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Abstract: Liquefied petroleum gas (LPG) is a mixture of hydrocarbons essentially propane and
butane. It has recently emerged as a sustainable and alternative fuel source to other conventional fossil
fuels in several sectors such as residential, industrial, commercial and transportation. The
environmental impact is seen as a positive influence as it reduces black carbon emissions by releasing
less greenhouse gases as it undergoes combustion. In this study, a general overview about LPG was
offered and the data required for simulating a flowsheet for LPG production was obtained from an LPG
plant. Mass balance and energy balance were calculated manually and compared with those of the
simulation performed by ASPEN HYSYS 12.0 using Peng-Robinson fluid package. A hazard and
operability study for the equipment was carried out as well as their spacing to emphasize their
importance on how they shape the safe feasibility of plant construction. It was found that 2209 kg/h of
feed gas was mainly converted to 836.90 kg/h of sales gas and 1322 kg/h of LPG. By comparing
manual calculations with HYSYS results, the duty for heat exchanger 2 was 55361.17 kJ/h, with error
percentage of 3.90%. The sales gas temperature was 318.53 K with 1.42% deviation. Debutanizer
condenser and reboiler duties were 892640.20 kJ/h and 746416.30 kJ/h, with deviations of 4.25% and
3.49% respectively. The hazard and operability studies and spacing showed that all the equipment must
be positioned at safe distances apart from each other and they require the installation of alarms,
sensors, and controllers to ensure a proper and safe production process.
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1. INTRODUCTION
I iquefied Petroleum Gas (LPG) is comprised of a multitude of hydrocarbons but essentially
propane and butane. It is produced naturally within oil and gas reservoirs and can be
produced by purification of natural gas or from petroleum refining with each method
differing the composition of LPG. Chemical composition differs according to the nature petroleum,
natural gas, and the extraction location. Propane and butane are the major constituents of LPG but there
is a minor portion of propene, butenes, iso-butane and ethane as well. It should be noted that the
composition of LPG differs due to the season whereas in winter, more propane is present while in
summer, more butane is present. This preserves the storage pressure independently of the temperature.
Petroleum refining often provides 10-15% LPG from its quantity while only 3% of LPG is obtained
from natural gas. From crude oil refinery, the crude can enter a prefractionation column first before
proceeding to remaining steps of atmospheric distillation. In this column, the top product mainly
consists of light hydrocarbons such as propane and butane which are separated from the crude and
condensed to be liquid. Thus, the separated liquid can be used for further processing or be individually
used as LPG [1-3].

In the early 20th century, LPG started to gain popularity as a fuel source for internal combustion
engines when it was often used for cooking and lighting fuel. There was a significant shift to LPG-
fueled automobiles due to the oil crisis and increased oil prices that occurred in the 1970s. According
to the global statistical review published by the World LPG Agency (WLPGA), in 2021, Russia held
the first place for consuming LPG with a capacity of 4.4 million tons followed by Turkey’s
consumption of 3.9 million tons. The global domestic sector accounted for 44% of the overall
consumption of LPG followed by descending order of the chemicals sector with 28%, refineries with
9%, transportation with 8% and agriculture with 1% [4-6].
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Liquefied petroleum gas is produced on a worldwide level with an annual rate of 300 million tons per

year. Its high energy content, 93.2 MJ/m’, makes it feasible to be produced in few amounts and
offering the same energy amount making it more efficient than other fossil fuels like crude oil and
gasoline. The storage and distribution are commonly performed with pressurized liquid LPG in gas
cylinders or tanks. The combustion of LPG gives reduced levels of carbon monoxide (CO), carbon
dioxide (CO,), sulfur oxides (SOx), nitrogen oxides (NOx) and particulate matter (PM) [7-10].

I.  Properties

Liquid LPG is naturally colorless, odorless, and invisible in a gaseous state. For safety reasons, a
mercaptan is usually added as an odorizer to detect LPG at reduced concentrations. The properties are
listed in table 1. It vaporizes at atmospheric conditions and can be liquefied only by pressure (0.7-0.8
Mpa). It is non degradable and can be used extensively without extra treatment to make it usable. It can
be stored easily in small cylinders or bulk tanks. It can reach remote and off-grid areas other
conventional fuel sources cannot reach easily and does not require tremendous investments in the
infrastructure as well [11-15].

Table 1: Properties of propane & butane

Property Propane Butane Reference
Boiling Point (°C) -45 -2
Liquid Density (kg/l) 0.5-0.51 0.57-0.58
Gas Density/Air 1.4-1.55 1.9-2.1 1]
Latent Heat of Vaporization (kJ/kg) 358 372
Calorific Value Btu/Ft’ 2500 3270
Critical Temperature (°C) 96 152
Auto Ignition Temperature (°C) 459 405
Critical Pressure (bar) 42.6 38 12]
Flammability Limits (vol%) 2.2-9.5 1.8-8.4
Molecular Weight 44 58 [16]
Fire Point (°C) 510 490
Flash Point (°C) -60 (LPG)
Research Octane Number 110 (LPG) [16]
Flame Speed (m/s) 0.83 (LPG)

II.  Explosion incidents

Liquefied petroleum gas has the tendency to vaporize more than petrol so it can leak more rapidly
even when stored in fuel tanks which could cause explosions as LPG is greatly flammable which is
known as boiling liquid expanding vapor explosion (BLEVE). The initial phase equilibrium is
disturbed, making LPG boil severely. Pressure quickly rebounds across the storage tank that cannot
withstand such rebound if significant enough to damage it. In an open environment, LPG will vaporize
at a rate much higher by 250-300 times its volume with great expansion. Having a density 1.5-2 times
the air’s density, LPG will easily spread and diffuse in air creating a larger flammable cloud which
could get worse when encountering an ignitor. The concept of BLEVE was first conceptualized by
Smith of the National Fire Protection Association which stated that when the liquid’s temperature
exceeds its boiling point at atmospheric pressure, the liquid-holding vessel immediately ruptures into
two or more pieces [17-20].

The chances of LPG being prone to leak are relatively high as it is heavily utilized across versatile
fields. In the industrial process, equipment aging, defects in design and human errors are of various
reasons that can cause the production and transportation operations to encounter leakage of LPG. The
consequences of these kinds of explosions are detrimental such as large fire accidents. On May 11",
2004, an explosion occurred in the ICL Chemical Park in Glascow, England which made the building
collapse resulting in 9 fatalities, 45 injuries and having an impact across a 2km area [21-23].

In a similar vein, LPG transporting road tankers are known to be of large volume which make LPG
susceptible to massive explosions that would be difficult to predict or even control when traffic
accidents occur. The outcomes of such accidents would be even worse as they often happen in
residential areas which could result in tremendous casualties. On August 27th, 2012, an LPG explosion
took place in India that burned the surrounding environment and caused catastrophic casualties. In
August 2018, a traffic accident occurred between several vehicles and an LPG tanker which resulted in
4 deaths, 145 injuries and 14 severely burned injuries. On June 13", 2020, an LPG tanker explosion
occurred in Wenling, China, which resulted in 20 deaths and 175 casualties. The explosion diameter
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was nearly 260 meters which affected the surrounding environment, residential buildings, and vehicles.
It also resulted in a huge economic loss which accounted for CNY 94.77 million [24-29].

III. Sensor application

Liquefied petroleum gas is known to be flammable, and leakage of high concentrations can lead to
accidents. Due to the extensive use of LPG in cooking, lighting fuel, vehicles, heating, the number of
accidents randomly increases annually. The chances of LPG leaking can occur for several reasons such
as loose connections between supplier and receiver or improper handling and storage. As the leak
reaches a certain extent, the BLEVE problem occurs creating a massive explosion leading to undesired
casualties. Consequently, the role of gas sensors has become crucial in detecting leakages. There are
reputable LPG sensors such as MQ-2, MQ-5, MQ-6 and MQ-306. In simple terms, as the gas
molecules reach the sensor’s surficial element, the resistance of the sensor’s element changes and are
transmitted as an electrical signal. The sensor is connected to an alarm that receives this signal which
sounds the alarm to indicate that there is a leakage [30-33].

IV. Transportation fuel

Liquefied petroleum gas used in vehicles is known as Autogas. In 2019, Autogas was consumed by
an amount of 27.2 million tons and accordingly, the production of Autogas vehicles reached nearly 28
million. Many countries have shifted focus towards LPG vehicles. For example, the LPG vehicles are
estimated to be 4.7 million in Turkey, 3.1 million in Poland and 3 million in Russia. It is expected that
the overall Autogas market will increase annually by 2% up till 2025 [34-37].

Naturally, LPG is a gaseous source of fuel that can be liquefied and has its volume reduced 240
times more than when in gaseous state which facilitates storage and transportation. The implementation
of LPG in vehicles has increased and holds the third place after gasoline and diesel as the most utilized
fuel source. If LPG is used alone in an engine, it can give satisfactory results in terms of power due to
its high octane number which allows it to have a large compression air fuel ratio. Despite these merits,
the efficiency of LPG vehicles is low due to its low heating value per unit volume and the internal
pressure in engines is set below the full charging level for safety precautions. By adjusting the air fuel
compression ratio, the efficiency of LPG engines can be optimized as well as the pollutant emissions
[38-40].

