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Abstract

Volatile organic compounds (VOCs) have harmful effects on human and the environment.
Floating storage and offloading (FSO) vessels are recognized as one source of VOCs
emissions. This study investigated the physical factors used to estimate the emission of
VOCs from an FSO based on wave height, ambient temperature, storage temperature,
storage quantity, Reid vapor pressure (RVP), and daily incoming rate. Daily data on the
natural gas liquids were collected on the FSO. A second-order multiple linear regression
(MLR) with interaction effects was used to analyze the relationship between the studied
physical factors and VOC venting volumes. The set of relevant physical factors and
interaction effects that produced the maximum adjusted coefficient of determination was
selected. The significant factors and interaction effects were investigated based on a t-test
at a significance level of 0.05. The results showed that the significant factors for estimation
of the venting volume, corresponding to VOCs emissions, were wave height, storage
temperature (which was related to the daily incoming rate), and RVP. Venting volume was
negatively related to storage temperature, especially when the storage temperature was
low, and wave height was positively related to venting volume when the RVP was high.
The interaction effect showed that wave height was important when RVP was high and the
second-order MLR showed that the storage temperature was important when it was low.
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1. Introduction

Natural gas liquids (NGLs) are condensable hydrocarbons that are from the same family
of molecules as crude oil and natural gas and are composed mainly of carbon and
hydrogen. NGLs are used in various fields including the petrochemical industry, cooking,
vehicle fuel, and blended substances industries (U.S. Energy Information Administration,
2012). Following successful offshore petroleum extraction, natural gas (NG) is sent
onshore for production processing at a central processing platform while NGLs are
delivered via a subsea pipeline and stored in marine vessels called floating storage and
offloading (FSO). NGLs are accumulated and stored in the FSO to a desired quantity prior
to offloading to other receiving FSOs.

In the gulf of Thailand, the storage capacities of the FSOs vary in the range of
600,000-1,000,000 barrels (approximately 95,000 - 159,000 m3). When NGLs are stored
in an FSO, volatile organic compound (VOC) vapors are simultaneously generated inside
the vessel. Depending on the tank design rules and operational practices, the evaporating
gases, mainly composed of VOCs, are vented into the atmosphere to prevent tank
deformation from the increasing internal pressure (Ennis, 2006). The vented gas,
containing a substantial percentage of VOCs, is transferred through an automatically
operated vent valve and eventually released via a vent stack located on the main deck of
the FSO (Virdi et al., 2021). The released VOCs can have adverse impact on human health
and the environment; they often have strong odors, and can cause eye, nose and throat
irritation, headaches, nosebleeds, fatigue, nausea, and dizziness. Exposure to very high
levels of VOCs can possibly cause damage to the liver, kidneys, and central nervous
system, while some VOCs, such as chloroform, formaldehyde, and benzene, are classified
as carcinogens for humans (Fiedler et al., 2005). Additionally, VOCs play an important role
in the formation of photochemical smog which is considered a secondary air pollutant
(Shao et al., 2020). Other studies reported that the rate of VOC emission from an FSO
depends on several physical factors including wave height, ambient temperature, storage
temperature, storage quantity, Reid vapor pressure (RVP), and the NGL incoming rate
(Rudd & Hill, 2001; Lang et al.,, 2017; Hu et al., 2020). As the storage temperature
increases, energy is transferred to the liquid and stored in the form of the kinetic energy of
molecules, inducing molecular transition into the vapor form and leading to an increase in
the vapor pressure and VOC emissions. Some reports in the literature showed that in
chamber tests, as the temperature was increased from 15°C to 30°C, VOC emissions
increased by 1.5 to 129 times (Lin et al., 2009; Yang et al., 2017; Hu et al., 2020). The
RVP, which indicates vaporization capability, is a parameter used to measure volatility
under ambient conditions. A high value of RVP for the storage volume led to an increase
in the level of evaporative emissions, corresponding to a high VOC venting volume
(Seekramon, 2015). Some studies found that high levels of RVP, storage quantity,
temperature inversion, and a low wind speed above the vent stack, resulted in an increase
in the VOC emission rate (Chaiklieng et al., 2019; Deligiannis et al., 2016). Furthermore,
the incoming rate of NGLs and the wave height (which can cause turbulence in the storage
tank), resulting in high VOC emissions (Rudd and Hill, 2001; Stricklin, 2014; Deligiannis et
al., 2016; Saikomol et al., 2019).

