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Abstract: Emissions of volatile organic compounds into the atmosphere when loading oil or petroleum
products into tankers are strong environmental pollutants. Given the increase in oil transport by sea
and the development of Arctic routes, humanity faces the task of preserving the Arctic ecosystem.
Vapor recovery units can limit the emissions of volatile organic compounds. However, it is necessary
to estimate the emissions of oil and petroleum products vapors. This article offers two methods for
estimating emissions of volatile organic compounds. In the analytical method, a mathematical model
of evaporation dynamics and forecasting tank gas space pressure of the tanker is proposed. The model
makes it possible to estimate the throughput capacity of existing gas phase discharge pipeline systems
and is also suitable for designing new oil vapor recovery units. Creating an experimental laboratory
stand is proposed in the experimental method, and its possible technological scheme is developed.

Keywords: volatile organic compounds (VOCs); vapor recovery unit (VRU); oil loading; oil evaporation;
arctic’s protection; emissions assessment; available technologies

1. Introduction

Resource saving and the increasing requirements in environmental safety are a noticeable trend in
the modern and world practice of transportation of hydrocarbons. Crude oil and oil product tankers
emit Volatile Organic Compounds (VOCs) during the loading, transport, and discharging of their cargo.
VOCs with a vapor pressure of more than 0.01 kPa at 239.15 K evaporate from the surface of crude oil in
cargo tanks [1]. Approximately 2.4 million tons of VOCs, equivalent to about US$ 700 million, are lost
each year during crude oil transport [2]. Volatile organic compounds emissions include propane (C3H8),
butane (C4H10), pentane (C5H12), oxygen (O2), carbon dioxide (CO2), and small amounts of aromatic
and sulfur-containing compounds. Under the influence of ultraviolet light and ozone, VOCs turn into
dioxins [3]. Dioxins are environmental pollutants, and they are highly toxic to humans. VOCs also
react with nitrogen oxides and form ozone when exposed to sunlight [4]. Ground-level ozone is one
of the main components of urban smog [5]. The effects of ozone on a living organism are diverse.
It causes morphological, biochemical, and functional changes in the body, significantly reducing its
protective functions [6]. Besides, the opening of the mast riser on a tanker leads to significant losses of
volatile hydrocarbons and an emergency shutdown of oil export due to an increase in the hydrocarbons
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concentration at the terminals above permissible values. For these reasons, it was decided to limit
VOC emissions.

In 1997, the International Maritime organization created Annex VI of the MARPOL Convention,
which entered into force in 2005. Annex VI describes measures to prevent air pollution, including
VOCs, to provide terminals with facilities for receiving pollutants and state control. In addition,
the Directive 2005/35/EC on pollution of ship sources and the imposition of fines for violations was
adopted in the same year. Its goal was to tighten existing regulations to prevent the release of pollutants
from ships. In particular, a protocol was adopted by a resolution of the Marine Environment Protection
Committee, namely MEPC.176 (58), which entered into force on 1 July 2010 [7].

As global warming causes much of the area to melt, coastal countries have many opportunities [8].
The development of the Arctic coastline is especially important for the Russian Federation [9]. The Arctic
route will shorten the route for ships by tendays compared to the Suez Canal. Cargo transportation
statistics confirm this. In 2016, cargo traffic increased by more than 2.5 times compared to the previous
year and amounted to 5.2 million tons. These facts indicate that the route is getting busier, and its
usage is increasing exponentially [10]. The activities of the Russian Federation in the region can be
traced in Figure 1.
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The sale of energy resources through seaports is one of the main export priorities of most oil
companies, Russia, Canada, the USA, and the Middle East. The volumes of oil exports through sea
terminals are steadily increasing. For example, at the sea terminal, the final point of the Eastern
Siberia-Pacific Ocean oil pipeline, oil exports in 2010 amounted to 15.3 million tons, and in 2016,
31.8 million tons. Owing to the increase in shipment volumes, the loss of hydrocarbons from evaporation
also increases. Therefore, the trend towards increasing the transport of oil and oil products and the
development of oil and gas fields in the Arctic zone pose a new challenge for humanity. It requires
developing methods to prevent the negative impact on the Arctic environment, which is so sensitive to
anthropogenic impacts.

