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Abstract 

The raw natural gas from the well head contains methane, gaseous hydrocarbon, water, and 

condensate. Most natural gas (NG) processing plants separate the dry gas and liquid 

condensate without extracting the high-priced natural gas liquids. And thus, natural gas 

liquids (NGL) are sold along with the cheaper dry gas and liquid condensate. The NGLs 

are separated from the NG to control the dew point and also yield a source of revenue. Due 

to the storage of condensate at atmospheric pressure, the lighter components like propane 

and butane are escaped from the breathing valve and harm the environment. A 

comprehensive literature review has been presented on the NGL recovery process with a 

focus on process description, energy requirements, NGL production, operating cost, and 

propane recovery. The conventional industrial single-stage process was considered as a 

base case for simulation and modeling on Aspen Hysys and compared with the optimized 

process in terms of exergy and economic analysis. In the optimized process, two 

modifications are proposed, recycling of gas condensate for more butane and propane 

absorption and the use of mixed refrigerant for the refrigeration loop. The results show that 

reabsorption of NGLs due to condensate recycling improves the overall recovery of 

propane and butane and also better the quality of sales gas. The mixed refrigerant reduces 

the exergy destruction and capital cost of the refrigeration loop. Optimized flow sheet 

shows better economic results compared to a conventional process.  

 

Key Words: Gas Processing; Natural gas liquids; NGL recovery; LPG recovery; 

Economic and Exergy analysis; 
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Chapter 1 

1 Introduction 

Natural gas is increasing rapidly due to a significant energy source, particularly in East 

Asia [1]. A 2,400 years ago, the Chinese were the first to use natural gas commercially. It 

produces from shallow wells, transported with the help of bamboo pipes, and used in gas-

fired evaporators to produce salt from brine [2]. After world war II, a major boom in the 

usage of natural gas was observed due to the advanced engineering which allowed to 

transport of gas with the help of large-distance pipelines [3]. In 2004 the United States had 

~ 297,000 miles of natural gas for transportation. Almost 9.8% of Natural gas is supplied 

as LNG and the demand growth for LNG increases in Asia countries [4]. 

Natural gas is primarily used as a fuel, feedstock for petrochemical, and many industrial 

chemicals [5], [6]. Natural gas is more sustainable as an energy source than coal and oil. 

Carbon dioxide, which is the cause of the greenhouse effect, is produced 1.4 to 1.75 times 

higher in oil and coal than in natural gas [7].  

Natural gas (NG) is extremely playing a significant role in the energy use of the United 

States, up to approximately 23%. Figure 1-1 shows the relationships between the different 

energy sources in the United States. Petroleum has the highest peak in energy consumption, 

and natural gas has the second-highest energy consumption, which increases noticeably 

with time [8]. The consumption of nuclear and hydroelectric sources is almost flat, and 

non-hydro renewables are not playing a role through 2025 [9]. 

 

Figure 1-1 Energy consumption of different fuels in the United States [8]. 
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The natural gas liquids (NGLs) like ethane, propane, butanes, and condensate are removed 

from the NG to control the dew point (To meet the specification for safe transportation) 

and also yield a source of revenue [10]. NGLs separately have a larger marketable value 

than as a part of natural gas. When the NGL have better economic values, peoples extract 

heavy hydrocarbons. For natural gas transportation, it's necessary to meet the gas pipeline 

requirements and also help to meet the dew point of sales gas [11].  The lighter fractions 

of NGLs like ethane, propane, and butanes, are sold as a feed to petrochemicals and 

refineries, while the heavier fraction like condensate is used as gasoline blending stock 

[12], burned for space cooling and heating. 

Ethane is mostly used for ethylene production, which is then used in the petrochemical 

industry to produce intermediate products like plastics. Ethane is used as a fuel for power 

generation. Most of the propane is consumed as a fuel generally in the areas where NG is 

not available. It is used for water and space heating, electric welders, and propylene 

production. Butanes are used as fuel in lighters. Normal butane can be converted to 

Isobutane in isomerization. In petrochemical cracking, n-butane yields the butadiene which 

is used in synthetic rubber. Natural gasoline, which is pentane plus, can be blended with 

fuel to use in combustion engines[13]. 

Energy usage is a metric that measures a country's industrial growth and advancement. 

Energy supplies are fast diminishing because of rising globalization and urbanization. 

There has been a tremendous growth in per capita energy use, which has resulted in an 

increase in global energy demand [14]. The Natural gas is a blend of methane, ethane, 

propane, butane, and heavier hydrocarbon, is among the clean energy resources. Since the 

1900s, natural gas processing technology has advanced dramatically [15]. Moreover, 

natural gas's role as an energy store has increased in rich countries over the last several 

years and is growing in emerging ones. Natural gas liquids (NGLs), also known as natural 

gas condensates, are a kind of dried natural gas that includes sulfur and liquefied petroleum 

gas. Propane and butane are liquefied petroleum gases in the engineering world (LPG) ([2], 

[16]). LPG is derived from natural gas and utilized as a fuels for a variety of reasons, 

including providing energy to automobiles, heating and cooking appliances, and as a 

refrigeration and aerosol propellant, all of which help to protect the ozone layer [2], [17], 
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[18]. Dr. Walter Snelling was the key source for preparing it on a lab scale in 1910, 

according to its previous preparation. The afore mentioned gas is a cleaner gas that emits 

no soot and has just a little amount of sulfur when burned. It is transported in pressurized 

steel vessels, with a maximum of 80–85 percent LPG permitted to be filled in the stated 

containers to accommodate for thermal expansion due to temperature changes [19]. 

