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Abstract: Recent regulatory and legislative developments in the state of California (e.g., Assembly
Bill (AB) 1647 and AB 617) will increase the extent of air quality monitoring in communities near
petroleum refineries and at facility fencelines. This work reports results over a three-year period
for currently-installed community and fenceline air quality monitoring for the Chevron refinery in
Richmond, California, USA. This paper presents the most comprehensive air quality dataset that has
been published to date for a community near a petroleum refinery, including concentration of different
air toxics (e.g., benzene, toluene, xylenes, etc.) and criteria air pollutants (e.g., ozone (O3), sulfur
dioxide (SO2), and particulate matter (PM)). Instrumental techniques such as ultra-violet differential
absorption spectroscopy (UV-DOAS), laser-based spectroscopy and real-time gas chromatography
(GC) were used in the community and fenceline monitors. From 2015 to 2017, measured concentrations
at community monitors near the Richmond refinery were generally below California thresholds for
acute and chronic health (only two exceedances were observed for 8-h average benzene concentrations
during the three-year monitoring period). Although more detailed speciation for volatile organic
compounds (VOCs) and fine particulate matter (PM2.5) would be needed to confirm certain source
profile identities, preliminary application of source apportionment methods indicates the prevalence
of typical urban emission profiles, such as from traffic, in the measured community data.

Keywords: air quality; petroleum refineries; ambient air monitoring; PMF; volatile organic compounds;
fenceline monitoring; community monitoring

1. Introduction

Long-term continuous monitoring of air quality in locations near industrial facilities, including
petroleum refineries, is generally scarce, and few studies on long-term pollutant concentrations have
been published in the peer-reviewed literature to date [1,2].

Although multiple monitoring studies have been conducted near petroleum refineries, these
studies were usually limited in temporal coverage, spanning periods from hours to a few months, with
some exceptions including seasonal sampling over longer periods of time [3–8]. Previous work on air
quality at refinery perimeters primarily focused on monitoring multiple volatile organic compounds
(VOCs), with more limited emphasis on measurements of particulate matter (PM), trace gases, metals,
and polycyclic aromatic hydrocarbons (PAHs) [2,3,6–12].

Passive VOC sampling followed by off-line gas chromatography separation using mass
spectrometry or flame ionization detectors (GC-MS/GC-FID) has been the predominant analytical
method employed in previous monitoring campaigns [13–16], while higher time resolution
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quantification using techniques such as proton-transfer-reaction-MS have been reported in recent
works [8,17]. In addition to air quality monitoring near petroleum refineries, the chemistry and
downwind dynamics of emission plumes from refining facilities and in-situ refinery process emissions
have been analyzed [18–21].

Receptor models including principal component analysis (PCA) and positive matrix factorization
(PMF) have been employed in multiple studies to determine the contribution of distinct emission sources
to the VOC levels observed in industrial areas, including from petroleum refining operations [13,22–26].
These studies have reported traffic, industrial process emissions and solvent usage as the major
emission sources that contribute to VOC concentrations at the monitoring locations. Some of these
works have also identified that petroleum refinery processes contribute to the observed VOC levels.
However, the wide variation in refinery emission source profiles creates challenges to compare this
type of emission source between studies [13,22–24].

Results from previous work indicate that alkanes, alkenes and aromatic species are the predominant
VOCs in areas near petroleum refineries and that propane, hexane, pentane, and toluene/benzene
are the main aliphatic and aromatic compounds observed, respectively [6,13,14]. Despite general
agreement on observations, such as light alkanes being the most abundant VOC species in refinery
perimeter areas [2,27], studies have reached different conclusions regarding the impacts of refinery
emissions on nearby ambient VOC enhancement. While some works have found elevated VOC
concentrations when compared to background sites and urban locations [8–10,14,28,29], other studies
conducted at different sites worldwide have reported no major impact from petroleum refineries
emissions on neighboring VOC and PAH atmospheric levels [3–7]. While Na et al. [14] reported higher
concentrations of PM and VOCs nearby petroleum refineries in South Korea when compared to a
downtown location, Baltrenas et al. [4] and Kalabokas et al. [5] found similar or lower VOC levels in
Lithuania and Greece refinery neighboring areas when compared to urban centers in those countries.
Gariazzo et al. [9] observed larger concentrations of alkanes, but no evident enhancement in aromatic
VOCs nearby a refinery in Italy (when compared to a downtown location), while Wallace et al. [8]
concluded that refinery operations were the driver of the levels of aromatic VOCs measured at a
location near a refining facility in the Ship Channel area in Houston, Texas (USA).

Although specific meteorological conditions (i.e., wind direction and speed) impact the conclusions
derived from these works, the temporal coverage of the measurements in these studies might be also
insufficient to assess long-term concentration trends and differentiate potential confounding sources
impacting air quality in locations near petroleum refineries, leading to these seemingly contrary results.
Thus, more comprehensive air quality datasets are needed to better evaluate air quality dynamics and
emission source impacts in this type of location.

Regulations in the state of California, such as AB 617 [30], are expected to increase ambient air
quality monitoring in many locations throughout the state, including near some petroleum refineries,
as part of a statewide effort to better inform air quality conditions and implement data-driven reduction
initiatives of criteria pollutant and air toxic emissions in selected communities. Other regulations in
the state will also require the installation of continuous monitors, including open-path, for multiple
species of air pollutants along sections of refinery fencelines throughout the State [31].

A 2019 report by the California Environmental Protection Agency Office of Environmental Health
Hazard Assessment (OEHHA) [32] provided a list of chemicals emitted from California refineries
prioritized by estimated emissions levels and toxicity. The report lists these chemicals as the top
candidates for air monitoring: acetaldehyde, ammonia (NH3), benzene, 1,3-butadiene, cadmium,
diethanolamine, formaldehyde, hydrogen fluoride, hydrogen sulfide (H2S), manganese, naphthalene,
nickel, nitrogen oxide, PAHs, PM, SO2, sulfuric acid, and toluene. The scope of the OEHHA report [32]
did not include measurements to assess exposure or health risk in communities.

A subset of the compounds listed above, along with other species of interest, have been continuously
measured at three fencelines and three community monitors near the Chevron refinery in Richmond,
CA (USA) since 2013. The purpose of this work is to present long-term air pollution concentration
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results from the most recent three years (2015–2017) of fenceline and community-based monitoring
data near this refinery. Analysis of a multi-location, multi-species, long-term concentration dataset
near a petroleum refinery has not been presented in the peer-reviewed literature to date and, thus,
this work constitutes a novel, comprehensive effort to evaluate air quality trends nearby a petroleum
refining facility. Preliminary PMF and PCA were applied to identify the main sources contributing
to the VOC levels observed at the three community monitoring sites and, when appropriate, based
on the quality of the collected data, comparisons were made to regulatory health risk thresholds to
contextualize the results from the measurements.

