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Abstract: Oil refineries play a crucial role in meeting global energy demands, and optimizing the
efficiency of critical processes is vital for economic feasibility and environmental sustainability.
Simulation is an essential tool for the optimization of valuable products. This work presents the
rigorous simulation of a vacuum distillation unit (VDU) based on actual data from the vacuum
distillation processes using Aspen HYSYS V10. The Peng–Robinson fluid package is used in this
simulation, and an input assay with a standard density of 29 API_60 (879.8 kg/m3) is employed. True
boiling point (TBP) assay data are the type that is being used. Methane, ethane, propane, i-Butane, n-
Butane, i-Pentane, and n-Pentane are the components listed in the simulation. The research determines
that achieving a yield capacity of 685 tons/h requires thirty stages in the atmospheric distillation unit
and twelve stages in the vacuum distillation unit while operating at 420 ◦C temperature and 9 kPa
pressure. Adjustments in the flash section temperature (FST) and steam flow rate (SFR) are proposed
to enhance operational efficiency. Increasing the FST from 370 ◦C to 400 ◦C and adjusting SFR from
10 tons/h to 26 tons/h increases the Light Vacuum Gas Oil (LVGO) yield by 7.2% while elevating the
FST from 400 ◦C to 430 ◦C and adjusting SFR from 10 tons/h to 26 tons/h enhances the High Vacuum
Gas Oil (HVGO) yield by 7.4%. These optimization strategies offer a practical and effective approach
for refineries to improve the economic benefits of vacuum distillation units. The implications of this
research can act as a computational thinking exercise for higher education students considering the
case study where only through changing the operational strategies can the yield be enhanced by
10.81% in the vacuum distillation unit of the oil refinery.

Keywords: oil refinery; vacuum distillation; Aspen HYSYS; optimization; educational innovation;
computational thinking; higher education; thermodynamic simulation; net-zero emission;
sustainability; energy efficiency

1. Introduction

A vacuum distillation unit (VDU) is a critical component in oil refineries, which
is designed to handle the heavier fractions of crude oil that conventional atmospheric
distillation units (ADUs) cannot efficiently process. Operating under reduced pressure
conditions, the VDU serves as a vital link in the complex chain of refining processes,
facilitating the separation of high-boiling hydrocarbons and paving the way to produce
essential petroleum products. The production of refined products essential to the chemical
and energy industries requires a vacuum distillation unit (VDU) to distinguish high boiling
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points such as for bitumen and vacuum gas [1]. It is important because it optimizes the
efficiency of the refining process and maximizes the yield of valuable fractions that assist the
oil refining industry in terms of sustainability and economic feasibility. With the increasing
demand for refined products, it is vital to understand and enhance the efficiency of vacuum
distillation units [2]. A literature review highlights that there are about a thousand different
components that have boiling points ranging from ambient temperature to more than
5500 ◦C. Moreover, crude oil is distilled to create a mixture of gas oil, petroleum, gasoline,
and naphtha. The ASTM D86 [3] distilling temperatures are used to specify these items.
The efficiency of the operations and the oil feedstock determine the yield of a refinery’s
products. Distillation is a method of separating liquid mixtures based on differences in
component volatility [4]. True boiling point (TBP) measurements are the foundation for
refinery distillation design [5]. Some refinery systems refer to the crude distillation unit
(CDU) products, which are often fractions emerging as percentages of naphtha, petroleum,
and gas oil, using terms like gasoline, jet fuel, and diesel [6].

Gu et al. [7] describe steady flow modeling and simulation of three vacuum distillation
columns in crude oil plants. Yan et al. [8] carried out a ground-breaking study to improve
wastewater treatment techniques used in petroleum refineries. This study examined the
novel method of refining refinery wastewater using catalytic vacuum distillation. Further-
more, Rivero et al. [9] investigated the complexities of exergy and exergoeconomic analysis
within a combined distillation unit for crude oil. These two studies add substantially to the
body of knowledge on wastewater treatment and petroleum industry distillation methods
while offering insightful analyses of the refining processes. Mozdianfard et al. [10] present
a redesigned crude oil desalination unit that increases the effectiveness of the dehydration
process. Hao et al. [11] also address the characterization and simulation of a petroleum
products desalination plant using a statistically developed approach. Petrochemical units
do not function in a constant state, making these models only partially relevant for analyz-
ing routing operations. On the other hand, Ishiyama et al. [12] describe a simulation using
dynamic modeling, and a hierarchy for modeling a dehydration and process conditions
plant for such an Eastern Siberian oilfield is described in [13]. Anitha et al. [14] used Pro/II
software 10.0 to simulate the atmospheric and vacuum distilling unit. Jin et al. [15] created
steady-state numerical simulations of an atmospheric and vacuum distilling unit on the
Aspen Plus software V10 system. Deep-cut problems are also examined to develop a
framework for benefits and risk analysis [16,17].

