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American Petroleum Institute
Environmental, Health, and Safety Mission
and Guiding Principles

MISSION The members of the American Petroleum Institute are dedicated to continuous efforts
to improve the compatibility of our operations with the environment while
economically developing energy resources and supplying high quality products and
services to consumers. We recognize our responsibility to work with the public, the
government, and others to develop and to use natural resources in an
environmentally sound manner while protecting the health and safety of our
employees and the public. To meet these responsibilities, API members pledge to
manage our businesses according to the following principles using sound science to
prioritize risks and to implement cost-effective management practices:

PRINCIPLES ¢ To recognize and to respond to community concerns about our raw materials,
products and operations. b

¢ To operate our plants and facilities, and to handle our raw materials and products
in a manner that protects the environment, and the safety and health of our
employees and the public.

o To make safety, health and environmental considerations a priority in our
planning, and our development of new products and processes.

¢ To advise promptly, appropriate officials, employees, customers and the public of
information on significant industry-related. safety, health and environmental
hazards, and to recommend protective measures.,

e To counsel customers, transporters and others in the safe use, transportation and
disposal of our raw materials, products and waste matérials.

e To economically develop and produce natural resources and to conserve those
resources by using energy efficiently.

e To extend knowledge by conducting or supporting research on the safety, health
and environmental effects of our raw materials, products, processes and waste
materials.

e To commit to reduce overall emission and waste generation.

e To work with others to resolve problems created by handling and disposal of
hazardous substances from our operations.

e To participate with government and others in creating responsible laws,
regulations and standards to safeguard the community, workplace and
environment.

e To promote these principles and practices by sharing experiences and offering
assistance to others who produce, handle, use, transport or dispose of similar raw
materials, petroleum products and wastes.
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FOREWORD

API PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL
NATURE. WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE,
AND FEDERAL LAWS AND REGULATIONS SHOULD BE REVIEWED.

API IS NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANUFAC-
TURERS, OR SUPPLIERS TO WARN AND PROPERLY TRAIN AND EQUIP THEIR
EMPLOYEES, AND OTHERS EXPOSED, CONCERNING HEALTH AND SAFETY
RISKS AND PRECAUTIONS, NOR UNDERTAKING THEIR OBLIGATIONS UNDER
LOCAL, STATE, OR FEDERAL LAWS.

NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS
GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANU-
FACTURE, SALE, OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COV-
ERED BY LETTERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN
THE PUBLICATION BE CONSTRUED AS INSURING ANYONE AGAINST LIABIL-
ITY FOR INFRINGEMENT OF LETTERS PATENT.

All rights reserved. No part of this work may be reproduced, stored in a retrieval system, or transmitted by any
means, electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the
publisher. Contact the publisher, API Publishing Services, 1220 L Street, N.W., Washington, D.C. 20005.

Copyright © 1998 American Petroleum Institute
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ABSTRACT

Operators of petroleum storage tanks often need to prepare site-specific emission inventories to
meet environmental regulations. Emission inventories can be quite complicated to prepare, and
often necessitate laboratory analyses of 0il and gas samples in order to quantify key variables
such as Reid Vapor Pressure (RVP), gas molecular weights, hazardous air pollutant species
(HAPs) distributions, and specific gravity of the separator gas. This report establishes simple
techniques to estimate these variables in the absence of laboratory data. Analyses were
performed of emissions measurements, oil and gas sampling results, and emissions modeling
results for more than 100 crude oil exploration and production (E&P) storage tanks. In
conclusion, correlation equations or statistical averages are recommended in order to estimate
RVP, vented flash gas molecular weight, vented working and standing gas molecular weight,
hydrocarbon speciation (including HAPs), and separator gas specific gravity.
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EXECUTIVE SUMMARY

It is necessary to estimate certain physico-chemical properties of oil and emitted gases in order to
construct an emission inventory for a crude oil storage tank. These properties include (1) the
Reid Vapor Pressure (RVP) of sales oil, (2) the molecular weights of gases emitted from flash
3processc:s and storage tanks, (3) the mole fractional contributions of hydrocarbons and hazardous
air pollutants (HAPs) to gaseous emissions, and (4) the specific gravity of the separator gas.
Laboratory analyses of oil and gas samples are necessary in order to determine the RVP and gas
properties accurately. However, laboratory analyses are often costly or difficult to obtain. This
report establishes simple techniques, such as correlation equations or statistical averages, to

estimate these variables in the absence of laboratory data.

In this analysis, physico-chemical data and operational parameters for 103 crude oil exploration
and production (E&P) storage tanks were examined. (American Petroleum Institute [API]
provided data for the 103 tanks.) Linear regression analyses were performed in order to explore
correlations of RVP and gas properties with easily measured or judged parameters, such as
separator pressure (SP), separator temperature (ST), sales oil API gravity (APIG), and the
fractional contribution of non-hydrocarbons to total emissions (%ononHC,;) (e.g., percent CO,
plus H,S by volume). Emission estimates based on these simple correlations were compared to
estimates that were calculated with (1) the E&P TANK software package, (2) laboratory analyses
of oil and gas samples, and (3) analyses of vent gases and directly measured flow rates. In
conclusion, several correlation equations and statistical averages were recommended for use as

explained below.

Reid Vapor Pressure (RVP).
If only the API gravity (APIG) of the sales oil is known:
RVP =-1.699 +0.179 APIG
(Equation ES-1)
If the APIG and the bubble point (BP) of the sales oil are both known:
RVP =-2.596 + 0.417 BP + 0.119 APIG

(Equation ES-2)
ES-1
Copyright American Petroleum Institute
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Molecular Weight of W&S Gas. An average value of 50 Ib/lb-mole that was established by

earlier research is recommended for continued use.

Molecular Weight of Flash Gas (MWTy).
MWT;=-0.351 - 0.013 SP + 0.193 ST + 0.453 APIG + 0.360 %nonHC 1

(Equation ES-3)

Mole Fractional Contributions of Hydrocarbons and HAPs. Since many of the correlations
developed for HAP speciation were weak or uncertain, the average speciation profiles are

recommended for use (see Table ES-1).

Table ES-1. Average speciation profiles, mole percent.

Flash Gas - W&S Gas -
Mean Mole Mean Mole
Species Percent Percent
Contribution Contribution
Percent of THC | Percent of THC

CH, 41.00 22.36
C,H, 16.87 20.49
C;H, 18.35 28.00
i-C H,, 5.21 6.83
n-C,H,, 8.67 10.92
i-C,H,, 3.27 3.72
n-CH,, 2.77 3.17
Hexanes 1.15 1.30
Heptanes 1.07 1.26
Octanes 0.45 0.54
Nonanes 0.10 0.13
Benzene 0.14 0.18
Toluene 0.11 0.15
Ethylbenzene 0.00 0.01
Xylenes 0.03 0.04
n-Hexane 0.78 0.90
Pentanes+ 0.00 0.00

ES-2
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Specific Gravity of the Separator Gas. The following equation is recommended to predict the
specific gravity of the separator gas when laboratory results are unavailable.
In(SGgg) = -0.476 - 0.102 In(SP) + 0.003 ST + 0.008 APIG + 0.011 %nonHC;yy
“ (Equation ES-4)

ES-3
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Section 1
INTRODUCTION

Exploration and production (E&P) storage tanks are industrial sites constructed for the extraction
and temporary storage of petroleum. Figure 1-1 illustrates operations and equipment at a typical
E&P storage tank. Freshly extracted crude oil first enters a separator that removes water from
the oil stream. Within the separator (1), volatile organic gases escape from the crude oil.
Normally, a combustion device disposes of the separator gas. A pressure drop occurs across the
flash valve (2) resulting in flash emissions. At some storage tanks, a blanket gas (3) joins the

crude oil stream as it enters the storage tank. A temporary storage tank (4) contains the crude oil

until sale and transfer.