1.1 NGLs Recovery in Pakistan 

Pakistan has a serious energy shortage, and certain areas of the country are still without 

electricity. The state's fossil resources are rapidly depleting, putting a strain on imports 

(WAPDA, 2021) [20]. There really are relatively brief plans to enhance the nation's thermal 

power output due to rising industrialization and interest in the energy industry following 

the China–Pakistan Economic Corridor (CPEC) investment [21]. Komal and Abbas studied 

the finance-energy and energy-growth nexus [22], and discovered that industrialization and 

urbanization had a beneficial influence on energy demand. Furthermore, fossil fuels and 

their byproducts play a significant role in the country's energy economy. Natural gas is 

utilized as a residential fuel, in energy and power generation production systems, and in 

the industry to generate valuable goods in Pakistan. It accounts for around 42% of 

electricity-generating plants [23]. Due to Pakistan's agronomic character, 16% of natural 

gas is used in the fertilizer sector, 7% for commercial applications, and 3% for other 

applications [24]. Natural gas reserves are projected to be 29.671 trillion cubic feet(TCF) 

[25]. Natural gas consumption in the country is rising at a rate of roughly 10% per year, 

owing to the country's growing industrial sector and population. Pakistan's government has 

also established new legislation to help the LPG industry grow. Currently, 26 

organizations, both commercial and public, offer services related to natural gas exploration 

and production. Due to its only use in vehicles, LPG was presented to the market as 

autogas. In Pakistan, over ten firms are involved in the manufacture of LPG, while more 

than 80 companies are involved in its marketing. [26].The Natural gas processing facilities 

that are located in the Pakistan are mostly industrial single stage process i.e. Zamzama Gas 

field (Orient Petroleum), Qadirpur gas field (OGDCL). 
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Table 1-1 End product use of Natural gas liquids [4], [13]. 

Natural Gas 

Liquids 

Chemical 

Formula 
Uses 

End-use 

products 
End-Use Sectors 

Ethane C2H6 

Feedstock for 

petrochemical plants 

Power generation 

Detergents, 

Plastics, Anti-

freeze 

Industrial 

Propane C3H8 

Use as fuel for water 

heating, space 

heating, drying, 

transportation, and 

cooking. 

Plastics and 

Fuel 

Industrial (includes 

agriculture and 

manufacturing), 

transportation, 

residential, 

commercial 

n-butane, Iso-

butane 
C4H10 

Feedstock for 

petroleum refinery 

and petrochemical, 

Blending of motor 

gasoline 

Lighter fuel, 

motor gasoline, 

synthetic 

rubber, and 

plastics 

Transportation and 

Industrial 

Natural gasoline 

(C5+) 

C5H12 and 

heavier 

Diluent for heavy 

crude oil 

Additive to motor 

gasoline 

Solvents, 

Motor gasoline, 

ethanol 

denaturant 

Transportation and 

Industrial 

 

Specifications for the sales gas and condensate 

• Sale Gas Water content    = < 7 LB/MMSCFD 

• Sale Gas HCDP (Cricondentherm)   = < 32°F 

• Sales gas Higher heating value  = >1100 BTU/SCF 

• Treated condensate RVP    = 7 PSIA 

• NG Dew point     = - 4 °C 

However, there has been minimal study on increasing LPG output in natural gas 

processing. The optimized process flow diagram is purposed in this thesis. The mixed 

refrigeration loop and condensate injection are included in the optimized flow sheet. We 

start by extracting characteristics from a traditional natural gas processing flowsheet and 

evaluating the distribution of output and energy usage. Then, using the operating conditions 

and same feedstock, an optimized flow sheet is presented. The process simulation is used 

to gather the necessary data for the comparisons. 

. 
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1.2 Exergy Analysis 

In a true process, energy is never lost; rather, it shifts from one form to another, making it 

more difficult to employ for driving a necessary process. As a result, the concept of energy 

utility appears to be more appropriate in this situation (s). In these instances, the ability of 

energy to do beneficial work, known as exergy, should be assessed. Exergy analysis, which 

is based on both the first and second laws of thermodynamics, may be used to determine a 

system's real thermodynamic efficiency. As a result, process designers and engineers can 

identify the key sources of exergy losses and devise strategies to address them. Because 

process irreversibilities are the primary source of exergy/energy loss, they should be 

assessed and their impact reduced. 

1.3 Scope  

The scope of this work is to provide opportunities to NGLs recovery plants to enhance the 

LPG production, and Plant profit by simple modification of condensate recycling for 

absorption of butane and propane and use of mixed refrigerant for refrigeration loop.  

1.4 Objective 

1. Comparison of different NGL recovery processes based on a process description, 

energy requirements, NGL production, and profitability. 

2. Simulation and optimization of NGL recovery unit to improve the production 

according to the results of the modifications and sensitivity analysis. 

3. Exergy analysis to reduce the exergy destruction of the refrigeration loop and 

suggestions for further process optimization will be provided. 