Modifications to deep-cut vacuum units increase gas oil production. As a result,
the first boiling point of the residue will be higher, and more heavy gasoline range oil
will be produced [18]. The performance characteristics of the VDU, particularly the early
transformation studies, can be promptly and precisely identified using the straightforward
model [19]. The two effective and practical methods for optimizing deep-cut vacuum
distillation are raising the vacuum unit’s flash segment temperature and raising the strip-
ping’s steam rate of flow. The simulation program demonstrates that combining these
two techniques makes it possible to significantly increase both the production of Heavy
Vacuum Gas Oil (HVGO) and the temperature of its D86 95% point [20]. Additionally, this
technique can economically, safely, and reliably increase the refinery’s production efficiency
within a specific control range.

Despite the abundant literature on distillation processes in the oil refining industry,
the dynamic aspect of vacuum distillation operations is still mostly unknown, even though
previous research has concentrated primarily on steady-state modeling and simulation
of crude oil dehydration and desalination. Most of the research focuses on individual
optimization techniques or operational parameters, ignoring the synergistic effects that
can be achieved by simultaneously adjusting these variables. It is essential to address this
research gap to fully understand the strategies of integrated and dynamic optimization.
Furthermore, although the research developments in the simulation and optimization
strategies for various types of distillation units are reported in the literature, there is still a
research gap regarding the execution and validation of these techniques in actual conditions
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of the real world. While some studies evaluate the possible advantages of enhancing the
temperatures of the flash section and steam flow rates, more empirical data are required to
display the effects on the actual refinery environment, economic performance, safety, and
reliability. To eliminate this research gap, validation studies that evaluate the performance
and feasibility of applying these optimization techniques in vacuum distillation units
must be carried out. These studies will improve the reliability of the field optimization
approach and offer other useful insights to industry users. By filling these research gaps, the
operations of vacuum distillation units will become more robust and efficient, promoting a
seamless integration of these units into the larger oil refining processes.

The VDU performance parameters could be accurately calculated using the simplest
model, especially in the starting phases of the transformation study. Based on the given
input parameters, the model can attain convergence, which could be used as a base for
generating a rigid model that ensures convergence ease and high accuracy. Optimizing
deep-cut vacuum distillation becomes very simple using a comprehensive model.

This research proposes a novel technique to increase the efficiency of VDU opera-
tions in oil refineries through the incorporation of real process data into comprehensive
simulations conducted using Aspen HYSYS V10. In this study, the simulations accurately
simulate the behavior of the VDU by using real-world data, like specific fluid package
parameters and test data types, such as true boiling point (TBP). This approach increases
the effectiveness and reliability of the proposed solutions by ensuring that the optimization
techniques and performance analysis are based on the facts of industrial processes. In
addition to this, this research emphasizes the operational modifications, such as the ad-
justments to the flash section temperature (FST) and steam flow rate (SFR) to enhance the
production of important products like High Vacuum Gas Oil (HVGO) and Light Vacuum
Gas Oil (LVGO). These optimization strategies deliver refineries an efficient and practical
means to increase the energy benefits of their vacuum distillation the support of while
promoting environmental sustainability simultaneously. Furthermore, this approach can
cost-effectively, safely, and reliably increase the efficiency of yield in oil refineries. In addi-
tion to this, it contributes to efforts to attain net-zero emissions in the energy processes and
enhances energy efficiency [21].

2. Materials and Methods

The methodology is based on the oil characterization option in HYSYS, and crude oil
is modeled with the following data:

• Fluid package: Peng–Robinson;
• Standard density: 29 API_60 (879.8 kg/m3) for input assay;
• Assay data type: true boiling point (TBP).

Aspen HYSYS is a tool used in this research. To produce the entire VDU system in the
HYSYS version, each unit operation was created using the V10 version. The energy and
material equilibrium for every unit and its subunits is produced automatically. These are
the actions that were taken:

• The Aspen HYSYS quickly accommodates the data input for the various process
functions, identifies inconsistencies, and suggests corrective actions;

• Every energy and material unit will be fully and accurately identified;
• The processes will be performed in two independent analyses to determine the Aspen

HYSYS code’s capacity.

First, in developing a model, a list of components involved in the simulation process
is added. Methane, ethane, propane, i-Butane, n-Butane, i-Pentane, and n-Pentane are the
components listed in the simulation. The components listed for this research are given in
Table 1. True boiling point (TBP) distillation data are used to characterize crude oils. The
true boiling point with assay percentage is provided in Table 2.
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Table 1. Light ends (liquid volume).

