Lanzhou, Wu
etal. (2019) found isopentane consistently among the top VOC species across industrial and
urban sites [28]. Moreover, Liang et al. (2023) estimated that 60% of isopentane emissions
in oil-related facilities originated from gasoline storage and transport, underscoring the
importance of liquid fuel supply chains in shaping source profiles [63]. These compositional
distinctions may reflect not only fuel type differences but also regional variation in crude
oil sources, storage conditions, and emission controls. Additionally, discrepancies could
stem from differences in sampling methods, fuel additive usage, and the degree of gasoline—
diesel mixing, as noted in prior VOC source profile reviews [64].
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3.1.3. VOC Emission Inventory and Model-Ready Speciation Profiles

Based on the VOC emission inventory constructed in Section 2.3 (following HJ 1118-
2020 and the U.S. EPA’s AP-42 guidelines for liquid storage tanks), the estimated annual
emissions were 1605.3 t/a for the crude oil depot and 1287.8 t/a for the refined oil depot
(Figure 4), reflecting typical large-scale VOC release intensities in storage facilities. The
crude oil depot, equipped with external floating-roof tanks with secondary mechanical
seals, released VOCs predominantly from working losses (96.6%), with rim-seal losses
effectively eliminated by the use of double-deck full-contact floating roofs. In contrast, the
refined oil depot, using internal floating-roof tanks with bladder seals (mostly single-deck
pontoon type), exhibited emissions dominated by rim-seal losses (60.7%) and working
losses (31.3%).

Working loss
| I Rim seal loss
100 0.6% 2.8% Deck fitting loss
Deck seam loss
80 1
= 60.7%
e
o 60
8
=
8 96.6%
=
0]
A~ 40
20 1
31.3%
0 " >
Crude oil depot Refined oil depot

Figure 4. Type and proportion of VOCs emission at crude and refined oil depots.

Compared with reported results for internal floating-roof tanks at a Beijing oil depot,
the refined oil depot in this study showed a higher rim-seal loss proportion (60.7% vs.
53.8%), a similar working loss proportion (31.3% vs. 29.6%), and a markedly lower fitting
loss proportion (8.0% vs. 13.4%) [65]. These differences are likely attributable to tank design
features (e.g., single-deck pontoon type), highlighting the significant influence of tank
structure on VOC emission characteristics. Notably, the full-contact floating-roof design
adopted at the crude oil depot proved highly effective in eliminating rim-seal losses. These
findings provide valuable implications for developing differentiated VOC control strategies
tailored to various types of floating-roof tanks.

Uncertainties in the emission inventory primarily originate from activity data acqui-
sition and emission factor selection [66]. In this study, emission factors and parameters
were primarily derived from U.S. EPA’s AP-42, which may inevitably introduce biases in
VOC emission estimates. To further reduce VOC emissions, we recommend that refined oil
depots consider upgrading single-deck pontoon-type internal floating roofs to full-contact
designs to minimize vapor space and associated losses. Additionally, both crude and
refined oil depots should reinforce seal integrity to curb rim losses. Operationally, synchro-
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nizing oil receiving and dispatching processes is also advisable to shorten the residence
time of residual liquid films, thereby mitigating working losses.

Based on the observed VOC concentrations from the crude oil and refined oil de-pots,
source profiles were processed with the Speciation Tool to construct profiles compatible
with the CB06 chemical mechanism in the CMAQ model. These were systematically com-
pared with VOC speciation profiles of industrial sources in the MEIC inventory (Table 3).
The MEIC industrial source profile was dominated by benzene (BENZ, 33.6%) and acetone
(ACET, 32.7%), reflecting the characteristics of process-related aromatic and oxygenated
VOC emissions. In contrast, the crude oil and refined oil depot profiles were charac-
terized by PAR (39.6%/60.7%), XYLMN (13.5%/4.8%), and UNR (11.6%/8.3%), indica-
tive of petroleum volatilization. The proportions of higher aldehydes (ALDX), alkenes
(IOLE/OLE), and intermediate-volatility organic compounds (IVOCs, 3.8-3.9%) were sig-
nificantly higher in oil depot profiles than in the MEIC industrial source profile, suggesting
that fuel oxidation processes may play an important role and that oil depots may represent
a potentially important source of IVOCs.