4. Economic analysis of conventional and optimized process simulation 
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Chapter 2 

2 Literature Review 

Various studies were published in the literature that includes changes to the gas recovery 

system. A notable example is a comparison of the gas subcooled method with cold residues 

recycling with a standard turbo expander for ethane recovery from NG [27]. Various 

natural gas drying techniques, such as solid desiccant, tri-ethylene glycol and condensation, 

were also evaluated[8]. The addition of more equipment, as well as flow separation, has 

been observed to reduce the recovery of some components [27]. In some research [28] [23] 

also documented the construction of optimal process modeling in Aspen HYSYS for 

natural gas processing plants, as well as initial capital costs for gas purification and 

processing. The influence of feed compositions on several process methods, gas subcooled, 

recycling vapour split, and cold residue on the turbo expander for optimum NGL recovery 

has also been described [15]. Exergy evaluation of the NGL recovery methods using 

modeling and simulation in Aspen HYSYS revealed that the air cooler and column in the 

flowsheet destroy the majority of the exergy [14]. In the LPG manufacturing process, 

exergy is destroyed in the distillation columns [29]. Exergy analysis performed in a 

modified refrigeration unit for the extraction of LPG from a natural gas plant in Egypt 

revealed a 15.95 % improvement in overall LPG recovery [30]. Modeling and Simulations 

of a natural  gas processing plant have been presented in great detail in order to offer 

insights into containment elimination as well as a cost analysis of several turbo expander 

systems [31][33]. Product collection, energy needs, and capital investment cost for LPG 

manufacture from NGLs have all been evaluated, and a single column with an overhead 

recycle has been shown to be more cost-effective than a standard fractional column[34]. 

The impact of vapour recompression and self-heat recuperation for propane and propylene 

separation has been improved in separate research [35]. 

A comprehensive evaluation of the oil and gas sector's processes intensification has been 

published in the literature[36]. To eliminate conflict between execution and research in the 

oil and gas industry, a lean process intensification framework has been provided. The 

conceptual procedures have been observed to be substantially more sophisticated than the 
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large-scale commercial applications[37]. The feed conditions, product recovery and purity, 

economics, specific energy consumption, and implementation through accessible software 

have all been examined in depth for natural gas liquid processes[37]. For such six distinct 

technical choices, including gas to hydrate, combined heat and power generation, gas to 

liquid, and liquefied natural gas, it was discovered that LPG and CNG  recovery is the least 

expensive and most lucrative option[38]. To address the need for gasoline in the 

automobile, industrial, and home sectors, an effort was made to develop a technology for 

recovering LPG from fuel oil refinery off gases[26]. The combination of a dehydration 

recovery unit with a natural gas liquid unit increases LPG profit and capacity [30]. 

The NGL separation in gas processing is energy-intensive, and requires optimization to 

reduce energy consumption and to identify the optimum solution for recovery [39]. The 

exergy and pinch analysis are both required to optimize the process [40], [41]. The studies 

that were done on NGL recovery are mostly based on the rich and normal feed that 

compares the economic analysis, NGL recovery, and energy analysis [42], [44]. The plant 

of ethane recovery located in south pars was simulated at rich feed conditions with an 

exergy analysis and without economic analysis [45]. The new design was proposed for 

retrofitting the existing NGL recovery plants, The major goal was to reduce the energy 

requirement and increase the capacity, and the reported methodology could save the 

operating cost up to 45.55% compared to the base case and with less CO2 emissions and 

short payback time [46]. The existing Sirri island-based plant of NGL recovery was 

analyzed based on exergy and energy analysis with normal and rich feeds. The results of 

simulation and exergy analysis showed that the efficiency of the compressor and heat 

exchanger was reduced by increasing the heavier components than methane [10].  

The turbo expander technology was used to maximize the NGL recovery of the Iraq's 

natural gas resources, that are rich with C2+ hydrocarbons. Aspen Hysys was used to assess 

the pressure change effect of demethanizer feed. The capital cost was not included in the 

study [47]. The co-production NGL/LNG configuration was introduced to analyze the 

mixed refrigeration cost of liquification and maximization of ethane recovery [48]. The 

results showed that the ethane recovery is higher than 93% from a rich feed along with 

good liquefication efficiency [44]. Another co-production liquid recovery plant was 
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optimized using rich feed and different process conditions, plant performance was analyzed 

to maximize the net profit [49]. The integrated shale gas processing and NGL regasification 

were analyzed to save the energy requirements. The proposed conceptual design did not 

cover the economic analysis [50]. The demethanizer and depropanizer were replaced with 

the driving wall column to reduce the footprint, hardware, weight, and energy requirement 

of the NGL recovery unit [51].  The economic problem of the turboexpander process was 

solved by a hybrid genetic algorithm [52]. The multicomponent mixture is separated by a 

new optimized proposed distillation system which obtains a good efficient separation [39]. 

The CRR process was optimized for rich feed to obtain maximum ethane recovery and 

compared with turbo expander and GSP processes. The result of optimization showed that 

adding more equipment will reduce ethane recovery [53]. The [54] performed the techno-

economic analysis on nine Patented NGL recovery processes and modified their heat 

integration for offshore application and also proposed a new NGL recovery process which 

is most efficient in terms of operating and capital cost. The new process scheme is inspired 

by the ISS process due to its simple operation and less amount of equipment. Although the 

propane recovery of the proposed scheme is less than the IPSI scheme. Modification in the 

existing plant (Salam gas plant in Egypt) to produce LPG instead of producing 

Hydrocarbon gasses in the NGL stabilization was done by [55]. The co-production for 

LNG/NGL was introduced and investigated, the results showed that the integration process 

has high efficiencies. It recovers ethane up to 93% from rich feed [56]. 