Light Ends Liquid Volume (%)

Methane 0.0067
Ethane 0.023

Propane 0.31
i-Butane 0.26
n-Butane 1.69
i-Pentane 1.59
n-Pentane 2.23

Table 2. True boiling point distillation data.

Assay Percent (%) Temperature (◦C)

4 31
9 73
14 115
20 153
30 223
40 274
50 328
60 394
70 451
76 491
80 517

The main objective of the research is to simulate the vacuum distillation unit using
Aspen HYSYS. The crude oil was heated to 91.47 ◦C in the preheater before entering the
desalter. The feed is almost 685 tons/h of the crude oil that enters the desalter. The pressure
in the desalter component was around 915 kPa. The mass flow rate of products is given in
Table 3.

Table 3. Mass flow rates of products in desalter.

Product Mass Flow (Tons/h)

Oil 661.72
Water 23.46

The oil was heated to 400 ◦C in a heater before entering the atmospheric distillation
unit. The mass flow rate of the atmospheric unit is given in Table 4. The calculation of
mass balance for the atmospheric distillation unit process is based on the principle of mass
conservation. Losses during the distillation process are attributed to vapor losses, residue
sticking to the equipment, incomplete condensation of light fractions, and operational
problems. Such losses are in the form of light hydrocarbons such as methane, ethane,
propane, and butane and minimal amounts of residual losses.

Table 4. Mass flow rates of products in the atmospheric distillation unit.

Product Mass Flow (Tons/h)

AGO 30.09
Naphtha 82.56

Diesel 121.69
Kerosene 56.98

Atmospheric Residue 352.51

Calculations are as follows:
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Input Crude Oil = Automotive Gas Oil (AGO) + Naphtha + Diesel + Kerosene + Atmospheric Residue + Losses

661.72 tons/h = (30.09 + 82.56 + 121.69 + 56.98 + 352.51 + 17.89) tons/h (Conservation of Mass holds)

The residue of the atmospheric distillation unit is given to the vacuum distillation unit,
where it undergoes distillation under vacuum pressure and temperature. The mass flow
rate of Light Vacuum Gas Oil (LVGO), Heavy Vacuum Gas Oil (HVGO), and fuel gases
of the vacuum distillation unit are given in Table 5. The mass conservation principle is
applied to figure out the mass balance for the VDU process. Calculations are as follows:

Input Atmospheric Residue = LVGO + HVGO + Fuel gases + Vacuum residue

352.51 tons/h = (58.40 + 88.57 + 26.77 + 178.77) tons/h (Conservation of Mass holds)

Table 5. Mass flow rates of products in vacuum distillation unit.

Product Mass Flow (Tons/h)

LVGO 58.40
HVGO 88.57

Fuel gases 26.77
Vacuum residue 178.77

The key component of the oil refinery, the atmospheric distillations unit (ADU), divides
the crude oil into various fractions according to their respective boiling points [22]. The
initial separation step is the atmospheric distillation unit in the refining process, which
typically operates at atmospheric pressure. In a distillation unit, the components of crude oil
are vaporized at various levels once they reach their boiling point. The separation process
involves the major fractions like kerosene, diesel, naphtha, and heavier residuals [23]. The
quality and yield of the refined products are affected by the atmospheric distillation unit
efficiency [24]. In this research, the inputs of the simulation process are steam stream, AGO
stream, and diesel stream. The outputs of the vacuum distillation unit are off gases, HVGO,
LVGO, VDO, and vacuum residue (VR), as shown in Figure 1.

Energies 2024, 17, x FOR PEER REVIEW 5 of 15 
 

 

Kerosene 56.98 
Atmospheric Residue 352.51 

Calculations are as follows: 

Input Crude Oil = Automotive Gas Oil (AGO) + Naphtha + Diesel + Kerosene + Atmospheric Residue + Losses 

661.72 tons/h = (30.09 + 82.56 + 121.69 + 56.98 + 352.51 + 17.89) tons/h (Conservation of Mass holds) 

The residue of the atmospheric distillation unit is given to the vacuum distillation 
unit, where it undergoes distillation under vacuum pressure and temperature. The mass 
flow rate of Light Vacuum Gas Oil (LVGO), Heavy Vacuum Gas Oil (HVGO), and fuel 
gases of the vacuum distillation unit are given in Table 5. The mass conservation principle 
is applied to figure out the mass balance for the VDU process. Calculations are as follows: 

Input Atmospheric Residue = LVGO + HVGO + Fuel gases + Vacuum residue 

352.51 tons/h = (58.40 + 88.57 + 26.77 + 178.77) tons/h (Conservation of Mass holds) 

Table 5. Mass flow rates of products in vacuum distillation unit. 

