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Abstract: The hazardous air pollutants (HAPs) group is composed of 187 chemicals that are known
to be potentially carcinogenic and dangerous for human health. Due to their toxicological impact,
HAPs are an increasingly studied class of compounds. Of the different HAPs sources, refineries are
one of the major sources. In order to obtain a preliminary assessment of the impact of a refinery
in terms of emissions, a useful instrument is the determination of the emission factor (EF). For this
reason, this work, focusing on the USA refining scenario, aims to provide evidence for a generic
trend in refinery emissions to evaluate a correlation between the plant size and the amount of its
emissions, in particular the HAPs emissions. Based on the analysis of the data collected from the U.S.
Environmental Protection Agency (US EPA), a general trend in the emissions from refinery plants
was established, showing a positive correlation between the HAPs emissions and the refinery size,
represented by a value of the Pearson correlation coefficient r close to 1. Once this correlation was
highlighted, a purpose of this work became the estimation of an organic HAPs emission factor (EF):
from a whole refining plant, the EF of the total organic HAPs is equal to 10 g emitted for each ton
of crude oil processed. Moreover, it was also possible to undertake the same evaluation for two
specific HAP molecules: benzene and formaldehyde. The benzene and formaldehyde EFs are equal
to, respectively, 0.8 g and 0.2 g for each ton of processed crude oil. This work provides a simple rule
of thumb for the estimation of hazardous substances emitted from petroleum refineries in their mean
operating conditions.

Keywords: refinery emissions; crude oil process; prediction of emission levels; VOC emissions;
benzene; formaldehyde

1. Introduction

One of the main environmental impacts of refinery process units is represented by
atmospheric emissions, which are typically constituent of CO, CO2, SO2, NOX, CH4,
particulates, and volatile organic compounds (VOCs) [1–3]. VOCs are emitted from a
variety of sources [4–11] and, in recent years, the attention toward the emission of VOCs
has been increasing due to the consistent amount of VOCs emitted from different industrial
processes and their environmental and health impact [12–14]. In addition, VOC emissions
can produce odor annoyance [15–17], which can have a negative impact on life quality [18,19].
Among this class of substances, 187 compounds have been defined as hazardous air
pollutants (HAPs) [20] according to their hazardous potential. Indeed, all the pollutants
recognized or suspected as carcinogens, according to the International Agency for Research
on Cancer (IARC), or able to cause other serious health issues, such as reproductive or
birth defects, or adverse environmental effects, are defined as HAPs [21]. Regarding the
specific case of refineries, which are a major source of VOCs [22–24], the US Environment
Protection Agency (US EPA) decided to monitor the emission of substances classified as
HAPs by collecting them in a database called Comprehensive data collected from the petroleum
refining sector [25,26].
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Despite the potential environmental and health problems related to the emissions
of VOCs from refineries, no environmental control agencies, at the current state of tech-
nical and regulatory progress, have provided an emission limit for VOCs as a class of
substances. In fact, unlike the previously mentioned oxidized combustion products [2] for
which environmental control agencies all over the world have imposed and, over the years,
continue to revise and lower the limits for annual refinery emissions [27], an emission limit
for VOCs has not been established yet. Several considerations on the lack of regulatory
limits for VOC emissions, such as the importance of considering an emission factor for
these compounds as a class of chemicals for the refining landscape, were addressed in
previous work by the authors of this document: a numerical emission factor for the total
VOCs emitted from Italian and European petroleum refineries has been evaluated [28]. Fur-
thermore, considerations on the difficulties of the quantification of the emission rate have
been recently exposed [29]. This lack of regulatory limits and methodology on emissions
remains true even in the more specific case of the sub-category of HAP compounds. In
this specific case, in reference to the Clean Air Act (CAA) [30], the EPA Potential to Emit
(PTE) [31], and to the United States Code (USC) Title 42—The Public Health And Welfare,
Chapter 85—Air Pollution Prevention And Control [32], a cut-off value in the emission of
HAPs can be found, but it is established only to determine if a plant has to be considered
a major or minor emitting source. A major emitting source is every plant or installation
capable of emitting 10 ton/y of a single compound out of the 187 HAPs or 25 ton/y of a
mixture of two or more HAPs [31].

A possible tool for an immediate investigation of the emission level and the associated
impacts related to the release of a pollutant substance from a plant into the atmosphere is
the so-called emission factor (EF). In general, an emission factor is a representative value
that relates the quantity of a pollutant released to the atmosphere to a given associated
activity [33].