Although several studies have described the significant factors contributing to VOC
emissions in the petroleum industry, most of these studies focused on production plants
and onshore tank farms (Huang et al., 2018; Mo et al., 2021). However, an FSO has some
distinguishing factors that differ from onshore facilities and possibly affect VOC emissions,
such as wave height, causing turbulence of NGLs inside the tank. Additionally, most
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studies described the effect of individual factors on VOC emissions and did not integrate
such factors. There have been limited studies on the integration of the relevant factors
affecting VOC emissions from FSOs.

Hence, this study investigated the relationship between combinations of various
physical factors and VOC emissions from FSO vent stacks. These factors consisted of
wave height, ambient temperature, storage temperature, storage quantity, RVP, and daily
incoming rate. A second-order multiple linear regression (MLR) with interaction effects was
used to analyze the relationships between the relevant physical factors and the VOC
venting volume. This MLR can be used to estimate the VOC emissions released from the
vent stack that may affect the workforce on the main deck of the FSO.

2. Materials and Methods

Initially, data were gathered on venting volumes of gases mainly composed of VOCs and
physical factors affecting the venting volume (wave height, ambient temperature, storage
temperature, storage quantity, RVP, and daily incoming rate). Then, outliers were removed
to maintain reliability. After that, the relationship between venting volume and the physical
factors was investigated using a second-order MLR with interaction effects. Next,
significant terms in the relationship were determined based on a statistical t-test. Finally,
the effects of relevant factors and interaction effects were determined. The details of each
step are described as follows.

2.1 Data gathering and screening

The data used in this study consisted of the venting volumes and the physical factors
potentially affecting the venting volumes (wave height, ambient temperature, storage
temperature, storage quantity, RVP, and daily incoming rate). The wave height data were
collected 100 times a day using a wave buoy (Fugro, Norway). In total, 33 out of 100
datapoints which were in the middle range were averaged and reported daily. Ambient
temperatures were measured using a temperature sensor (PT100; SMA Solar Technology;
Germany). The storage temperature and storage quantity were measured using
temperature sensors and radar beams, respectively, with a tank monitoring system
(Kongsberg GL-300; Norway). The daily incoming rate was determined as the difference
between storage quantities on consecutive days. The RVP of NGL samples, defined as the
absolute vapor pressure of the liquid at 37.8°C (100°F), was determined based on the
ASTM-D323 test method, using a Holler Bomb Test (Koehler Instruments; USA). The
venting volumes were measured using an ultrasonic flare gas flow meter (GF868; GE;
USA), installed on the vent stack of the FSO. All the data were consistently collected daily
throughout the year. The data screening was done by identifying outliers for all physical
factors and venting volumes to control data quality. Some venting volume data were lower
than usual due to closure of the vent stack during squalls and lightning episodes.
Consequently, the data based on venting volumes which were less than 90,000 ft3 per day
were excluded from this study. In total, the data from 326 days were used.

2.2 Second-order multiple linear regression with interaction effects
MLR was used to determine the relationships between the independent variables (wave

height, ambient temperature, storage temperature, storage quantity, RVP, and daily
incoming rate) and the dependent variable (venting volume). Since the effect of each
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independent variable may not be constant, this study used a second-order MLR with
interaction effects. With the second-order MLR, the effect of each independent variable
could change when the value of that variable (physical factor) changed. With the interaction
effect, the effect of each independent variable could change when the value of another
independent variable changed. The equation for the second-order MLR with interaction
effects is provided as equation (1) (Cho and Lee, 2018; Jia et al., 2020):

Y = a +Z?=1 bi X +Z?:1Z;l:i Cij xixj (1)

where Y is the modeled venting volume a, b;, and c;; are constants, n is the number of
factors, and x; and x; are the values of the i*" and j* factors, respectively.