Diesel engines are popular for their economic value, high efficiency, long lifespan, and low carbon
emissions. Diesel engines operate with hot compressible air intake and ignition occurs due to high
temperature and pressure releasing notable NOx emissions. The focus has shifted to using other clean
fuel sources to comply with environmental regulations [41-43]. Accordingly, using LPG for dual-fuel
combustion in diesel engines achieves this goal. The high auto ignition temperature and octane number
of LPG prevent it from burning during compression. It also does not dilute quickly, allowing it to be
used for longer periods of time and the absence of sulfur helps to prolong the lifespan of the engine as
well. It vaporizes and quickly mixes with air ensuring thermal efficiency and low PM emissions. Spark
ignition (SI) engines are becoming more dependent on LPG due to their ecofriendly nature such being
nontoxic, noncorrosive and its alike properties to gasoline. In addition, LPG is inexpensive compared
to gasoline, has low carbon/hydrogen ratio, high octane number, excellent thermal efficiency, and no
aromatics. A higher compression ratio up till 15:1 is hereby feasible, and the engine does not burn out
quickly due to the high auto ignition temperature of LPG which prevents knocking [44,45].

V.  Applications

Liquefied petroleum gas is tremendously implemented in a versatility of applications in almost
every sector possible. Power generation is a crucial area where LPG can be efficiently utilized to
replace pollutant fuels such as coal and diesel. For instance, LPG can be used as a ‘connecting’ fuel in
countries with limited access to natural gas such as Greece, Argentina, and India. In other words, if
feasible, LPG plants can be converted to natural gas plants. In addition, LPG can be employed in the
agriculture sector where areas of limited access to high carbon energy sources and technologies can use
the merits of cost effectiveness, less disruption and the ecofriendly compliance offered by LPG. In
2020, the demand for total energy in the agriculture sector in the European union reached 56% by using
petroleum-based fuels. Studies have shown that when converting to LPG heating systems, commercial
businesses like restaurants and hotels can decrease their carbon emissions by 30-40% instead of coal
and by 20% instead of oil. In maritime industry, LPG can lessen the tremendous and harmful emissions
and air pollutants caused by carbon-dense fuels. This also helps in preservation of marine life whereas
oil spillages can be avoided [46-49].

LPG is heavily utilized in cooking and heating applications. The materials used for making cookers
affect their lifespan. Durable stoves can last up to five years unlike cheaply made stoves that corrode
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quickly. LPG stoves are shown to have a better efficiency at 50-60%. Unlike biomass, residential LPG
cylinders can survive for 20 years or longer with regular maintenance. The International Energy
Agency (IEA) states that more than 2.5 billion people use LPG mostly for their cooking in poor
countries and even in countries of great income. It is also expected that over 2.8 billion people will
have implemented LPG as their main means of cooking by 2030 [50-53].

As a potential replacement for LPG, bioLPG is a source of renewable fuels made from organic
materials. It functions like normal LPG in terms of distribution, storage, markets, and in households as
well. It is the same as ordinary LPG chemically. Thus, it could be used in place of LPG in all current
uses, including transportation, cooking, and heating. The first batch of bioLPG was made in Europe a
few years ago, and it is now becoming available in nations including the US, the UK, and the
Netherlands although low-income nations do not currently generate or import bioLPG. Future efforts
are dedicated to expanding the production of bioLPG as a whole new renewable fuel source to be
implemented exactly as LPG like in cooking and transportation [54-57].

VI. Environmental impact

Governments all around the world seek to decarbonize their economies and effectively reduce the
existential crises caused by climate change [58-61]. In 2021, nearly 25 billion BTU of fossil fuels were
produced due to the tremendous usage of fossil fuels which was the main energy source for the U.S
transportation sector alone. On a global level, the transportation sector alone accounts for 37% carbon
dioxide emissions from end-user sectors, more than 20% consumed energy and responsible for 14%
greenhouse gas emissions [58-61].

Domestic cooking heavily relies on fossil fuels, mainly biomass and particularly in rural areas. In
1990, the dependence on pollutant fuels was 50% which decreased to 36% in 2020. The decrease in
using these pollutant fuels is a result of the trials to have cleaner fuels such as LPG, biogas, and
ethanol. In India alone, studies have shown that due to the harmful usage of fossil fuels in domestic
cooking, the air pollution there is about 20-50%. To the account of the World Health Organization
(WHO), almost 3 billion people use fossil fuels and kerosene for cooking which skyrockets the death
rate by 100 times for household air pollution (HAP) which causes 3.8 million premature deaths
annually. These deaths are caused by numerous diseases such as ischemic heart disease (32%), strokes
(23%), lower respiratory infection (21%), chronic obstructive pulmonary disease (19%) and lung
cancer (6%).

Liquefied petroleum gas has distinctive chemical properties that make it in a highly purified
condition without intricate pollutants like sulfur. It is known to be an ecofriendly fuel source as it is
nontoxic and burns cleanly. Traces of nitrogen oxide (NOx) and particulate matter (PM) are produced
from LPG production which is much better when compared to the amounts produced from other fossil
fuels or biomass. An integral key factor is that the sulfur percentage in LPG is very small and there is
almost no PM as well. Studies have shown that compared to heavy fuel oils used as marine fuels, LPG
emits 97% less sulfur oxide (SOx), 20% less NOx, 90% less PM while reducing carbon emissions
barely by 20%. Liquefied petroleum gas can reduce black carbon emissions whereas it helps in the
limitation of global warming [62-65]. It is essentially a fossil fuel, yet it helps in reducing the amount
of respirable particulate matter better than solid fuels like kerosene. Accordingly, the demand for wood
will greatly decrease which helps in mitigating deforestation and preserving the green state of the earth
[66-68].

On a larger scale, ships are responsible for a considerable level of air pollution due to the enormous
hazardous emissions about 2-3% of overall GHG emissions. The International Maritime Organization
(IMO) developed a worldwide strategy that aims to reduce GHG emissions with a minimum of 50%
during 2008-2050. By 2030, shipping’s carbon emissions are expected to decrease by 34% all the way
to a net 100% of zero carbon emissions by 2050. Since LPG is considered an economic and ecofriendly
fuel source, its utilization as a marine fuel can help reduce the levels of air pollution. In South Korea,
the possibility of using LPG can alleviate the negative impacts of using traditional carbon-based fuels
on several accounts. Studies have shown that LPG decreased the annual consumption rate by 7.5-
10.4% and the fuel price by 8.8-25.9% and the SOx, NOx and PM emissions were also cut down by 10-
14% [69-71].

In addition to marine ships, small vessels in Korea have begun to employ LPG in their engines.
Despite their small sizes, small vessels individually do not comply with the IMO regulations yet as a
whole, they represent a large portion of air pollution. All small fishing vessels account for a notable
17.3% GHG emissions in the marine sector. According to the studies of life cycle assessment (LCA)
method done on LPG, 2.2 and 1.2 million tons of GHG emissions were reduced compared to gasoline
and diesel, respectively. BioLPG was also found to reduce GHG emissions by an overall amount of
nearly 8 million tons when replacing both gasoline and diesel in the engines of small boats. Thus, all
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international governments should seek to employ LPG and even bio-LPG as marine fuels based on
ecofriendly and economic regulations to help preserve the environment and reduce the overall
operating costs [72-73].

In a similar vein, the transportation sector contributes heavily to the greenhouse gas emissions
through release of CO, and consequently increasing global warming. In 2015, the Paris agreement was
made to reach a phase where no carbon emissions would occur by 2050. This would require the usage
of vehicles that do not depend on carbon-based fuels by any means. Automobiles alone account for an
egregious 93.8% of road emissions. To alleviate the significant carbon emissions, LPG helps in
achieving this purpose as it is known to reduce NOx emissions by 5-10% and by 50% compared to
diesel and gasoline vehicles respectively. It also helps in reduction CO and CO, emissions by 30% and
15% respectively compared to gasoline vehicles. Many countries have shifted focus on using LPG as
fuel for vehicles. For instance, Poland has 1550 companies that are dedicated to LPG installation
services for vehicles [74, 75].

Furthermore, switching to LPG across multiple sectors helps in achieving the sustainable
development goals (SDGs) at an accelerated rate. From another perspective, LPG can alleviate the
labor time in cooking and gathering of firewood which can impact the human health especially of
women and girls. Therefore, the goal of gender equality can be achieved with the help of LPG
application. Given the low cost and affordability of LPG, the SDG of having an affordable and clean
energy source can also be met by implementation of LPG. Overall, the SDGs that are required to be
achieved by 2030, can be accomplished more effectively and rapidly by utilization of LPG to ensure
successful fulfillment of SDGs such as gender equality, zero hunger, affordable and clean energy, good
health and well-being, climate action, life below water, life on land and responsible consumption and
production [76, 77].

2. METHODOLOGY

This study first offered a thorough background about LPG and several aspects covering its pivotal
role in several sectors such as its versatile applications, ecofriendly properties, economic value, and
environmental impact. A given LPG plant flowsheet was explained and simulated using Aspen HYSYS
12.0. Manual calculations were also made and compared to those of HYSYS while offering possible
reasons on why deviations occurred. HAZOP study and equipment spacing were carried out followed
by a conclusion summarizing the findings of this study and future recommendations. The process
identification is shown in scheme 1.