2. Materials and Methods

2.1. Description of Monitoring Network

The ambient air quality monitoring network near Richmond refinery consists of three open-path
monitors along the refinery fenceline and three point-monitoring stations in the nearby community
(referred to as community monitors in this manuscript) (Figure 1), that have been in operation since
2013 [33]. The three community monitoring locations—Atchison Village (AV), North Richmond (NR),
and Point Richmond (PR)—are named for the neighborhood where the community monitor is located,
and each community monitoring location has a like-named fenceline monitor along the refinery fenceline
between the community monitoring location and process areas within the refinery. The monitoring
network is operated and maintained by a third-party consultant, Argos Scientific, which was selected
based on input from the City of Richmond, the refinery, and the local community [33]. Real-time
and the most recent 24-h of measurement data for all species are available on a publicly-accessible
website [34]. This work focuses on data collected from the monitoring network during the most recent
three years between 2015 and 2017. A three-year period was chosen to align with timeframes for
National Ambient Air Quality Standard (NAAQS) averaging in USA [35].

While additional continuous monitors, including open path, will be added to the refinery fenceline
monitoring network by 2020 to comply with a new regulation (Regulation 12, Rule 15) from the Bay
Area Air Quality Management District (BAAQMD) [36], the fenceline monitoring system that was
operational during the study period included two open-path instruments at each monitoring location:
an UV-DOAS manufactured by Argos Scientific (Camas, WA, USA) to measure several air toxics
(carbon disulfide (CS2) benzene, toluene, and xylenes) and criteria pollutants (SO2 and O3) and a
tunable diode laser (TDL) from Boreal Laser (Edmonton, AB, Canada) to measure H2S. Open-path
monitors provide an average concentration measurement over the entire path-length between an
analyzer and its retro-reflector, and path lengths in the fenceline monitoring network vary between
698 and 915 m. Each community monitoring location includes a Teledyne T201 analyzer for NH3

(Englewood, CO), a MetOne BAM 1020 for fine PM (PM2.5) (Grants Pass, OR, USA), a Teledyne API
Model 633 analyzer for black carbon (BC), a Teledyne model T101 analyzer for H2S, and a Synspec, Inc.
GC (Groningen, NL, USA) that measures a variety of air toxics and O3 precursor compounds (VOCs).
Calibration and maintenance of these instruments is performed by Argos Scientific, including monthly
GC calibration employing certified standard VOC mixtures purchased from Linde Gas (Bridgewater,
NJ, USA) Technologies. The compounds to be detected at the monitoring sites were selected after
consultation with a stakeholder group that included community groups, the local air district, and
the City of Richmond [33]. More information on the compounds measured and instrument detection
limits is available in Table S1 in the Supplementary Materials.

The community monitoring locations were selected based on input from the City of Richmond
and from community meetings [33], as well as considerations for available site power, equipment
security, and the absence of major point sources between the monitoring location and the refinery.
As shown in Figure 1, there is a major highway and railyard located between the Point Richmond
community monitor and the refinery, and high-traffic streets between the refinery and other two
monitoring locations. It should also be noted that the monitoring network locations are not in the
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predominant downwind direction of the refinery since the wind generally blows from the refinery
towards the unpopulated San Pablo Bay, and the monitoring network was designed to measure air
pollutant concentrations in populated areas of communities where the wind blows in a 22.5◦ wind
vector quadrant at least 10% of the time [33]. Between 2015 and 2017, the refinery was in the downwind
direction of the Point Richmond, Atchison, and North Richmond community monitors approximately
90%, 85% and 80%, respectively, as shown in Figure S1.

This study primarily focused on the community monitoring locations because these instruments
had lower detection limits than the fenceline monitoring locations, as shown in Table S1, and generated
more above detection limit data. It should be noted that these community and fenceline monitoring
networks were designed to provide rapid information to the nearby community on air quality
concentrations (on a five-minute basis), and instrumentation was selected and operated to meet that
objective. For these instruments, as it is for nearly all air pollutant measurement instruments, there
are trade-offs between analytical cycle time and instrument detection limits (i.e., higher frequency
analysis results in reduced sensitivity). Although the primary purpose of the monitoring system was
not long-term ambient air assessment, the community monitoring dataset was found to provide novel
insights into near refinery air quality.
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Figure 1. Community and fenceline monitoring network near the Chevron Richmond refinery.
Monitoring locations were selected with community and regulatory involvement, as described in
Section 2.1.

2.2. Selection of Ambient Air Risk Screening Levels

Risk-based screening levels are derived from equations combining exposure assumptions with
chemical-specific toxicity values. The exposure thresholds discussed throughout this manuscript were
based on the acute, 8-h and chronic reference exposure levels (RELs) set by the California OEHHA [37]
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(Table S2). OEHHA determines RELs associated with human systems or organs (e.g., respiratory
system) that could be affected by the noncancer effects of airborne chemicals. A detailed description of
these reference levels and the rationale behind selections is included in the Supplementary Materials.

2.3. Source Apportionment Methodologies

2.3.1. Positive Matrix Factorization

PMF analysis of VOC concentrations at AV, NR and PR sites was conducted using speciated
GC measurements to gain insight on the potential sources contributing to the measured levels of
these species at each community monitor. PMF analysis was not conducted for PM as the PM2.5

measurement technique in the community monitors only provided overall concentration information,
not composition, which is typical for most ambient air monitoring locations. PMF is a receptor model
that outputs a profile of the contributing sources (factor profile) and their associated concentration
(factor contribution to the observed concentrations of specific species). PMF analysis incorporates the
experimental errors associated with the analytical quantification of VOCs and involves the minimization
of a function Q (summation of squared scaled residuals) using a weighted linear least squares approach
while incorporating non-negativity constraints [38]. In this study, EPA PMF 5.0 (USA EPA) was used
to perform PMF analysis on the 1-h average AV, PR and NR VOC concentration datasets for each
location. The experimental errors for each species (above and below the instrumental detection limit
of 0.5 ppb) were calculated following the approach described by Polissar et al. [39]. The analytical
uncertainty of the detection method was calculated using different calibration datasets (2015–2017)
according to the procedure outlined in [40]. PMF models including two to six factors were evaluated
for each dataset and the number of factors to be retained in each PMF model was defined based on the
criteria described in the Supplementary Materials.