Therefore, this work aims to provide emission factors (EFs) relevant to the HAPs
emitted by US refineries based on their emission capacity[34,35]. The evaluation of a global
EF is an important tool for the assessment of plant emissions and its impact: this value will
provide a tool useful for a preliminary estimation of the hazardous substances emitted from
petroleum refineries, representative of an average emissive situation, thereby excluding
peak conditions and incidental releases. Indeed, a global EF provides a preliminary
evaluation of plant emissions without detailed knowledge of the processing units. For the
same reason, the impact of the entire plant could be evaluated without conducting specific
experimental field measurements but only knowing the EF and the operation capacity. The
procedure followed to determine an EF for HAPs was to compare the total emissions of the
refineries collected in the EPA database [25] with their respective operational capabilities
in order to highlight characteristic and repeatable trends and to verify the possibility to
generalize the statements and to relate the emissions to the capacity of a plant through a
general trend. Once the relationship between emissions and plant size was highlighted,
it was possible to determine a preliminary EF capable of providing a first estimate of the
emissions of an installation based on its size. This number allows evaluating the first-trial
evaluation of the impacts on human health and the environment of a selected plant based
on its production capacity.

In this paper, based on the EPA database analysis, three different pollutant classes
were considered:

• the first one, relevant to the total HAPs emissions, includes all the potentially carcino-
genic compounds emitted from a refinery plant, both organics and inorganics;

• the second one, which aims to be representative of the emissions of VOCs, is relevant to
the compounds classified as “organic HAPs”, thereby excluding inorganic compounds;

• two single compounds (i.e., benzene and formaldehyde), selected based on their
contribution to the total emissions and the criticalities they present, were selected
in order to carry out evaluations on the behavior of a single compound emitted by
a refinery.
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It is possible to notice that, among the 187 substances classified as HAPs, there is a
5small number of compounds (i.e., 26) that represent a major contribution (i.e., 90%) to
the total hazardous emissions. Based on this observation, it was decided to further focus
the analysis on two compounds (benzene and formaldehyde) in order to verify that the
trend of the emitted quantity obtained for these substances was similar to the general
trend observed for the overall emissions. Formaldehyde and benzene were chosen as the
target compounds for this analysis because of their relevance both in terms of emitted
concentration and of toxicological potential [36–38]. In Section 2, a detailed description
of the source of raw data, the used statistics basics, and the preprocessing is provided.
Section 3 reports the numerical results of the total and single HAP contributions in the EFs.
Finally, Section 4 provides a summary of the conclusions of this study.

2. Materials and Methods
2.1. Origin of the Emission Data

Every three years, the US EPA draws up a database including the HAPs emissions
of all the refining plants present in the USA. This document is named Comprehensive Data
Collected from the Petroleum Refining Sector [25]. At the time of drafting this paper, the
most updated available version of this collection is the one of 2011, which was, therefore,
analyzed for the present work. In the EPA database, it is possible to find a multitude
of information relevant to the plants, such as the production capacity, the geographical
position, the equipment that constitutes the refineries, and, more importantly for the
purpose of this work, the HAPs emitted, evaluated both in qualitative and quantitative
terms and reported for each different plant section. The EPA document follows an extensive
and complex procedure to obtain quantitative and qualitative information on the emissive
scenario related to US refineries. The agency collects information directly from all American
refineries using the Information Collection Request (ICR), in which the plants must report
their emission levels. After data collection, the collected data are organized by US EPA
into a consultable database. Only a small amount of information is excluded from this
collection (i.e., data protected by corporate no disclosure agreement and patent), listed as
Confidential Business Information (CBI) and not available for consultation. These datasets
are used for the development of regulations relating to the oil refining sector.

For the intended purpose, the collected information regarding the plant’s size or the
production capacity and the total emissions is extremely important, as well as the speciation
of the HAPs present in those emissions.

It should be specified that the speciation of chemical emissions reported in this data
collection does not consider combustion products, such as CO, CO2, NOX, and SOX. The
EPA database includes emission data (ton/y) for the calendar year 2010 for individual
HAPs and data relating to all the emission sources located in the plant. The examined
emission sources include:

• Each processing unit for which an identification code has been provided;
• Each unit of electricity generation, steam or heat generation, and power combined;
• Each process heater;
• Each fuel and natural gas system for which equipment leakage data have been provided;
• Each storage tank regardless of the size or partial pressure of the stored material;
• Any “other atmospheric vent”;
• Every flare.