Product Mass Flow (Tons/h) 
LVGO 58.40 
HVGO 88.57 

Fuel gases 26.77 
Vacuum residue 178.77 

The key component of the oil refinery, the atmospheric distillations unit (ADU), di-
vides the crude oil into various fractions according to their respective boiling points [22]. 
The initial separation step is the atmospheric distillation unit in the refining process, 
which typically operates at atmospheric pressure. In a distillation unit, the components of 
crude oil are vaporized at various levels once they reach their boiling point. The separation 
process involves the major fractions like kerosene, diesel, naphtha, and heavier residuals 
[23]. The quality and yield of the refined products are affected by the atmospheric distil-
lation unit efficiency [24]. In this research, the inputs of the simulation process are steam 
stream, AGO stream, and diesel stream. The outputs of the vacuum distillation unit are 
off gases, HVGO, LVGO, VDO, and vacuum residue (VR), as shown in Figure 1. 

 
Figure 1. Vacuum distillation unit working.



Energies 2024, 17, 3806 6 of 15

The processing of heavier crude oil fractions with a higher boiling point demands
the use of a vacuum distillation unit, which operates at a pressure typically lower than
atmospheric pressure [25]. Vacuum pumps are used in this distillation unit to attain the
required pressure gradient, which makes it easier to separate the products like residue and
Vacuum Gas Oil (VGO). By using this process, the crude oil’s valuable components, typically
those with elevated boiling points, are efficiently extracted, allowing the petroleum industry
to manufacture a variety of refined products [26]. Table 6 presents a broader overview of
the input and output parameters for the vacuum distillation unit. The listed properties
are mass heat capacity, heat capacity, mass entropy, actual volume flow, mass density,
molar density, specific heat, average liquid density, mass exergy, and phase fraction. To
grasp the operational parameters and performance characteristics, it must understand the
major factors such as the flow rate and composition of fuel gas HVGO and LVGO, vacuum
bottom, and vacuum steam. Furthermore, thermodynamic properties like heat capacity,
entropy, and exergy are also involved. This presented information assists in performing the
analysis and optimization attempts to enhance the effectiveness and efficiency of vacuum
distillation process.

Table 6. Vacuum distillation unit input and output values.

Property Unit Input of
VDU

Vacuum
Steam

Vacuum
Bottom Fuel Gas LVGO HVGO

Molar density kg mole/m3 0.0051 0.26 1.41 0.002 2.62 2.05
Mass density kg/m3 1.33 4.79 765.17 0.04 769.53 750.02

Actual volume flow m3/h 245,453.18 1892.72 235.63 516,423.64 68.85 107.12
Mass entropy kJ/kg ◦C 3.74 9.60 3.26 9.12 2.11 2.61
Heat capacity kJ/kg mole ◦C 742.73 37.17 1590.76 44.11 734.07 1003.94

Mass heat capacity kJ/kg ◦C 2.87 2.06 2.94 1.89 2.50 2.74
Phase fraction Volume basis 0.62 1 0 0.99 0 0
Phase fraction Mass basis 0.61 1 0 0.99 0 0
Phase fraction Actual volume basis 0.99 1 0 1 0 0
Mass exergy kJ/kg 419.41 914.43 294.23 111.41 93.20 178.27

Average liquid density kg mole/m3 3.75 55.39 1.86 41.15 3.11 2.57
Specific heat kJ/kg mole ◦C 742.73 37.17 1590.76 44.11 734.07 1003.9

Molar volume m3/kg mole 192.68 3.75 0.70 495.47 0.38 0.48
Mass heat of vapors kJ/kg 1631.61 2019.30 855.66 2071.18 405.07 356.98

Designing the simulation of oil refinery in Aspen HYSYS includes multiple steps,
initiating with the proper selection of the physical parameters, input and output vari-
ables, and thermodynamic technique. Adopting the proper parameters ensures that the
results of the simulation are both accurate and reliable [27]. The Peng–Robinson thermo-
dynamic equation is very important for simulating the properties and phase behavior of
hydrocarbon mixtures in the refinery units. The broadly used Peng–Robinson equation
accurately finds the thermodynamic properties and vapor–liquid equilibrium. Adopting
the accurate thermodynamic model and recognizing the input and output variables are
the key steps in creating the simulation. These variables specify the operating conditions,
output streams, and feed streams for the crude and vacuum distillation units. When
these variables are properly defined, the simulations will accurately highlight the refinery
operating conditions.