2.1 NGL Recovery Processes  

Previous industrial experience and research have shown that the most cost-effective way 

of NGL separation is cryogenic processes. In the absorption processes, the extraction of 

NGL is up to 85 – 90% [57]. And for cryogenic methods using Turbo expanders its reaches 

up to 100% [58] [36]. A combination of both of these is also improving the recovery and 

energy efficiency [59]. The industry-standard single-stage (ISS) process uses a turbo 

expander as a substitute for the JT valve for better cooling [60] [61]. JT valve is usually a 

control valve with fixed or variable orifice, inexpensive, simple, and widely used to reduce 

gas temperature [49]. But this process has problematic carbon dioxide frizzing and 

comparatively low NGL recovery [62]. The single mixed refrigeration process is also 
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suitable for NGL liquification [63]. The many innovative processes have been introduced 

and developed which are more economical for example [64][65]: 

• Gas subcooled process (GSP) 

• Cold residue reflux process (CRR) 

• Recycle Vapor Split (RSV) 

• IPSI process 

• Fluor Process [66] 

• HHC Separator and Scrub column scheme [67] 

The ISS scheme is shown in (Figure 2-1) the feed first passes to the Feed/Product heat 

exchanger, where the feed is cooled by the product stream. The feed then flows into the 

two-phase separator. The vapor and liquid stream before it introduce to de-methanizer is 

expanded by turbo expander and JT valve. Its configuration is simple and low CAPEX that 

why it’s used as a base for further development [15][68].  

 

Figure 2-1 The ISS process scheme [62] 

The improved form of the ISS Process is GSP (Figure 2-2), developed by [61]. The split 

vapor stream uses as reflux in the rectification unit of the de methanizer column. The reflux 

increases the recovery of the column by absorbing the ethane and propane that rising and 

it’s also minimized the risk of solid formation due to carbon dioxide. It is because of the 

high temperature in the tower. This process is efficient as to recover +95% of ethane [69]. 
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Figure 2-2 The sub-cooled (GSP) process scheme [15] 

To advance the ethane recovery productivity the CRR process (Figure 2-3) was introduced 

by [70]. To boost the overhead of the cold tower, an extra compressor has been introduced. 

The overhead stream is subcooled by divided vapor feed and then flashed at the pressure 

of the column and use as reflux to the de-methanizer tower. Due to reflux, a clean 

separation increases the recovery of ethane and propane up to 99 percent [71]. Even after 

the high efficiency of propane and ethane recovery, less recycle flow rate, and less 

compression prerequisite, the cryogenic compressor capital cost might be high. CRR 

process is the most feasible solution for ethane recovery of 99.9% and at low demethanizer 

pressure [27]. 

 

Figure 2-3 The cold residue gas-recycle (CRR) process scheme [15] 
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For high NGL recovery, another alternative is the RSV process (Figure 2-4), which is 

developed by [72]. In the RSV process, the top stream of the de-methanizer column is split 

and warmed, and compressed to increase its pressure. The stream is further cooled to 

condense more. Then this stream introduces at the top of the column. The recycle stream 

is compressor by residue gas compressor and hence no need for a separate compressor. 

RSV has the advantage of switching between ethane rejection and recovery operation. By 

disallowing the reflux flow, it can be operated as GSP mode. Both CRR & RSV have an 

improved carbon dioxide tolerance than the GSP due to high operating pressure in de 

methanizer. 

 

Figure 2-4 Process flow diagram of RSV scheme [15] 

The improved NGL extraction process (IPSI-1) (Figure 2-5) presented by [73] gives 

improvements in the bottom of the demethanizer. The inlet feed is cool by using the 

slipstream from the demethanizer column bottom, which makes this process self-

refrigeration. Due to self-refrigeration, the requirement for propane refrigeration is 

reduced. But there are some limitations regarding this process as the increase in plant 

capacity and for richer feed, require added refrigeration to sustain a good NGL recovery 

[16]. 
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Figure 2-5 Process flow diagram of IPSI scheme [15] 

The Fluor process consists of the absorber, which operates at a higher pressure than the 

fractionator, this scheme has 60 – 80 % of propane recovery. The Fluor process operates 

at a higher cost than the ISS process but has a lower capital cost [66]. 

 

Figure 2-6 Fluor process scheme [66] 
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HHC separator and Scrub column scheme [74] is most economical in terms of capital cost 

for lean feeds but not suitable for rich feeds. These processes are integrated with the 

Liquification scheme for NGL recovery. The raw material cost required for the HHC 

separator is more due to the less efficient separation of C1 and C2. The separation 

efficiency of the scrub column scheme is much better than the HHC separator scheme due 

to the use of a column instead of a separator [62].  

 

Figure 2-7 The HHC separator Process Scheme [62] 

2.2 Comparison 

Table 2-1 compares all the above described NGL recovery process schemes in terms of 

their invention, merits, and demerits. 

Table 2-1 Natural Gas Liquid recovery process. 

Process Invention 
Year Detail Merits Demerits 

Industry-
standard single 

stage (ISS) 
process [69] 

1976 

Turbo expander & JT 
valve is used to expand 

the gas and liquid to 
meet the demethanizer 

conditions 

Low Capex 
Less footprint 

Freezing of carbon 
dioxide in demethanizer 
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Process Invention 
Year Detail Merits Demerits 

Gas subcooled 
process (GSP) 

[15] 
1981 

The ethane component 
discharges with the top 

product in ISS is 
avoided in GSP by 

adding a sub-cooler and 
separator just before the 

demethanizer.  