There is a need to monitor the Arctic zone state and control activities that may harm it [11].
To do this, you need to predict and assess possible emissions and develop measures to prevent VOC
emissions into the Arctic region atmosphere.

Countries possessing unequaled mineral potential have a unique chance to improve efficiency in
this sector and extensive emerging opportunities to improve labor productivity in the industry [12].
Key preconditions for this are adopting and implementing organizational and legislative solutions in
parallel with digital technology [13].
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Estimated data on energy resource loss indicate that the Russian economy loses annually
approximately 500 thousand tons of oil on the journey from extraction to the end-user in the absence of
a vapor recovery unit on marine transport and during loading. The greatest losses occur in the fuel
and energy industry itself [14]. The combination of various cost-effective technologies can increase
project economic stability and financial attractiveness, which is one of the main conditions for further
large-scale development [15–18].

This paper aims to offer possible estimation and forecasting of VOC emissions into the atmosphere
when loading hydrocarbons into tankers.

This paper is organized as follows: Section 2 describes the proposed methods for estimating VOC
emissions to the atmosphere; Section 3 presents investigations with corresponding calculations and
graphs; Section 4 gives the results of the investigations, and Section 5 presents the conclusions of
this article.

2. Methodology

2.1. Analytical Method for Estimating VOC Emissions into the Atmosphere

The amount of VOC emissions can be predicted analytically. A mathematical model is proposed
that describes the dynamics of gas flows when loading tankers. The model determines the pressure
growth curve in the gas space of tankers. This model can be used to estimate or prevent possible
VOC emissions to the atmosphere. The nonlinear differential equation is based on the method of
solving Runge–Kutta–Felberg differential equations. The model can be used in the design of new
vapor recovery installations and the optimization of existing ones.

2.2. Experimental Method for Estimating VOC Emissions into the Atmosphere

An experimental method for estimating emissions is also proposed. Creating a laboratory stand
for vapor recovery allows identifying VOC emissions’ actual values into the atmosphere when loading
a tanker. This experimental apparatus has a purge air system. The use of a recuperator for the flow
of working fluid after the expander and a pump at the expander’s outlet connected to a multiplier,
which makes it possible to retain the amount of volatile organic compounds and convert them into gas.

We found that only a few studies have discussed the VRU by considering the type of crude
oil. For instance, a few studies have confirmed crude oil processing as one of their major sources of
VOCs, e.g., U.S. crude oil [19–22], Alaska crude oil, and Canadian crude oil [23–25]. However, it was
impossible to provide any relationships between the type of crude oil from these data due to the
different analytical methods and existing uncertainties. Therefore, it appears that there is a lack of
comprehensive experimental research on VRU concerning various types of crude oils and operating
conditions (temperature, humidity, etc.). Another factor is the lack of enough information related to
the initial stages of crude oil production (before refineries), in which highly volatile compounds may
escape into the atmosphere due to lack of appropriate measures.

3. Case Study

3.1. Conceptfor Constructing a Mathematical Model of the Gasspace Dynamics of a Tanker

In the process of filling the tanker, oil is supplied with a flow rate of Qi. The volume of the tanker’s
gas space changes, and the pressure inside the tanks P increases. The increase in pressure is caused not
only by changes both in the volume of the gas space (GS) and by saturation of the GS with vapors of
evaporating oil or petroleum product.

The movement of the gas-air mixture (GAM) with the flow of GAM occurs under the influence of
the pressure drop between the tanker and the end point of the pipeline (pressure Pk), which removes
the gas phase. In case the pressure exceeds the emergency value, the mast riser will open. GAM excess
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is diverted through the tanker’s ventilation system to the mast riser with a Qmr flow rate. Figure 2
shows a diagram of the displacement of hydrocarbon vapors when loading a tanker.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 4 of 12 
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Figure 2. Diagram of hydrocarbon vapors displacement during tanker loading. 1—tanker; 2—double
housing; 3—the manifold release of vapor; 4—node protection berthing facilities fender; 5—a stander
removal of the gas phase; 6—shut-off and control valves; 7—detonation arrestor; 8—the pipeline of the
gas phase; 9—VRU; 10—gas vent.