This study’s simulations are based on VDU from Attock Oil Refinery in Pakistan for
the purpose of analysis. Figure 2 represents the flow of the refinery process, modeled and
simulated using Aspen HYSYS software. This simulation is termed the simplest model of
the entire refinery process, which focuses on two elements. The simulation can be used
by academics and engineers to observe and evaluate how these units function, enhance
their work, and gain an understanding of the various stages involved in the production
of different petroleum products. An in-depth understanding of the refinery process is
provided by the simulation development using the Peng–Robinson equation approach and
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Aspen HYSYS. It supports decision-making aimed at enhancing the overall efficiency and
productivity of the oil refinery, helps optimize processes, and provides insights into the
behavior of the vacuum and crude distillation units. This analysis of the main operating
parameters aims to determine compliance with the actual working conditions, as the direct
comparison of measured and calculated results is the critical method for validating a
developed model [28–30].
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Figure 2. Flow sheet diagram of crude distillation unit (CDU) and vacuum distillation unit (VDU).

The simulation values of the operating conditions are within the design range, as
shown in Table 7.

Table 7. Comparison of design range and simulation values for operating conditions.

Property Units Design Range Simulation Value

Feed temperature of the bottom ◦C 390–420 400
Flow rate of stripping steam tons/h 10–30 10

Temperature of stripping steam ◦C 140–180 162
Temperature of flash section ◦C 390–410 406
Top pressure of the column kPa 10–11 10.20

Tray pressure of VDU kPa 10–11 10.40
Tray pressure of LVGO production kPa 11–12 11.30
Tray pressure of HVGO production kPa 11–12 11.80

Pressure of flash section kPa 13–14 13.40
Bottom pressure of the column kPa 25–26 25.50

According to the data in Table 7, the model’s simulation results are within acceptable
ranges of the system design specifications. All the simulation values of the properties are
in the design range of the real plant. This validates the simulated model.

3. Results and Discussion

The vacuum distillation unit in the oil refinery has a systematic pressure increase from
6.6 kPa to 8.26 kPa. This sequence of pressure indicates that components with distinct
boiling points have been effectively separated. The observed pressure distribution guides
potential improvements to the distillation process, which offers valuable insights into its
efficiency. By carefully examining the pressure profile, specific improvements, like heat
exchanger optimization or reflux ratio adjustments, can be made in response to operational
problems. The pressure results provide an essential basis for assessing and maximizing the
yield efficiency of the VDU, as shown in Figure 3a. The tray number represents the VDU’s
main tower position.
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Figure 3. (a) Pressure profile of tray; (b) temperature profile of tray.

The temperature profile across the 12 trays of the vacuum distillation unit, simulated
at various positions using Aspen HYSYS, provides a crucial perspective on the thermody-
namics within the system. The temperatures illustrate the expected rise in temperature
along the unit height, ranging from 120.36 ◦C to 370.3 ◦C. The increasing trend in temper-
ature indicates that the components in the crude oil feed are gradually vaporizing and
separating. Understanding these temperature readings is essential to maximizing heat
transfer, energy efficiency, and vacuum distillation unit performance in the oil refinery, as
shown in Figure 3b. The LVGO, being lighter, will have a lower boiling point compared to
the HVGO. As a result, it is typically drawn from tray number 1, which is higher up in the
column and has a lower temperature. On the other hand, the HVGO will boil at a higher
temperature and is drawn from tray number 12, which is located lower in the column.

The effectiveness of the separation process is revealed by comparing the standard
ideal volume flow rates at each tray position in the vacuum distillation unit with the actual
volume flow rates of liquid [31]. The observed differences between the two sets of values
point to deviations from the idealized circumstances and possible areas where the unit’s
efficiency could be increased. In comparison to other trays, trays 4 to 6 showed greater
actual flow rates, indicating the over-separation of some components. Additionally, the
trays 9 to 12 show the smaller values of actual flow rates, indicating a sign of deficiency in
separating lighter fractions, as presented in Figure 4a. To enhance the distillation process
and eventually improve the vacuum distillation unit and the total efficiency of yield in
the oil refinery, these parameters should be accurately analyzed. The effectiveness of the
vaporization and separation process could be determined by matching the vapor’s actual
volume flow rate at every tray position in the VDU with the ideal volume flow rate. The
major difference noted at each tray remains remarkable and exhibits the potential area for
improvement. The vapor flow rates on trays 6 to 8 are higher than expected, indicating the
effective component vaporization and separation. Conversely, trays 1 to 5 exhibit smaller
values of actual vapor flow rate, as depicted in Figure 4b, which presents the possible
challenges in attaining the required vaporization of lighter fractions.

These findings exhibit the importance of optimizing operating parameters such
as pressure and temperature control to match the idealistic expectation with the ac-
tual performance. Minimizing these variations could improve the VDU efficiency and
overall efficiency.