Rectifying reflux 
increase the recovery 
of ethane and propane 
and avoid the risk of 

solid formation due to 
carbon dioxide 

Less efficient in terms of 
ethane recovery as 
compared to CRR 

Process. 

Cold residue 
reflux process 

(CRR) [70] 
1989 

To boost the overhead 
of the cold tower, an 
extra compressor has 

been introduced, which 
delivers the reflux free 

from ethane. 

CRR process recovers 
better ethane than GSP 
scheme, most feasible 

solution for ethane 
recovery of 99.9% and 

at low 
demethanizer                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              

Cryogenic compressor 
capital cost might be high 

Recycle Vapor 
Split (RSV) [75] 1996 

The recycle stream is 
compressor by residue 

gas compressor and 
hence no need for a 
separate compressor 

RSV has the 
advantage of 

switching between 
ethane rejection and 
recovery operation. 
The capital cost of 

RSV is less then CRR  

The total annual cost of 
RSV was the highest 

among the others 

Enhanced NGL 
Recovery IPSI 
process [73] 

1999 

Improved the stripping 
section of the 

demethanizer by using 
the pump around 

Self-refrigeration.  
Less raw material cost. 

Best among the all-
other process for rich 

feed 

An increase in plant 
capacity and for richer 

feed requires added 
refrigeration to sustain a 

good NGL recovery. 
Not efficient for lean 

feed. 

HHC Separator 
[62] 2013 Separator integrated 

with liquefication Unit 

Lowest capital cost 
among all other 

processes 

C1 and C2 loss is more in 
the HHC separator 

The limitations of less 
NGL recovery efficiency. 
High Raw material cost 

Scrub Column 
Scheme [62] 2013 Column integrated with 

liquefication Unit 

Most efficient for lean 
feeds as compared to 
ISS and IPSI process 

Not efficient for rich 
feeds. 

Fluor Process 
[66] 2014 

Addition of an absorber 
just before the 

demethanizer operated 
at a relatively higher 

pressure than the 
fractionator. 

Lower Capital cost 
than ISS process 

scheme 

Operates at a higher cost 
than the ISS process 

2.2.1 Energy Consumption 

The column reboiler and sales gas compressor are the two most energy-intensive 

equipment in NGL recovery. As the number of heavy components increases in the feed, 
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the energy required in the reboiler is also increased, as seen in Figure 2-8. For lean feeds, 

the IPSI-1 reboiler duty is lower than the CRR, GSP, and RSV processes. The advantage 

of the IPSI-1's self-regeneration technology is that it saves energy and even decreases 

reboiler workload for rich feeds [15] [76]. The [54] results show that the IPSI process 

scheme has the lowest reboiler duty among the GSP, ISS, and CRR processes for feed that 

contains C1 88.98%, C2 5.99%. HHC separator and scrub column scheme should have 

additional refrigeration costs. The utility requirement of a scrub column and HHC separator 

scheme is higher than the ISS and IPSI scheme [62]. 

 

Figure 2-8: Demethanizer reboiler energy requirement [15] 

2.2.2 NGL Production 

The production of NGL with the different processes is represented in Figure 2-9. The IPSI-

1 scheme recovers the higher NGLs, especially from feeds with higher hydrocarbons (6–

8). This is due to the stripping gas stream PA2 that is consists of propane and ethane which 

absorb the components in the column. The rich hydrocarbons are directly separated in the 

separator and remove with NGLs product [15]. For lean feeds (GPM value lower than 2.3) 

the NGL recovery of HHC separator and scrub column is better than the IPSI scheme but 

these processes are not efficient for rich feed. By product credit of the Scrub, the column 

scheme is less than the ISS, IPSI, and HHC separator scheme [62]. 
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Figure 2-9: NGL Production [15] 

2.2.3 Propane Recovery 

The propane recovery of IPSI-1 is higher than the other processes like ISS, GSP, CRR, 

RSV. The [54] was compared the propane recovery with the capital cost, results showed 

that the IPSI process is best in terms of propane recovery but with the higher capital cost. 

Figure 2-10 shows the comparison of propane recovery for NGL recovery processes [54]. 

It also notes that for the high recovery of propane, the operating cost and capital cost 

required for IPSI and GSP scheme are also high. If the main emphasis is propane recovery 

and Capital and operating costs are not the issues of the NGL recovery scheme then the 

CRR and ISS scheme are also competitive of the IPSI scheme [54]. 

 

Figure 2-10: Propane recovery for different NGL recovery technologies [54] 
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The ethane and propane recovery for normal and lean feed gas for fluor and ISS was 

compared and shown in Figure 2-11. The graph represents the propane and ethane recovery 

for lean and normal feed. For both lean and normal feed, the ethane and propane recovery 

of the fluor process is greater than the ISS process. The ethane recovery for ISS is 30 – 36 

% while for fluor process 38 – 46 % but it's lower than the IPSI process. The Propane 

recovery for ISS is 78 – 92 % while for fluor process 88 – 90 % [66]. 

 

 

Figure 2-11: Propane recovery of ISS and Fluor process [66] 

2.2.4 Operating Cost 

The estimation of operating cost is not easy it can be varied with area by area and year by 

year. It relies on energy cost, raw material cost, utility costs such as refrigeration and 

electricity.  The overall annual running cost for the process is represented in Figure 2-12. 