Figure 1-1. Illustration of crude oil extraction and storage processes at an exploration and
production storage tank (American Petroleum Institute, 1997a).

The hydrocarbon emission inventory for an E&P storage tank includes working and standing
(W&S) losses and flashing losses. W&S emissions arise from changes in the storage tank liquid
level, in the atmospheric temperature, or in the barometric pressure that force gases out of the
tank vapor space. Flash emissions result when a large pressure drop occurs and dissolved gases

escape from the liquid oil stream, similar to the way that carbon dioxide escapes from an opened

can of soda pop.

1-1
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It is necessary to estimate certain physico-chemical properties of oil and emitted gases in order to
construct an emission inventory for an E&P storage tank. These properties include (1) the Reid
Vapor Pressure (RVP) of sales oil, (2) the molecular weights of gases emitted from flash
processes and storage tanks, (3) the mole fractional contributions of hazardous air pollutants
(HAPs) to gaseous emissions, and (4) the specific gravity of the separator gas. Laboratory
analyses of oil and gas samples are necessary in order to determine the RVP and gas properties
accurately. However, when laboratory results are unavailable, the use of default values allows
rough estimation of emissions. These default values are constant, although the variables they
represent are known to differ among storage tanks. The purpose of this analysis is to replace the
default values with simple correlations that only require easily measured inputs. These

correlations are intended to increase the accuracy of emission inventories for E&P storage tanks.

OVERVIEW OF THE VARIABLES AND THEORETICAL CONTEXT

The Reid Vapor Pressure (RVP) is a measure of the volatility of a petroleum product. Sales oil
RVP is a key parameter needed to estimate W&S emissions from crude oil storage tanks because
it is related to the quantity of hydrocarbon vapors present in the vapor headspace of the storage
tank. When laboratory tests are unavailable, current practice calls for the use of a default value
(RVP = 5 psia) in order to estimate W&S losses from crude oil storage tanks. Section 3 presents

an analysis of RVP and an equation that may be used instead of the default value to predict RVP.

The average molecular weights of the hydrocarbon fractions of the W&S gas (MWT,,) and of
the flash gases (MWT,) must be estimated in order to calculate W&S losses and flashing losses.
In both cases, default values of 50 1b/Ib-mol are currently used in the absence of laboratory
analyses. The default value for MWT,, was established by the American Petroleum Institute
(API) through a significant research effort (American Petroleum Institute, 1991). The analysis
described in this report addresses MWTy, (Section 4) in order to compare results with API’s
previous research. A favorable comparison (1) confirms that the group of storage tanks analyzed
in the report is similar and representative of API’s previous research, and (2) enhances API’s past

research (American Petroleum Institute, 1991).

1-2
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Due to a lack of available information, the current default value for MWT; was selected
somewhat arbitrarily. Given a basic understanding of E&P operations, it was recognized that the
flash gases should consist of lighter compounds than the W&S gases. Therefore, the default
value for MWTy (50 Ib/Ib-mol) was expected to represent an upper limit to MWT;. The use of
this default value for MWT; tends to produce conservatively high estimates of flash emissions.

Section 4 of this report presents an analysis of MWT; and a correlation equation intended to

replace the default value.

In order to estimate emissions of hazardous air pollutants from an E&P storage tank, it is
necessary to estimate their contributions to the inventory as fractions of total hydrocarbon (THC)
emissions. The U.S. EPA has established speciation profiles derived from source tests at E&P
storage tanks (U.S. Environmental Protection Agency, 1990). The goal of this analysis is to
provide an alternative means to estimate HAP mole fractions for emissions at E&P storage tanks

(Section 5). The HAPs that are included in this discussion are benzene, ethylbenzene, hexane,

toluene, and xylenes.

The RVP of sales 0il and the compositions of gaseous emissions from an E&P storage tank
depend upon the composition of the fresh crude extract and the storage tank’s operational
parameters. These relationships are highly complex. Freshly extracted crude petroleum is a
multicomponent mixture containing inorganic compounds (H,S and CO,) and organic
compounds (methane, ethane, and many hydrocarbons). Below, Treybal (1980) comments on

the complexities involved with predicting the behaviors of multicomponent mixtures.

Many of the multicomponent systems of industrial importance can be considered nearly
ideal... This is particularly true for hydrocarbon mixtures of the same homologous
series... In such cases, Raoult’s law, or its equivalent in terms of fugacities, can be
applied and the gas phase equilibria calculated from the properties of the pure
components. But it is generally unsafe to predict detailed behavior of a multicomponent
system from consideration of the pure components alone, or even from a knowledge of

the simple binary systems that may be formed ﬁ‘om_the components.

1-3
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In essence, Treybal’s remarks indicate that it is difficult to successfully apply simple physical
theories in order to predict the behavior of a multicomponent mixture (such as petroleum), even
when the exact chemical composition of the mixture is known. An empirical approach is an
alternative to theoretical predictions. For example, this analysis statistically investigates simple
correlations among RVP, gaseous emissions, and parameters that are easily measurable at E&P
storage tanks. Predictions that are based on such correlations are empirical in nature, rather than
theoretical. A few assumptions are necessary in order to apply this empirical analysis, which
covers a small data set, to a wider population. These assumptions include (1) that most fresh
crude extracts are relatively similar in composition, and (2) that differences in their volatilities
can be predicted by a few easily measured parameters (e.g., the API Gravity of the sales oil, the

operating temperature and pressure of the separator, or others).

APPROACH

In this analysis, physico-chemical data and operational parameters for 103 E&P storage tanks
were examined (Section 2). (Data for the 103 tanks were provided by the APL.) Linear
regression analyses were performed in order to explore correlations of RVP and gas properties
(Sections 3 through 6) with other storage tank parameters. Emission estimates based on these
simple correlations were compared to estimates that were calculated with (1) the E&P TANK
software package, and (2) laboratory analyses of oil and gas samples (Section 7). In conclusion,

correlation equations were recommended for use in the future (Section 8).

14
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Section 2

REVIEW OF THE DATA

Initially, E&P TANK was used to model emissions and some physico-chemical parameters for
all 103 E&P storage tanks. Upon review of the model output, the results were found to be
unusual for 16 of the tanks (Table 2-1). Eight of these were excluded from the analysis because
E&P TANK could not resolve some of the output parameters intended for use in this analysis
(such as the flash gas or the W&S gas molecular weights). One appeared to be duplicated in the

data set; only one of the repeated cases was retained. Ninety-four storage tanks remained in the
data set for analysis.

Table 2-1. Results of an initial examination of E&P TANK model output for 103 E&P storage

tanks.
Defining Tank Parameters
Sales | Sales
Separator Separator Oil Oil
Reason that results Pressure | Temperature | APIG | RVP
were unusual Problem Resolution (psig) (°F) (°API) | (psia)
Model diverged. Excluded. 8 154 23 0.2
Separator oil specific Re-ran E&P TANK 42 110 39 5.4
gravity was with 4P-42 option and 66 83 40 3
unrealistically low. replaced the unusual 60 60 44 10.1
specific gravity data. 41 72 45 52
40 76 47 10.6
870 78 57 13.1
110 72 59 10
No flash emissions. Excluded. 17 106 20 33
No W&S emissions. Excluded. 15 120 19 4.8
280 106 30 4.8
40 110 34 3.2
95 118 42 8.1
50 125 49 8.9
170 75 68 12.5
Duplicate case. Excluded repeated data. | 60 58 39 6.8

2-1
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Figure 2-1 illustrates the general properties of the data set encompassing the remaining 94
storage tanks. It is apparent that the data for the separator pressure (SP), specific gravity of the
separator gas (SGyg), gas-to-oil ratio (GOR), and mole fraction of non-hydrocarbons in the vent
gas (%nonHC,,,) are skewed and are probably best modeled with lognormal distributions. The

rest of the parameters generally appear to follow a normal distribution, or “bell curve”.