Table 3. Species allocation of VOCs under CB06 for MEIC industry and oil depot sources.

Mod;lailpeeaes Description MEIC Industry Cligg;o?ll Refll;z;ito il
ACET Acetone (propanone) 32.7% 3.8% 2.2%
ALD2 Acetaldehyde (ethanal) 0.0% 2.9% 1.9%
ALDX Higher aldehyde group (-C-CHO) 0.0% 4.4% 3.3%
BENZ Benzene 33.6% 1.4% 1.1%

CH4 Methane 0.0% 0.0% 0.0%
ETH Ethene (ethylene) 0.3% 0.6% 0.4%
ETHA Ethane 0.6% 1.6% 0.9%
ETHY Ethyne (acetylene) 6.2% 0.3% 0.2%
ETOH Ethanol 0.1% 0.0% 0.0%
FORM Formaldehyde (methanal) 0.0% 0.9% 0.8%
IOLE Internal olefin group (R1R2 > C=C < R3R4) 0.1% 0.5% 3.4%
ISOP Isoprene (2-methyl-1,3-butadiene) 0.0% 0.4% 0.1%
IvVOC Intermediate volatility organic compounds 0.0% 3.9% 3.8%
KET Ketone group (R1R2 > C=0) 3.2% 0.6% 0.4%
MEOH Methanol 0.0% 0.0% 0.0%
NAPH naphthalene 0.0% 0.6% 0.4%
OLE Terminal olefin group (R1IR2 > C=C) 0.2% 1.8% 1.8%
PAR Paraffinic group (R1-C < R2R3) 3.2% 39.6% 60.7%
PRPA Propane 15.6% 1.7% 0.7%
TERP Monoterpenes 0.0% 0.0% 0.0%
TOL Toluene and other monoalkyl aromatics 1.3% 9.9% 4.8%
UNR Unreactive carbon groups (e.g., halogenated carbons) 1.9% 11.6% 8.3%
XYLMN Xylene and other polyalkyl aromatics 0.7% 13.5% 4.8%

In addition, propane (PRPA) was much lower in oil depots than in industrial sources,
whereas ethane (ETHA) was higher. The comparison revealed substantial compositional
differences. This contrast may be related to differences in energy structures and industrial
processes: as the world’s largest consumer of liquefied petroleum gas (LPG), China’s indus-
trial sources (e.g., refining, petrochemicals, and LPG processing) likely involve substantial
propane use and byproduct emissions, whereas oil depots, dominated by lighter crude
oil fractions, tend to emit higher levels of ethane. These discrepancies have important
implications for O3 precursor attribution and atmospheric chemical mechanism represen-
tation in the CMAQ model. These efforts jointly strengthen the accuracy of VOC source
representation in chemical transport models and provide a solid foundation for simulating
ozone formation from oil depot emissions with greater fidelity.
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3.2. O3 Formation Potential of VOCs

To identify the key reactive VOC species contributing to O3 formation, the OFP of
crude oil and refined oil depots was calculated (Figure 5). The results showed distinct
differences, with total OFP values of 153.1 pg/m? for the crude oil depot and 178.3 pg/m?
for the refined oil depot (with detailed OFP values provided in Table S1). For the crude
oil depot, the contributions ranked as aromatics (47.0%) > OVOCs (29.0%) > alkanes
(14.1%) > alkenes/alkynes (9.3%) > halocarbons (0.6%), indicating substantial variabil-
ity among groups. In contrast, the refined oil depot showed a more even distribution,
with alkanes (27.8%), alkenes/alkynes (26.6%), OVOCs (24.5%), and aromatics (20.5%)
contributing comparably, while halocarbons remained negligible (0.6%).

Alkanes ™ Alkenes+Alkyne OVOCs Aromatics Halohydrocarbons
Crude oil depot Refined oil depot
1,3,5-trimethylbenzene 1 6.0 l-hexene{ __ [5.2
m-ethyltoluene {163 14'1%0'6% acrolein T 5.2 0.6% »
pxylene{ 170 toluene{ 6.2 27.8% =
1,2, 4-trimethylbenzene{ 7.1 A 47.0% butanal {163
mxylene{ |77 trans-2-pentene{_____ 6.6 24.5%
acetaldehyde 19.5 29.0% cis-2-butene{ 7.1
propionaldehyde 1 19.6 acetaldehyde{ 8.2
toluene 1 9.8 propionaldehyde{ 9.4
o-xylene 1 ]10.3 trans-2-butene |15.7
isopentane 1 ]12.0 isopentane 1 [32.4
0 10 5 20 25 0 5 10 15 20 25 30 35 40
OFP (ug/m?) OFP (ug/m?)