Richer feeds with higher hydrocarbon content have higher running costs. It's because of 

the extra refrigeration costs associated with condensing the heavier hydrocarbons needed 

to accomplish the optimum separation. In most circumstances, the GSP, CRR, RSV process 

schemes are more costly than the IPSI-1 process scheme. It's because of the IPSI-1's self-

refrigeration mechanism, which drastically reduces the cost of refrigeration for rich feed. 

The RSV process scheme, on the other hand, has the greatest running cost of all the process 

schemes. The additional cost of the RSV process is primarily due to the sales gas 

compression duty explained in the preceding section [15]. 
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Figure 2-12: Overall Annual operating cost [15] 

The operating cost for the Fluor process is higher for both rich and lean feed than the ISS 

process but the capital cost of the fluor process is less than the ISS process [66]. The total 

operating cost of the HHC separator and Scrub column scheme is higher than the IPSI and 

ISS scheme while the capital cost of the HHC separator is lowest than the all-other 

processes. The raw material cost has a lower impact than the capital cost, it means that IPSI 

has offset its economic performance due to high capital and operating cost. Even though 

HHC has a lower capital cost but higher operating costs offset its economic performance.  

2.3 Exergy Analysis 

Natural gas processing units have undergone significant exergy study. The exergy of tiny 

liquefied natural gas liquefaction operations was studied by Remeljej and Hoadley [77]The 

compressors accounted for the most exergy degradation in a natural gas liquefaction 

process, according to an exergy analysis [78][79]. Exergy destruction mitigation measures 

were also suggested. By using the exergy approach, Mehrpooya et al. [41][80]. Studied the 

behaviour of an industrial refrigeration cycle in NGL recovery units and assessed 

hydrocarbon recovery processes using mixed-fluid cascade, dual mixed-refrigerant, and 

propane-mixed refrigerant systems. The exergy efficiency of the designed processes, 

cycles, and processes components was studied, and the findings revealed that compressors 

and multi-stream heat exchangers caused the most damage. Vatani [77]  used traditional 

and advanced exergy analysis to examine five NGL processes and discovered that the 
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preventable inefficiency was larger in compressors than in other components, despite the 

existence of heat exchangers[81]. 

2.3.1 Theory 

Kinetic exergy, Potential exergy, chemical exergy, and physical exergy are the four main 

components of exergy [82]. The kinetic and potential exergy is frequently overlooked. 

Chemical exergy is not taken into account in this study since no chemical reactions take 

place in the system and no chemical compounds are released into the environment [83][84] 

Therefore, only the physical exergy is computed as a result. 

A stream's physical exergy (Ex) can be described following. [79]: 

𝐸𝑥 = 𝐻 − 𝐻0 − 𝑇0 (𝑆 − 𝑆0) 

Where 'S' and 'H' denote the stream's entropy and enthalpy, respectively; the subscript 0 

denotes the physical equilibrium condition (of pressure and temperature) in the 

environment, and T0 is the reference ambient temperature. The ambient pressure 

and temperature are considered to be 101.325 kPa and 298.15 K (77 F), respectively, based 

on earlier research. 

Exergy destruction is caused by irreversibility inside a process or system. The exergy 

balancing equation may be used to determine exergy destruction. The formula for a steady-

state constant volume is as follows [85][84]: 

𝐸𝑥𝑖𝑛 = 𝐸𝑥𝑜𝑢𝑡 + 𝑊𝑆ℎ + 𝛥𝐸𝑥 

Where Exin denotes the exergy of input energy, and material streams a Exout denotes the 

exergy of output energy stream and materials streams, Wsh denotes shaft work, and Ex 

denotes exergy destruction. 

Another essential element in an exergy study is exergy efficiency. This study employs 

different definitions of exergy efficiency [86]. The first description is the exergy leaving 

the system divided by the total exergy delivered to the system. [14]. 

𝜀 =
𝐸𝑥𝑜𝑢𝑡

𝐸𝑥𝑖𝑛
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Where ε is the exergy efficiency. 

The refrigeration loop in the hydrocarbon dew point control unit is one of the most exergy 

destructive area. To analyze the exergy of the refrigeration loop, the first mass exergy and 

exergy destruction of the most extensively used propane refrigeration loop was considered. 

Based on the exergy analysis, the recommendation of a new refrigerant was considered to 

improve the overall exergy of the system. 

2.3.2 Comparison of Energy and Exergy Analysis 

Any form of energy can be subdivided in two main components;  

• One which can produce work, Known as Exergy 

•  While the other which cannot be used in any real process to generate work, known 

as anergy. 
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Chapter 3 

3 Development of Process Simulation 

Aspen Hysys V-11 is used for simulation of propane and butane (NGLs) extraction unit. 

Two simulations were developed, Conventional ISS process simulation and Optimized 

process simulation based on sensitivity and Exergy analysis.  

3.1 Process Description 

A process flow diagram of a conventional NGLs recovery plant is shown in Figure 3-1. 

The PFD shows the process scheme to produce LPG, Gas condensate and dry natural gas. 

The raw gas from wellhead is transported through pipelines to the phase separation which 

is done in three-phase separator and slug catcher.  