Figure 2-2 is a scatter plot matrix of the same parameters illustrated in Figure 2-1. A scatter plot
matrix is a visual tool that helps identify correlations among large numbers of variables. In
Figure 2-2, several correlations are apparent (for example, sales oil RVP vs. APIG; In(GOR) vs.
sales oil APIG).
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Measured Parameters Modeled Parameters
SP = Separator pressure (psig) GOR = Gas-to-oil ratio of the sales oil (scf/bbl)
ST = Separator temperature (°Rankine) FGMWT = Flash gas total molecular weight (1b/lb-mol)
APIG = Sales oil APIG (°AP]) MWT; = Molecular weight of the THC fraction of the flash gas (Ib/lb-mol)
RVP = Sales oil RVP (psia) %nonHCror = Sum mole fraction of the non-hydrocarbon species in the total vent
BP = Sales oil bubble point (psia) gas (%); total vent gas = W&S gas + flash gas

SGgg = Specific gravity of the separator gas WSGMWT = W&S gas total molecular weight (1b/1b-mol)
MWTy,s = Molecular weight of the THC fraction of the W&S gas (Ib/lb-mol)

Figure 2-1. Frequency distributions of selected parameters for the 94-tank data set.
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Measured Parameters Modeled Parameters

SP = Separator pressure (psig) GOR = Gas-to-oil ratio of the sales oil (scf/bbl)

ST = Separator temperature (°Rankine) FGMWT = Flash gas total molecular weight (1b/1b-mol)

APIG = Sales o0il APIG (°API) MWT: = Molecular weight of the THC fraction of the flash gas (Ib/1b-mol)

RVP = Sales oil RVP (psia) %nonHCror = Sum mole fraction of the non-hydrocarbon species in the total vent
BP = Sales oil bubble point (psia) gas (%); total vent gas = W&S gas + flash gas

SGsc = Specific gravity of the separator gas ~ WSGMWT = W&S gas total molecular weight (Ib/Ib-mol)
MWTy,s = Molecular weight of the THC fraction of the W&S gas (lb/lb-mol)

Figure 2-2. Scatter plot matrix of selected parameters for the 94-tank data set. Each cell of the
matrix is a scatter plot (x vs. y). y-Axis variables are on the left side of the -
matrix; x-axis variables are below. A scatter plot matrix is a visual aid to identify
correlations; units of measure are unnecessary for this purpose.
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Section 3
ANALYSIS OF REID VAPOR PRESSURE

The purpose of this section is to establish a correlation equation that predicts the sales oil RVP.
Séveral measured parameters are discussed, including sales oil RVP, sales oil APIG, sales oil

bﬁbble point, separator temperature, and separator pressure.

UNDERLYING THEORY

RVP is a composite value of the vapor pressures exerted by individual components in a gas phase
that is in equilibrium with a liquid mixture. For a simpler scenario, that of a pure liquid, the
Antoine equation correlates pure substance vapor pressure (p*) with temperature (Felder and
Rousseau, 1978).
log,,p* = A - B(T+C)
(Equation 3-1)
A, B, and C are constants determined from a least squares fit of measured data. The RVP of a
mixture may be estimated by combining the contributions of individual species to the total vapor
pressure. This requires an assumption that species’ individual contributions may be predicted
from their behaviors as pure substances. This assumption often introduces a large degree of
€ITOr.
RVP = T y, 104 -B@T+Cl
(Equation 3-2)
where y; is the mole fraction of component i in the gas phase. A, B, and C are constants that are
species dependent. Protocol calls for measurements of RVP to be reported at a constant
temperature of 560° Rankine (°R); therefore, Equation 3-2 may be simplified as
RVP = X vy, a
(Equation 3-3)
where a; is a species-specific constant defined by 10 - R+l Equation 3-3 indicates that
RVP is related to the mole fractions and species-specific constants of each gas phase component.

Although Treybal (1980) cautions against models that treat mixtures as though they were

analogous to pure substances, this equation (3-3) represents the best simplified theory currently

available.

3-1
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EXPECTED EMPIRICAL RELATIONSHIPS

Predictors of sales oil RVP are expected to directly relate to the volatility of the sales oil or the
conditions of the storage tank (such as sales oil APIG and bubble point). (Measurements of
separator pressure and temperature are collected in a vessel external to the sales oil tank, and

therefore, are not expected to correlate well with the RVP of the sales oil.)

The bubble point pressure is defined as the pressure at which the first bubble of vapor will form
in a liquid that is held in a closed container at a constant temperature. The bubble point pressure
of the sales oil is very likely to correlate well with the RVP since (1) both variables represent a
pressure measurement of the gas phase in equilibrium with the sales oil, and (2) the bubble point
pressure represents the theoretical upper limit to RVP. Figure 3-1 illustrates the relationship
between sales oil bubble point and RVP for 94 E&P storage tanks. The fact that none of the data
points exceeds the 1:1 line (which would represent perfect agreement) illustrates that the bubble
point is the upper limit for the RVP. The bubble point, however, was not considered to be a
parameter that could be measured easily at an E&P storage tank. Therefore, it is recommended

for use only as an optional input variable.

DESCRIPTIVE STATISTICS

Table 3-1 summarizes key descriptive statistics for the sales oil RVP, separator pressure and
temperature, and sales oil APIG associated with the 94 E&P storage tanks considered in this
analysis. (Note that the RVP and APIG data were measured at a fixed temperature of 100°F,
even though the tank temperatures or ambient temperatures probably varied significantly.)
Currently, API employs a default value (RVP = 5 psia) in order to estimate working and standing
(W&S) losses from crude oil storage tanks. The goal of this analysis is to improve upon the

default assumption.
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Figure 3-1. The relationship between RVP and bubble point

observed at 94 E&P storage tanks. The bubble point is
the upper limit to RVP.

| Table 3-1. Descriptive statistics of variables used to predict RVP.

RVP SP’ ST APIG
Statistic (psia @ 100°F) | (psig) | In(SP)" | (F) | (CAPI@ 100°F)
Minimum 0.60 4.0 1.39 40 15.0
Maximum 13.1 870 6.77 180 66.0
Mean 5.6 122 3.90 87 40.6
Standard Deviation 2.96 221 1.16 26 13.1
Mean=1$x, RVP = Reid Vapor Pressure (psia)

“Mean =%En:ln(xi)
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ST = Separator Temperature (°F)
SP = Separator Pressure (psia)
) APIG = API Gravity (°API)

i=1
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Table 3-2 summarizes Pearson correlation coefficients (r) calculated for the sales oil RVP
relative to the other variables. Better correlations are indicated as jr| approaches 1. Table 3-2
shows that sales oil APIG is the best predictor of RVP. (Note that the sales oil bubble point is an
equally good predictor, r = 0.78.)

Table 3-2. Single-parameter correlation coefficients for RVP.