To optimize the operation of VRU and correctly assess the loss of hydrocarbons through the mast
riser, there is a need to describe the dynamics of gas flows when loading tankers.

The GS of a tanker equation in differential form is:

dP
dt
·V +

dV
dt
·P =

dG
dt
·R·T, (1)

P—the pressure in the gas space of the tanker, Pa; t—the time from the beginning of loading, s;
V—the volume of the tanker’s gas space, m3; G—the mass of steam-and-gas in the gas space of the
tanker, kg; R—the gas constant, J/kmol·K; T—the steam-and-gas temperature, K.

The current value of the volume of the GS of the tanker can be noted from Equation (1), where the

change in volume over time is equal to the flow rate of the injection with the opposite sign (
dV
dt

= −Qi)

dP
dt
·

(V0 −Qi·t
R·T

)
+

(
−

Qi·t
R·T

)
·P =

dG
dt

, (2)

V0—the initial volume of the tankers as space, m3; Qi—volumetric flow rate of oil injection in the
tanker, m3/h.

The change in the mass of the steam-and gas in the gas volume of the marine tanker in Equation (2)
is defined as the difference between the mass entering the gas volume as a result of evaporation per
unit time and the mass flow rate of the gas phase that is discharged through the pipeline to the vapor
recovery units [16].

dG
dt

= J·F−
S
√

P2 − P2
k

√
R·T

√
2·ln

(
P
Pk

)
+ λ

Le f f
D

, (3)

Pk—the pressure output in the pipeline of the gas phase, Pa; J—the intensity of mass transfer from
the evaporation surface, kg/m2

·s; F—the surface area of evaporation, m2; S—the line flow area of the
gas phase, m2; Leff—the effective length of the gas phase pipeline taking into all local resistances, m;
D—the diameter of the gas phase pipeline, m; λ—the coefficient of hydraulic resistance, dimensionless.
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The mathematical model is made with the following assumptions:

(1) The inertance of the flow can be neglected due to the gas phase pipeline has a long length;

λ
Le f f

D
� 2·ln

(
P
Pk

)
(4)

(2) the gas constant is regarded as constant, R = const;
(3) the law of mass transfer during evaporation is accepted exponentially.

The law of mass transfer during evaporation from the surface of the filling oil is adopted as.

J = Jb·e−ετ, (5)

Jb; Je—flow density of evaporating oil respectively at the beginning and end of loading, kg/m2
·s;

ε—the calculated coefficient equal to ln Je
Jb

, dimensionless; τ—the loading time equal to the ratio of the
current time elapsed from the beginning of loading time to the total tanker (0 ≤ τ ≤ 1), dimensionless.

Taking into account Equation (4), we obtain:

dP
dt
·

(V0 −Qi·t
R·T

)
+

(
−

Qi

R·T

)
= Jb·F·e−ετ −

Pk

√(
P
Pk

)2
− 1

√
R·T
S ·

√
λ·

Le f f
D

, (6)

Divide both sides of Equation (6) by
Qi·Pk
R·T

:

dP
dt
·

(Ve f f −Qi·t

Qi·Pk

)
−

P
Pk

=
Jb·F·R·T

Qi·Pk
·e−ετ −

S
√

R·T

Qi·

√
λ·

Le f f
D

√(
P
Pk

)2

− 1. (7)

The following dimensionless groups are introduced:

P
Pk

= y, (8)

Jb·F·R·T
Qi·Pk

= ψ (9)

Qi·

√
λ·

LE f f
D

S
√

R·T
= θ, (10)

t
tend

= τ (11)

Dimensionless groups have the following physical meaning:
y—the dimensionless pressure ratio, ψ—characterizes the contribution of evaporation to the

overall dynamics of pressure growth in the gas space of the tanker, θ—characterizes the contribution of
hydraulic resistances to the dynamics of pressure growth in the gas of the tanker, τ is the injection time.