2.3.2. Principal Component Analysis

PCA was applied subsequently to PMF analysis to aid the PMF factor identification and
classification. The PCA datasets included BC, NH3, H2S, PM2.5, concentrations of the PMF factors in the
models selected at each community monitoring site, and meteorological variables (wind speed/direction,
temperature and relative humidity-RH). PCA was performed on the correlation matrices of the 1-h
average AV, PR and NR sites concentration datasets independently for each monitoring location using
the package Psych for R (R version 3.2.5). Periods with missing data for any of the species were
removed prior to PCA application. The adequacy of each dataset for PCA application was determined
based on the Kaiser–Mayer–Olkin index and the Bartlett’s test of sphericity criteria (PCA Section in
the Supplementary Materials). Following the Kaiser–Guttman criterion, principal components (PC)
with eigenvalues > 1 were retained in each model, and the identity of each PC was established based
on variables with loadings > 0.6 (at least ~40% of the variance of the variable is being explained by
the corresponding factor) [8,41] (Supplementary Materials). The PC scores were calculated using the
regression method described by Thurstone [42], and the diurnal trends of these scores for specific PCs
were examined and used to support PC/PMF factor identification.

3. Results and Discussions

3.1. Ambient Air Monitoring Results

3.1.1. Community Data Overview

Table S3 shows the summary of data recovery at the three community monitoring stations from
January 2015 to December 2017 for each of the seventeen species being quantified. Data recovery
spanned a minimum of 93% (corresponding to a 7% PM2.5 missing data at AV) and maximum of 99.8%
(corresponding to a 0.2% H2S missing data at the PR site). These data recovery levels are typical of
air monitoring networks quantifying species such as VOCs and exceed data quality requirements
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established by EPA NAAQS monitoring stations [43,44]. Periods of missing data corresponded to
instrument calibration intervals and times when instrumental and communication issues prevented
data acquisition. Wind roses for periods of missing data for the different species at each monitoring
site showed that winds were not particularly associated to the refinery direction during these intervals
(winds blowing from the refinery less than 20% of the time at all monitoring locations, Figure S1).
Detailed information on specific causes of missing data at the AV, PR and NR sites is presented in
Table S4. BC had the highest percentage of detectable levels among the measured species, with no
more than 5% non-detected values at each location. PM2.5 levels were lower than the detection limit
of the instrument (6 µg/m3) for 36%, 33% and 37% of the measurements at the AV, NR and PR sites,
respectively. NH3 levels at the community monitors were detected at moderate frequency (7%, 19%
and 44% non-detected at AV, NR and PR sites, respectively). Organic compounds measured by the
GC at the community locations included benzene, toluene, ethylbenzene, xylene (measured as both
o-xylene and m,p-xylene isomers), n-heptane, n-hexane, n-octane, trimethylbenzene (measured as
three different isomers), 3-methylpentane (3-MP) and 2,2,4-trimethylpentane (224-TMP). These organic
compounds had a large fraction of non-detected values (up to 98% for some cases). The large number
of non-detects observed for VOCs is consistent with the type of instrumentation operating in the
community monitors, as discussed in Section 2.1. Below detection limit measurements were replaced
with half of the instrument detection limit (shown in Table S1) across the dataset as recommended
by Polissar et al. and Helsel [39,45]. Detailed discussion about spatial and temporal trends and
comparisons for individual measured compounds is provided in the following sections.

3.1.2. Fenceline Data Overview

Table S5 shows the summary of data recovery at the three fenceline open-path monitors.
As discussed in Section 2.1, pollutants measured at each fenceline pathlength included benzene, toluene,
xylene, CS2, SO2 and O3 using a UV-DOAS system, and H2S using a TDL system. The detection limits
of the instruments (Table S1) were generally higher than the typical ambient levels of these pollutants,
except for O3. Therefore, it is not surprising that most of measurements were below detection limits:
>98% non-detects for benzene, toluene, xylene, CS2 and H2S and >80% non-detects for SO2 across
fenceline monitoring locations. As discussed in Section 2.1, the instruments located at the refinery
fenceline were selected with community and City of Richmond input and based on the need for
high time resolution concentration data (five-minute basis) for community informational purposes.
The maximum hourly O3 values during 2015–2017 at the PR, NR and AV monitors were 69, 57 and
62 ppb, respectively, which were all below the O3 NAAQS (70 ppb, fourth-highest daily maximum,
averaged across three consecutive years) [35]. Subsequent discussions in this manuscript focus on
the community monitoring data considering that fenceline monitoring information that is relevant to
average ambient conditions is limited.

3.1.3. Volatile Organic Compounds (VOC)

Table 1 shows the year-by-year annual average of benzene, toluene, ethylbenzene and xylenes
(hereafter BTEX) at the three community monitoring stations. BTEX annual average values were
all below the OEHHA chronic RELs, which were selected as screening levels (Table 1 and Table S2).
The 1-h and 8-h RELs for benzene are 8 ppb and 0.93 ppb, respectively. For comparison, the 1-h
and 8-h average benzene time series are presented in Figure 2 and Figure S2, respectively. The 8-h
average concentrations for benzene exceeded the REL in a few instances over the 3-year study period
as shown in Figure S2. One of such periods (October 2017) was coincident with the Northern California
wildfire [46], which resulted in significant deterioration of air quality across the region. Similarly, the
1-h average concentrations of benzene, which were predominantly below the corresponding REL at all
community locations (Figure 2), exhibited two exceedances at the PR site during this period (9 October
2017 and 10 October 2017). This is consistent with previous reports on benzene emissions from biomass
burning and wildfires at different locations [47,48]. Similar increases in other combustion-related air
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pollutants such as PM2.5 and BC were also observed during this period, as discussed in Section 3.1.5.
Benzene 8-h concentrations exceeded the REL between 15 October 2016 and 21 October 2016 at the
PR monitor. Pollution roses constructed for this period (Figure S2) indicate that the benzene detected
during this interval originates predominantly from the southwesterly direction (note that the refinery
is located northwest of the PR site).

Table 1. Annual average concentration of BTEX at the three monitoring sites, and comparison with
OEHHA chronic (i.e., annual average) threshold values. Non-detect data (below GC detection limit-0.5
ppb) were replaced with one-half the detection limit (0.25 ppb).