Figure 5. OFP composition and top 10 OFP species at crude and refined oil depots.

Notably, a comparison between group concentration shares (Figure 3) and OFP contri-
butions revealed no direct correspondence, suggesting that VOC abundance is not linearly
proportional to its ozone formation contribution. This discrepancy arises from differences
in MIR coefficients among VOC species, underscoring the complex nonlinear relationship
between O3 formation and its precursors. Building upon this, our results further indicate
that aromatics, alkenes, and OVOCs were the dominant contributors to ozone formation
potential (OFP) in both oil depots, a pattern broadly consistent with prior studies. For
example, Sun et al. (2023) reported that alkenes/alkynes and aromatics dominated OFP in
the petroleum refining industry in Guangdong, despite alkanes being the most abundant
by mass [67]. Similarly, in Chongging high-tech industrial zone, Luo et al. (2023) identified
alkenes as the most reactive O3 precursors, followed by aromatics and alkanes, further
illustrating the mismatch between species abundance and reactivity [68].

The top ten VOC species contributing to the ozone formation potential (OFP) in crude
and refined oil depots (Figure 5) showed distinct profiles. In the crude oil depot, OFP
was mainly driven by aromatics-o-xylene (6.7%), toluene (6.3%), m-xylene (5.0%)-and
oxygenated VOCs, including propionaldehyde (6.2%) and acetaldehyde (6.2%), along
with isopentane (7.8%) from the alkane group. These ten species together accounted
for 55.4% of the total OFP, reflecting the chemical complexity and distributed emission
characteristics of crude oil VOCs. By contrast, the refined oil depot displayed a markedly
different pattern. Its top ten contributors were dominated by highly reactive alkenes,
such as trans-2-butene (8.8%) and cis-2-butene (4.0%), and alkanes, particularly isopentane
(18.2%), alongside OVOC:s like propionaldehyde (5.3%) and acetaldehyde (4.6%). Together,
these species accounted for 59.5% of the total OFP, with isopentane and trans-2-butene
alone contributing 26.9%, suggesting that O3 formation in the refined depot was strongly
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driven by a few highly reactive species, with light hydrocarbon volatilization playing a
dominant role.

From a reactivity perspective, although aromatics and aldehydes in the crude oil
depot exhibited strong photochemical activity, their OFP contributions were relatively
evenly distributed, whereas the abundance of highly reactive alkenes in the refined oil
depot suggests a more pronounced potential impact on O3 formation. This pattern aligns
with broader industry-level findings, in the context of China’s refining industry, Hini et al.
(2023) further quantified that alkenes accounted for 59.5% of OFP, compared to 22.3% from
alkanes and 13.7% from aromatics, with ethylene, cis-2-butene, and m/p-xylene collectively
contributing over 78% of the total OFP despite their relatively low abundances [69]. At the
national scale, Liang et al. (2023) found that a small number of highly reactive compounds,
including m/p-xylene, toluene, ethyl benzene, and isopentane, contributed disproportion-
ately to O3 formation, with the top 20 OFP-driving species representing 85% of total OFP
but only 59% of emissions [63]. Collectively, these results underscore that O3 formation is
often dominated by a limited number of highly reactive VOCs, highlighting the necessity
of species-targeted control strategies in emission reduction policies.

3.3. Numerical Simulation of O3 Contributions from Oil Depots
3.3.1. Model Performance

Considering that near-surface O3 formation is closely related to meteorological fac-
tors such as temperature and relative humidity [70,71], hourly temperature and relative
humidity observations from ground-based meteorological stations in Lanzhou were used
to validate the WRF simulations. For air quality, observed near-surface O3 and NO, con-
centrations were compared with CMAQ outputs at six national control sites in Lanzhou. In
addition, special attention was given to model performance at the Lanlian Hotel site near
the oil depots. The detailed validation results were summarized in Table 4.

Table 4. The results of model simulation evaluation statistics.