This collection of information may be extremely exhaustive. Indeed, within this
database, it is possible to research each substance separately for each plant investigated.
In addition, it is possible to know the flow rates of pollutants released by each refinery
equipment and, for each of these, evaluate the speciation of the emissions.

2.2. Emission Data Regression through the Estimation of the Pearson Correlation Coefficient r

Raw data described in Section 2.1 were primarily analyzed to determine a trend
relating the emissions of HAPs with the selected activity index. For the purpose of this
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paper, the effective refinery operative production capacity was assumed as activity index,
expressed in tons of crude oil processed in order to evaluate a correlation between refinery
size and the number of toxic compounds released into the atmosphere related to it.

To establish this relationship, the operative capacity and the total emission values for
each considered plant were reported in graphical form: the trend line for each considered
scenario (Section 2.4) and the corresponding Pearson correlation coefficient r are evaluated
from the graphs.

Pearson’s correlation coefficient [39] measures the existence and strength of a linear
relationship between two variables. Depending on the resulting value of the Pearson
coefficient, it is possible to state to which extent the two variables are correlated.

Pearson’s correlation coefficient of a sample is denoted by r and is by design con-
strained as follows:

−1 ≤ r ≤ 1

The closer the value is to 1 or −1, the stronger the linear correlation, direct and
reverse, respectively.

According to Evans [40], correlation is an effect size and, thus, it allows to evaluate
the strength of the correlation for the value of r:

• 0.00–0.19 “very weak”;
• 0.20–0.39 “weak”;
• 0.40–0.59 “moderate”;
• 0.60–0.79 “strong”;
• 0.80–1.0 “very strong”.

2.3. Calculation of the Emission Factors

As stated previously and according to the EPA procedure for the definition of EF [41],
the numerical elaborations were proposed by comparing the ratio of the two quantities
examined: the HAPs annual emissions over the operational capacity of the plants (consid-
ered as the activity index). The data were represented in graphical form, and the trend
line was traced to evaluate the existence of a correlation between these two quantities. The
illustrated data are measured starting from the emissions by converting the original data
from metric tons (i.e., 1000 kg = 2204 lb) per year [ton/y] to tons per day [ton/d], and from
the operational capacity, reported in the database in barrels (i.e., 159 liters) of crude oil a
day [bbl/d] and appropriately converted to [ton/d] as well. The EFs are then presented in
[g/ton], and their values are estimated as shown in Section 3.2.

2.4. Selection of the Plants to Be Considered for the Evaluation of the EF

By analyzing the data reported in the US EPA document, it is possible to notice that
the database includes a significant amount of data relating to 140 refineries. In order to
concretely evaluate the trends of the quantities under investigation, it was decided to apply
some selection criteria in order to exclude incomplete data or those for which it was not
possible to certainly affirm that the plants were operating under steady-state conditions
and excluding incidental events.

The first selection criterion is correlated with plant capacity. Indeed, in the database
used for this study, some plants did not report complete information about the operational
capacity (i.e., “missing” or “incomplete”); these plants were excluded from our dataset.
Due to this preliminary consideration, the number of refineries included in the analysis
was brought from 140 to 119.

Subsequently, the plants with emission data significantly differing from the average
value of emissions from other refineries of the same size (outliers) were excluded from the
total number of plants considered. This decision was related to the impossibility to prove
with certainty that the data reported were not affected by an error connected to partial or
biased data or to incidental events responsible for large uncontrolled emissions that do
not represent the regular activity of the refining process. The considered number of plants
reaches the amount of 109. This second downsizing of the dataset was carried out because
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the intent of this work is to provide, through an EF, an estimation representative of an
average refining scenario, which would represent the standard operating conditions and
not potential accidents or extraordinary operations.

2.5. Inclusion Criteria

To recall, two different inclusion criteria relating to the emission data collected
were selected:

• Total HAPs: no selection parameters about pollutants categories were applied. So, the
emissions are assessed in their entirety (187 compounds) for the selected plants;

• Organic HAPs: according to the definition of VOC [42], all inorganic substances are
excluded from the calculation of the total emissions. In this way, the emissions consid-
ered are representative exclusively of the organic HAPs released in the atmosphere
as volatile compounds. In this specific case, the inorganic substances excluded from
the database are mainly metals and acids (antimony, arsenic, beryllium, cadmium,
chlorine, chromium, cobalt, mercury, hydrochloric acid, hydrofluoric acid, hydrogen
cyanide, hydrogen sulphide, lead, manganese, nickel, phosphorus, and selenium).