Community Monitor Date Benzene
(ppb)

Toluene
(ppb)

Ethylbenzene
(ppb)

m,p- xylene
(ppb)

o-xylene
(ppb)

Atchison Village
2015 0.28 0.45 0.25 0.32 0.57
2016 0.27 0.50 0.26 0.29 0.74
2017 0.27 0.42 0.26 0.27 1.13

North Richmond
2015 0.25 0.29 0.25 0.26 0.31
2016 0.26 0.33 0.25 0.26 0.36
2017 0.32 0.48 0.26 0.29 1.37

Point Richmond
2015 0.26 0.32 0.25 0.27 0.25
2016 0.28 0.37 0.25 0.27 0.25
2017 0.31 0.41 0.25 0.28 0.27

Chronic REL Yearly 0.93 70 460 200 200

The 1-h average concentrations of toluene and xylenes measured at the community locations are
shown in Figures S3 and S4. Concentration of these species were below the detection limit of the GC
system (i.e., <0.5 ppb, replaced by 0.25 ppb in the dataset and figures) for most of the study period.
The hourly average of the detected values for toluene and xylenes were well below the acute REL
values; the maximum 1-h value for the three-year period was 51 ppb for toluene compared to a REL
of 9800 ppb and 62 ppb xylenes as compared with a REL of 5000 ppb. Similarly, ambient levels of
ethylbenzene, shown in Figure S5, were mostly below detection limit (>96% below 0.5 ppb) at all three
community locations, and the maximum 1-h concentration measured was 6 ppb. It should be noted
that there is no OEHHA acute REL available for ethylbenzene.

Several other VOCs, including n-hexane, n-heptane, n-octane, 3-MP and trimethylbenzenes
(measured as three isomers, namely 1,2,3-trimethylbenzene (123-TMB), 1,2,4-trimethylbenzene
(124-TMB), and 1,3,5-trimethylbenzene (135-TMB) were also measured at the community locations.
As discussed in Section 3.1.1, these compounds were largely below instrumental detection limit at
all three community monitors, and the few measured concentrations between 2015 and 2017 were all
below the available chronic and acute RELs. The 1-h concentration of these compounds are presented
in Figures S6 and S7.

Table S6 compares annual average BTEX concentrations measured at the three Richmond
community monitoring stations with those measured at the six Contra Costa county BAAQMD
stations reporting these species during 2015–2017 [49]. The location of these BAAQMD monitoring sites
is presented in Figure S8. It is worth noting that direct comparison between VOC concentrations at the
community monitors and the BAAQMD sites is limited due to differences in the sampling frequency
and analytical methods used for detection. As discussed previously, the community monitors perform
continuous 5-min GC-FID analysis with a detection limit of 0.5 ppb for BTEX, and one-half the detection
limit was substituted for all non-detects in the analysis, so the minimum value reported here is 0.25 ppb.
The BAAQMD sites collect 24-h VOC concentrations on a one-in-twelve-day sampling schedule (1/12),
which results in approximately 30 reported measurements per year per site [50,51]. Additionally, the
analysis of VOCs collected at the BAAQMD stations is conducted using GC-MS, a technique with
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a lower detection limit (0.12–0.16 ppb [52]) than GC-FID (0.5 ppb). Based on these considerations,
Table S6 is presented here only for informative purposes.
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Figure 2. Benzene 1-h average concentration (ppb) at the three community monitoring stations,
including Point Richmond, North Richmond and Atchison Village. Dashed line indicates the California
OEHHA acute (1-h) REL for benzene. Non-detect data (below a detection of 0.5 ppb) were replaced
with one-half the detection limit (0.25 ppb).

3.1.4. Hydrogen Sulfide and Ammonia

Annual average concentrations of hydrogen sulfide and ammonia were below the OEHHA chronic
RELs for all years and locations, as shown in Table 2. Similarly, the 1-h concentrations of these gases
were lower than the acute RELs, as depicted in Figure 3. Average annual concentrations of H2S
and NH3 at the community monitors ranged between 1.1 and 1.6 and 2.6 and 6.3 ppb, respectively.
Both species demonstrated significant temporal variability, with higher weekday compared to weekend
concentrations and bimodal diurnal trends with a morning peak (potentially associated with the
morning traffic rush hour period [53,54]) and a nighttime peak (likely attributable to stable atmospheric
conditions and lower mixing height), as shown in Figure S9.

The concentrations of H2S observed at AV, NR and PR sites in 2015–2017 were compared with
levels of this species detected at the three BAAQMD monitoring sites reporting H2S in Contra Costa
county [49], as well as with concentrations reported by six City of Richmond monitors situated near
the PR community monitor [55]. The location of these monitoring sites is presented in Figure S10.

Figure 4 presents the variation in the 1-h H2S concentrations at the BAAQMD, City of Richmond
and community monitoring sites during 2015–2017. One-way analysis of variance (ANOVA-R
3.2.5 statistical package) indicated that average H2S concentration at the AV, NR and PR sites were
significantly lower (p < 0.01) than at the City of Richmond monitoring sites and slightly larger than the
levels detected at the BAAQMD stations. However, it is worth noting that direct inter-site comparison
of H2S concentrations is limited due to the relatively high detection limit of the monitors employed at
the community sites (2 ppb, Table S1). The distribution of concentrations presented in Figure 4 indicates
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that for the 2015–2017 period, H2S levels at the different monitoring sites (BAAQMD, City of Richmond,
and community monitors) were primarily below the 1-h California Ambient Air Quality Standards
(CAAQS) for this species (30 ppb) [56]. Differing variability in H2S concentrations was observed
amongst monitoring sites, with relatively narrow ranges at AV/NR/PR sites and BAAQMD locations,
and larger variability at the City of Richmond monitors (first and third inter-quartile variation up to
4 ppb). The three City of Richmond monitors with the highest average and median H2S concentrations
(Figure 4) were furthest in distance from the refinery (Figure S10) and located near a wastewater
treatment plant.

Table 2. Annual average concentrations of hydrogen sulfide, ammonia, BC and PM2.5 at the three
community monitoring sites compared to relevant exposure standards.

Community Monitor Year Ammonia
(ppb)

Hydrogen Sulfide
(ppb)

BC
(µg/m3)

PM2.5
(µg/m3)

Atchison Village
2015 5.8 1.45 0.53 7.7

2016 6.2 1.58 0.32 8.1

2017 6.3 1.11 0.25 8.4

North Richmond
2015 4.4 1.35 0.47 9.0

2016 4.4 1.19 0.47 7.7

2017 5.1 1.30 0.49 10.0

Point Richmond
2015 4.0 1.50 0.43 7.2

2016 3.3 1.08 0.36 7.0

2017 2.6 1.44 0.45 8.7

Chronic exposure
thresholds Yearly Avg. 287 a 7 a b 12 c

a OEHHA chronic REL; b there is no REL or NAAQS for black carbon; c NAAQS and CAAQS for PM2.5.
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Figure 3. Hydrogen sulfide and ammonia 1-h average concentration (ppb) at the three community
monitoring stations, including Point Richmond, North Richmond and Atchison Village. California
OEHHA 1-h RELs for these gases are 30.1 ppb for H2S (represented by the dashed line) and 3200 ppb
for NH3 (not shown in the Figure). Non-detect data (below a detection of 2 ppb for H2S and NH3)
were replaced with one-half the detection limit (1 ppb).
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Figure 4. Distribution of 1-h averaged H2S concentrations at community monitors (Atchison Village,
Point Richmond and North Richmond), BAAQMD stations and City of Richmond monitoring sites
during 2015–2017 (location shown in Figure S10). Bottom and top box lines indicate the 25th and
75th percentile, respectively. Line inside the boxes and red cross represent the median and average
concentrations, correspondingly. Top and bottom whisker represent the first and third quartile after
subtraction/addition of 1.5 times the third-first inter-quartile range.