Pearson Correlation
Variable With RVP
Sp 0.52
In(SP) 0.51
ST -0.37
APIG 0.79

- REGRESSION ANALYSIS
A multivariate linear regression was developed, represented by the equation shown below.

RVP = 0.003 + 0.075 In(SP) - 0.016 ST + 0.165 APIG
(Equation 3-4)

The correlation coefficient for Equation 3-4 (r = 0.80) is not significantly better than the single-
parameter coefficient for sales oil APIG shown in Table 3-2. Therefore, the single-parameter fit
based on sales 0il APIG is recommended for use (see Figure 3-2).

RVP =-1.699 + 0.179 APIG
(Equation 3-5)

The error of the estimate (E) is one measure of the performance of a model or assumption, where
the error equals the observed value (Obs) less the estimated value (Est), E = Obs - Est. In
Figure 3-2, it is obvious that the error associated with the regression line is much less than the

error associated with the default assumption, RVP =5 psia.

34
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RVP =-1.699 + 0.179 APIG
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Figure 3-2. Illustration of a single-parameter regression between sales oil APIG (°API) and
sales oil RVP (psia). The regression line is bounded by a 95 percent confidence

interval. This regression represents a marked improvement over the default
value of RVP =5 psia.
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For comparative purposes, a second multivariate linear regression was developed that considered

the sales oil bubble point.

RVP=-2.596+0.417 BP +0.119 APIG
(Equation 3-6)

The correlation coefficient for Equation 3-6 (r = 0.90) is significantly better than the
single-parameter fit based on sales oil APIG. Therefore, the bubble point is a worthwhile

parameter to measure in the field.
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Section 4

ANALYSES OF GAS MOLECULAR WEIGHTS

The purpose of this section is to summarize an analysis performed to estimate the THC
molecular weight during flashing emissions and W&S emissions. It is very important to note
that the gaseous THC molecular weights analyzed in this section were not measured, but were

- modeled from the E&P TANK model, which is a complex thermodynamic model. Thus, the
goal of this analysis was to produce a simpler model that estimates THC molecular weights and

compares favorably with the E&P TANK model.

UNDERLYING THEORY AND EXPECTED PREDICTORS
For components closely similar in molecular structure (such as hydrocarbons) and at equilibrium,
the compositions of the gas and liquid phases are related according to Raoult’s Law (Equation 4-1).

Yo P o x,p*(T)

(Equation 4-1)
where y, and x, are the mole fractions of A in the gas and liquid phases, respectively. P is the
pressure and p*,(T) is the vapor pressure, which is a function of temperature, T. From Equation
4-1, the molecular weight of total hydrocarbons in the gas phase may be defined as shown in
Equation 4-2.

MWTqc= 2y, MWT,/Zy, « (1/P) Zx,p*(T) MW,/ 2y,

(Equation 4-2)
Equation 4-2 suggests two possible models to estimate the molecular weight of the total
hydrocarbon (THC) fraction of the gas phase.

MWTyecc (1/P)Zx, p*(T)MW,/Zy, « a+b f(T)/P
(Equation 4-3a)
MWT e = ZyMWT, /Zy;, ¢« Z(@+ b, Voetane) / ZYi € 2+ D Vo eiane
(Equation 4-3b)
where a and b are constants determined from the best fit to the data; the symbol, o, denotes a

modeling approximation.
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Equation 4-3a approximates the molecular weight of hydrocarbons as the ratio of a temperature
function to pressure. This model indicates that the separator temperature and pressure may be

predictors of the THC molecular weight.

In Equation 4-3b, the mole fraction of methane (y,.s..) Was selected as a surrogate species to
describe changes in the THC molecular weight. Methane is similar in molecular structure and
flash point to other light-end hydrocarbons (such as ethane and propane), which comprise the
bulk of the flash gas stream (on a molar basis). Thus, the amount of methane in fresh crude
extract is expected to be a good predictor of the quantities of light-end hydrocarbons.
Additionally, E&P site operators tend to be more familiar with methane contents of gas
streams than other light-end hydrocarbons. Therefore, the mole fraction of methane (¥,,.4...)

was selected as the surrogate species best suited to predict the THC molecular weight.

As shown in Figure 4-1, the mole fraction (percent) of methane acts as a good linear predictor
of THC molecular weights, and a weak linear predictor of the non-methane HC molecular
weights predicted by E&P TANK. (Note that in Figure 4-1, the mole percent of methane
represents a percentage of the entire flash gas phase, and not just the THC portion.)

DESCRIPTIVE STATISTICS

Table 4-1 lists the key descriptive statistics for the parameteré discussed in this analysis. Note
that the average molecular weights of THC in the flash gas and W&S gas are 37 1b/Ib-mole and
42 1b/Ib-mole, which are 25 percent and 15 percent less than the default values (50 Ib/Ib-mole for
both). This finding suggests that the default value for the flash gas should at least be altered.
The average molecular weight of the W&S gas agrees reasonably well with API’s past research,
but still suggests some difference. It is interesting to note that the average fractional contribution
of non-hydrocarbons to the total vented gas is 10 percent (not 0 percent), and was modeled to be

as high as 95 percent.
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Figure 4-1. Relationships between the mole fraction of methane and flash gas molecular

weights. (a) Average molecular weight of total hydrocarbons. (b) Average
molecular weight of non-methane hydrocarbons.

Table 4-1. Descriptive statistics of variables used to predict gas molecular weights.

APIG
: MWTy; MWT; SP* ST | (PAPI @ 1009F) | %nonHC;or
Statistic | (Ib/lb-mole) | (Ib/Ib-mole) | (psig) | In(SP)"™ | (°F) (%) In(%nonHCror)™
' Min 19.0 19.1 40 1.39 40 15.0 0.0 -1.9
Max 72.4 63.9 870 6.77 180 66.0 95.3 4.6
Mean 422 36.8 122 3.90 87 40.6 9.8 1.0
SD 10.5 9.7 221 1.16 26 13.1 18.2 1.6
*Mean = ixi RVP = Reid Vapor Pressure (psia)
P ST = Separator Temperature (°F)
n n N SP = Separator Pressure (psia)
“Mean=13In(x;) Note:1Y In(x,)= m[ﬁin) APIG = API Gravity (°API)
i=1 i=1 i=1

%nonHC o7 = mole fraction of
non-HC in total vented gas
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Single-parameter correlation coefficients between the gas molecular weights (hydrocarbon) and
separator pressure, temperature, API Gravity and mole percent non-hydrocarbons are
summarized in Table 4-2. In both cases, the best predictors were the separator temperature (ST)
and the mole fraction of non-hydrocarbons in the total' vented gas (Y%ononHC,,,). Separator

pressure and sales oil APIG do not correlate well with the gas molecular weights.

Table 4-2. Single-parameter correlation coefficients for gas molecular weights.

Pearson Correlation | Pearson Correlation
Variable with MWTy, with MWT;
Sp 0.044 -0.12
In(SP) 0.019 -0.17
ST 0.29 0.45
APIG 0.12 -0.028
%nonHCror 041 0.54
In(%nonHC 1) 0.17 0.33
REGRESSION ANALYSIS

Several linear regressions were performed using only two or three of the variables listed in
Table 4-1. However, the use of all four independent variables resulted in the best correlations.
The following multivariate linear regressions (Equations 4-4 and 4-5), illustrated in Figures 4-2
and 4-3, are recommended for use.