2.3 Selection of terms and measurement of accuracy

To exclude any unnecessary terms from the MLR, the adjusted coefficient of determination
(adjusted R?) was calculated to determine the usefulness of each term. The adjusted R?
was calculated as shown in equation (2) (Akbarian et al., 2022; Pham, 2019):

n-1
Riqy=1-(-R) (%) (2)
where Rédj is the adjusted coefficient of determination (adjusted R?), R? is the coefficient
of determination, n is the sample size, and p is the number of predictors (independent
variables and interaction effects).

The selection of physical factors and interaction effects was done by maximizing
the adjusted RZ2. In other words, the terms which did not improve the value of the adjusted
R?were removed from the MLR. After maximizing the adjusted R?, the accuracy of the MLR
was evaluated based on the root mean squared error (RMSE) as shown in equation (3)
and coefficient of determination (R?).

RMSE =

where RMSE was the root mean squared error, n was the count of data, o; was the ith
observed data, and ¢; was the i modeled data. RMSE indicates the difference between
the observed and calculated venting volumes, whereas R? indicates the proportion of the
variance of the venting volume that the MLR can explain.

2.4 Significance test and investigation of effects of factors and interactions

A t-test was conducted to determine the significance of each term in the MLR (Cho and
Lee, 2018). The null hypothesis of the test was that the coefficient of each term was O,
which meant that each physical factor or interaction effect did not affect the venting volume.
In this study, the test was done at a significance level of 0.05. In other words, the effect of
each factor or interaction effect was considered significant when p-value<0.05. After the
test, the effects of significant factors and interaction effects were determined based on
scatter plots between the significant factors and the venting volume. From the scatter plot,
it could be seen whether the venting volume was positively or negatively related to each
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factor and whether the effect of each factor was constant or varied depending upon the
conditions.

3. Results and Discussion
3.1 Relationship between venting volume and physical factors

The data screening identified that the venting volume on 40 days was less than 90,000 ft3.
Consequently, the data on those 40 days were excluded from this study regarding weather
conditions and maintenance of the vent stack (as described in Section 2.1). In total, the
data from 326 days were used in this study. Table 1 summarizes the values of physical
factors during the study period (after screening). The average venting volume was 210,984
ft3 with a standard deviation of 68,555 ft3. The high standard deviation suggested that the
venting volume had high variability. The average ambient air temperature was 28.4°C with
a standard deviation of 0.9°C; overall, the air temperature was higher and had less
variability than similar data from other studies (Stricklin, 2014; Gjesteland et al., 2019; Hu
et al., 2020). The RVP value exhibited low variability because the NGL composition of each
batch was consistent.

The set of terms in the MLR that produced the highest value of the adjusted R?,
together with the coefficients of these terms and the results of the t-test, are shown in Table
2. The significant terms for the calculation of the venting volume were: 1) wave height, 2)
storage temperature, 3) interaction effect between wave height and RVP, and 4) square of
storage temperature. Therefore, the significant factors for estimation of venting volume
were wave height, storage temperature and RVP. Considering the coefficients, the venting
volume was high when the wave height was high and the storage temperature was low.
However, the importance of these factors depends on the conditions (the values of physical
factors). The importance of wave height depends on the value of RVP and the importance
of storage temperature depends on its value. The effects of wave height and RVP were
consistent with other studies (Rudd & Hill, 2001; Stricklin, 2014; Deligiannis et al., 2016).
However, the effect of storage temperature in our study was different from many studies
(Rudd & Hill, 2001; Stricklin, 2014; Deligiannis et al., 2016), because the storage
temperature in the current study was affected by the daily incoming rate, which affected
the venting volume (discussed later in Section 3.3.1).