3.1.5. PM2.5 and Black Carbon

Concentration time series as well as annual average concentrations of particulate pollutants
measured at the community monitoring stations, including PM2.5 and BC are shown in Figure 5 and
Table 2, respectively. For PM2.5, there is no chronic or acute REL value set by the California OEHHA,
but PM2.5 is a criteria air pollutant and is therefore regulated by the USA EPA through implementation
of NAAQS. As shown in Figure 5, 24-h average PM2.5 concentrations were generally below the 24-h
NAAQS threshold of 35 µg/m3, except for a period in October 2017 that was coincident with the
Northern California wildfire [46]. A similar peak was observed for BC concentrations during that
period (as well as for benzene, as discussed in Section 3.1.3). Annual average BC concentrations ranged
between 0.25 and 0.53 µg/m3 across the study period and sites as shown in Table 2, which were within
the same range or lower than other urban areas in California. For comparison, the average annual BC
concentration of 1.3 µg/m3 was reported for cities in the South Coast air basin in the recent Multiple
Air Toxics Exposure Study conducted by the local air quality management district [57]. Moreover, the
annual average concentration of PM2.5 (ranging between 7 and 10 µg/m3 across monitoring sites) was
below the relevant chronic thresholds (i.e., three-year CAAQS and NAAQS standards of 12 µg/m3),
as shown in Table 2. As with NH3 and H2S (discussed in the previous section), PM2.5 and BC also
had significant temporal variability, with higher concentration during the colder months of the year
(December–February) attributable to lower atmospheric mixing height, as well as higher weekday
compared to weekend concentrations and bimodal diurnal trends with a morning peak (associated with
the morning traffic rush hour period) and a nighttime peak (likely attributable to stable atmospheric
conditions and lower mixing height) [58,59], as shown in Figure S11.
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The levels of PM2.5 at the community monitors during 2015–2017 were compared with the
concentrations observed in the three BAAQMD monitoring sites reporting PM2.5 in Contra Costa
county (Figure S12). Figure 6 presents box plots of PM2.5 concentration at each monitoring site.
Comparable PM2.5 levels were observed at the distinct locations, with no evident enhancements
in concentrations observed at the sites nearby the refinery. One-way ANOVA indicated that PM2.5

average 1-h concentrations at the AV and PR sites were significantly lower than the levels at the three
BAAQMD monitoring sites [49], while concentrations at the NR site were significantly lower than
those observed at San Pablo and Concord BAAQMD sites (p < 0.01). As presented in Figure S13, the
24-h NAAQS exceedances observed in the community monitors in late 2017 during the Northern
California wildfire [46] were also evident in the three PM2.5 BAAQMD monitors located in other
parts of Contra Costa County. In addition to the site-wide 24-h NAAQS exceedances, a period of
increased concentration was noticed exclusively at the NR monitor during February 2017 (Figure 5
and Figure S13). This period was further investigated using conditional bivariate probability function
(CBPF) plots [60] (OpenAir package for R, (R 3.2.5)) to establish the wind directional dependence of
the elevated PM2.5 concentrations (Figure S14). According to Figure S14, the highest probability of
concentrations above the 95th percentile during this period (66 ug/m3) was related to high speed winds
blowing from the northeast, although no specific source type was evident (the refinery is located west
to southwest of the NR site).
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Figure 5. BC 1-h average concentration and PM2.5 24-h concentration along with the 24-h PM2.5 NAAQS
(shown as dashed line) at the three community monitoring stations, including Point Richmond, North
Richmond and Atchison Village. Gray bars indicate periods of enhanced PM2.5 and BC concentrations
likely associated with the Northern California wildfire [46]. Non-detect data (below a detection of
6 and 0.01 µg/m3 for PM2.5 and BC, respectively) were replaced with one-half the detection limit (3 and
0.005 µg/m3 for PM2.5 and BC, respectively).
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Figure 6. Distribution of 1-h PM2.5 concentrations as measured at the three community monitors and
the three BAAQMD monitoring sites in Contra Costa county during 2015–2017 (location of monitors
shown in Figure S12). Bottom and top box lines indicate the 25th and 75th percentile, respectively.
Line inside the boxes and red cross represent the median and average concentrations, correspondingly.
Top and bottom whiskers represent the first and third quartile after subtraction/addition of 1.5 times
the third-first inter-quartile range.

3.2. VOC Source Apportionment

PMF analysis of the different VOC datasets and subsequent application of the evaluation criteria
described in Section 2.3 led to the selection of five-factor (AV and NR sites) and four-factor (PR site)
models for the community monitoring sites. Further information on PMF and the factor selection
process is presented in the Supplementary Materials (Figures S15–S20). After establishing the number
of PMF factors to be retained at each community location, PCA was independently performed on the
AV, NR and PR sites datasets to aid factor identification (as described in Section 2.3). Discussion on
the classification and identification of the PMF factors at each community monitor is presented in the
following sections.

3.2.1. Atchison Village

The factor profiles of the five PMF factors retained at the AV site are illustrated in Figure 7 and
Figure S21. As presented in Figure 7, Factor 1 at the AV site (F1AV), which contributes to an average
16.2% of the VOC concentrations at this location, exhibits high contributions from 3-MP, 224-TMP,
toluene, n-heptane and n-hexane. Species such as 3-MP and 224-TMP have been reported as tracers of
gasoline vehicular emissions at different urban locations and 3-MP has been proposed as an exclusive
indicator of vehicular activity [61–63]. According to the SPECIATE 4.5 database [64], n-hexane is
typically present in gasoline exhaust, while generally absent in diesel exhaust emissions source profiles.
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Figure 7. Concentration source profile and average VOC molar contribution of PMF factors retained at community monitors in: Atchison Village (a); North
Richmond (b); and Point Richmond (c). Unexplained molar fraction at Atchison Village was below 0.1%.
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Additionally, toluene and n-heptane have been reported in gasoline tailpipe emissions in different
studies worldwide [61,65–68]. The diurnal profile of F1AV, presented in Figure S22, indicates an
increase in this factor during the morning traffic rush hour and some peak increases in concentration
during daytime, with a secondary peak around 21:00 PT, indicating a potential link between F1AV and
gasoline exhaust emissions [58,59]. Although benzene would be expected in a factor reflecting gasoline
vehicle emissions, some previous studies have also reported gasoline tailpipe factors with negligible
presence of this species [62,69].