MWTys = 7.737 - 0.007 SP + 0.149 ST + 0.468 APIG + 0.338 %nonHC ¢
(Equation 4-4)

MWT; =-0.351 - 0.013 SP + 0.193 ST + 0.453 APIG + 0.360 %nonHCro;
(Equation 4-5)

The correlation coefficients for Equations 4-4 and 4-5 are 0.64 and 0.79, which are better than
any of the single-parameter correlation coefficients listed in Table 4-2. For the W&S gas, the
standard error of the prediction is 8 Ib/lb-mol, which is somewhat smaller than the standard
deviation about the mean W&S gas molecular weight, 10.5 1b/lb-mol. Figure 4-4 illustrates the
potential improvement over the original default assumption of 50 Ib/Ib-mol (a bias reduction of

8 Ib/Ib-mol and lesser variability about the observed value). For the flash gas, the standard error

! Total = W&S + Flash
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of the prediction is 6.1 1b/lb-mol, which is smaller than the standard deviation about the mean

flash gas molecular weight of 9.7 1b/lb-mol. Therefore, this method represents a superior way to

predict flash gas molecular weight than a simple default assumption of 37 Ib/Ib-mol. Figure 4-5

illustrates the improvements gained over the original default assumption of 50 1b/1b-mol (a bias

reduction of 13 Ib/lb-mol and lesser variability about the observed value).
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Figure 4-2. Performance of the recommended Figure 4-3. Performance of the recommended
equation to predict W&S gas equation to predict flash gas
molecular weight MWTy). molecular weight MWT;).
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Figure 4-5. Improved performance in the error of the estimate for MWT;.

(a) Error associated with the recommended correlation equation.
(b) Error associated with a default assumption of 50 1b/1b-mol.
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Section 5

ANALYSES OF MOLE FRACTIONAL CONTRIBUTIONS OF HAZARDOUS AIR
POLLUTANTS TO HYDROCARBON EMISSIONS

This section summarizes the results of analyses undertaken to predict the mole fractional
contributions of HAPs to hydrocarbon emissions from E&P storage tanks. Similar to the
previous section, it is important to note that the HAP mole fractions were modeled using the
E&P TANK model. The goal of this analysis is to produce correlation equations and an average

speciation profile that compare well with the model output.

The HAP mole fractions that were included in the original database of E&P TANK model output
were normalized to reflect contributions to the THC fractions of the gas streams, as illustrated by

the equation below.

100
x
(100 — %nonHC)

%HAPas fraction of HC — %HAPas fraction of total gas stream
(Equation 5-1)
where %nonHC represents the sum contribution of non-hydrocarbons to the gas stream (flash or

W&S), including carbon dioxide (CO,), hydrogen sulfide (H,S), and nitrogen (N,).

SUMMARY OF RESULTS

Tables 5-1 and 5-2 list the results of the correlation analyses, including the best single- and
multiple-parameter correlation equations for each HAP. The data were stratified according to
separator pressure in order to improve the correlations. Note that the group of high pressure
storage tanks (SP > 200 psig) numbered only 12, which is a fairly small sample size. Therefore,
the correlations for the high pressure tanks are associated with a greater degree of uncertainty.
Additionally, it should be noted that many of the reported correlations are weak and have small
correlation coefficients. Predictions based on weaker correlations are also associated with a

greater degree of uncertainty. In general, analyses of the flash gas resulted in stronger

correlations.

5-1

Copyright American Petroleum Institute
Provided by IHS under license with API

No reproduction or networking permitted without license from IHS Not for Resale



(eisd) aunssaig sojeredeg = 4§
(o) @1meradwa] Iojeiedag = 1S

(1dV.) AnaeIn 1V = DIV

STD.API/PETRO PUBL 4b&3-ENGL 1998 WM 0732250 0b1L53u40 2Th N

69°0=1 $9'0=1 ll=u
H(DIdV)U] 8€°T - DH-UOUY, ST - 16'S = (JAX%)U] $ OH-U0U% LE°0 - 08°0 - = (JAX %)Y ¢ 81sd 007 < dS
8L0=1 09'0=1 gg=u
$(OIdV)Y] §50°0 + (09Y+LSHUI L'9T + DH-UOUY, £10°0 + 111 - = JAX%)U] S (09P+LS)UI S'E1 + 6°88 - = (JAX%)U] ¢ 81sd 00z 5 dS sous[Ay
gs0=141
‘ds Iro=1 Zi=u
720070 - (DIAV)YUI LT '€ - (09P+ LS #'S + DH-UOUY, $8°0 + L°TT - = (I0L%)U] (O ZE'S - 1'61 = (I0L%)Y] * 3isd 00T < dS
$9°0 =1 Seo=1 gg=u
L (DI £9°T + (09¥+LSHU ¥'H1 + DH-UOUY, 610°0 + €01 - = (JOL%)u] $(09P+LSYI SH'6 + 29 - = (JOL%)U] 8isd 007 S dS auanjo],
LLo=1 690=1 | . Zl=u
L (09%+LS) LT10°0 + dS ¥6100°0 - 1L'p - = SUBXaH%, *dS 8100°0 - LO0'T =duUexsH% | ¢ Sisd 00z < dS
19°0=1
{ DH-UOUY, 9€0°0 + T6°'0= SUBXIHY,
680=1 §9'0=1 gg=1u
*DIAV L£0°0 + (09%+1S) 620°0 + DOH-UOUY, O¥0'0 + 791 - = SUBXOH%, : (09¥+.1S) 8T0°0 + 6'€1 - = SUBXdHY% : 81sd 00T S dS suexsH
L80=1 €8°0=1 Zi=u
S LS (0IXpL'T - DH-UOUY% £100°0 - L110°0 = (ZUgao,)u] * DH-UoUY, £100°0 - 72000 = (Zugd%e)u| t 8isd 007 < dS
, L90=1 Lyg=1 £gg=u
- (OIAVIUL #9°1 + (09P+LSHUI §°T1 + OH-UOUY, ST0'0 + 9°06 - = (Zugd%)u] L (09%+LS)U[ T'01 + 1°0L - = (Zudd%)v] $8isd 00z 5 dS | suszueqiAqg
L90=1
£ dS $200°0 - £e0=1 Zl=u
(DIAV)U] €T + (09¥+1LSW €61 + DH-UOUY, 76°0 + V€] - = (Zuagop)u] $(09F+LSU 9°T1 + L'18 - = (Zuag %)y : 81sd 007 < dS
6v0=1 6£0=1 gg=u
SOV $0°C + (097+LS)UI 6S°8 + $9 - = (Zuago, )yl $(DIdV)U] 09°1 + #¥'8 - = (ZUagop)U] ¢ 8i1sd 007 5 S suazuag
JUSIDIJJS00 UOTJR[ALIOD pue [dpow 19jawered-nnuw 1sog (S)UL1013J900 UONEB[A1I0D puR PAISPOIN punodwo))
(s)1opow 1ejourered-o[3uts jsog syue}
o3e103s JO 10§