The molar flow rates of net liquids and net vapors at each tray position in the vacuum
distillation unit provide a thorough estimation of the separation process, as shown in
Figure 5a. Net liquid refers to the phase of liquid that leaves a tray after the separation
process. It represents the condensed vapor phase enriched with heavier components. On
the other hand, net vapors are the vapor phase leaving a tray. It comprises the constituents
that have evaporated below the liquid phase, producing the components to be separated
according to volatilities. The efficient separation of heavier components is indicated by the
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increasing trend in net liquid flow rates from the bottom tray to the top tray, which ranges
from 695.40 kg mol/h to 494.28 kg mol/h. The molar flow rate for net liquids is maximum
at tray 7, which is 1348 kg mol/h. The net vapor flow rate rose to 1277.74 kg mol/h from
1042.29 kg mol/h at the same time, suggesting that the lighter fractions are successfully
separated and evaporated. The molar flow rate for net vapors is maximum at tray 7, which
is 1952 kg mol/h. The greater net vapor and liquid flow rates on trays 6 and 7 indicate a
good concentration of the expected products. In addition to highlighting the critical role
that each tray plays in obtaining the desired separation, the data indicated in the actual
mass flow rates provide a foundation for improving the VDU’s overall yield efficiency and
refining the operational parameters.
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Figure 4. (a) Volume flow rate of liquid; (b) volume flow rate of vapors.
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Figure 5b depicts the crucial data on the process’s ability to separate the components
obtained by carefully evaluating the mass flow rates for net vapor and net liquids at each
tray position in the VDU. The effective concentration of heavier elements is demonstrated
by the enhancing trend in net liquid flow rates, which grows to 110.30 tons/h at the top tray
from 18.89 tons/h at the bottom tray. The enhancement in vapor flow rates simultaneously
indicates that effective separation and evaporation are attained by the lighter fractions.
Trays 7 and 8 are distinguished because they have very high net vapor and liquid flow
rates, which represents a sign of the desired product concentration. These results provide
an outline for optimizing operational parameters like temperature and pressure to boost
the total efficiency of the yield of the VDU in the oil refinery and ensure a more profitable
and sophisticated separation process.

The link between the HVGO yield efficiency and steam flow rate throughout the
distillation process is an important component in evaluating the performance of VDU.
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Figure 6a illustrates the slow increase from 8 to 26 tons/hour in the value of steam flow
rate with a matching improvement in HVGO yield efficiency that increased from 33% to
42.6%, as depicted in Figure 6a. This relation presents that the higher steam flow rate
could enhance the separation efficiency, which results in a more purified and concentrated
HVGO product. The growing trend in yield efficiency presents the steam’s effectiveness
in distinguishing the crude oil feed components, illustrating the steam’s importance as a
main operational parameter for the optimization of the distillation process. Additionally,
the increase is noted in the yield efficiency with greater steam flow rates, which reveals the
possibility of process adjustment. Operators and engineers could adopt this knowledge
to vary the operating parameters, change temperature, and refine the steam injection
methods to obtain higher yield efficiencies. On the other hand, it is important to maintain a
balance to overcome the operational costs and high energy usage. The findings emphasize
the necessity of adopting a systematic approach to steam usage, particularly in terms
of economic feasibility, process sustainability, and enhancing the separation efficiency
of the VDU in oil refineries. The LVGO yield efficiency rises proportionally from 8 to
26 tons/hour with the enhancement in steam flow rate from 28% to 37.5%. The higher
steam flow rates are considered to raise the separation efficiency, which results in larger
LVGO concentrations in the end product, as observed by this connection. The trend
points out that the steam is critical for the optimization of the distillation process, which
increases the yield of essential LVGO, as depicted in Figure 6b. The efficiency of yield is
enhanced slowly when there is a rise in steam flow rates, representing the possibility for
process optimization. With this information, engineers and operators could optimize the
strategies of steam injection and change the variables, such as temperature, to enhance
LVGO output. Nonetheless, it is crucial to carefully weigh increased steam usage against
related energy costs to preserve economic viability. The findings underscore the significance
of a sophisticated and knowledgeable strategy for steam utilization, stressing its function in
promoting separation effectiveness and financial viability in the vacuum distillation section
of petroleum refineries.
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Figure 6. (a) Yield efficiency of HVGO; (b) yield efficiency of LVGO.