Research Methodology

l

Process description

A 4

| Calculations
I

\ 4 4
Manual calculations | | HYSYS calculations

L 4
Validation

l

HAZOP study

Equipment spacing

l

Conclusion

Scheme 1: The flowchart of the process identification
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3. PROCESS DESCRIPTION

Feed gas, consisting of carbon dioxide, methane, ethane, propane, i-butane, n-butane, i-pentane, and
n-pentane, enters the first heat exchanger from the tube at 2209 kg/h, temperature 27.41°C and pressure
1961 kPa. The feed goes out from the heat exchanger at different conditions and enters the three-phase
separator. It helps in the initial separation of the feed gas into liquid and gas phases before entering the
depropanizer. It also reduces the heating load from the reboiler in the depropanizer. The hydrocarbons
are then collected at the bottom of the three-phase separator due to high density.

There are two streams that will enter the 35-trayed depropanizer from two different trays which are
the 7" and 14™ giving two streams which are the light products and heavy products streams. The light
products stream includes all the ethane that entered the tower within the feed, some propane, and a
small percentage of iso-butane. That stream returns to the heat exchanger alongside the feed stream.The
heavy products stream includes two components which are the rest of the propane in the column and all
the products that are heavier than propane. The amount of the butane in the overhead stream must be
controlled because butane can be considered as LPG to avoid the loss of butane. Liquefied petroleum
gas quantity is regulated by controlling the flow of the reflux and the temperature at the bottom of the
column. The bottom stream of the depropanizer goes to the 30-trayed debutanizer at the 10™ tray. There
are also two streams with light and heavy products. The light products stream has four components
which are propane, butane, iso-butane in the tower and a few amounts of iso-pentane. The heavy
products stream has all the products that are heavier than butane.

The amount of iso-butane must be controlled because the excess will waste the LPG product and it
can be controlled by adjusting the flow of the reflux and the temperature at the bottom of the tower.
The liquefied petroleum gas can be stored in three ways to the sales gas, LPG storage and condensate
tank. The flowsheet of the whole process is illustrated in Figure (1).

Feed gas » Sales gas
» Hot oil
Three pha : .
More dense ©¢ phase De-propanizer  De-butanizer
separator
Heat exchanger
’ /\/ To TVR
gystem U002
L‘ Toe TVR
= : LPG product
}f . system U01 to storage
Air cooler s
Condensate to
storage To pump To pump
LPG tank

Condensate tank

Figure 1: Process flow diagram for LPG production
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4. SIMULATION

Figure 2 and 3 demonstrate the whole flow sheet and heat exchanger & separators of the process
that was simulated by using Aspen HYSYS respectively.
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more  DePropanizer ller LPG -
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Heated
Condensate -
to storage To
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1

Figure 2: HYSYS process flow sheet
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Heat dense
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Figure 3: Heat exchanger & separator
The feed of the process contained mainly methane, ethane, propane, and iso-butane. The highest
mole concentration is propane while C6+ was not found in the feed as listed in table 2.

Table 2: Feed compositions

Male Fractions Vapour Phase Liquid Phase
Nitrogen 0.0000 0.0000 0.0000
co2 0.0268 0.0369 0.0095
Methane 0.2735 0.4020 0.0538
Ethane 0.1779 0.2121 0.1194
Propane 0.3104 0.2512 0.4115
i-Butane 0.1141 0.0590 0.2082
n-Butane 0.0856 0.0362 0.1700
i-Pentane 0.0067 0.0015 0.0155
n-Pentane 0.0050 0.0009 0.0119
Co+* 0.0000 0.0000 0.0000
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The feed that entered heater exchanger 1 through the tube side had the following conditions as shown

in table 3.

Table 3: Feed conditions

Stream Mame

Vapour / Phase Fraction
Temperature [C]

Pressure [kPa]

Molar Flow [kgmole/h]

Mass Flow [kg,/h]

Std Ideal Lig Vol Flow [m3/h]
Molar Enthalpy [kJ/kgmole]
Molar Entropy [k/kgmole-C]
Heat Flow [kl/h]

Fluid Package

Utility Type

Lig Vol Flow @5td Cond [m3/h]

Feed gas
0.6309

27.41

1961

59.60

2209

4757
-1.130e+005
140.0
-6.735e+006
5.121
Basis-1

Vapour Phase

0.6309
27.41
1961
37.60
1175
2.757

-1.027e+005

162.0

-3.861e+006

701.0

Liquid Phase
0.3691

27.41

1961

22.00

1034

2.001
-1.306e+005
102.3
-2.873e+006
1975

The feed temperature decreased from 27° C to 24° C before it entered the separator as shown in figure
4. The three-phase separator was used for two purposes; it separated C; and C, from other components
in gaseous phase from the vapor stream and ensured the absence of any traces of heavy components.
Since the crude oil used in the process was refined, there were almost no heavy components and the
flow rate of the more dense stream was almost zero as listed in table 4 and table 5.

Table 4: Separator streams compositions

https://ijisd.journals.ekb.eg/

Cooled liquid Vapor mare dense
Nitrogen 0.0000 0.0000 0.0000 0.0000
co2 0.0268 0.0100 0.0382 0.0100
Methane 0.2735 0.0561 0.4209 0.0561
Ethane 0.1779 0.1245 0.2141 0.1245
Propane 0.2104 0.4155 0.2392 0.4155
i-Butane 0.1141 0.2036 0.0534 0.2036
n-Butane 0.0856 0.1644 0.0322 0.1644
i-Pentane 0.0067 0.0146 0.0013 0.0146
n-Pentane 0.0050 0.0112 0.0008 0.0112
Co+* 0.0000 0.0000 0.0000 0.0000
Table 5: Separator conditions
Name Cooled liquid Vapor more dense
Vapour 0.5960 0.0000 1.0000 0.0000
Temperature [C] 24.00 24.00 24.00 24.00
Pressure [kPa] 1932 1932 1932 1932
Molar Flow [kgmole/h] 549.60 24.08 35.52 3.123e-015
Mass Flow [kg/h] 2209 1124 1085 1.457e-013
Std Ideal Lig Vol Flow [m3/h] 4757 2.183 2.574 2.831e-016
Molar Enthalpy [kJ/kgmole] -1.137e+005 -1.306e+005 -1.023e+005 -1.306e+005
Molar Entropy [k/kgmole-C] 137.8 101.5 162.0 101.5
Heat Flow [kJ/h] -6.779+006 -3.144e+006 -3.635e+006 -4.077e-010
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Figure 4: Depropanizer

The three-phase separator was also used to reduce the heating load on the reboiler in the
depropanizer. The vapor and liquid streams entered the depropanizer from different sections, the vapor
was entered from a lower tray than the liquid so that it could separate any traces of C; and C, from the
liquid. The gases were withdrawn from the top section of the column while liquids were withdrawn

from the bottom section. The connections for the depropanizer are shown in figure 5.
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Figure S: Depropanizer connections
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The gases withdrawn from the top section entered the condenser, since the condenser was a reflux
condenser, the condensates were refluxed to the depropanizer r with reflux ratio 1.5 . The gases left the
condenser and entered the heat exchanger from the shell side to increase the temperature of the gases

which are later used as sales gas as shown in table 6.

The bottoms of the depropanizer that entered the debutanizer are mainly propane and butane and
traces of pentanes. The debutanizer separated propane and butane from pentanes where the propane and
butane left from the top section after being condensed and then entered heat exchanger 2 from the shell
side where they were cooled down before they entered the LPG storage tank. The connections of the

debutanizer are shown in figure 6 and figure 7.

Table 6: Overhead compositions

Male Fractions Vapour Phase
Nitrogen 0.0000 0.0000
Co2 0.0488 0.0438
Methane 0.4931 0.49281
Ethane 0.3240 0.3240
Propane 0.1290 0.1290
i-Butane 0.0001 0.0001
n-Butane 0.0000 0.0000
i-Pentane 0.0000 0.0000
n-Pentane (0.0000 0.0000
Co+* 0.0000 0.0000
= —
= | — Sales gas
1 Top
| |condnser
- Heat
exchanger
2
= LPG
rebller=_' storage
Bot prod

DeButanizer

—h

Figure 6: Debutanizer
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Figure 7: Debutanizer connections

The top stream that left the debutanizer contained propane, butane, traces of pentane as shown in

table 7.
Table 7: Top stream compositions
Maole Fractions Liquid Phase
Nitrogen 0.0000 0.0000
Cco2 0.0000 0.0000
Methane 0.0000 0.0000
Ethane 0.0000 0.0000
Propane 0.5454 0.5454
I-Butane 0.2597 0.2597
n-Butane 0.1947 0.1947
i-Pentane 0.0002 0.0002
n-Pentane 0.0000 0.0000
Co+* 0.0000 0.0000