Category Variable R NMB (%) RMSE I0A
Temperature 091 1.96 2.16 0.94
Relative humidity 0.83 —14.02 11.29 0.86
Meteorology

NO; (Lanzhou city) 0.66 16.62 13.67 0.79
NO, (Lanlian Hotel site) 0.49 18.74 18.45 0.69
O3 (Lanzhou city) 0.85 —51.87 50.69 0.61

Pollutants " .
O3 (Lanlian Hotel site) 0.75 —50.86 53.98 0.66

The evaluation results in Table 4 show that the WRF model reproduced temperature
and relative humidity well, with correlation coefficients (R) above 0.83 and |NMB| values
within +15%. The RMSEs were 2.16 °C and 11.29%, In addition, the IOA values for
temperature (0.94) and relative humidity (0.86) further confirm the high quality of the
WREF simulations.

Under the baseline scenario, the CMAQ model simulated NO, with R values of 0.66
and 0.49 at the Lanzhou city average and Lanlian Hotel site, respectively, along with
IOA values of 0.79 and 0.69, indicating good temporal agreement with observations. The
corresponding NMB and RMSE values also fell within acceptable ranges. For O3, the model
achieved R values of 0.85 and 0.75, INMB | values within 52%, and IOA values above 0.6
at both sites, indicating reasonable agreement between simulations and observations.

However, the negative bias in NMB and relatively high RMSE values (50.69 and
53.98 ug/m?) suggest an underestimation of O3 concentrations. This underprediction aligns
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with previous CMAQ simulations in Lanzhou, which found that the model driven by MEIC
inventories tends to underestimate TVOC and O3 due to discrepancies between estimated
VOC speciation and actual emissions in the region [33]. Additionally, among 50 referenced
O3 modeling studies, the highest reported RMSE was 41.0 ppb [72], which is actually
higher than the maximum RMSE observed in this study (53.98 pg/m3), considering the unit
conversion between ppb and pg/m?. Overall, the CMAQ model reasonably reproduced
the temporal variation in O3 concentration in Lanzhou, demonstrating its reliability for
regional air quality assessment.

3.3.2. Impacts on O3 Concentrations

The spatial distribution of near-surface MDAS8 O3 over Lanzhou’s urban core during
the simulation period (Figure 6a,b) indicated that, under both the baseline and comparison
scenarios, Elevated O3 bands extended east-west along the valley, with typical MDAS8
levels around 130 pg/ m?3, consistent with the alignment of emission sources and valley
topography. Localized low-O3 pockets were also evident, likely reflecting limits of emission-
inventory resolution and Oj3 losses via chemistry, transport, and advection [73], which
warrant further investigation. Compared with the baseline, the comparison scenario
showed enhanced model performance near the oil depots east of Xigu District, where the
area of elevated MDAS O3 expanded (Figure 6b). Quantitatively, the comparison scenario
increased MDAS8 O3 by 6.1 pg/ m?3 at the Lanlian Hotel site and 1.7 ug/ m3 citywide, with
ozone formation impacts extending approximately 8 km from the depot area, demonstrating
that oil depot emissions and localized VOC profiles are key to the regional inventory. These
results highlight the value of refined, site-specific profiles for better O3 simulation.
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Figure 6. Spatial distribution of MDAS8 O3 concentrations from different emission sources. (a) MEIC-
based simulation, (b) MEIC+0il depots simulation, and (c) oil depots-only simulation.
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Our findings align with recent studies highlighting the importance of accurate VOC
characterization in ozone modeling. For example, Fan et al. (2025) reported that elevated
ozone concentrations in Jinan were aligned with valley-plain wind corridors and major
industrial sources, resembling Lanzhou’s east-west ozone belt [20]. In Texas, a CMAQ-
based study found that adjusting VOC emission estimates led to a 5 ppb increase in peak
ozone during high-O3 episodes. Similarly, in California, a 30% increase in VOC emissions
caused a 1.9 ppb rise in midday Oz levels-both highlighting the sensitivity of urban ozone
levels to VOC input assumptions [25,74]. Furthermore, Xiong et al. (2024) demonstrated
that refining VOC speciation and updating chemical mechanisms in the WRF-CMAQ
framework reduced RMSE by 3.15 g/ m? across several urban clusters in eastern China [75].
Collectively, these comparisons underscore that our simulated increases in ozone due to oil
depot emissions (up to 6.1 pg/m?) fall within the range of impacts reported elsewhere. This
reinforces the importance of incorporating refined, site-specific VOC profiles to enhance
ozone simulation accuracy and support targeted emission mitigation strategies.