A consistent upward trend in HVGO yield efficiency is revealed as the flash section
temperature rises, according to the temperature-yield efficiency correlation at different
steam flow rates, ranging from 10 to 26 tons/h. The yield efficiency increases from 37% at
400 ◦C to 40.8% at 430 ◦C at an SFR of 10 tons/h, as shown in Figure 7a. This demonstrates
the importance of larger steam flow rates, which enables higher FST to improve the separa-
tion efficiency and HVGO concentration. The complicated link between the yield product
and thermal conditions is highlighted by the minor differences in yield efficiency at various
steam flow rates and temperatures.
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Figure 7. (a) HVGO yield efficiency; (b) LVGO yield efficiency.

The yield efficiency is mainly improved over the temperature range. This suggests
that in order to attain the appropriate separation outcomes, it is important to enhance the
strategies of the steam injection. The findings highlight the need for an organized approach
to regulating the temperature in the VDU, suggesting that the FST could be ideal for
maximizing the HVGO yield efficiency. As part of the primary operating parameters, the
FST and SFR are the two most crucial indicators of performance for the entire quality of the
process. For operators and engineers looking to improve the VDU, the connection between
the SFR, yield efficiency, and FST provides an important method. By carefully regulating the
SFR and temperature in the flash section, refineries could enhance the separation process
and obtain higher HVGO yields. This will improve the operational and economic efficiency
of the distillation unit in the process of oil refining. Tables 8 and 9 depict the yield efficiency
of LVGO and HVGO at various flash section temperatures and steam flow rates (SFR).

Table 8. LVGO yield efficiency across various steam flow rates.

Flash Section
Temperature

Yield Efficiency of LVGO

SFR = 10 Tons/h SFR = 14 Tons/h SFR = 18 Tons/h SFR = 22 Tons/h SFR = 26 Tons/h

370 30 31 32 33 34
375 30.5 31.5 32.5 33.55 34.49
380 31.1 32 33 34.1 35.2
385 31.5 32.5 33.4 34.6 35.6
390 32.1 33.1 34.2 35.1 36.2
395 32.6 33.7 34.6 35.7 36.68
400 33.1 34.1 35.13 36.14 37.2

Table 9. HVGO yield efficiency across various steam flow rates.

Flash Section
Temperature

Yield Efficiency of HVGO

SFR = 10 Tons/h SFR = 14 Tons/h SFR = 18 Tons/h SFR = 22 Tons/h SFR = 26 Tons/h

400 37 37.8 38.8 39.9 40.9
405 37.8 39 39.5 40.9 41.3
410 39 39.5 40 41.3 41.8
415 39.4 40 40.4 41.6 42.3
420 40 40.4 40.8 42.3 43.2
425 40.4 40.7 41.3 43.2 44.1
430 40.8 41.1 41.5 43.4 44.4

Analyzing the relationship between yield efficiency and temperature at diverse SFR
levels reveals that LVGO yield efficiency majorly rises with greater flash section tem-
peratures. At a steam flow rate of 10 tons/h, the yield efficiency enhances from 30% at
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temperature 370 ◦C to 33.1% at temperature 400 ◦C, representing the favorable impact
of greater flash section temperatures on the separation efficiency of LVGO as depicted in
Figure 7b. The minor variations in the product yield and thermal conditions at different
temperatures and steam flow rates demonstrated the complicated relationship between
the product yield and thermal conditions. The yield efficiency generally increases over the
temperature range when the SFR enhances, presenting the steam’s favorable impact on the
separation process. In accordance with the data, maximizing LVGO production involves
the control of flash section temperatures and steam flow rates. This may have an impact on
the refining techniques to attain economic sustainability and higher efficiency in the VDU.
Furthermore, the relationship among the SFR, FST, and LVGO yield efficiency presents
significant insights regarding the refining procedure used in the oil refineries. Operators
could improve the yield efficiency of LVGO and, hence, the entire economic sustainability
and performance of the VDU by refining the SFR and FST.

The LVGO and HVGO yields of VDU are greatly enhanced when the operating
parameters and yield efficiency are compared between the Jin et al. [15] study and the
current study as listed in Table 10. There are 11 trays involved in Jin et al.’s [15] study,
while this research relies on 12 trays. Both of the studies have different LVGO, HVGO, and
fuel gas production. By varying the FST to 400 ◦C from 370 ◦C and SFR to 26 tons/h from
10 tons/h, this study displayed an increase of 7.2% in the LVGO yield. Furthermore, the
increase of 7.4% is achieved in the HVGO production by changing FST to 430 ◦C and SFR
to 26 tons/h. This indicates the importance of suggested optimized methods to enhance the
yield efficiency. A comparison of yield efficiencies, pressure, and temperature reveals that
the current research presents better results than Jin et al. [15] in the production of HVGO
and LVGO. The enhanced yield efficiencies are the results of optimal conditions where flash
section temperature, stripping steam flow rate, and tray pressures are equal. These findings
emphasize the value of changing the operational parameters dynamically to enhance
product yields. The conclusion drawn from this comparison analysis contributes to insights
into the optimization of the distillation unit while also delivering guidance for refinery
operators to enhance the efficiency and productivity of the vacuum distillation unit.