The liquefied petroleum gas (LPG) was stored at 900 psi so that the LPG is maintained in a liquid
state at temperature 30-35° C as shown in figure 8. The gas that entered from the tube side was heated

and left as sales gases to be used separately as shown in table 8 and table 9.
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Figure 8: Heat exchanger & storage tanks
Table 8: Heat exchanger 2 conditions
MName Heated Sales gas Top LPG storage
Vapour 1.0000 1.0000 0.0000 0.0000
Temperature [C] 9.000 41.00 48.38 33.87
Pressure [kPa] 1608 1579 1128 900.0
Molar Flow [kgmole/h] 3272 32,72 26.18 26.18
Mass Flow [kg/h] 836.9 836.9 1321 1321
Std Ideal Lig Vol Flow [m3/h] 2.223 2.223 2454 2454
Molar Enthalpy [kJ/kgmole] -0.885e+004 -9.723e+004 -1.312e+005 -1.333e+005
Molar Entropy [k)/kgmole-C] 166.1 1717 99.25 92.85
Heat Flow [kJ/h] -3.235e+006 -3.182e+006 -3.435e+006 -3.488e+006
Table 9: LPG Storage tank conditions
Name LPG storage To pump To TVR
Vapour 0.0000 0.0000 1.0000
Temperature [C] 33.87 33.87 33.87
Pressure [kPa] 900.0 800.0 900.0
Molar Flow [kgmole/h] 26.18 26.18 0.0000
Mass Flow [ka/h] 1321 1321 0.0000
Std Ideal Lig Vol Flow [m3/h] 2454 2.454 0.0000
Molar Enthalpy [kl/kgmole] -1.232e+005 -1.333e+005 -1.114e+005
Molar Entropy [k/kgmole-C] §92.85 892.85 146.2
Heat Flow [kJ/h] -3.488e+006 -2.488e+006 -0.0000

The bottom products of the debutanizer were mainly pentanes, the stream was cooled using an air cooler
before it entered the condensate storage tank where it was stored at temperature below 50° C as shown in
table 10.
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Table 10: Condensate storage tank conditions

Name Condensate to st Topump1 To TVR system
Vapour 0.0000 0.0000 1.0000
Temperature [C] 45.00 A45.00 45,00
Pressure [kPa] 160.7 160.7 160.7
Molar Flow [kgmole/h] 0.6978 0.6978 0.0000
Mass Flow [ka/h] 50.27 50.27 0.0000
Std Ideal Lig Vol Flow [m3/h] 8.032e-002 8.032e-002 0.0000
Molar Enthalpy [kJ/kgmole] -1.733e+005 -1.7332+005 -1.490e+005
Molar Entropy [kl/kgmole-C] 70.07 70.07 144.4
Heat Flow [kJ/h] -1.209e+005 -1.20%9e+005 0.0000

5. MASS BALANCE
The calculations of the overall mass balance and component mass balance are represented by equations
(1) and (2)
Overall mass balance: ¥ Moles of the entering feed = X Moles of the exiting feed (1)
Component mass balance: X [mole fraction of the component *
molar flow rate of the stream] entering = X [mole fraction of the component *
molar flow rate of the stream] exiting 2)

I. Heat exchanger 1
The calculations of the overall mass balance of the heat exchanger are given in equation (3) and the
heat exchanger 1 HYSY'S simulation is shown in Figure (9)
The molar flow of the tube side in = molar flow of the tube side out,

The molar flow of the shell in side = molar flow of the shell out side (3) 3)

e Feed gas stream = cooled stream

e  Overhead stream = Heated stream

e  Molar flow rate of the feed gas stream = 59.6 kgmole/h,

e Cooled stream = 59.6 kg mole/h
The compositions of the feed gas stream = compositions of the cooled stream

II. Three-phase separator

The calculations of overall mass balance and component mass balance of the separator are given in
equations (4) and (5) by using the given data of the feed stream which is represented in Table 11 & the
separator HYSY'S simulation as shown in Figure (9)

Cooled stream = Vapor stream + Liquid stream + more dense stream 4

From the HYSYS simulation, it was determined that the separator has efficiency = 60% liquid
separation from vapor.

The molar flow rate entering the separator = 59.6 Kgmole/h ¥*60% = 35.7 Kgmole/h liquid; 59.6 - 35.7
= 23.9Kgmole/h vapor

From HYSYS, the dense stream = 0 Kgmole/h

Vapor
Feed — ——
gas arator liguid

C led
—
more
Heat dense
exchanger
1
Heated

Figure 9: Heat exchanger 1 & separator
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Table 10: Feed gas stream compositions

Component mole fraction Feed gas
Nitrogen 0
Carbon Dioxide 0.0268

Methane 0.2735

Ethane 0.1779
Propane 0.3104
i-Butane 0.1141
n-Butane 0.0856
i-Pentane 0.0067
n-Pentane 0.005
C6+* 0

Since the compositions were only defined in the feed stream, the feed stream was considered to
comprise propane, butane, and other components. The liquid stream compositions were calculated and
assumed based on the separation efficiency:

Propane mole fraction in liquid stream = 0.4

Butane mole fraction in liquid stream = 0.2

Other components mole fraction = 0.4

Component mass balance

[Component mole fraction * feed molar flow rate] =

[component mole fraction in liquid stream * liquid molar flow rate] +
[component mole fraction in vapor stream * vapor molar flow rate] (5)
The components are propane, butane and the other components.

Propane: [propane mole fraction] * [feed molar flow rate] = [propane mole fraction in liquid
stream*liquid molar flow rate] + [propane mole fraction in vapor stream * vapor molar flow rate]
59.6*%0.3 = 35.7*0.4 + 23.9 * propane mole fraction in vapor stream

propane mole fraction in vapor stream = 0.15

Butane: [Butane mole fraction] * [feed molar flow rate] = [Butane mole fraction in liquid stream *
liquid molar flow rate] + [ Butane mole fraction in vapor stream * vapor molar flow rate]

59.6*%0.2 = 35.7*%0.2 + 23.9 * butane mole fraction in vapor stream, butane mole fraction in vapor
stream = 0.2

Other components: [other components mole fraction] * [feed molar flow rate] = [other components
mole fraction in liquid stream * liquid molar flow rate] + [other components mole fraction in vapor
stream * vapor molar flow rate]

(59.6%0.5) = (35.7*%0.4) + (23.9*other components mole fraction in vapor stream), other components
mole fraction in vapor stream = 0.65

I11. Depropanizer
Since the depropanizer efficiency depends on the amount of propane separated from the entering
mixture, the HYSY'S results showed an efficiency percentage = 45%
The molar flow rate of the stream entering (59.6 kg mole/h) * efficiency [45%] = bottoms molar flow
rate [26.8 kg mole/h]
Overhead stream = [molar flow rate of entering stream (59.6) — bottoms molar flow rate (26.8) = 32.7
kg mole/h, also consider that the other components separated from the propane and butane mixture as
the overhead stream ~ 0.9 [mole fraction] and has only few traces in the bottom stream.
For the overhead stream: Other components mole fraction = 0.99, in the bottoms = 0.01
Propane and butane mole fraction =~ 0

Component mass balance
The component mass balance of depropanizer was calculated by equation (6) and the depropanizer
HYSYS simulation is shown in Figure (10).
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[Vapor molar flow rate * component mole fraction in vapor]| + [liquid molar flowrate
* component mole fraction in liquid]

= [Overhead mole flow rate * component mole fraction in overhead ]

+ [Bottoms molar flow rate

* component mole fraction in bottoms] (6)

Propane: [Vapor molar flow rate * propane mole fraction in vapor] + [liquid molar flowrate * propane
mole fraction in liquid] = [Overhead mole flow rate*propane mole fraction in overhead] + [Bottoms
molar flow rate*propane mole fraction in bottoms]

(23.9 * 0.15) + (35.7 * 0.4) = (32.7 * 0) + (26.9 * propane mole fraction in bottoms); propane mole
fraction in bottoms = 0.61

Butane: [Vapor molar flow rate*butane mole fraction in vapor] + [liquid molar flowrate * butane mole
fraction in liquid] = [Overhead mole flow rate * butane mole fraction in overhead] + [Bottoms molar
flow rate * butane mole fraction in bottoms]

(23.9 *0.2) + (35.7 * 0.2) = (32.7 * 0.01) + (26.9 * butane mole fraction in bottoms); butane mole
fraction in bottoms = 0.38

N
rerhead
- —
Clc
Vapor
—l—_p_
r liguid .
i ir
DeFPropanizer | .
Bottoms

Figure 10: Depropanizer

IV. Debutanizer & heat exchanger 2

The heat exchanger 2 and depropanizer entering and exiting streams were demonstrated from the
HYSYS simulation represented in Figure (V).

Feed entering Debutanizer = bottoms stream of depropanizer = 26.9 kg mole/h [molar flow rate]
HYSYS results showed that the debutanizer distillation column separated 97% between any other
components and butane and propane [LPG]; 26.9 * 97% = 26.1 kg mole/h [Top stream], and the
remaining = 0.8 [bottom product stream] kgmole/h

In the debutanizer, the mixture of butane and propane are separated completely with very small traces
of the other components: Butane and propane mixture [LPG] mole fractions = 0.55 and 0.45 based on
the HYSYS simulation.