3.1.1 Three Phase Separator 

The purpose of three-phase separator is to separate the gas, condensate and water on the 

basis of density difference and gravitational force. The gas from three-phase separator 

contains the moisture which is dehydrated in the Triethylene glycol (TEG) unit to produce 

pipeline-quality dry natural gas.  

3.1.2 TEG Dehydration Unit 

Triethylene glycol is used to dehydrate the gas. The removal of water from gas is required 

to prevent hydrate formation at low temperature. The unit consists of TEG Contractor, 

Glycol Circulation Pump, Glycol Knockout vessel, Lean rich glycol Exchanger.  

3.1.3 Chiller and Low-temperature Separator 

Chiller contains a refrigeration loop, which is used to lower the temperature of natural gas. 

At low temperatures the condensate is formed, and lighter gases i.e. methane, are separated. 

3.1.4 De-Ethanizer and De-Butanizer 

In the De-Ethanizer column the methane and ethane are separated as a top product and 

condensate which is heavier than C2 (Ethane) obtained as a bottom product and its charge 

to De-Butanizer to extract the LPG from top and RVP maintained condensate as a bottom 

product.  
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3.2 Process Flow Diagram 
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Figure 3-1: Process Flow Diagram 
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3.2.1 Condensate Stabilizer Unit 

Condensate from the three-phase separator flows to the stabilizer column to meet the Reid 

vapour pressure (RVP) Spec of 7 Psi.  

3.3 Components List 

The well head condensate and gas analysis of Zainab filed obtained from the Petroleum 

Exploration Limited-Pakistan. 

3.3.1 Gas Composition Analysis 

Table 3-1: Gas composition of Well head 
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3.3.2 Condensate Analysis 

To accurately describe the raw gas compositions, a pseudo components blend is employed 

to represent the complicated heavy components. The distillation curves type of blend is 

determined using the ASTM D86 test technique, and the specific gravity of the blend is 

0.7434. Table 3-2 shows the blend distillation percent as a function of temperature. 

Table 3-2: Distillation Percent of blend with varying temperature 

 

For condensate, the assay is defined in Aspen Hysys, Oil Manager, with the bulk 

properties as provided above. 

3.4 Fluid Package Selection 

3.4.1 Significance and Potential Benefits  

To comprehend the relevance of property packaging, it is necessary to first comprehend 

what a fluid package is. A fluid package is a set of governing equations that assist us in 

determining various variable characteristics under specified process circumstances. 

Which fluid package is most suitable for our situation is a critical decision. As a chemical 

engineer, you must appreciate the complexity and difficulties of choosing a property 

package in Aspen Hysys. 
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Thermo-physical qualities are necessary to solve the energy and material balances. The 

phase transition behaviours and energy level of individual components and mixtures are 

calculated using these thermodynamics models. Each approach is appropriate for a certain 

collection of components and circumstances. Poor decisions will either fail or provide 

unreliable outcomes. 

Once the pressure, temperature , and composition of the stream have been specified, the 

Aspen Hysys uses equations from the property package to determine the other parameters. 

The outcomes will suffer if the proper fluid package is not chosen based on the process’s 

conditions.  

3.4.2 Methodology  

The choice of a property package has been made using two methods. 

1. Based on Process 

2. Based on Components Type 

Based on Process 

Process Fluid package 

Sour water Sour Peng Robson , Peng Robson 

TEG dehydration Peng Robson 

Cryogenic gas processing PRSV, Peng Robson 

Crude tower, atm Peng Robson, Peng Robson options, GS 

Air separation PRSV, Peng Robson 

Vacuum towers Peng Robson, Peng Robson options, GS 

Hugh H2 systems Peng Robson,GS 

Ethylene towers Lee Kesler locker 

Chemical systems PRSV, Activity model 

Hydrates inhibition Peng Robson 

HF alkylation PRSV, NRTL 

TEG dehydration with aromatics Peng Robson 
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Based on Components 

The fluid package selection depends on gases, nonpolar, polar, solvating, electrolyte, and 

associating are all components in the process that are chosen. The aspen technology 

symbol engineer created a more recognizable decision tree. 

Figure 3-2 shows the first set of requirements for thermodynamics models. Due to the 

obvious molecular interaction, the first task is to decide if the components are non-polar 

or polar. The next stage is to determine if the ingredients are non-electrolyte or electrolyte. 

Acid formation, neutralization, and salt precipitation all need electrolyte mixtures [87]. 

.   

Figure 3-2: Procedure to select Property package 



 

27 

For non-polar substances, the presence of actual or faux components is evaluated. Figure 

3-3 is utilized as a decision tree for non-electrolyte and polar systems. The next task is to 

decide whether the system pressure is higher than or less than 10 bar. The next step is to 

determine whether interaction parameters are present. The final step is to choose a 

property package based on whether the phase is vapours or liquid 

 

Figure 3-3: Decision tree for Polar Non-electrolytic compound 

In Aspen Hysys, the home tab contains a method assistant tab; try clicking on it and then 

pick the property package depending on the process kinds and applications. Each 

approach is described in depth, as well as the components necessary. Oil and gas treatment 

are among the process types and applications discussed. 
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Based on Process  

Based on the process Peng Robinson is the most appropriate fluid package. The 

components that are present in a simulation are hydrocarbons. 

Based on the Decision Tree 

Step 1: Polarity 

Polar molecules like Cl- and H+ are oppositely charged, whereas non-polar molecules like 

CO2 are equally charged. Most of the hydrocarbons are carbon-based, non-polar mixtures. 