3. Results
3.1. Dataset Analysis, Evaluation of r, and Consideration of Present Compounds

The analysis of the data relevant to the US refineries, used to evaluate the trend lines
and r values, shows a trend that correlates the production capacity of a plant with the
quantity of HAPs emitted. Due to this evidence, it is possible to affirm that a certain
proportionality between the refinery size and emission in terms of HAPs exists. This
correlation will be discussed later in this section.

An initial evaluation was conducted using 119 refineries. These refineries were se-
lected after excluding the plants for which complete information regarding the production
capacity was missing. The inclusion criteria previously described in Section 2.5 were
applied to both scenarios. From the analysis of the total emissions reported for each of the
119 plants considered, expressed in ton/day, as a function of the plant size, it is possible to
evaluate an r value equal to 0.73. This value of r, according to the Evans classification of r,
suggests a strong positive linear correlation. Subsequently, the investigation involved the
exclusion of the inorganic substances, limiting the evaluation only to the organic HAPs.
The emission trend for the organic HAPs related to the operational capacity of each plant
provided an r value of 0.69, similar to the previous case.

Since, as previously discussed in paragraph 2.4, some plants showed anomalous
behavior with respect to the average trend and have been considered outliers, the actual
considerations for the determination of the emission factor have been carried out on the
case related to the 109 selected plants. The r values for both cases (total and organic
HAPs) and the trend highlighted by the dataset are discussed in full detail in the following
paragraph 3.1.1.

An analysis of the individual compounds emitted was carried out while excluding
the inorganic HAPs to evaluate the behavior of the organic HAPs and develop their
emission factor. This analysis allowed the assessment of the emissions of the individual
substances released from each plant, and the deep analysis performed on the dataset led to
an immediate visualization of the relative contribution of every single compound on the
total emissions. It is, therefore, possible to highlight how a small number of substances—
compared to the total number of HAPs in the overall emissions—represents about 90% (by
mass flux) of the total emissions for almost all the selected plants. The list of substances
responsible for 90% of the total emissions is reported in Table 1 and Figure 1:
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Table 1. List of compounds responsible for almost 90% of total HAP emissions from American
refineries with respective TLV–TWA [43,44].

Compound Name TLV–TWA [ppm] % of Total HAPs

1,3-Butadiene 2 0.6
2,2,4-Trimetilpentane 100 5.4

2-Metilnaphtalene 0.5 0.3
Acenaphtene 0.2 0.0
Acetaldehyde 25 0.4
Anthracene 0.2 0.1

Benzene 0.5 6.2
Biphenyl 0.2 0.2

Carbon Disulfide 10 0.6
Carbonyl Sulfide 5 1.9

Cumene 50 0.8
Diethanolamine 3 0.3
Ethyl Benzene 20 2.6
Formaldehyde 0.1 2.1

Hexane 50 19.0
Hydrogen Cyanide 10 19.2

Methanol 200 2.3
Methyl Tert-Butyl Ether 50 0.6

m-Xylene 100 0.5
Naphtalene 10 1.3

o-Xylene 100 0.4
Phenol 5 0.3

p-Xylene 100 0.6
Styrene 10 1.7
Toluene 20 12.2
Xylenes 100 9.6

Others (161 compounds) - 10.8
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Figure 1. Contribution of the most present compounds to the total HAP emissions.

From the list of compounds contained in Table 1 it is possible to highlight that there
is a very limited contribution to the total emission of HAPs by aliphatic hydrocarbons,
without heteroatoms, with a carbon number lower than 6 (i.e., only two light hydrocarbons
are reported, 1,3-Butadiene and Hexane). The value of the Pearson correlation coefficient r
evaluated considering only the above-mentioned compounds emitted from 109 refineries
has been calculated and has a value of 0.79, thus highlighting a very strong linear behavior.
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Because of their relevant emission levels and their low TLV values, obtained by
the American Conference of Governmental Industrial Hygienists (ACGIH) database [43]
(except HCN, for which the TLV value was found in Occupational Safety and Health
Administration (OSHA) [44] in mg/m3 and then converted in ppm), specific considerations
about the emission trends of benzene and formaldehyde were carried out in Sections 3.2.2
and 3.2.3.