The comparison between the observed and modeled venting volumes is shown in
Figure 1. The modeled venting volume varied between 110,395 ft2 and 453,885 ft3 with an
average of 210,984 ft and a standard deviation of 40,120 ft3. The MLR explained 32% of
the variance of the venting volume (R?= 0.320) and the RMSE was 54,723 ft3. The venting
volume was high during September—-December (days 274-366) because of the influence
of the monsoon season, leading to increasing wave heights.

Table 1. Summarized data of physical factors after screening

Statistic Wave Ambient Air Storage Storage RVP Daily Venting
Height Temperature  Temperature Quantit (psi) Incoming Volume
(m) (°C) (°C) y (bbl) Rate (bbl) (ft%)

Mean 1.1 284 294 492,012 121 43,163 210,984

Standard 0.7 0.9 0.6 94,562 0.3 7,135 68,555
deviation

Maximum 3.8 31 31.1 733,387 135 61,164 436,548

Minimum 0.2 25 28.3 303,557 114 17,010 94,052
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Figure 1. Observed and modeled venting volume from FSO
3.2 Significant physical factors

Since the significant terms in the MLR were 1) wave height, 2) storage temperature, 3)
interaction effect between wave height and RVP, and 4) the square of storage temperature
(Table 2), the significant physical factors were wave height, storage temperature, and RVP.
However, since the storage temperature was influenced by the daily incoming rate, the
daily incoming rate is also discussed in this section.

3.2.1 Storage temperature and daily incoming rate

The plot between storage temperature and venting volume is shown in Figure 2, indicating
that the venting volume was high when the storage temperature was low. However, at high
storage temperature, the venting volume appeared to be less associated with the storage
temperature. This result was contrary to the findings from several other studies (Stricklin,
2014; Deligiannis et al., 2016; Hu et al., 2020). Theoretically, venting volume increases
with increasing temperature because increased energy leads to greater movement of the
liquid molecules inside the tank, which causes evaporation. However, in the current study,
the venting volume was high when the storage temperature was low because the storage
temperature was related to the daily incoming rate. According to the Pearson’s correlation
coefficient values between each pair of variables in Table 3, when the daily incoming rate
was high, the storage temperature was low because the FSO incoming line was in direct
contact with the subsurface seawater, while the venting volume was high because the daily
incoming rate contributed to turbulence inside the tanks (Stricklin, 2014; Deligiannis et al.,
2016). On the other hand, when the daily incoming rate was low, the storage temperature
was high due to less incoming low temperature NGLs from the subsurface seawater, while
the venting volume was low due to less turbulence inside the tanks (Rudd and Hill, 2001;
Stricklin, 2014; Deligiannis et al., 2016; Yanowitz & McCormick, 2016; Hu et al., 2020;
Gorokhovski & Oruganti, 2022; Zhang et al., 2022). Therefore, the storage temperature in
this study could represent the effect of the daily incoming rate, which had an impact on the
venting volume.
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Table 2. Set of terms in MLR between physical factors and venting volumes providing
highest value of adjusted R?

. . Standard T-

Term Coefficient Error Statistic p-Value
Intercept (ft3) 20305955 7195253 2.82 0.005
Wave height (m) -917882 225828.9 -4.06 <0.001*
Storage temperature (°C) -1371979 467375 -2.94 0.004*
Daily incoming rate (bbl) 50.94174 40.31464 1.26 0.207
Storage temperature (*C) x Daily -2.06136 1.46234 1.41 0.16
incoming rate (bbl)
Storage temp?rature (°C) x Ambient air -8736.81 5617.035 156 0.121
temperature (°C)
Daily incoming Rate (bbl) x Wave -1.00821 0.765968 1.32 0.189
height (m)
Daily |ncom|ng°1 Rate (bbl) x Ambient air 0.846988 0742236 1.14 0.255
temperature (°C)
Daily incoming Rate (bbl) x RVP (psi) -0.91399 0.51592 -1.77 0.077
Wave height (m) x Ambient air 6276615  5130.039 1.22 0.222
temperature (°C)
\(’t\)’gl‘;e height (m) x Storage quantity 0.072509  0.047946 1,51 0.131
Wave height (m) x RVP (psi) 62090.83 15194.44 4.09 <0.001*
Storage temperature (*C) x Storage 28052.72  8124.042 3.45 0.001*
temperature (°C)
Amblent air temrierature( C) x Ambient 3915.422 2826.716 139 0167
air temperature (°C)
Storage quantity (bbl) x Storage 17.4508  6.18721x10%  -1.69 0.092

quantity (bbl)
* p-value<0.05 (significant)