Toluene, benzene, m,p-xylene and 3-MP are the predominant species in Factor 3 at the AV
site (F3AV), which constitutes 11.6% of the average VOC concentrations at this community monitor.
The diurnal profile of F3AV, presented in Figure S22, resembles the typical behavior of tracers of
vehicular emissions (e.g., BC and PM), with marked peaks in the morning and evening traffic rush
hours [58,59]. The species present in F3AV have been widely reported as traffic markers [24,70], and
F3AV closely agrees with the concentration source profile reported by Yuan et al. [71] for diesel vehicles.

Factor 5 at the AV site (F5AV) (11% of average VOC concentration at this site, Figure 7) exhibited
high contributions from n-hexane, with minor contributions from n-octane, o-xylene and 3-MP among
others. n-hexane is a typical species in gasoline vehicle evaporative source profiles [64,72] and large
vehicular emissions of this species have been reported in urban locations [73,74]. The diurnal trends
of F3AV (Figure S22) concur with previous gasoline evaporation emission profiles reported in the
literature [24] and indicate increased concentrations during the afternoon, consistent with increased
evaporation rates at higher ambient temperatures.

PCA application on the AV site dataset led to the retention of five factors, explaining over 60% of
the variance of the dataset (PCs with eigenvalues > 1) (Table S7). Loadings of F1AV–F5AV > 0.6 were
observed mainly in the first PC (PC1AV) (17.5% of the explained variance (EV)) (Table S8), indicating that
PC1AV was able to capture over 40% of the variation observed for these variables. The high loadings
of BC in PC1AV and the concurrence of F1AV, F3AV and F5AV in this factor indicates an association
between these variables. Considering (i) the diurnal profile of PC1AV (Figure S23); (ii) the fact that BC
is a typical marker of vehicular emissions [8,75]; (iii) the abundance of specific traffic-related species in
F1AV, F3AV and F5AV; and (iv) the diurnal trends of F1AV, F3AV, and F5AV, these factors are classified in
this study as gasoline exhaust, diesel exhaust and gasoline vehicle evaporative, respectively.

Factor 2 at the AV site (F2AV) exhibits a more complex source profile than the other PMF factors
identified at this location and contributes to 52.7% of the average VOC concentrations at this monitoring
site. The large complexity of F2AV factor profile, as well as the abundance of aromatic species including
m,p-xylene, o-xylene, ethylbenzene, 123-TMB, 124-TMB and 135-TMB, are consistent with a solvent
usage factor [69,76,77]. F2AV also comprises large concentrations of heptane, n-octane and benzene,
which are reported in different solvent-related factor profiles included in the SPECIATE 4.5 database [64].
Furthermore, F2AV exhibits similarities with solvent-based paint, auto painting, architectural coatings
and surface coating factor profiles reported previously at different locations [24,69,78]. The diurnal
profile of F2AV (Figure S22), which shows concentration increases during daytime, is consistent with
increased evaporation rates expected at higher temperatures. PC5AV in Table S8 shows high loadings
of F2AV concurrent with moderate loadings of PM2.5, indicating association between this factor and
aerosols concentrations. Although reports have identified solvent utilization as a major contributor to
secondary organic aerosols (SOA) formation [79], additional information on the character of PM2.5

at the AV site would be necessary to establish a potential link between F2AV and SOA. Based on this
information, F2AV is classified here as related to composite paint and solvent usage. Further discussion
on the categorization of this factor is presented in Section 3.2.4.

Factor 4 at AV (F4AV), which represents 8.5% of the average concentrations of VOCs at this
location, is primarily constituted by o-xylene. PC3AV (Table S8) shows moderate loadings of this
factor along with NH3 concentrations. Although o-xylene and NH3 have been associated with
emissions from mobile sources [24,53], the diurnal profile of F4AV is not consistent with traffic patterns.
Additionally, F4AV is not related with tracers of vehicular emissions such as BC. The CBPF plot of F4AV
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(Figure S24) shows increased probabilities of concentrations (~8%) associated to intermediate speed
(~2–5 m/s) southeasterly winds, indicating that F2AV is likely linked to an unidentified o-xylene emission
source located at the southeast of the AV monitoring site (recall that the Chevron refinery is located
west/southwest from the AV site, as illustrated in Figure 1). Based on the available information, complete
identification of F2AV is not possible and, thus, it is categorized here as an o-xylene emission source.

3.2.2. North Richmond

Figure 7 and Figure S25 present the PMF factor profiles and the average contributions of the
identified factors to the VOC concentrations at the NR community monitor.

Factors 2,4 and 5 at the NR site (F2NR, F4NR and F5NR), which contribute to 22.9, 8.5 and 8.2%
of the VOC average concentration at this site, respectively, exhibited high influence from vehicular
activity markers, as illustrated in Figure 7. Specifically, F2NR resembles previously reported gasoline
exhaust factor profiles, with the presence of particular gasoline tailpipe tracers such as 3-MP, hexane,
heptane and 1,2,4-TMB [63,64,74]. Although the predominance of benzene over toluene in F2NR is
not usually observed in mobile gasoline combustion sources, gasoline exhaust profiles with similar
characteristics have been reported previously [26]. As discussed for the AV site, the diurnal behavior
of F2NR (Figure S26) resembles typical hourly traffic patterns, reinforcing the association of this factor
with vehicular activity.

The diurnal profile of F4NR (Figure S26) agrees with that of F5AV (Figure S22) and exhibits large
contributions from n-hexane, which, as discussed in the case of the AV site, is consistent with gasoline
vehicle evaporation sources.

F5NR exhibits a similar diurnal profile than F2NR (Figure 7), indicating the association of this
factor with traffic emissions. Species predominant in F5NR, such as toluene, 2,2,4-TMP and m,p-xylene,
are well known markers of vehicles emissions [24,67]. The absence of n-hexane and n-heptane in this
factor suggests that F5NR could correspond to diesel vehicle emissions, as these species are usually
more abundant in gasoline tailpipe emissions [64]. The lack of benzene in F5NR has been previously
reported for diesel exhaust emissions factors [26]. Furthermore, the lower concentrations of aromatic
VOCs in F5NR when compared to F2NR point out to contributions from diesel vehicle combustion [62].