Benzene is one of the most relevant compounds emitted in the refining process,
and it is known for its high carcinogenic potential [36,45,46]. The exposure to relatively
high amounts of formaldehyde in medical and occupational settings has been linked
to some types of cancer in humans, but the effect of the exposure to small amounts
is less clear [37,38,47–49]. Due to the relevant quantity of formaldehyde reported in
refinery emissions, this compound was selected for further investigation as well. The
same considerations made previously for all the HAP compounds were thus repeated
considering benzene and formaldehyde emissions individually: the quantities of benzene
and formaldehyde emitted by each plant considered were analyzed in relation to the plant
operating capacity.

3.1.1. Organic HAPs

Considering the 109 plants according to the criteria discussed in Section 2.4, from
the comparison of the emission level with the operational capacity, it is possible to con-
sider a scenario purged of outliers. The same considerations displayed in the previous
Section 3.1 paragraph were carried out, thus evaluating the trends and the respective value
of r for both the total and organic HAPs.

The r relevant to the comparison of the operating capacity of the 109 refineries with
their respective total emissions is 0.83. This r value indicates a very strong positive linear
correlation. The evaluation of the trend line for the case involving only organic HAPs
(Figure 2) was realized after the exclusion of all the inorganic compounds from the total
HAPs list. The value of r obtained for this latter case is equal to 0.81, slightly lower than
the previous case but still a very strong positive linear correlation marker.

Atmosphere 2021, 12, x FOR PEER REVIEW 8 of 17 
 

 

HAPs list. The value of r obtained for this latter case is equal to 0.81, slightly lower than 

the previous case but still a very strong positive linear correlation marker. 

 

Figure 2. Total emissions of organic HAPs for 109 refineries. 

To facilitate comparison, Table 2 reports the r values obtained for each scenario and 

case evaluated. 

Table 2. Recap of r values for both scenarios 1 and 2 and both total HAPs emission and only organic 

HAPs emission. 

Scenario Total HAPs Organic HAPs 

1. 119 refineries 0.73 0.69 

2. 109 refineries 0.83 0.81 

In all the analyzed scenarios, the r values expressing the correlation between emis-

sions and plant size were above 0.6, thus representing a “strong” linear correlation for 119 

plants and a “very strong” linear correlation for 109 plants. This outcome points out the 

existence of a positive linear correlation between the quantity of HAPs emitted and the 

refinery treatment capacity: the bigger the refinery, the higher its HAPs emissions. 

This correlation supports the choice of the operational capacity as an activity index 

for the estimation of the EF. Despite this consideration perhaps appearing obvious, it is 

important to highlight that other parameters besides the plant capacity may influence the 

emissions of an installation, such as a lack of control of poor maintenance of old and de-

teriorated equipment. These events may lead small plants to have much higher emissions 

than bigger plants that are properly maintained and operated. This is the criterion applied 

here for the consideration of two different scenarios, but it does not exclude the possibility 

that some of the 109 considered plants present poor maintenance of minor uncontrolled 

releases during their yearly activity. 

3.1.2. Benzene 

All the 119 refineries were taken into consideration since, while analyzing benzene 

emission, no outlier data were detected. The emission trend is reported in Figure 3. 

The r value for this correlation is equal to 0.60, marking a “strong” positive linear 

correlation between the increase of the benzene emissions and the size of the plant. This 

value is interesting given that, even by considering only one of the most representative of 

y = 1.23E-05 x - 2.49E-03

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

0.E+00 2.E+04 4.E+04 6.E+04 8.E+04 1.E+05

O
rg

an
ic

 H
A

P
s 

E
m

is
si

o
n
s 

[t
o

n
/d

ay
]

Operative capacity [ton/day]

Figure 2. Total emissions of organic HAPs for 109 refineries.

To facilitate comparison, Table 2 reports the r values obtained for each scenario and
case evaluated.
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Table 2. Recap of r values for both scenarios 1 and 2 and both total HAPs emission and only organic
HAPs emission.