"SUOISSTWd DH L 01 SJVH JO suonnquuod ejour 101paid 0} suone[a1iod

:sisAfeue sed yse °1-§ 2[qel

5-2

Copyright American Petroleum Institute

Provided by IHS under license with API

Not for Resale

No reproduction or networking permitted without license from IHS



STD.API/PETRO PUBL 4bB3I-ENGL 1998 WE 0732290 015341 132 WN

0€0=1 7o=1 =N
$(DIAWVY 16T - (09p+LS)U] 99°6 - DH-UOU%, p'0 - §'Z79 = (IAX %) $(09P+LSMI L¥'L - €T = (IAX%)UI ¢ 81sd 007 < dS
pLo=1 0S0=1 €g=1U
$(DIAVY 0S°T + (099+LSHUI £°91 + DH-UOU% 99Z0°0 + 911 - = (JAX %I $(09p+1S)UI 1°T1 + 0°08 - = (1AX%)UI ¢ Sisd 007 5 dS sauUd[AX
oro=1 LEOQ=1 Zl=u
$(DIAV)Y] 18T - DH-UOUY% SH°0 + $8°8 = (I0L%)UI (OIdVUI €'Y - 8'ST = (10L%)UI ¢ 81sd 00z < dS
£9°0=1 LEQ=1 gg=u
$(DIdV)UI 00°€ + (09V+LS)UL L'€1 + DH-UOUY, $70°0 + 001 - = (JOL%)u] $(DIIVIU] 6S°1 + ¥'8 - = (101.%)Ul ¢ Bisd 007 5 S auanjo],
69°0=1 pso=1 Zl=u
{ DIV ¥50°0 - DH-UOUY%, 85°0 - dS 2100°0 - 8°S = SUEXdHY% $dS 1000 - 11°7=9uexaH% | * 3isd 00T < dS
: pS0=1
{ OH-U0U%, 0%0°0 + SO'I = 2UexoH%
6L0=1 15°0=1 €g=1u
{ DIV £50°0 + (09¥+1S) LZ0°0 + DH-UOUY, 0S0°0 + §8'S1 - = SUBXOHY, $(0917+1S) $70'0 + T'TI - = dUexXdH% : 81sd 007 5 dS oueXxaH
or0o=1
$dS 5.01%68°T + 620=1 Tl =u
DIV .01%¥S°8 - ((097+LS) .01XLZ'S - DH-UOU% [00°0 - ¥£0°0 = ZUgH% $(09P+LS) 01X1S°€ - €020°0 = Zudd% : 81sd 00T < IS
L90=1
$(DIAVV[ €270 + 8€0 =1 gg=1
(O1dV)u] 10°T + (09p+1S)Ul ¥'Z1 + DH-UOUY, $£0°0 + T°T6 - = (Zudd%o)ul £ (09P+LS)U 966 + 0°T9 - = (zugd%e)ul ¢ 91sd 00z 5 dS | ouezuaqiApd
620=1 §T0=1 Zl=u
$(09p+1S)U T'6 + dS 900070~ T'€9 - = (Zuag %)y C(09+1S)U[ 9'8 + L'9S - = (Zuag%)u| : 31sd 007 < dS
, $0=1 wo=1 €g=1u
L(OIAV)U] L9°T + (09F+LS)U '8 + DH-UOUY, $10°0 + §'€9 - = (ZUuagy)u] DIV 8'1 + 7°6 - = (ZUdag%)u] ¢ Bisd 007 5 dS suszuag
JUSIDIJO0D UOR[A1I0D PuUk [opoul Jdjoweted-nnu 1sag (SHus1o1}3200 UONB[OLIOd pUE Pa[opOIN punodwo))
(s)[opow 1o3owered-o3uls 1sag syue)

238e10)s JO 198

"SUOISSIWD DH.L 0 SdVH JO sUonnquiuod Jejout 101paid o) SUone[aLiod :sisA[eue sesd SPM  "Z-6 9IqRL

5-3

Copyright American Petroleum Institute

Provided by IHS under license with API

Not for Resale

No reproduction or networking permitted without license from IHS



STD.API/PETRO PUBL 4b83-ENGL 1998 WM 0732290 0bl5342 079 MR

It was noted that the results of the correlation analyses were related to the compounds’ chemical |
structures. For example, hexane was the only straight chain hydrocarbon species included in the
analysis, and its correlation equations are unique. The other four HAPs are structurally similar
(each containing a benzene ring), and correlate similarly with separator temperature, APIG,
and/or mole percent non-hydrocarbons. Of the ringed species, ethylbenzene and xylenes afe the
largest (8 carbon atoms each), followed by toluene (7 carbon atoms), and benzene (6 carbon
atoms).

e For high separator pressures, the molar contribution of hexane (%Hex) was
uniquely related to the separator pressure.
e Correlations of benzene and toluene, the lightest of the benzene-ringed HAPs,
were similar because both species were best correlated with separator
temperature and API Gravity.
¢ Correlations of ethylbenzene and xylenes, the heaviest of the benzene-ringed
HAPs, were also similar because both species correlated best with mole
percent non-hydrocarbons and separator temperature.
Since many of the correlation equations shown in Tables 5-1 and 5-2 were weak and highly
uncertain, the average speciation profiles are recommended for use (Table 5-3). These average
profiles are quite different from those in the EPA SPECIATE database (U.S. Environmental
Protection Agency, 1990). Mole percents were converted to weight percents for comparison to
the SPECIATE database (Table 5-4). Note that the SPECIATE database is based on references
that are 10-20 years old, and/or engineering judgement. Also note that the SPECIATE profile,
“Qil and Gas Production — Average” was used for comparison to the average flash gas data

because no directly corresponding flash gas profile was available in the SPECIATE database.
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Table 5-3. Average speciation profiles modeled for the 94-tank data set, mole percent.

Flash Gas — Mean Mole Percent W&S Gas — Mean Mole Percent
Contribution Contribution
Percent of total gas Percent of total gas
stream Stream
Species (Std. Deviation) | Percent of THC | (Std. Deviation) | Percent of THC
H,S 0.89 (2.58) na 1.33 (3.63) na
CO, 8.16 (18.18) na 7.31(15.93) na
N, 1.33 (3.78) na 0.34 (1.94) na
CH, 36.75 (22.56) 41.00 20.36 (23.30) 22.36
C,Hy 15.12 (6.12) 16.87 18.65 (9.76) 20.49
C,H, 16.45 (7.72) 18.35 25.48 (13.58) 28.00
i-C,H,, 4.67 (2.94) 5.21 6.22 (4.07) 6.83
n-CH,, 7.77 (4.41) 8.67 9.94 (6.51) 10.92
i-CH,, 2.93 (1.73) 3.27 3.39 (2.02) 3.72
n-C,H,, 2.49 (1.61) 2.77 2.88(1.99) 3.17
Hexanes 1.03 (0.75) 1.15 1.18 (0.84) 1.30
Heptanes 0.96 (0.78) 1.07 1.14 (0.98) 1.26
Octanes 0.40 (0.38) 0.45 0.49 (0.47) 0.54
Nonanes 0.09 (0.10) 0.10 0.12 (0.13) 0.13
Benzene 0.12 (0.17) 0.14 0.16 (0.30) 0.18
Toluene 0.10 (0.12) 0.11 0.14 (0.23) 0.15
Ethylbenzene 0.00 (0.00) 0.00 0.01 (0.01) 0.01
Xylenes 0.03 (0.04) 0.03 0.04 (0.06) 0.04
n-Hexane 0.70 (0.58) 0.78 0.82 (0.69) 0.90
Pentanes+ 0.00 (0.00) 0.00 0.00 (0.00) 0.00
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Table 5-4. Comparison of average modeled speciation profiles to the EPA
SPECIATE database (U.S. Environmental Protection Agency, 1990),

as weight percent.