As in the case of the AV site, PCA was applied to the NR site dataset. Five PCs, explaining over
60% of the variance in the dataset, were retained in the model (Table S7). PCA factor loadings are
presented in Table S9. As for the AV site, loadings above 0.6 for F1NR–F5NR were only observed in the
first PC (PC1NR ~ 22% EV), which shows concurrence between F2NR/F4NR/F5NR and BC, a tracer of
traffic activity. This result, along with the diurnal profile of PC1NR (Figure S27), further support the
classification of F2NR, F4NR and F5NR as gasoline exhaust, gasoline vehicle evaporative emissions, and
diesel vehicle emissions, respectively.

Factor 1 at the NR site (F1NR), which exhibits almost exclusive concentrations of o-xylene and
contributes to almost 10% of the VOC concentrations at this location, showed peak levels at 18:00 PT
(Figure S26). PCA did not provide specific insight on the origin of F1NR, and its CBPF plot (Figure S28)
indicated that as in the case of F4AV, increased probabilities of concentration exceeding the 95th
percentile for this factor were associated with intermediate speed (~4 m/s) southeasterly winds. Thus,
based on the available information, F1NR is categorized as a factor related to the unidentified o-xylene
emission source observed at the AV monitoring site.

Factor 3 at NR (F3NR) exhibits a complex profile with presence of diverse VOC species and
contributes to over 50% of the VOC levels at this location. As in the case of F2AV, species typically
related to solvent usage (m,p-xylene, 1,2,3-TMB, 1,2,4-TMB, 1,3,5-TMB and ethylbenzene) are present in
this factor. Simultaneous occurrence of trisubstituted benzenes has been previously observed in auto
painting and coatings source profiles [24,69], reinforcing the potential association between F3NR and
solvent utilization sources. F3NR exhibits similarities to the concentration profiles of industrial coatings
and a silk-screen cleaning solvent reported in previous studies [67,80], although it is worth noting that
toluene and benzene (absent from F3NR) were also observed in the silk-screen solvent emission profile
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reported by Tang et al. [80]. F3NR shows elevated concentrations during the daytime, consistent with
higher evaporation rates at higher ambient temperatures. Based on this discussion, F3NR is classified
here as an aggregated factor related to solvent usage. Further discussion on the categorization of F3NR

is presented in Section 3.2.4.

3.2.3. Point Richmond

The source profile of the four factors retained in the PMF model at the PR site are presented in
Figure 7 and Figure S29, with the respective factor contributions to the VOC concentrations at this
location summarized in Figure 7.

PCA application at the PR site led to the retention of 4 PCs (aggregated EV of ~56%) at this
monitoring site (Table S7). Large loadings of PMF Factors 1–3 (F1PR, F2PR, and F3PR), BC and PM2.5

were observed in the first PC at PR (PC1PR-EV ~23%) (Table S10), indicating the association of these
PMF factors with traffic emissions (as discussed for the AV and PR sites). The diurnal profile of PC1PR,
presented in Figure S30, further supports this observation. The presence of PM2.5 in PC1 (concurrent
with BC) suggests that PM at this location might have a more primary origin [8] than at AV, where
PM2.5 exhibited large loadings concurrent with solvent usage factor concentrations.

The diurnal behavior (Figure S31) and the concentration profile of F1PR (Figure 7), which exhibits
predominant concentrations of n-hexane, agree with F5AV and F1NR. Based on the discussion presented
in previous sections, this factor, contributing to ~13% of the VOC levels at the PR site, was classified as
gasoline vehicle evaporative emissions.

Similarly, F2PR and F3PR, contributing to ~30 and 11% of the VOC levels at the PR site, respectively,
were classified as gasoline and diesel exhaust emissions, correspondingly. As shown in Figure 7, these
factors exhibit large contributions from mobile source exhaust tracers, including 3-MP, hexane, toluene,
benzene and 2,2,4-TMP [63,64,74]. The diurnal profiles of these factors confirm their association with
vehicle traffic activity and resemble the hourly trends of the traffic-related factors in the AV and PR
sites (Figures S22, S26 and S31). The larger influence of aromatic VOCs and n-hexane observed in
F2PR when compared to F3PR suggests that F2PR and F3PR correspond to gasoline and diesel exhaust
emissions, respectively [62].

PMF Factor 4 at the PR site (F4PR) exhibits a complex concentration source profile consistent
with the solvent usage factor identified at the NR site, although with larger levels of n-heptane.
This species is predominant in several solvent usage factor profiles, including paint thinning solvents
and degreasing composite factor reported previously [64,80] and thus, F4PR (contributing to ~44% the
VOC concentrations at the PR site) is accordingly classified here as a composite solvent usage factor.
As in the case of the AV and NR sites, additional discussion on this solvent usage factor is presented in
Section 3.2.4.

3.2.4. Inter-site Comparison of VOC source Contributions

As summarized in Table 3, factors identified as paint/solvent usage (F2AV, F3NR and F4PR),
constituted the major contributor to the observed VOC levels at the three monitoring sites. As discussed
in Sections 3.2.1–3.2.3, the factor profiles of F2AV, F3NR and F4PR were consistent with solvent usage
factors reported in the literature. Despite this consistency, prior to final categorization of these
factors as related to solvent usage, different potential sources, including refinery and industrial
emissions were considered. Comparison between F2AV, F3NR and F4PR concentration profiles and
refinery/petrochemical sources profiles reported in the literature [13,23,24,76] indicated important
differences in both type and species contributions. C1–C4 alkanes and alkenes are predominant in the
refinery/petrochemical source profiles, and although these species were not measured at the community
monitors, other species relevant in refinery profiles such as benzene, toluene and n-hexane [13,23,24,76]
were generally absent from the factors categorized as solvent usage, except in the AV site, where
benzene and a minor contribution of n-hexane were observed (Figure 7). Similarly, VOCs with
high contributions to F2AV, F3NR and F4PR (e.g., ethylbenzene, n-octane, n-heptane, 123, 124 and
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135-TMB) are not usually predominant in refinery emission profiles [13,23,24,76]. It should be noted
that species such as 124-TMB, present in F2AV, F3NR and F4PR, have been associated to the C9 aromatic
fraction from petroleum refining and although not typical, specific studies have reported 123, 124 and
135-TMB as relevant in refinery/petroleum products emission profiles [22,81]. To further investigate
potential association between F2AV, F3NR and F4PR and refinery emissions, pollution wind roses were
generated for these factors (Figure S33). As illustrated in Figure S33, no substantial association was
observed between F2AV/F3NR/F4PR concentrations and winds from the refinery direction, reinforcing
the discussion in Sections 3.2.1–3.2.3 and supporting the categorization of these factors as related to
solvent usage.