Scenario Total HAPs Organic HAPs

1. 119 refineries 0.73 0.69
2. 109 refineries 0.83 0.81

In all the analyzed scenarios, the r values expressing the correlation between emissions
and plant size were above 0.6, thus representing a “strong” linear correlation for 119 plants
and a “very strong” linear correlation for 109 plants. This outcome points out the existence
of a positive linear correlation between the quantity of HAPs emitted and the refinery
treatment capacity: the bigger the refinery, the higher its HAPs emissions.

This correlation supports the choice of the operational capacity as an activity index
for the estimation of the EF. Despite this consideration perhaps appearing obvious, it is
important to highlight that other parameters besides the plant capacity may influence
the emissions of an installation, such as a lack of control of poor maintenance of old and
deteriorated equipment. These events may lead small plants to have much higher emissions
than bigger plants that are properly maintained and operated. This is the criterion applied
here for the consideration of two different scenarios, but it does not exclude the possibility
that some of the 109 considered plants present poor maintenance of minor uncontrolled
releases during their yearly activity.

3.1.2. Benzene

All the 119 refineries were taken into consideration since, while analyzing benzene
emission, no outlier data were detected. The emission trend is reported in Figure 3.

The r value for this correlation is equal to 0.60, marking a “strong” positive linear
correlation between the increase of the benzene emissions and the size of the plant. This
value is interesting given that, even by considering only one of the most representative of
the 187 compounds considered, a comparable trend with the one observed for all the HAPs
is revealed.
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Figure 3. Total emissions of benzene for 119 refineries.

3.1.3. Formaldehyde

Unlike the case concerning benzene, the data relative to formaldehyde are not available
for all the plants reported. In fact, for some of the 119 refineries considered (i.e., 10), there
are no formaldehyde emissions reported in the database.
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The trend of formaldehyde emissions from the refineries has, therefore, been assessed
for 109 plants. Although this is the same number of plants considered before in Section 3.1.1
for the total HAPs, the plants’ dataset is not the same.

The formaldehyde emission trend is reported in Figure 4. The r value resulting from
the analysis of the formaldehyde emission trend with the plant size is equal to 0.65, marking
also in this case a “strong” positive linear correlation between the increase of formaldehyde
emissions and the size of the plant. Moreover, in this case, by considering only one of the
most representative compounds out of the total 187 compounds, it is possible to highlight
a linear correlation like the one observed for all the HAPs.
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Figure 4. Total emissions of formaldehyde for 109 refineries.

3.2. Emission Factor Calculation

Based on the analysis of the emission and capacity data analyzed in the previous
paragraphs, it was finally possible to define a numerical value for the EF expressing the
HAPs emitted by a refinery as a function of its operational capacity.

The considerations expressed in the previous paragraphs relevant to the selection of
the different inclusion criteria led to the selection of organic HAPs emitted from 109 plants
as a model for the determination of the EF.

Once the EF was calculated, as explained in Section 2.3, for each considered plant, the
statistical parameters (i.e., the mean, median, and standard deviation) were calculated for
the dataset, providing the values shown in Table 3.

Table 3. Mean, median, and standard deviation evaluated of organic HAP EF of the dataset expressed
in g/ton of crude oil processed.

Mean Median Standard Deviation

14.3 10.4 14.6

In the following, the organic HAPs case is considered for numerical evaluation.
Based on the fact that the value assumed by an emission factor, such as the one

calculated in our case, cannot assume negative values, after a graphical representation
of data (Figure 5a), it was possible to carry out some considerations relative to the type
of distribution that the data assumed. It seems appropriate to consider that the dataset
considered behaves like a log-normal distribution rather than a Gaussian one [50]. A
random variable X is said to be log-normally distributed if log(X) is normally distributed.
Only positive values are possible for the variable, and the distribution is skewed to the
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left. Once the distribution of the data relating to the organic HAPs had been represented
graphically, the same evaluation was carried out on the distributions relating to benzene
and formaldehyde, from which it can be seen (Figure 5b,c) that, in these two cases as well,
the distribution appears to be a log-normal one rather than a Gaussian.
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The distribution trend was also assessed by means of QQ-Plot (Figure 6) [51] tests,
which consist of the graphical representation of the quantiles of distribution and compare
the cumulative distribution of the observed variable with the cumulative distribution of
the normal. If the observed variable has a normal distribution, the points of this joint
distribution thicken on the diagonal that goes from the bottom to the top and from left
to right.
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Two parameters are needed to specify a log-normal distribution. Traditionally, the
mean µ and the standard deviation σ (or the variance σ2) of ln(X) (the set of data that is
normally distributed) are used, and they are reported in the following Table 4.