Flash Gas — Mean W&S Gas - Mean
Weight Percent Weight Percent
Contribution Contribution
Species Average | SPECIATE® | Average | SPECIATE®

CH, 18.4 53.8 10.0 6.2
C,H; 14.2 7.4 17.2 5.6
C,H; 22.6 8.2 34.5 17.6
i-C,H,, 85 0.3 11.1 1.5
n-C,H,, 14.1 52 17.7 27.1
i-C;H,, 6.6 32 7.5 1.5
n-CH,, 5.6 6.4 14.6
Hexanes 2.8 6.6 3.1 7.9
Heptanes 3.0 7.8 3.5 9.2
Octanes 14 5.8 1.7 6.9
Nonanes 0.4 0.5
Benzene 0.3 0.1 0.4 0.1
Toluene 0.3 04
Ethylbenzene 0.0 0.0
Xylenes 0.1 0.1
n-Hexane 1.9 2.2
Pentanes+ 0.0 0.0
C,-Cycloparaffins 1.1 1.3
C;-Cycloparaffins 0.4 0.5

* Profile Number 9015, “Oil and Gas Production — Average.” (Profile Data Quality : E)

* Profile Number 0296, “Fixed Roof Tank - Crude Oil Production.” (Profile Data Quality : C)

Not for Resale
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Section 6
ANALYSIS OF SEPARATOR GAS SPECIFIC GRAVITY

The purpose of this section is to generate a correlation equation that predicts the specific gravity
of the separator gas, which was measured via gas analysis. This analysis considers separator
operating conditions (temperature and pressure), the API gravity of the sales oil, and the mole

percent of non-hydrocarbons present in the total vent gas (which was a modeled value).

DESCRIPTIVE STATISTICS
Table 6-1 summarizes key descriptive statistics for the separator gas specific gravity, separator

temperature, sales oil API gravity, and mole percent non-hydrocarbons in the total vent gas.

Table 6-1. Descriptive statistics of variables used to predict specific gravity of the separator gas.

, APIG
SP* ST | (°AP1 @ 1009F) | %nonHCrop

Statistic | SGso | In(SGse)™ | (psie) | In(SP)™ | (°F) %) In(%nonHCroy)™
Min 0.6 -0.58 4.0 1.39 40 15.0 0.0 -19
Max 1.8 0.59 870 6.77 180 66.0 95.3 4.6
Mean 0.9 -0.17 122 3.90 87 40.6 9.8 1.0
SD 0.3 027 221 1.16 26 13.1 18.2 1.6

* Mean = L\Zx_ SGy = Separator Gas Specific Gravity

i=1

ST = Separator Temperature (°F)
. a 0 n : SP = Separator Pressure (psia)
Mean =13 In(x;) Note:1 In(x;)* ln(%in) APIG = API Gravity (°API)
- - - %nonHC o7 = mole fraction of non-HC
in total vented gas

Single-parameter correlation coefficients between the separator gas specific gravity and separator
pressure, temperature, API gravity and mole percent non-hydrocarbons are summarized

Table 6-2. The best predictor is the mole fraction of non-hydrocarbons in the total vented gas
(%nonHC,,;). Separator pressure, separator temperature, and sales oil APIG do not correlate

well with the gas molecular weights.
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Table 6-2. Single-parameter correlation coefficients for gas molecular weights.

Pearson Correlation | Pearson Correlation
Variable with SGg with In(SG;)
SP -0.252 -0.255
In(SP) -0.352 -0.368
ST 0.351 0.352
APIG -0.296 -0.276
%nonHCqor 0.654 0.634
In(%nonHCror) 0.563 - 0.563
REGRESSION ANALYSIS

Since the specific gravity of the separator gas appears to be lognormally distributed (see
Figure 2-1), it was modeled as such. Several linear regressions were performed using only two
or three of the variables listed in Table 6-1. However, the use of all four independent variables
resulted in the best correlation. The following multivariate linear regression (Equation 6-1),
illustrated in Figure 6-1, is recommended for use.

In(SGgg) = -0.476 - 0.102 In(SP) + 0.003 ST + 0.008 APIG + 0.011 %nonHC;
(Equation 6-1)

The correlation coefficient for Equation 6-1 is 0.76, which is somewhat better than the single-
parameter correlation coefficient for %nonHC,o; shown in Table 6-1. The standard error of the
prediction is 0.18, which is somewhat smaller than the standard deviation about the mean of

In(SGy), 0.27. Figure 6-2 illustrates the potential improvement over the average value (lesser

variability about the observed value).
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Figure 6-1. Performance of the recommended equation to predict the logarithm of
separator gas specific gravity, In(SGy).
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Figure 6-2. Improved performance in the error of the estimate for In(SGy).
(2) Error associated with the recommended correlation equation.
(b) Error associated with the average value.
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Section 7
COMPARATIVE EVALUATION OF ALTERNATIVE MODELS AND INPUTS

The correlation equations for RVP, MWT,, and MWT,, that were developed in Sections 2
through 6 were used to estimate flash and W&S emissions. These estimates were compared to
E&P TANK model results and to emission measurements from seven tank sites. Measured
emissions were available for seven E&P storage tanks (American Petroleum Institute, 1997b),
and E&P TANK results (based on oil sample compositions) were available for the 94 storage

tanks discussed throughout the earlier sections of this report.

Flashing losses were estimated according to the Vasquez-Beggs equation (Vasquez and Beggs,

1980).
P ton
L; =GOR MWT, 2
‘ X QX MW T o > 3000
(Equation 7-1)
where:
L, = Flashing losses (tons/year)

GOR = QGas-to-oil ratio (scf/bbl), calculated according to the Vasquez-Beggs
methodology (Vasquez and Beggs, 1980)

Q = Annual throughput (bbl/yr)

X = Concentration of total hydrocarbons (THC) in the vented gas (mole fraction,
a number between 0.0 and 1.0)

MWT;= Molecular weight of THC in the vented gas (Ib/Ib mole), Equation 4-5

P, = Pressure of vented gas at atmospheric pressure (psia)
R = Ideal gas constant (10.731 psia ft*/Ib mol °R)
T = Temperature of vented tank gas (°R)

According to the Vasquez-Beggs equation, GOR may be calculated according to the following

equation.

GOR = C, x CSG x UP: x exp(w]

T + 460
(Equation 7-2)
7-1
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where:
GOR = Qas-to-oil ratio (scf/bbl)
C,,C,and C; = Correlation coefficients
CSG = Corrected specific gravity of the gas (for pure air, CSG = 1.0)
Up = Separator pressure (psia)
APIG = API gravity of the oil (°API)
T = Separator fluid temperature (°F)

W&S emissions were calculated according to methods published in the U.S. EPA’s AP-42
document (U.S. Environmental Protection Agency, 1996; American Petroleum Institute, 1991),
which employs Equations 7-3 and 7-4 and fully describes how each of the variables may be

quantified.
L =365xV, x W, xK x K, x 2otgglb
(Equation 7-3)

where:

Ls = Standing losses (tons/year)

Vy = Tank vapor space volume (ft)

W, = Stock vapor density (Ib/ft’), dependent on MWT ¢

K¢ = Calculated vapor space expansion factor (unitless), dependent on RVP

Ks = Calculated vented vapor saturation factor (unitless), dependent on RVP
L, =0.0010 x MWTg x Py, x Qx Ky x Kp x o

2000Ib

(Equation 7-4)
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where:
L, = Working losses (tons/year)
MWTys = Stock vapor molecular weight (1b/1b-mol), Equation 4-4
Pya = Stock vapor pressure at the average daily liquid surface temperature (psia),
dependent on RVP
Q = Annual stock net throughput (bbl/yr)
Ky = Working loss turnover factor (unitless)
K, = Working loss product factor (unitless)

The correlation equations for MWTy,s, MWT,, and RVP were employed as needed to estimate
emissions according to Equations 7-1 through 7-4. Emissions were also calculated with API’s
current default values (MWTy, = 50 1b/lb-mol, MWT; = 50 Ib/Ib-mol, RVP = 5 psia), and with

measured values of RVP.