_ —
= T Sales gas
—_— lop
| |condnser
— ] Heat
exchanger
2

LPG
storage

it
rebiler

Bot prod
DeButanizer

t—

( SRS

Figure 11: Debutanizer & heat exchanger 2
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For the heat exchanger 2: Top stream = LPG storage stream and shell out stream from the first heat
exchanger = sales gas stream. The rest of the equipment are storage tanks so no further mass balance
was applied. After applying the equations of the mass balance for each equipment. Table 12 and Table
13 were provided to show the calculated results. The molar flow rate of each stream and their
components mole fraction are listed in Tables 12 and 13 respectively.

Table 11: Streams molar flow rates

Z % = = - = = z -g L g

£ © | 2 | 2 | g | 5 |ggl 2 S gl a|lpy @

o = e < = = S 5 [ £ N Ay = o]

= g S = > S | == 2 ) =l gl =8| =5

n = e ~ s 2|«
Flow rate | 59 | 596 | 327 | 239 | 357 | =0 | 327 | 268 |26.1|08 | 261 |327
(kgmol/h)

Table 12: Component mole fractions

: = g = = Bt = L Y g E -g gn g
e S| 2| 2| £ | 2| E|5E £ | £ |&| B |2¢F| ¢
cES2 | 8| S| 2| 5| 22 2 2|5l 2z |"g]| 3
»n O E & = © = o A A 2| @
Propane 031 ] 0.31 =0 [015] 04 0 =0 0.61 |0.6 0 0.55 | =0
Butane 02 | 0.2 =0 02 | 02 0 =0 038 |05 0 045 | =0
Other 0.5 0.5 099 | 0.65 | 04 0 0.99 0.01 0 | 0.99=1 0 0.99
components

6. ENERGY BALANCE

All energy balance calculations for each type of equipment were performed in this section.
I. Heat capacity calculations
The calculations of the heat capacity of a mixture (cp;x) were performed using equations (7,8,9). The

necessary thermodynamic constants for each component in this case were obtained from (Coulson &
Richardson's Chemical Engineering. Vol. 6, Chemical Engineering Design, 4th Ed), as listed in Table

14,
cpml-x=2Ai+ZBiT+ZCiT2+ZDiT3 7

T (K), cpmix (kJ/kgmol-K)

To
Q= n'f cpdt ®)
T

i

To 5 3 (9)
Ti

n’ (kgmol/h)
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Table 13: Thermodynamic constants of heat capacity (cpumiy)
Component A B C D
N, 3.12E+01 -1.36E-02 2.68E-05 -1.17E-08
CO, 1.98E+01 7.34E-02 -5.60E-05 1.72E-08
Methane 1.93E+01 5.21E-02 1.20E-05 -1.13E-08
Ethane 5.41E+00 1.78E-01 -6.94E-05 8.71E-09
Propane -4.22E+00 3.06E-01 -1.59E-04 3.21E-08
I-butane -1.39E+00 3.85E-01 -1.85E-04 2.90E-08
n-butane 9.49E+00 3.31E-01 -1.11E-04 -2.82E-09
I-pentane -9.53E+00 5.07E-01 -2.73E-04 5.72E-08
n-pentane -3.63E+00 4.87E-01 -2.58E-04 5.30E-08

II. Overhead gases-feed gas heat exchanger
Shell and tube heat exchanger was utilized to heat the overhead gases (251.08 K) produced by
depropanizer and to cool down the feed gases (300.41 K), thereby facilitating the separation of liquids
(40.40% of the feed gases) from gases in the three-phase separator, as shown in Figure 9.
The calculations aimed to determine the heat capacity value (cpnx) for the overhead gases stream
(32.72 kgmol/h), which was fed to the shell side of the heat exchanger (overhead gases-feed gas). This
stream was primarily composed of methane (49.81%), ethane (32.40%), and propane (12.90%), as listed

in Table 15.
Table 14: Heat capacity (cpu;,) calculations for shell side

Component Composition (y;) Ayi Byi Cyi Dyi
N2 0.00E+00 0.00E+00 0.00E+00 | 0.00E+00 0.00E+00
Co2 4.88E-02 9.66E-01 3.58E-03 -2.73E-06 8.37E-10
Methane 4.98E-01 9.59E+00 2.60E-02 5.96E-06 -5.64E-09
Ethane 3.24E-01 1.75E+00 5.77E-02 | -2.25E-05 2.82E-09
Propane 1.29E-01 -5.45E-01 3.95E-02 | -2.05E-05 4.15E-09
I-butane 7.50E-05 -1.04E-04 2.88E-05 | -1.38E-08 2.17E-12
n-butane 5.16E-06 4.89E-05 1.71E-06 | -5.71E-10 -1.45E-14
I-pentane 7.58E-10 -7.22E-09 3.84E-10 | -2.07E-13 4.34E-17
n-pentane 8.11E-11 -2.94E-10 3.95E-11 -2.09E-14 4.30E-18
Total 1.00E+00 1.18E+01 1.27E-01 -3.97E-05 2.17E-09

The calculated and provided specifications for the shell and the tube sides of the heat exchanger
(overhead gases-feed gas), including the property of interest (the inlet temperature of overhead gases),
determined to be 251.08 K, are listed in Table 16.

Table 15: Energy balance results of (overhead gases-feed gas) heat exchanger

Shell side
Specifications Overhead (Inlet) Heated (Outlet)
Temperature (K) 251.08 (Calculated) 282.00
Molar flow (n.) (kgmol/h) 32.72 32.72
Molar enthalpy (kJ/kgmol) 1322.64
Heat gained (Q) (kJ/h) 43281.35
Tube side
Specifications Feed gas Cooled
Molar flow (n) (kgmol/h) 59.60 59.60
Temperature (K) 300.41 297.00
Molar enthalpy at saturated liquid (h;)(kJ/kgmol) -126947.02
Molar enthalpy at saturated vapour (h,)(kJ/kgmol) -106139.08
Molar enthalpy difference between saturated vapour and
saturated liquid (kJ/kgmol) 20807.94
(hyy =hy, — hy) (10)
Inlet and outlet molar enthalpies (kJ/kgmol) -113819.29 -114545.49
Heat lost =n' X (Ryye + Ringer) (kJ/h) 43281.35
60
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ITI. Top-heated heat exchanger

The shell and tube heat exchanger was employed to cool down the LPG (26.19 kgmol/h) produced
from the top of the debutanizer to the storage temperature (306.89 K). Additionally, it played a role in
further heating the overhead gases of the depropanizer, initially heated by the feed gases, to attain the
necessary temperature for sales gases (318.53 K), as shown in Figure 11.

The calculation results for the heat capacity (cp nix) of the heated stream, primarily composed of
methane (49.81%) and ethane (32.40%), fed to the tube side of heat exchanger (Top-Heated), are listed

2682-3993
2682-4000

in Table 17.
Table 16: Heat capacity (cpmix) calculations for tube side
Component Composition (y;) Ayi Byi Cyi Dyi
N2 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CO2 4.88E-02 9.66E-01 3.58E-03 -2.73E-06 8.37E-10
Methane 4.98E-01 9.59E+00 2.60E-02 5.96E-06 -5.64E-09
Ethane 3.24E-01 1.75E+00 5.77E-02 -2.25E-05 2.82E-09
Propane 1.29E-01 -5.45E-01 3.95E-02 -2.05E-05 4.15E-09
I-butane 7.50E-05 -1.04E-04 2.88E-05 -1.38E-08 2.17E-12
n-butane 5.16E-06 4.89E-05 1.71E-06 -5.71E-10 -1.45E-14
I-pentane 7.58E-10 -7.22E-09 3.84E-10 -2.07E-13 4.34E-17
n-pentane 8.11E-11 -2.94E-10 3.95E-11 -2.09E-14 4.30E-18
Total 1.00E+00 1.18E+01 1.27E-01 -3.97E-05 2.17E-09

The summary of both calculated and provided specifications for the shell and tube sides of the heat
exchanger (Top-Heated), including the calculated sales gas temperature (318.53 K), is tabulated Table

18.

Table 17: Energy balance results of heat exchanger 2

Shell side
Specifications Top (inlet) LPG storage (outlet)
Temperature (K) 321.39 306.89
Molar flow (n’) (kgmol/h) 26.19 26.19
Molar heat capacity (cpniy) (kJ/kgmol. K) 145.78
Heat lost (Q) (kJ/h) 55361.17

Tube side
Specifications Heated (inlet) Sales gas (outlet)
Temperature (K) 282.00 318.53 (Calculated)
Molar flow (n’) (kgmol/h) 32.72 32.72

Molar enthalpy (kJ/kgmol)

1691.78

Heat gained (Q) (kJ/h)

55361.17

IV. Depropanizer column
The depropanizer column was employed to separate propane from the vapor phase (35.52 kgmol/h)
and the liquid phase (24.08 kgmol/h) which were separated in the three-phase separator during the
separation of feed gases (31% propane), as demonstrated in Figure 10.
The calculations for the heat capacity (cp mix), used to determine the sensible heat duty for the partial
condenser of the depropanizer column, are listed in Table 19.