Thus, we get the generalized differential equation in dimensionless parameters for studying the
dynamics of pressure growth in the tanker’s gas space.

dy
dτ
·(1− τ) = y +ψ·e−ετ −

√
y2 − 1
θ

. (12)
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This Equation (12) is a first-order nonlinear differential equation. The nonlinear differential
equation and the algorithm are based on solving Runge–Kutta–Felberg differential equations of orders
4 and 5 (depending on the conditions of adaptation of the solution to its rate of change).

A calculation of the evaporation was carried out to study the influence of various factors on
the dynamics of pressure changes in tankers’ gas space. The evaporation calculation was solved by
Equation (3) for various values of the dimensionless parameters ψ and θ. Figure 3 shows a graph of
changes in the dimensionless pressure drop for different values of the parameter ψ, for θ = 0.3 and
ε = 0.8. Figure 4 shows a comparison of the results of modeling the dynamics of pressure changes in
a tanker’s gas space with experimental data. This calculation shows a quantitative and qualitative
determination of the dynamics of pressure growth in a tanke’s gas space.
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The dimensionless parameter θ, which characterizes the system’s hydraulic resistance, has a
significant impact on the dynamics of pressure growth in the gas space of a tanker.

The results obtained were compared with experimental data for more than 200 tankers. The suitability
of the developed model was evaluated on the example of the SOPHIE SCHULTE tanker. The general
view of the tanker is shown in Figure 5. The technical specifications are shown in Table 1.
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Table 1. Technical characteristics of the SOPHIE SCHULTE tanker.

Parameter Value Unit

Deadweight 115,583 tons
Dimensions 241 × 44 m

Method for inerting GS exhaust gases –
Pressure of saturated oil vapors on the raid 52.1 kPa

A comparison of simulation results with experimental data was performed. Table 2 shows a
comparison of modeling the dynamics of pressure changes in the tanker’s GS with experimental data.

Table 2. Comparing the results of modeling the dynamics of pressure changes in the tanker’s GP with
experimental data.

№ The Current Time from
Beginning of Loading, h

Experimental Data on Pressure
in the Tanker’s GS, Pa

Pressure in the Tanker’s GS
Calculated by Equation (12), Pa

1 0 101,815 101,815
2 0.41 102,595 105,124
3 1.08 104,365 105,612
4 1.41 109,215 107,570
5 2.08 110,645 109,866
6 2.41 112,355 110,511
7 2.58 112,455 110,761
8 3.41 111,035 111,443
9 3.91 111,225 111,580
10 4.41 110,835 111,602
11 5.41 110,445 111,468
12 6.41 110,395 111,236
13 7.41 110,345 110,982
14 8.41 110,495 110,730
15 9.41 110,235 110,487
16 10.41 110,495 110,253
17 10.91 110,385 110,139
18 11.41 107,005 106,389
19 11.91 108,325 106,309
20 12.91 106,075 104,007
21 13.33 101,325 101,325

In addition, the results of modeling according to Equation (12) and experimental data on changes
in the dynamics of pressure changes in the tanker’s GS are shown graphically in Figure 6.
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Figure 6. Results of modeling the dynamics of pressure changes in the tanker’s GS and experimental data.

From Figure 6, the developed model allows us to correctly determine the dynamics of pressure
growth in the tanker’s gas space, both quantitatively and qualitatively. Some inconsistency of the model
in changing injection modes with experimental data is explained by complex transitional processes,
which can be accounted for using smoothing functions and there is some scientific interest for further
work in this direction.

3.2. Laboratory Stand Concept for Vapor Recovery Unit

The sale of energy resources through seaports is one of the main export priorities of many oil
companies [17]. This approach allows not only to diversify sales markets but also to avoid export quotas
for transportation through the pipeline system. One of the vital problems is the loss of transported
hydrocarbons. Because of this, enterprises incur ongoing costs for taxes for emissions of pollutants,
lose valuable products, and cause huge damage to the environment [18]. In world practice, these problems
are solved by the introduction of vapor recovery units (VRU). Several technologies are available to treat
volatile organic compounds such as direct combustion, absorption, adsorption, membrane separation,
compression, and condensation. Since VRUs cannot capture all VOCs, it is necessary to determine the
effectiveness of installations experimentally before implementing them on terminals.