COMPARISON OF FLASH EMISSION ESTIMATES

Figure 7-1 displays a comparison of flash emissions estimated with the Vasquez-Beggs
correlation equation and E&P TANK for 94 storage tanks. Two linear regressions are plotted,
representing the default assumption (MWT; = 50 Ib/Ib-mol) and the use of correlated values for
MWT,. When estimated emissions are high, the default assumption appears to yield slightly
better agreement, however the difference is not statistically significant. Figure 7-2 better
illustrates this point. Figure 7-2 plots the 95 percent confidence bounds on the regression lines
shown in Figure 7-1. The 1:1 line, which represents perfect agreement between Vasquez-Beggs
and E&P TANK, deviates from the 95 percent confidence ranges whether default values or

correlated values are used for MWT,.
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Figure 7-1. Comparison of the Vasquez-Beggs correlation equation and
E&P TANK results (flash THC emissions for 94 E&P storage tanks).
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Figure 7-2. Comparison of the Vasquez-Beggs correlation equation and E&P TANK -
95 percent confidence bounds on the agreement between estimated flash
emissions. Note the 1:1 lines (perfect agreement). (a) Agreement when
correlated values of MWT; are input to Vasquez-Beggs. (b) Agreement when a
default value of MWTy is input to Vasquez-Beggs.

COMPARISON OF W&S EMISSION ESTIMATES

It was not possible to use 4P-42 methods to estimate the W&S emissions for the 94 storage tanks
discussed above. (Some necessary data, such as storage tank dimensions and geographic
locations were not available.) Data for a group of seven storage tanks were input to the EPEC
model (American Petroleum Institute ef al., 1997¢) to compare estimated W&S emissions.

Figure 7-3 compares AP-42 emissions that were estimated with default and correlated values of
RVP to AP-42 estimates based on RVP measurements. The use of correlated values of RVP
improves agreement over the use of default values. (Note that data are plotted on a linear scale in

Figure 7-3. Figures 7-1 and 7-2 are plotted with logarithmic scales.)
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o Default RVP
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AP-42 W&S Emissions (tpy) with Measured RVP

Figure 7-3. Comparison of AP-42 W&S emissions estimated from default and correlated
RVPs with AP-42 emissions estimated from measured RVPs. (Estimates were
calculated with correlated values of MWTy,;,.)

COMPARISON OF TOTAL EMISSION ESTIMATES

This section evaluates the accuracy of emission estimates based on AP-42, Vasquez-Beggs, and
E&P TANK. Measurements of W&S and flash emissions were conducted at seven storage tanks
(American Petroleum Institute, 1997b). The results of these measurements are compared to three
alternatives to estimate emissions: (1) AP-42 and Vasquez-Beggs equations with default inputs,

(2) AP-42 and Vasquez-Beggs equations with correlated inputs, and (3) E&P TANK.

Total measured emissions were compared to total emissions estimated with the various models
(Figure 7-4). It appears that the correlation equations are able to predict total emissions equally
as well as the E&P TANK model. For this set of seven storage tanks, emission measurements
were reported as total emissions; therefore, the W&S and flash losses could not be compared

separately. However, the flash losses probably overwhelm the total emissions.

7-6
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Figure 7-4. Comparison of modeled (E&P TANK) and correlated emissions with measured
total THC emissions for seven storage tanks.
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Section 8
CONCLUSIONS

In some cases, the use of correlation equations instead of default values to predict RVP, MWT;,
and/or MWTy, improved agreement between modeled emissions, emission estimates based on
measured values, and/or measured emissions. Therefore, the following correlation equations are

recommended in order to estimate THC emissions from E&P storage tanks when laboratory

results are unavailable.

Reid Vapor Pressure. When the AP-42 method is used to calculate W&S emissions, the use of a
correlation equation to predict RVP (instead of a default value) improves the results. 4P-42

results based on the correlated RVP more closely match results based on RVP measurements.

If only the APIG of the sales oil is known:

RVP =-1.699 + 0.179 APIG
(Equation 3-5)
If the APIG and the bubble point of the sales oil are both known:

RVP =-2.596 + 0.417 BP + 0.119 APIG
(Equation 3-6)

Molecular Weight of W&S Gas. The default value of 50 1b/lb-mole that was established by

API’s earlier research (American Petroleum Institute, 1991) is recommended for continued use.

Molecular Weight of Flash Gas. The following equation is recommended to predict MWTg
when laboratory results are unavailable.

MWT; =-0.351-0.013 SP + 0.193 ST + 0.453 APIG + 0.360 %nonHCrq;
(Equation 4-5)
Mole Fractional Contributions of HAPs. Since many of the correlations developed for HAP

speciation were weak or uncertain, the average speciation profiles are recommended for use
(Table 8-1).
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Table 8-1. Average speciation profiles, mole percent.

Flash Gas - W&S Gas -
Mean Mole Mean Mole
Species Percent Percent
Contribution Contribution
Percent of THC | Percent of THC

CH, 41.00 22.36
C,H, 16.87 20.49
C.H, 18.35 28.00
i-C,H,, 5.21 6.83
n-C,H,, 8.67 10.92
i-C.H,, 3.27 3.72
n-CH,, 2.77 3.17
Hexanes 1.15 1.30
Heptanes 1.07 1.26
Octanes 0.45 0.54
Nonanes 0.10 0.13
Benzene 0.14 0.18
Toluene 0.11 0.15
Ethylbenzene 0.00 0.01
Xylenes 0.03 0.04
n-Hexane 0.78 0.90
Pentanes + 0.00 0.00

Specific Gravity of the Separator Gas. The following equation is recommended to predict the
specific gravity of the separator gas when laboratory results are unavailable.

In(SGgg) =-0.476 - 0.102 In(SP) + 0.003 ST + 0.008 APIG + 0.011 %nonHCop
(Equation 6-1)
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Appendix A

QUALITY-REVIEWED DATA SET FOR 94 TANKS
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Acronyms and Abbreviations

224 TriMe - 2,2,4-Trimethylpentane

APIG — API Gravity (°API)

BENZ - Benzene

BubPt - Bubble Point (psia)

C1 to C10+ - Hydrocarbon Gas (with 1 to 10 or more carbon atoms)
E-BENZ - Ethylbenzene

ems —Emissions (1b/hr)

FG — Flash Gas

FlsQOil - Flash Tank OQil

GOR - Gas to Oil Ratio (scf/bbl)

Grav — Specific Gravity

H2S — Hydrogen Sulfide Gas

HEXS — Hexanes

HEPTS - Heptanes

i- — Isomers of Hydrocarbon Molecules (branched chain molecules)
mol% - Mole Fraction (percent)

Mol Frac — Mole Fraction (as a fraction)
MWt — Molecular Weight (Ib/lb-mol)

n- — Straight-chain Hydrocarbon Molecules
N2 - Nitrogen Gas

NONS — Nonanes

02 - Oxygen Gas

OCTS — Octanes

prod rate — Production Rate (bbl/day)

RVP —Reid Vapor Pressure (psia)

Sep Oil — Separator Oil

Sep Pres — Separator Pressure (psia)

Sep Temp — Separator Temperature (°F)
SG — Specific Gravity

S1sOil - Sales Oil

Tank ID — Tank Identification Number (assigned specifically for this project)
THC - Total Hydrocarbon

TOL - Toluene

TotG — Total Gas (WSG+FG)

VOC - Volatile Organic Carbon

WSG — Working & Standing Gas

XYL - Xylenes
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