Table 18: The heat capacity (cpiy) calculations for condenser

Component Composition (y;) Ayi Byi Cyi Dyi
N2 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CO2 3.13E-02 6.20E-01 2.30E-03 -1.75E-06 5.37E-10
Methane 2.47E-01 4.75E+00 1.29E-02 2.95E-06 -2.79E-09
Ethane 3.36E-01 1.82E+00 5.99E-02 -2.33E-05 2.93E-09
Propane 3.85E-01 -1.63E+00 1.18E-01 -6.11E-05 1.24E-08
I-butane 5.51E-04 -7.66E-04 2.12E-04 -1.02E-07 1.59E-11
n-butane 5.49E-05 5.21E-04 1.82E-05 -6.08E-09 -1.55E-13
I-pentane 2.09E-08 -1.99E-07 1.06E-08 -5.70E-12 1.19E-15
n-pentane 3.11E-09 -1.13E-08 1.51E-09 -8.02E-13 1.65E-16
Total 1.00E+00 5.56E+00 1.93E-01 -8.33E-05 1.31E-08
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The latent heat calculations for each component in the inlet stream, mainly composed of methane
(24.7%), ethane (33.6%), and propane (38.5%), to the partial condenser, are listed in Table 20.

Table 19: Calculations of latent heat for condenser feed mixture (4,,;5)

Component Composition (y;) A (kJ/kgmol) yiAdi(kJ/kgmol)
N2 0.00E+00 5.58E+03 0.00E+00
CcOo2 3.13E-02 1.72E+04 5.37E+02
Methane 2.47E-01 8.19E+03 2.02E+03
Ethane 3.36E-01 1.47E+04 4.95E+03
Propane 3.85E-01 1.88E+04 7.24E+03
I-butane 5.51E-04 2.13E+04 1.17E+01
n-butane 5.49E-05 2.24E+04 1.23E+00
2.09E-08 2.47E+04 5.16E-04
I-pentane
n-pentane 3.11E-09 2.58E+04 8.01E-05
Total 1.00E+00 - 1.48E+04
Condenser lost heat
(Qcona) (KJ/h) 7.24E+05

The calculations for the heat capacity (cpmix) used to determine the sensible heat for the reboiler of the
depropanizer column, are tabulated in Table 21.

Table 20: Heat capacity (cp.iy) calculations for reboiler

Component Composition (y;) Ayi Byi Cyi Dyi
N2 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CO2 3.06E-14 6.05E-13 2.25E-15 -1.71E-18 5.25E-22
Methane 1.29E-17 2.47E-16 6.70E-19 1.54E-22 -1.45E-25
Ethane 3.16E-07 1.71E-06 5.63E-08 -2.19E-11 2.76E-15
Propane 6.41E-01 -2.71E+00 1.96E-01 -1.02E-04 2.06E-08
I-butane 2.07E-01 -2.88E-01 7.97E-02 -3.83E-05 6.00E-09
n-butane 1.38E-01 1.31E+00 4.58E-02 -1.53E-05 -3.90E-10
I-pentane 8.13E-03 -7.75E-02 4.12E-03 -2.22E-06 4.66E-10
n-pentane 5.70E-03 -2.07E-02 2.78E-03 -1.47E-06 3.02E-10
Total 1.00E+00 -1.78E+00 3.29E-01 -1.59E-04 2.70E-08

The overall energy balance results for the partial condenser of the depropanizer, including the
condenser duty (857173.96 kJ/h) obtained using data from HYSYS, are listed in Table 22.

Table 21: Energy balance results of condenser using data from ASPEN-HYSYS

Partial condenser

Sensible heat part

Specifications Inlet to condenser Reflux Overhead
Temperature (K) 287.17 256.00 256.00
Molar flow (n°) (kgmol/h) 81.81
Heat lost (Q) (kJ/h) 132994.99

Latent heat of condensation

Specifications Inlet to condenser Reflux Overhead
Molar flow (n°) (kgmol/h) 81.81 49.08 32.73
Temperature (K) 256.00 256.00 256.00
Latent heat lost by condenser (Qcond) (kJ/h) 724178.97
= Reflux X A,y
Total heat lost by condenser (Qcond) (kJ/h) 857173.96 (Calculated)
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The results of the energy balance performed for the reboiler of the depropanizer column, including the
total reboiler duty (872177.14 kJ/h), are tabulated in Table 23.

Table 22: Energy balance results for reboiler using some data from HYSYS

Reboiler

Sensible heat part

Specifications To reboiler Boilup Bottoms
Temperature (K) 338.63 344.02 344.02
Molar flow (n’) (kgmol/h) 86.09
Heat gained (Q) (kJ/h) 43136.30

Latent heat of reboiler

Specifications To reboiler Boilup Bottoms
Molar flow (n’) (kgmol/h) 86.09 59.22 26.87
Temperature (K) 344.02 344.02 344.02
Molar enthalpy at saturated liquid (h,)(kJ/kgmol) -126100.00
Molar enthalpy at saturated vapour (h,)(kJ/kgmol) -112100.00
Molar enthalpy difference between saturated vapour and 14000.00
saturated liquid was calculated by equation (10) (kJ/kgmol)

Latent heat gained =n" X h,,; (kJ/h) 829040.83
Total heat gained by reboiler (Q) (kJ/h) 872177.14 (Calculated)

V. Debutanizer column

In the debutanizer column, the bottom stream (25.29% i-butanes and 18.98% n-butane) from the
depropanizer was fed to separate the butanes to produce a more purified LPG in the top stream (26.18
kgmol/h), as explained in Figure 11.

The calculations for the heat capacity (cp i) of the inlet vapor stream (45.50% butanes) from the
top of the column into the total condenser were performed to determine the required sensible heat, as
tabulated in Table 24.

Table 23: Heat capacity (cpumiy) calculations for condenser

Component Composition (y;) Ayi Byi Cyi Dyi
N2 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
C0O2 8.12E-15 1.61E-13 5.96E-16 -4.55E-19 1.39E-22
Methane 2.30E-18 4.43E-17 1.20E-19 2.75E-23 -2.60E-26
Ethane 1.44E-07 7.80E-07 2.57E-08 -1.00E-11 1.26E-15
Propane 5.45E-01 -2.30E+00 1.67E-01 -8.65E-05 1.75E-08
I-butane 2.60E-01 -3.61E-01 9.99E-02 -4.79E-05 7.52E-09
n-butane 1.95E-01 1.85E+00 6.45E-02 -2.16E-05 -5.50E-10
I-pentane 2.94E-04 -2.80E-03 1.49E-04 -8.03E-08 1.68E-11
n-pentane 2.74E-05 -9.92E-05 1.33E-05 -7.06E-09 1.45E-12
Total 1 -0.818973817 3.32E-01 -1.56E-04 2.45E-08

The overall energy balance results for the total condenser and the reboiler of the debutanizer column
are presented in Table 25.
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Table 24: Energy balance results of condenser & reboiler with HYSYS data

Total Condenser

Sensible Heat Part

Specifications c;:(lieetnts(zer Reflux Top
Temperature (K) 330.62 321.39 321.39
Molar flow (n’) (kgmol/h) 52.37 26.19 26.18
Heat lost (Q) (kJ/h) 44246.20

Latent heat of condensation

Specifications c;:(lieetnts(zer Reflux Top
Molar flow (n’) (kgmol/h) 52.37 26.19 26.18
Temperature (K) 321.39 321.39 321.39
Molar enthalpy at saturated liquid (h;)(kJ/kgmol) -131300.00

Molar enthalpy at saturated vapour (h,)(kJ/kgmol) -115100.00

Molar en‘.tha!py difference bptween saturated vapour and 16200.00

saturated liquid, based on equation (10) (kJ/kgmol)
Latent heat lost =n' X h,,; (kJ/h) 848394.00
Total heat lost by condenser (Qcond) (kJ/h) 892640.20 (Calculated)

Reboiler

Specifications To reboiler Boilup Bot prod
Molar flow (n’) (kgmol/h) 44.01 4332 0.69
Temperature (K) 401.5 401.5 401.5
Molar enthalpy at saturated liquid (h;)(kJ/kgmol) -157430.29
Molar enthalpy at saturated vapour (h,)(kJ/kgmol) -140200.00
Molar enthalpy difference between saturated vapour and
saturated liquid was calculated by wusing equation (10)
(kJ/kgmol) 17230.29
Heat gained by reboiler (Qreb) (kJ/h) 746416.30 (Calculated)

VI. Air cooler

The air cooler was used to lower the temperature of the debutanizer’s bottom stream (401.47 K),
primarily composed of pentanes (i-pentane and n-pentane), to the required storage temperature (318 K),
as demonstrated in Figure 12.

g AC-100

Btom Prod

e —
Condensate to storage
Figure 12: Air cooler to cool debutanizer btom stream to storage temperature
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The calculations for the heat capacity (cpumix) of the debutanizer’s bottom stream (99.95% pentanes),

which was cooled by the air cooler, are listed in Table 26.