It is proposed to use a laboratory stand for VRUs to measure the actual values of VOCs emissions.
The stand should contain vapor recovery technologies that are most suitable for the conditions of
marine terminals that is, for large volumetric flow rate of loading oil or oil products in a tanker.
The following technologies are suitable for this purpose:

− adsorption;
− absorption;
− condensation.

The development of a laboratory stand will solve the existing problems by evaluating the
effectiveness of vapor recovery technologies and VOC emissions. The experimental stand will allow
us to determine a set of parameters of the VRUs and optimize their operation.

The stand will allow monitoring changes in the terminals’ state and the ability to control this
process in the laboratory. This method allows predicting VOC emissions in the Arctic zone with the
specified parameters.

Within the framework of this theory, a technological scheme for installing a laboratory stand was
developed that is shown in Figure 7. Oil vapors are blown from tanks T1 and T2 through a detonation
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fire barrier, a drop breaker. Then they fall into the column of one of the technologies considered.
The stand demonstrates the above-described vapor recovery technologies. After that, the undetected
vapors are refined in a flow chromatography and bleed through a gas vent stack. The shut-off and
control valves are controlled independently using a programmable logic controller (PLC). External
modules connected to the PLC perform the role of collecting and converting information from all
sensors. Then the data are processed and stored for further analysis.
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4. Results

1. The graphs of changes in dimensionless pressure for various parameters in Figures 5 and 6
indicate that the most significant influence on the dynamics of pressure growth in the tanker’s
gas space is exerted by the hydraulic resistance of the gas drainage system.

2. The model obtained can be used for estimating VOC emissions when hydrocarbons are loaded
into a tanker. The results of modeling the dynamics of pressure changes in the tanker’s GS with
experimental data allowed us to determine the calculation error. The standard error of the model
is 1215 Pa. Complex transitional processes explain the discrepancy of the model in changing the
injection modes, and the account of re-existing processes can be made using smoothing functions.

3. An experimental method for estimating vapor emissions can be achieved by creating a stand in
the laboratory, using the technological scheme developed in this work.

5. Conclusions

Regulation of VOCs emissions becomes mandatory, and the VOCs recovery system can provide
solutions to the requirements for loading crude oil. Taking into account the world’s concern for
sustainable development and the desire for environmental safety in oil transportation, especially in
the Northern seas of the Arctic region, methods for estimating and preventing VOCs emissions were
proposed, that are:

1. A mathematical model was constructed that adequately describes the dynamics of gas flows
during tanker loading. The results obtained were compared with the experimental data on the
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example of loading the SOPHIE SCHULTE tanker. Most of the error scans explain transitional
processes when loading the tanker. Transitional processes are of some scientific interest for further
work in this direction.

2. The developed model can be used for estimating VOCs emissions. It also allows the evaluation of
the capacity of existing pipeline systems for the removal of the gas phase and the design of new
installations for the recovery of oil vapor. This would reduce emissions of VOCs and increase the
security of the Arctic region’s ecosystem. It is also important to create a laboratory stand for an
experimental method for estimating VOCs emissions and the effectiveness of the VRU.

3. The technological scheme of a possible laboratory stand for vapor recovery was developed, which can
evaluate the efficiency of the VRU of adsorption, absorption, and condensation technologies.

The obtained calculations of the experimental setup describe the dynamics of gas flows when
loading a marine tanker. The results were compared with the experimental time using the example of
an operating marine terminal.

The unique features of the conditions of the polar regions and, in particular, the Arctic region,
such as an isolated location, impassable roads, extremely harsh climate, put forward very specific
requirements for equipment, organization of operations, and training of personnel. Despite the high
level of attention of oil companies to environmental safety, the problem of capturing oil vapor when
loading tankers remain open to many existing and planned oil terminals. Therefore, humanity must
continue to seek solutions to the problem of VOC pollution in the environment.
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