Focusing on the contributions of crude and refined oil depots (Figure 6¢), VOC emis-
sions exerted the greatest influence near the sources, notably in the eastern Xigu District,
western Qilihe District, and southern Anning District. The maximum regional MDAS
O3 increment reached 40 pg/m3, following a clear east-west dispersion pattern. This
value surpasses the summer-season contributions from residential and power sources
in Chengdu (30 pg/m3) but remains below those from industrial and traffic sources (up
to 80 pg/m3) [76]. CMAQ-ISAM source apportionment further showed that oil depots
contributed 15.1% to MDAS Oj at the nearest monitoring site (Lanlian Hotel), underscoring
their substantial localized impact. Similar findings have been reported in other urban areas
using CMAQ-ISAM, Wang et al. (2024) found that industrial and point sources contributed
over 10% of Oz in Xi’an, particularly under stagnant meteorological conditions [77]. In the
Yangtze River Delta, local VOC emissions accounted for 60-77% of O3 peaks, significantly
exceeding NOx contributions, highlighting the dominant role of VOCs in urban ozone
formation [78]. These results contribute to the growing body of evidence quantifying the
significant and localized contributions of storage facilities to urban ozone pollution, and
further emphasize the urgent need for targeted VOC emission control strategies.

4. Conclusions

In summary, by integrating source profile observations, emission inventories, OFP
analysis, and WRF-CMAQ simulations, this study systematically investigated VOC emis-
sions from crude oil and refined oil depots in Xigu District, Lanzhou, and their impact on
O3 formation. VOC concentrations were higher in the refined oil depot (56.0-82.5 pg/m?)
than in the crude oil depot (41.7-56.9 g /m3). Compositionally, the refined oil depot was
dominated by short-chain alkanes, whereas the crude oil depot featured a more balanced
mix of alkanes, aromatics, and OVOCs, with isopentane being the most abundant com-
pound in both. Annual VOC emissions in 2023 were estimated at 1605.3 t for the crude oil
depot and 1287.8 t for the refined oil depot. OFP analysis indicated that ozone formation
at the crude oil depot (153.1 pg/m?3) was mainly driven by aromatics and OVOCs, while
the refined oil depot (178.3 nug/m?) was jointly influenced by alkanes, alkenes, OVOCs,
and aromatics.

WRF-CMAQ simulations revealed that incorporating depot emissions increased the
regional mean MDAS8 O3 by 1.7 ug/m?, with a peak of 6.1 pg/m?. The maximum localized
contributions reached 40.0 ng/m?3, and depot emissions accounted for 15.1% of Oj at the
nearest monitoring site (Lanlian Hotel). From a pollution control perspective, priority at
crude oil depots should be placed on reducing working and breathing losses and targeting
high-reactivity species such as aromatics and OVOCs. For refined oil depots, emphasis
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should be on rim-seal and working losses, with targeted control of key species such as
isopentane, propanal, and toluene.

Although this study is based on a summer sampling campaign, which ensures stable
meteorological conditions and captures typical operating emissions, the reliance on a single-
season dataset may limit the temporal representativeness of the VOC profiles and OFP
estimates. Additionally, the emission inventory relies on U.S. EPA’s AP-42 emission factors,
which may not fully reflect the operational conditions, control technologies, and regulatory
contexts of Chinese oil depots. These factors, including MEIC inventory limitations, may
introduce uncertainties into emission estimates and model simulations. Future work should
incorporate multi-seasonal observations to capture temporal variability in VOC emissions
and reactivity, thereby enhancing the scientific basis for seasonal O3 control strategies.

Overall, this study presents the first localized VOC source profiles for oil depots in
Northwest China, identifies key reactive species, and quantifies their ozone impacts through
a combined observation-modeling framework. The findings offer scientific support for
refining VOC species emission inventories related to oil storage and transport, and provide
evidence for implementing differentiated and targeted O3 pollution control strategies in
arid and semi-arid urban areas such as Lanzhou and beyond.
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