Table 25: Heat capacity (cpuiy) calculations for air cooler

Component Composition (y;) Ayi Byi Cyi Dyi
N2 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
CcO2 9.90E-31 1.96E-29 7.27E-32 -5.54E-35 1.70E-38
Methane 9.84E-31 1.89E-29 5.13E-32 1.18E-35 -1.11E-38
Eth 5.25E-24 2.84E-23 9.35E-25 -3.64E-28 4.57E-32

ane

Propane 1.35E-10 -5.72E-10 4.15E-11 -2.15E-14 4.35E-18
I-butane 9.73E-06 -1.35E-05 3.75E-06 -1.80E-09 2.82E-13
n-butane 5.14E-04 4.88E-03 1.70E-04 -5.70E-08 -1.45E-12
I-pentane 5.68E-01 -5.41E+00 2.88E-01 -1.55E-04 3.25E-08
n-pentane 4.31E-01 -1.56E+00 2.10E-01 -1.11E-04 2.29E-08
Total 1.00E+00 -6.97E+00 4.98E-01 -2.66E-04 5.54E-08

The energy balance results for the air cooler, including its duty (8068.10 kJ/h) and volumetric flow
of air (3.60E+05 m’/h), are listed in Table 27.

Table 26: Energy balance results of air cooler

Air Cooler
Bot Prod (inlet) Condensate to Storage (outlet)
Temperature (K) 401.47 318.00
Molar flow (n°) (kgmol/h) 0.69 0.69

Heat lost (Q) (kJ/h)

8068.10 (Calculated)

Volumetric air flow (m*/h)

3.60E+05

VII.Simulation results vs manual calculations
The validation of the manual calculation by comparing them with HYSYS computational results for

several pieces of equipment is discussed in this section.

There was a slight difference between the manually calculated value of the duty of the heat exchanger
(overhead gases-feed gas), and that was calculated by HYSY'S, as shown in Figure 13.

5100000

48000.00

4500000

Duty Q (KJ/h)

42000.00

3200000

Figure 13: Error in calculations for (overhead-feed gas) heat exchanger duty
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The error percentage in calculations and the difference in values between the manually calculated duty
for the heat exchanger (overhead gases-feed gas) and that computed by HYSYS are listed in Table 28.

Table 27: Duty calculation difference

Manual
Property HYSYS | calculations
Heat exchanger duty Q (kJ/h) 43810.00 43281.35
Calculated value — HYSYS value
Error % = X 100% (n 1.22

Calculated value

The manually calculated duty value for the heat exchanger (Top-Heated) closely aligned with that

was computed by HYSYS, as illustrated in Figure 14.

BEHYSYS BMamual calculations

7300000
%\ a6000.00
=
' 5900000
2
&

5200000

4500000

HYSYS Manual calculations
Method of calculations

Figure 14: Error in calculations for (Top-Heated) heat exchanger duty

The difference between the manual calculations value and HYSYS computation value for the
temperature of heat exchanger (Top-Heated) was less than 5%, as demonstrated in Figure 15.

BHYSYS B Manual calculations

34500

33000

31500

30000

Temperature of sales gas (K)

28500

HYSYS

Mamal calculations

Method of calculations

Figure 15: Error in calculations for sales gas temperature manually & HYSYS
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The error percentages in manual calculations for the duty, and the sales gas temperature, when
compared with HYSY'S results of (overhead gases-feed gas) heat exchanger, are listed in Table 29.

Table 28: Error percentage & sales gas temperature difference & exchanger duty

Property HYSYS Manual calculations
Heat exchanger duty Q (kJ/h) 53200.00 55361.17
Temperature of sales gas (K) 314.00 318.53
Based on equation 11, error % in duty 3.90
Based on equation 11, error % in
temperature 1.42

There was a slight difference in values for the condenser duty of the debutanizer column between
manual calculations and HYSY'S computational results, as illustrated in Figure 16.

BHYSYS BManual calculations

100000000
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HYSYS Marnual calculations
Method of calculations

Figure 16: Manual & HYSYS calculations for duty of debutanizer condenser

The calculation errors for the condenser duty value of the debutanizer, comparing manual calculations
with HYSY'S results, are listed in Table 30.

Table 29: Error percentage between HYSYS & manual calculations

Property HYSYS Manual calculations
Condenser duty Q (kJ/h) 854700.00 892640.20
Based on equation 11, error % 4.25

The manual calculations for reboiler duty value of the debutanizer closely aligned with that obtained
from HYSYS, as explained in Figure 17.
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Figure 17: Manual & HYSYS calculations of reboiler duty of debutanizer

Manual calculations showed results very close to compared to those obtained from HYSYS, as listed in
Table 31.

Table 30: Error percentage in duty calculations of reboiler of debutanizer

Property HYSYS Manual Calculations
Reboiler duty Q (kJ/h) 772500.00 746416.30
Based on equation 11, error % 3.49

The calculations for condenser duty of the depropanizer by HYSYS and manual calculations are
illustrated in Figure 18.
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Figure 18: Condenser duty of depropanizer by HYSYS & manual calculations

The calculations for condenser duty of the depropanizer by HYSY'S and manual calculations resulted in
small difference in values, as tabulated in Table 32.
Table 31: Error percentage in condenser duty of depropanizer

Property HYSYS Manual calculations
Condenser duty Q (kJ/h) 783100.00 857173.96
Based on equation 11, error % 8.64
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Manual calculations yielded very close values for the reboiler duty to those obtained from HYSYS,
as demonstrated in Figure 19.
BHYSYS | Manual calculations
1000000 00
S00000 00

Lelalalalalamali]

400000 Q0

Rebotler duty Qr (k)

200000300
HYSYS Mlamial calculations
Method of calculations

Figure 19: Calculations of reboiler duty manually & by HYSYS

The variation in the reboiler duty value between manual calculations and HYSY'S computational results
of the depropanizer is listed in Table 33.

Table 32: Error percentage in reboiler calculations of depropanizer

Property HYSYS Manual Calculations
Heat exchanger duty Q (kJ/h) 820400.00 872177.14
Based on equation 11, error % 5.94

To examine the possible reasons for the deviations in the results, this study was compared to
other cases. After thorough examination of other cases, some possible reasons can turn out to be the
difference in used equipment regarding design and specifications such as those of a distillation column
in number of trays and type. The design of employed heat exchangers and other equipment Variations
in operation conditions within the LPG production process and the chosen fluid package in simulation
can contribute to the occurrence of deviations [78-79].

Regarding the deviation between manual and HYSYS calculations, several factors could have
affected such deviations. One of these factors is the discrepancies between the constants used for heat
capacity calculations, sourced from Coulson’s book, and the values within the applied fluid package.
Another source of error lay in HYSYS accounting for all present compounds, even those with very
small compositions that were neglected in manual calculations. These misalignments resulted in an
acceptable margin of error of about 10%.

7. HAZARD & OPERABILITY STUDY

In this section, Hazard and Operability Studies (HAZOP) were conducted on several types of
equipment, including the depropanizer column, the liquified petroleum gas (LPG) storage tank, the
three-phase separator, heat exchanger 1, and the air cooler.

I. Depropanizer column

When applying HAZOP to the depropanizer column, three critical parameters—flow rate, level, and
temperature—were chosen for investigation. Keywords associated with the flow rate were none, less,
and more. The selection of "none" and "less" aimed to capture scenarios of no feed flowrate or
insufficient feed flowrate, potentially leading to dryness or hazardous concentrations in the
depropanizer. Conversely, "more" was chosen to represent an excess increase in feed flowrate, which
could result in flooding, diminished separation performance, or reduction in the tower temperature.
Regarding the level parameter, variations—both decreases and increases—were considered. An excess
high level could impact the pressure, influencing it negatively, and leading to a reversed flow of the
feed, while low levels could cause reduction to the productivity and affecting separation efficiency.
Consequently, the keywords "high" and "low" were employed to express different level states. The
third factor, temperature, was examined for its potential impact on condenser load and product quality.
An excessive increase could strain the condenser and diminish product quality, while a significant
decrease might compromise the separation of essential light products. Also, temperature fluctuation
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was identified as a critical factor negatively affecting column performance and separation efficiency.
Keywords "high", "low", and "fluctuation" were chosen to comprehensively study the temperature's
influence on column performance, as clarified in Table 34.

Table 33: Depropanizer column HAZOP

Parameter Guideword Possible Cause Consequence Action
Inlet pipe blockage or | Column dries out. Installation of a low-level alarm
fracture No separation and | Check the schedules and procedures of
The valve failed to dangerous maintenance.

None open. concentrations Make a bypass.

Control valve shut. would be obtained. | Complete shut down to the whole plant.
The pump failed to
work
Inlet pipe blockage or | Column dries out. Installation of a low-level alarm
fracture Low efficient Check the schedules and procedures of
The Valve failed to separation maintenance.

Flow Less open. Make a bypass.

Control valve shut. Complete shut down to the whole plant.
Pump failed to work.
The control valve was | Flooding problem Installation of a high-level alarm
completely open. in the column Check the schedules and procedures of
The pumping capacity | Low separation maintenance.
was increased. efficiency Installation of flow controllers
More
The control valve Temperature
failed to handle the decrease
flow Rise at bottom of
the column
Blockage of one or all | Over-pressure Installation of a high-level alarm
the outlet streams reflux drum Check the schedules and procedures of
High from the column Reverse flow of the | maintenance
Excess feed flowrate liquid to the
column.

Level Partial blockage or Low products yield | Installation of a low-level alarm
leakages of the inlet Low separation and | Check the procedures and schedules of
pipe dangerous maintenance.