The contributions to the VOC levels at the AV and NR community monitors followed the sequence
solvent usage > traffic activity > o-xylene emission source. The o-xylene factor, which encompasses the
total concentrations of this species at the AV and NR sites (Figures S21 and S25), was not observed
at the PR site. At this location, o-xylene levels were mainly distributed between solvent usage and
gasoline exhaust emissions, as illustrated in Figure S29.

The solvent usage factors explained on average between 44.1% and 52.7% of the VOC concentrations
at the three community monitors, with the largest contribution observed at AV. The contribution
related to solvent use was followed by average traffic apportionments (gasoline/diesel exhaust and
gasoline vehicle evaporative) ranging between ~39% and 53%. Similar influence from traffic activity
was noticed at the AV and NR sites (close to 40% of VOC concentrations), while increased impact of
this source was observed at the PR site, where traffic-related emissions contributed to over 53% of the
observed VOC levels. At this site, gasoline exhaust and gasoline vehicle evaporative were the largest
contributors among the traffic-related sources and exceeded the impact of these emission sources at
the AV and NR sites. In the case of diesel vehicles exhaust emissions, comparable contributions were
observed at the PR and AV sites (~11% of VOC levels), while slightly lower VOC concentrations (~8%)
were apportioned to this factor at the NR site. The predominance of traffic activity at the PR site is
consistent with the proximity of this location to major roads such as the I-580, located north of the PR
monitoring site (Figure 1). The influence of emissions from vehicles on the I-580 on the VOC levels at
PR is evidenced by the CBPF plots of the traffic-related factors at this site (F1PR, F2PR and F3PR), which
are presented in Figure S32.

Table 3. Average contributions (%) of the PMF factors to the observed VOC concentrations at the three
community monitors.

Community Monitor

PMF Factor Atchison Village North Richmond Point Richmond

Vehicle gasoline exhaust 16.2 22.8 29.9

Vehicle diesel exhaust 11.6 8.5 10.7

Gasoline vehicle evaporative 11.0 8.2 12.6

Paint/Solvent usage 52.7 50.1 44.1

Unidentified (o-xylene) 8.5 9.9 ----

Unexplained ---- 0.5 2.7

Aggregated traffic contributions 38.8 39.9 55.1

The paint/solvent usage factor at the AV, NR and PR sites explained most of the concentration of
9–10 of the 13 VOC species quantified at these sites, as illustrated in Figures S21, S25 and S29. Common
VOC species were observed in the concentration profile of the solvent usage factor at the distinct
monitoring sites (Figure 7), including ethylbenzene, n-heptane, m,p-xylene, 224-TMP and 123, 124
and 135-TMB. The concentration profiles of this factor exhibited similar characteristics at the AV and
NR sites, where comparable species distributions were observed. Larger differences where noticed
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between the AV/NR and PR sites solvent usage factors, with a less homogeneous profile including
larger contributions of n-heptane observed at the PR site.

The traffic-related factors encompassed most of toluene, benzene, 3-MP and n-hexane
concentrations at the monitoring sites, except for AV, where approximately 30% of the benzene
concentration was associated with vehicular emission factors. As discussed previously, low
concentrations or absence of benzene in traffic emission factors have been previously reported [26,76].
Additionally, benzene has been apportioned to emission sources other than vehicular activity even at
locations where large traffic influence is observed [8].

In addition to the solvent usage and traffic-related factors, an o-xylene emission source contributed
to approximately 8–10% of the VOC concentrations at the AV and NR sites (F4AV and F1NR, respectively).
As discussed in the previous sections, complete identification of this emission source was not possible
based on the available information, although CBPF plots indicated that higher concentrations of this
factor were associated with intermediate speed southeasterly winds. Interestingly, an o-xylene factor
also appeared when PCA analysis was performed on the concentrations datasets (BC, NH3, PM2.5,
H2S, VOC concentrations and temperature/RH) at these locations (results not presented).

Although the source apportionment conducted in this study is valuable to better understand
potential VOC contributors at the community monitoring locations, it should be noted that annual
average VOC concentrations across monitoring sites were below available OEHHA chronic RELs
(Section 3.1.1), and therefore, PMF analysis here had a primarily explorative purpose.

4. Conclusions

This study examined three years of air pollution concentration data from three community-based
air quality monitoring stations in Richmond, California, USA. The community monitors are in
the neighborhoods near a petroleum refinery but are not situated in the predominant downwind
direction from the refinery (there are no neighborhoods immediately situated in the predominant
downwind direction). This study represents the first time that such an extensive community monitoring
dataset near a refinery has been published in the peer-reviewed literature. For the sites in this study,
concentrations of speciated VOCs, H2S, NH3, PM2.5, and BC were generally below established acute
and chronic regulatory thresholds.

Comparison with BAAQMD air quality monitors located in Contra Costa county indicated that the
concentrations of PM2.5 at the community monitors were statistically lower than at District monitoring
sites in other parts of the same county. Direct comparison of H2S and VOC levels was limited due to
differing analytical techniques and associated detection limits between the Richmond community sites
and the BAAQMD monitors.

Source apportionment based on PMF analysis complemented with PCA application indicated
that the air quality at the monitoring sites had relevant influence from traffic sources and solvent
usage. As identification of VOC source profiles is challenging due to the wide variation of reports
in the literature for specific emission sources (e.g., solvent usage), additional data would be needed
to inform more detailed source apportionment exercises. These data could include speciated PM2.5

sampling and extended VOC speciation profiles that would likely need a different GC technology
than the one used in this study, which was installed to provide rapid air quality information to the
local community and not specifically designed for source apportionment studies. If additional PMF
analyses were desired, the extended VOC detection capabilities should target markers of particular
emission sources that allow more precise identification of these sources (e.g., C1–C4 alkanes and
alkenes for refinery emissions, acetylene and isopentane for gasoline exhaust and gasoline vehicle
evaporative emissions, respectively), which would be beyond the original intent of the community
monitoring network. However, since measured concentrations of VOC at the existing community
monitoring network were below OEHHA chronic RELs for the compounds of interest, such a detailed
data gathering effort may not be a priority for future work. Despite the limitations of the collected
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datasets for source apportionment exercises, certain types of sources such as vehicular emissions were
discernable from the air species concentrations quantified in this study.

The different analyses presented in this paper for the 2015–2017 period suggest that concentrations
of the measured air species at the community monitoring sites located in Richmond, CA were
comparable to other locations in Contra Costa county and that, based on the observations from the
monitoring sites included in this study, the refinery operations were not likely to be the dominant
driver of elevated air pollutant concentrations in the Richmond communities where the monitoring
sites are located.
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