Table 4. Mean and standard deviation for the ln(x) distribution, with x expressed in g/ton of crude
oil processed.

µ σ (ln(X))

2.3 0.93

However, based on the considerations made on the distribution of the data with which
the emission factor is calculated, it is possible to consider the expected value (i.e., the
emission factor) equal to:

EF = exp(µ)

which coincides with the geometric mean of the distribution considered as Gaussian, while
the confidence interval calculated as a statistical value ± 1 (i.e., k = 1) times the standard
error gives a “confidence” of about 68%, which is equal to:

LL, UL = e(ln (µ)±kσ)

where LL and UL are, respectively, the lower limit and the upper limit of the confidence interval.

3.2.1. Organic HAPs

The expected value, standard deviation, LL, and UL of the confidence interval for the
organic HAPs are shown below in Table 5.
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Table 5. Expected value, standard deviation, and back transformed mean and standard deviation for
the log-normal distribution expressed in g/ton of crude oil processed for organic HAPs.

EF σ LL UL

9.8 0.93 3.9 24.9

The emission factor for organic HAPs emitted from a petroleum refinery is equal to
10 g for each ton of crude oil processed.

3.2.2. Benzene

The expected value, standard deviation, LL, and UL of the confidence interval for
benzene are shown below in Table 6.

Table 6. Expected value, standard deviation, and back transformed mean and standard deviation for
the log-normal distribution expressed in g/ton of crude oil processed for benzene.

EF σ LL UL

0.75 1.1 0.26 2.2

The emission factor for benzene emitted from a petroleum refinery is equal to 0.8 g for
each ton of crude oil processed.

3.2.3. Formaldehyde

The expected value, standard deviation, LL, and UL of the confidence interval for
formaldehyde are shown below in Table 7.

Table 7. Expected value, standard deviation, and back transformed mean and standard deviation for
the lognormal distribution expressed in g/ton of crude oil processed for formaldehyde.

EF σ LL UL

0.18 1.3 0.046 0.69

The emission factor for formaldehyde emitted from a petroleum refinery is equal to
0.2 g for each ton of crude oil processed.

3.3. Discussion

In the data analysis, it was hypothesized that the “anomalous” behaviors, based on
which 10 plants were considered “outliers” and thus excluded from the evaluation of
scenario 2, are due to the release in significant quantities of a limited number of substances
that are usually not emitted in remarkable quantities during the normal operations of
a refining plant. Such anomalous situations may be due to the poor conditions of the
equipment due to ageing or inadequate maintenance or potential incidental events that
occurred during the year, which may have led to uncontrolled emissions of some substances.
For these reasons, the most suitable scenario to represent a raw EF able to describe the
average emission behavior of a refinery is the one found considering the organic HAPs
emissions released by the 109 refineries without the outliers’ plants.

After having graphically represented the data population and having verified that it is
log-normally distributed, it was possible to calculate the parameters to define the emission
factor, equal to 10 g of the organic HAPs emitted for each ton of crude oil processed in
the plant.

If the expected value for the log-normal distribution is considered as the global EF
for the organic HAPs emitted from the refinery plants, it is possible to compare it with the
emission values reported in the scientific literature. For instance, in the European BREF
Reference Document for the Refining of Mineral Oil European Reference Document [2],
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it is possible to find a range for the emission of VOCs from refineries that goes from
50 to 1000 tons emitted for 1 million tons of crude oil processed from the plant, which
corresponds to an emission factor of 50–1000 [g/ton] and is thus much higher than the
emission factor for organic HAPs determined in this paper.

This difference could be explained considering that, according to what can be found
in the literature [52–54], it is possible to state that about 60 to 70% of the emissions from a
refining plant are due to substances such as ethane, propane, butane, and pentane, which
are not included in the list of HAPs. A similar consideration could be true for other VOCs
that are normally emitted from a refinery but are not considered as HAPs. Moreover, as
mentioned, many difficulties may arise in the quantification of all contributions to the VOC
emission inventory of a refinery [29]. As a consequence of the considerations made in
paragraph 3.1 regarding two of the most present compounds, benzene and formaldehyde,
it was possible to determine an emission factor for these two substances as well. Following
the same procedure illustrated for the case of organic HAPs, it was possible to determine
an emission factor for benzene equal to 0.8 [g/ton] and one for formaldehyde equal to
0.2 [g/ton] [54].