Low concentrations Valve installation
would be obtained
Undesired product
quality
Excessive Load increase of on | Installation of a high temperature sensor
. heater/furnace duty for | the condenser Check the procedures and schedules of
High the feed Low quality of the | the maintenance.
products
In sufficient heating Low separation Installation of low temperature sensor
Low heater efficiency | efficiency Check maintenance procedure and
Temperature Low due to many problems | Low product schedule.
such as fouling quality
The heating source Undesired product | Installation of temperature sensor
isn’t stable quality Check the maintenance procedures for
Fluctuation | Fluctuation in the feed | Bad separation heating and cooling equipment, and
flowrate efficiency valves
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Storage tank

When HAZOP studies were performed for the LPG storage tank, three critical parameters were
identified for comprehensive study: discharge flow, temperature, and pressure. Specifically addressing
flow, three guide words, “none”, “low”, and “more”, were chosen to illustrate the impact of the
discharge of on the product supply. A scenario of no or insufficient product flowrate could potentially
diminish product supply, while an increased discharge flowrate might lead to pump overload and an
oversupply of the product. Shifting focus to level of LPG in the tank, the guide words “low” and “high”
were selected. High level could cause a pressure increase in the tank, thus causing leakage of LPG.
Conversely, low level of LPG in the tank would result in negative impact on the product supply. In
terms of pressure, the study concentrated on high pressure scenarios, which could be hazardous due to
high vapor pressure inside the tank, causing a possible explosion, as explained in Table 35.

Table 34: Storage tank HAZOP

Parameter Guideword Possible Cause Consequence Action
Outlet pipe blockage or | No supply for Check the schedules
fracture product and procedures of
The Valve failed to maintenance.

None open.
Control valve shut.
Pump failed to work
Pipe blockage or fracture | Low product Check the schedules
The Valve failed to supply and procedures of
Flow Low open. maintenance.
Control valve shut.
Pump failed to work
The control valve was Oversupply of the Check the schedules
completely open. product and procedures of
The pumping capacity Product loss maintenance.
More .
was increased.
The control valve failed
to handle the flow.
The inlet valve was More vapors and Installation of a
completely open. loss of the product | high-level sensor
High The pumping capacity Gas leakage and Check the
was increased. over pressure procedures and
The control valve failed | Fire hazards schedules of
to handle the flow. maintenance.
Level Inlet pipe blockage or Leakage of the Installation of a low-
fracture product level sensor
The Valve of the inlet Low product Check the
Low .
failed to open. supply to procedures and
Control valve shut. storage tank schedules of
Pump failed to work maintenance.
Excessive temperature in | Large amounts Pressure sensor
Pressure High the tank and insufficient | which cause installation
cooling Explosion

III. Three-phase separator

The hazard analysis of the three-phase separator encompassed a study of the effect of two key
parameters: pressure and temperature. Concerning separator pressure, an increase to very high level
could detrimentally impact separation efficiency and potentially lead to an explosion or low separation
efficiency. Hence, the selected guide word was "high". Regarding temperature, a very high temperature
could yield undesired compounds leaving the separator as vapour instead of liquid. Conversely, a low
temperature might prove insufficient for effectively separating the vapours, also could resulted in
pressure increase in the separator, as demonstrated in Table 36.
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Table 35: Three-phase separator HAZOP
Parameter | Guideword Possible Cause Consequence Action
Chock valve open | Separation vessel Installation of relieve valve.
Pressure High failure explos.ion or crack Installation of pressure sensor
Control loop Negatively affect the Check the maintenance
failure separation efficiency schedules continuously.
Very hot Pressure increase Temperature sensors
High surrounding If it is very high, this installation
Temperature Excessive heating | can cause vessel fatigue | Cooling utilities
Insufficient Low vapors separation | Temperature sensor
Low . o . .
heating utility installation

IV. Shell & tube heat exchanger & air cooler

Shell and tube heat exchanger as well as air cooler operate on imperative conditional states that are
highlighted as temperature, pressure, flow, composition, and corrosion. The quantity of the flow
controls the regulation of the temperature and pressure within the pipeline system and a small defect or
irregularity can lead to severe consequences like total shutdown or damage of equipment. Accordingly,
safety of the equipment depends on their design as they withstand certain levels of pressure or
temperature and if exceeded, the equipment itself can explode or the pipelines can be blocked or
cracked leading to leak or even contamination of the surroundings. If the fluid is contaminated with
unwanted impurities, problems such as fouling, scaling and corrosion may arise causing unexpected
casualties and problematic outcomes. The HAZOP studies of the heat exchanger and air cooler were
listed in Table 37 and Table 38 respectively.

Table 36: Shell & tube heat exchanger HAZOP

Parameter Guideword Causes Consequences Action
. Installation of temperature
. Process fluid temperature
Inlet cooling water sensor before and after the
None cannot be lowered oy .
valve cannot open accordinel process fluid line. Installation
gy of High Temperature Alarm
Leakage in pine Process fluid temperature | Installation of waterflow meter
Flow Less Blockf o inp 11) . becomes too low or Installation of High
& PP constant Temperature Alarm
Installation of temperature
Inlet cooling water Process fluid temperature | sensor before and after process
More s .
valve cannot close decreases fluid line. Installation of Low
Temperature Alarm
Low ) More pressure required to | Installation of low-pressure
Process fluid valve move the fluid alarm
Pressure failure
High Tube bursting Installation of high-pressure
alarm
Too much cooling Installation of temperature
Low water Process fluid temperature | sensor before and after process
Heat losses across becomes too low fluid line. Installation of Low
ipin Temperature Alarm
Temperature PIpIne - peta
Not enough cooling Installation of temperature
Hich water Process fluid temperature | sensor before and after the
g Heat losses across becomes too high process fluid line. Installation
piping of High Temperature Alarm
Tube leakage and Process fluid is Proper maintenance and
.. s cooling water flows in | contaminated and outlet operator alert
Composition | Contamination
and becomes temperature becomes too
contaminated low
Corrosion More Cooling water Less goohng and tube Proper maintenance
becomes hard cracking
. . . Proper follow-up of
. . Following an irregular | Possible shutdown of the .
Services Failure maintenance schedules

maintenance schedule

equipment

consistently
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Table 37: Air cooler HAZOP

Parameter Guideword Causes Consequences Action
None One or more Process fluid Installation of temperature
fans fail to temperature cannot sensor before and after the
function or they be lowered or process fluid line
Less . .
Flow can be broken becomes constant Installation of airflow meter
One or more Process fluid Installation of High
fans function at a temperature is Temperature Alarm
More . .
higher speed lowered more than Proper maintenance and
than expected required operator alert
Following an Possible shutdown Proper follow-up of
. . irregular of the equipment maintenance schedules
Services Failure . .
maintenance consistently
schedule

8. EQUIPMENT SPACING
Equipment spacing is essential to provide safe locations of the utilized equipment across the plant.
For example, if any explosion happens and equipment spacing was not considered, it may affect other
equipment and cause other severe problems. The required tables for equipment spacing were obtained.
The spacing was demonstrated in Figure 20.

De-propanizer =15 ftes De-butanizer ««10 fte-§ Heat exchanger

LPG tank =eesmmemea] 00 fie...,

Figure 20: Plant equipment spacing

9. FUTURE WORK

For future development of LPG production plants, it is strongly recommended to make comprehensive
pinch analyses. These analyses are necessary for determination of potential mass and energy
integration processes, aiming to minimize losses in both materials and energy, therefore reducing
overall production costs.

Special design for each piece of equipment within the plant and introducing additional equipment
should be thoroughly performed to simulate the real plant condition and offer a valuable opportunity
for in-depth studies. These investigations, covering aspects such as energy consumption, material
efficiency, and economic studies, are crucial for enhancing production output and minimizing costs of
the real plant. The results obtained from such studies can provide a more accurate and realistic
reflection of real-world scenarios.

In summary, pinch analyses and customized equipment designs in simulations hold great potential
for optimizing LPG production processes. These efforts contribute to increased production efficiency
and play a pivotal role in cost reduction, aligning with the industry's commitment to sustainability and
economic viability.
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10. CONCLUSION

The world always seeks to find new sources of fuel that are clean, reliable, efficient, and sustainable
rather than traditional hydrocarbon-based fuels. Liquefied petroleum gas is a spectacular choice that
validates all the green requirements and represents a fas. A simulation was conducted on Aspen
HYSYS 12.0 based on Peng-Robinson fluid package according to data obtained from an LPG plant in
Egypt. Feed gas of 2209 kg/h contained 31.33% butanes and 36.94% propane which was converted to
LPG of 1322 kg/h. The resultant compositions in mass percentages were 52.32% butanes and 47.63%
propane. As for sales gas, a flowrate of 8§36.9 kg/h was produced comprising 31.25% methane, 38.10%
ethane, 22.24% propane and its temperature was 318.53 Kelvin. It was shown that all the manual
calculations were validated and verified by HYSYS as the maximum and overall error percentage did
not exceed 10%. The HAZOP studies were conducted for various pieces of equipment which showed
the importance of installing relief valves, regulators, alarms, and sensors. This was to maintain proper
and safe functioning of LPG production. Equipment spacing was carried out to allocate each type of
equipment within the minimum safe spacing between them.
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