Table 10. Yield efficiency and operating conditions comparison with Jin et al. [15] research.

Property Units Jin et al. [15] Research Current Research

Feed temperature of the bottom ◦C 407 400
Flow rate of stripping steam tons/h 11 10
Temperature of stripping steam ◦C 160 162
Temperature of flash section ◦C 407 406
Top pressure of the column kPa 10.13 10.20
Tray pressure of VDU kPa 10.49 10.40
Tray pressure of LVGO production kPa 11.20 11.30
Tray pressure of HVGO production kPa 11.91 11.80
Pressure of flash section kPa 13.33 13.40
Bottom pressure of the column kPa 25.33 25.50
Minimum yield efficiency of LVGO % 27.00 30.00
Maximum yield efficiency of LVGO % 33.00 37.20
Minimum yield efficiency of HVGO % 33.50 37.00
Maximum yield efficiency of HVGO % 43.00 44.40

4. Conclusions

In this research, we investigated two crucially important and critically required prac-
tical issues: promoting sustainability and improving energy efficiency. The thorough
examination of the process of vacuum distillation in the oil refinery is carried out using As-
pen HYSYS simulation with a focus on temperature profiles, tray-by-tray performance, and
the effect of steam flow rates has yielded important insights into the vacuum distillation
unit operational dynamics. The analysis of molar flow rate, temperature, and pressure in
each of the VDU of 12 trays showed a continuous progression that suggests the effective
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concentration, separation, and vaporization in the feed of crude oil. The information on
molar flow rates, net vapors, and net liquids depicted the critical role that every tray fulfills
in attaining the best possible separation, establishing the stage for future advancements in
process efficiency. Furthermore, the relationship between the yield efficiencies of LVGO
and HVGO, flash section temperature, and steam flow rates highlighted the importance of
these operational parameters in identifying the quantity and quality of refined products.
The current study concludes that to attain 685 tons/h of yield capacity, 12 stages in the
vacuum distillation unit and 30 stages in the atmospheric distillation unit are required to
operate at 9 kPa and 420 ◦C. The variations in the FST and SFR are proposed to enhance the
operating efficiency. The yield of LVGO is enhanced to 7.2% when the SFR varies from 10
to 26 tons/h and FST increases from 370 ◦C to 400 ◦C. However, changing the SFR from 10
to 26 tons/h and enhancing the FST from 400 ◦C to 430 ◦C results in a 7.4% enhancement
in the production of HVGO. These results highlight the worth of systematic approaches in
process optimization to attain greater economic feasibility, energy efficiency, and yields.

Moreover, the consequences of this study present an opportunity for researchers
to engage in the computational world and deal with real-world scenarios. By using
this research as a case study, researchers can engage in the investigation of challenging
engineering problems rather than being passive learners. This research offers a real-world
and dynamic scenario in which computational thinking is used to execute the problem.
By using the computational concepts to evaluate the complexities of vacuum distillation
unit simulation, researchers may figure out the connection between operational strategies
and yield efficiency. The significant yield gain of 10.81% from the operational changes
encourages the researchers to fully recognize the importance of computational analysis in
refining processes. Adding these sorts of hands-on activities to the operational changes
in higher education institutions matches well with the varying nature of educational
innovation. It enhances the fundamental understanding of researchers and offers the tools
they require to deal with real-world challenges.

5. Future Works

A number of ways forward in terms of future research are identified with the goal
of improving the sustainability and efficiency of vacuum distillation units. One such
optimistic investigation area involves the execution of sophisticated control techniques
to dynamically optimize the operational parameters. Utilizing predictive modeling and
machine learning algorithms, operators can develop adaptive control systems capable of
responding in real time to fluctuations in feedstock composition and operating conditions.
This method addresses the interdependence and complex behavior of every component
in the unit. Moreover, a deeper exploration into the impact of tray design modifications
and incorporating novel materials could offer insights into improving separation efficiency
and reducing energy consumption. Additionally, the integration of process intensification
technologies, such as membrane distillation or reactive distillation, holds promise for fur-
ther enhancing the overall performance of the vacuum distillation process. Furthermore,
a comprehensive sustainability assessment of the distillation unit, considering environ-
mental impact and resource utilization, could guide the development of greener and more
eco-friendly practices. The findings presented in this paper allow for an increase in the per-
formance and energy efficiency of vacuum distillation units in oil refineries and, therefore,
contribute to global efforts in favor of the zero-emissions concept of energy processes.
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