For formaldehyde emitted by a refinery, no known range of values is reported in
the literature. On the contrary, for benzene, it is possible to find a value similar to the
one illustrated for VOCs in the European BREF Reference Document for the Refining of
Mineral Oil European Reference Document [2], where benzene emissions from refineries
are reported to be in a range of 0.005–8 [g/ton], consistent with the data obtained in
this paper.

Considering a whole refinery, a summary specification of the main VOCs emitted in the
refining process is proposed in the “Emission Inventory Guidebook” [53]. In this document,
it is precisely indicated that ethane, propane, butane, and pentane are responsible for about
60% of the total VOC emissions from refineries.

Similarly, as far as Canadian legislation is concerned, the document “Canadian fuels
code of practice” [52] attributes more than 50% of the total VOC emissions to the substances
listed above, with a carbon number lower than 6.

Other similar data can be found in the literature, referring to single sections of the
plant. In the case of tank farms [54], the speciation of the emissions related to the storage
tanks section of the refinery has been found in the literature. By applying the EPA TANKS
software [55], it has been estimated that about 61.12% of the total VOCs emitted from
the tank farm by volume were alkanes, whereby pentane was the most abundant (27.4%),
followed by cyclopentane (19.22%), propene (19.02%), and isobutene (14.22%).

In a previous work by the authors of this paper [28], the EF for the VOCs emitted from
European petroleum refineries was determined, resulting in a value of 188 ± 166 g per ton
of crude oil processed. Considering the previously reported information about the main
constituents of VOC emissions from refineries being compounds with a carbon number
lower than 6, representing about 60–70% of the total VOC emissions [53,54], it is possible
to highlight that the EF for the HAPs determined in this study is consistent with the one
for the total VOCs evaluated in the previous work.

4. Conclusions

This paper aimed to provide an emission factor (EF) for the organic hazardous air
pollutants emitted from petroleum refineries in the United States.

The definition of this EF was carried out by choosing the operational capacity of a
plant as the activity index for the estimation of the emission factor, which is related to the
total amount of HAPs emitted in one year of exercise. A linear trend can be obtained with
good approximation when comparing different plants’ emissions as a function of their
operational capacity.

For emission monitoring and control evaluation, the knowledge of a global EF allows
a preliminary assessment of the emissions related to a petroleum refining plant, needing
only the datum relevant to the operational capacity of a considered plant.
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The purpose of this work was to provide a tool useful for the preliminary estimation of
the hazardous substances emitted from petroleum refineries, representative of an average
emissive situation, thereby excluding peak conditions and incidental releases. Therefore,
refineries that exhibited anomalous behavior were excluded from the present analysis.
Inorganic substances were then excluded in order to limit the evaluation to organic HAPs
only, theoretically comparable with the behavior of the VOC compounds.

The analysis of refinery emissions further enabled the observation that a limited
number of substances account for over 90% of the total HAP emissions and, by considering
a single compound, benzene, as representative of this group of compounds, it is possible
to recognize a linear correlation of the emissions with the plant size, such as the one
highlighted for the overall emissions comprising all the 187 compounds. Considering the
differences between the total VOCs usually emitted and the calculation conducted on the
data relevant to the database accounting the HAPs from the refining plants, the EF for the
organic HAPs emitted from the refineries is 10 g for each ton of processed crude oil. The
EFs for benzene and formaldehyde are, respectively, equal to 0.8 g and 0.2 g for each ton of
processed crude oil.

It shall be highlighted that refineries constitute a particularly complex case of industrial
plants, with different possible configurations and many different unit operations. For this
reason, to provide a first estimate of the refinery emissions in relation to the size, even just
knowing the order of magnitude of this data is particularly important.

The assessment of an average benchmark in emission, provided in this work, may
be a useful tool for oil refining companies in order to compare their own emissions to the
mean values, helping them to understand if a maintenance or revamping intervention is
urgent or not. The constant updating of the emissive population will be a valuable help
to the strategic investment decisions of oil companies and public institutions in order to
proceed to an overall and well-reasoned decrease in pollutant emission in this sector.

In parallel, attention and commitment should also be paid to the research, develop-
ment, and testing of innovative methodologies for the quantification and direct measure-
ment of VOC emission fluxes from different types of sources.
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