Table 3. Pearson’s correlation coefficient values between each pair of variables

. . Daily .
Variable W§ve Ambient Air Storage Storage Incoming RVP Venting
Height = Temperature  Temperature  Quantity Rate Volume
Wave height
Ambient air -0.252*
temperature
storage ) 394 0.573*
Temperature
Storage 0.044 -0.083 -0.217*
quantity
Daily
incoming 0.119* -0.299* -0.229* 0.216*
rate
RVP -0.003 0.119* 0.133* 0.017 -0.051
Venting 0.257* -0.216* -0.421* 0.104 0.273* 0.132*
volume

* Indicates that the correlations are significant according to the t-test at the 0.05 significance level.
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Figure 2. Scatter plot between storage temperature and venting volume
3.2.2 Wave height and RVP

The scatter plot between wave height and venting volume under different ranges of RVP
is shown in Figure 3. The venting volume had a positive relationship with the wave height
when the RVP was high. However, the relationship was weak when the RVP was low. At
a low RVP (£11.9 psi), the venting volume was not correlated with the wave height, while
at an intermediate RVP (11.9-12.3 psi), the venting volume was slightly positively
correlated with the wave height, and at a high RVP (>12.3 psi) the venting volume was
clearly positively correlated with the wave height. These results were due to the wave
height leading to liqguid movement, causing turbulence in the vessels, and generating VOC
emissions. This finding was consistent with other studies (Stricklin, 2014; Hu et al., 2020).
Furthermore, a high RVP enhanced evaporation of VOCs, leading to a high venting
volume. This finding aligned with several other studies (Rudd and Hill, 2001; Stricklin, 2014;
Deligiannis et al., 2016; Gjesteland et al., 2017).
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Figure 3. Scatter plot between wave height and venting volume for different ranges of
RVP
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4. Conclusions

This research investigated the relevant physical factors for estimation of VOC emissions
from an FSO in a tropical region, based on the wave height, ambient temperature, storage
temperature, storage quantity, RVP, and daily incoming rate. The average daily venting
volume was 210,984 ft3. The estimation of venting volume was based on a second-order
MLR with interaction effects. The set of terms (physical factors and interaction effects) used
in the MLR was the one that produced the highest adjusted R? value, with a t-test used to
determine the significance of each term. Significant physical factors that were important in
the estimation of the venting volume were wave height, storage temperature, and RVP.
The MLR with the selected terms accounted for 32.0% of the variance of the venting
volume (R2 = 0.320), with an RMSE of 54,723 ft3. Venting volume was negatively related
to storage temperature, especially when storage temperature was low. The reason for this
was that storage temperature was reflective of daily incoming rate, which had an impact
on venting volume. When the daily incoming rate was high, the high volume of NGLs
flowing through the subsurface pipeline resulted in a low storage temperature inside the
tanks and the venting volume was high because the daily incoming rate contributed to
turbulence inside the tanks. However, at high storage temperature, venting volume
appeared to be less associated with storage temperature. Wave height was positively
related with venting volume when RVP was high because the wave height led to liquid
movement; however, the relationship was weak when RVP was low. The results from this
study can be applied to estimate the venting volumes and VOC emissions from an FSO,
which tended to be high when storage temperature was low and wave height and RVP
were high. However, this research did not quantitatively determine the optimum condition
for FSO venting operation to reduce exposure on the main deck. Nevertheless, the MLR
obtained from this study can be further applied to evaluate and manage the health risks
associated with exposure to VOCs from an FSO.
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