As a result of the preceding explanation, most of our components are non-polar. 

Step 2: Real or Pseudo components 

Pseudo components are the separate phase that exists under standard circumstances. 

Because there are no pseudo constituents in the recovery of NGLs, all the components are 

actual. 

Because LPG extraction involves real and non-polar components, the decision tree 

suggests Peng Robinson as the best property package. The hydrocarbon family 

encompasses all the components employed. For hydrocarbons systems, Peng Robinson is 

extensively utilized. 

3.4.3 Peng-Robinson 

The Peng Robinson equation is a frequently employed equation of state for hydrocarbons 

at higher pressure and temperature. It has the world's largest binary interaction database 

(Bis). For petrochemicals and oil & gas sectors, this property package is suggested. 

Cryogenic gas processing,   crude distillation unit, vacuum towers, TEG dehydration, and 

high hydrogen system are the best applications. 
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3.5 Conventional ISS process Simulation Diagram 

 

Figure 3-4: Conventional ISS-Process Simulation diagram 
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Table 3-3 is the description of the design specifications for columns. The number of trays 

and feed location are estimated based on the output of the shortcut column.  

Table 3-3 Specification of C2 and C4 column 

Columns 
Pressure 

(Psig) 
Stages Feed Stage Design Specifications 

Deethanizer 390 20 1 
C2 Mole fraction 0.01 in 

bottom 

Debutanizer 230 18 13 
RVP of condensate -8 Psig in 

Reboiler 

 

3.5.1 Component Recovery 

Table 3-4 is the material balance of the conventional flowsheet, from which we can find 

out the propane and butane distribution. The top product of deethanizer is sale gas which 

contains 81.5 mol% methane, 10 mol% ethane, 3 mol% propane, traces of butane, and other 

components. The bottom of deethanizer is propane and heavier components which is the 

feed of debutanizer column. In debutanizer the LPG obtain as a top product which contain 

55 mol% propane and 35 mol% butane. The production of LPG is more profitable than 

both natural gas and gas condensate. The condensate is heavy NGLs which meets the Reid 

vapour pressure spec of 7 psia so that it can store easily without any vapour loss.   

3.5.2 Hydrate Formation 

Another consideration that needs to be checked is the hydrate formation. At the low 

temperature, the hydrate can be formed. So, the hydrate formation temperature is the lowest 

temperature that we can achieve after the turbo expander and JT valve. At low temperatures 

the extraction can be done more efficiently but the hydrate formation limits this 

temperature. The hydrate formation temperature after the JT Valve is -24.73 F and the 

temperature that we achieve from the turbo expander and JT valve is -24 F which is less 

than the hydrate formation temperature. 
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Table 3-4 Parameters of conventional process flow sheet 

Description 

  

Feed Stream Product streams 

S1 Sales Gas LPG 
Gas 

Condensate 

Stabilized 

Condensate 

Vapour / Phase 

Fraction 0.90 1.00 0.00 0.00 0.00 

Temperature [F] 122.06 111.46 120.00 66.13 331.01 

Pressure [psig] 1200.00 1197.00 230.00 1197.00 100.00 

Molar Flow 

[MMSCFD] 12.85 11.53 0.34 0.13 0.40 

Mass Flow [tonne/d] 370.49 271.41 21.18 13.67 54.47 

Component Mass Flow [tonne/d]     

CO2 12.65 12.57 0.00 0.00 0.00 

Nitrogen 5.40 5.40 0.00 0.00 0.00 

Methane 180.29 180.28 0.00 0.00 0.00 

Ethane 44.65 44.47 0.17 0.00 0.00 

Propane 28.74 18.92 9.84 0.00 0.00 

i-Butane 8.00 3.57 3.95 0.00 0.47 

n-Butane 9.10 3.16 4.61 0.01 1.31 

i-Pentane 4.25 0.82 1.69 0.44 1.28 

n-Pentane 3.11 0.48 0.66 0.88 1.11 

n-Hexane 4.44 0.27 0.00 1.75 2.55 

n-Heptane 1.96 0.04 0.00 0.54 1.52 

H2O 9.66 0.00 0.00 0.00 0.00 

Blend 45.94 1.09 0.25 7.03 37.56 
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3.6 Development of Optimized Process Simulation 

 

Figure 3-5 Optimized Process Simulation diagram 
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Table 3-5 is the description of the design specifications for columns. The number of trays 

and feed location. For comparison bases the specs of Conventional and optimized plant 

remain same. 

Table 3-5 Specification of C2 and C4 column 

Columns 
Pressure 

(Psig) 
Stages Feed Stage Design Specifications 

Deethanizer 390 20 1 
C2 Mole fraction 0.01 in 

bottom 

Debutanizer 230 18 13 
RVP of condensate -8 Psig in 

Reboiler 

 

What’s new 

• The condensate recycles before the Low-temperature separator, which absorbs the 

butane and propane from the sales gas and helps to get 89 BBL/day of more LPG. 

• A mixed Refrigeration loop, which contains 60% propane and 40% R-600a helps 

to reduce the exergy destruction, energy utilization and also reduce the capital cost.  

The operating parameters on both processes are same to check the impact of condensate 

recycle and mixed refrigerant. The LPG purity is also increased up to 3% in the optimized 

process, 58.5 mol% Propane, 34 mol% butane and 8 mol% other components. Due to the 

condensate recycling the number of heavier components is also reduced in the sales gas.    

The lowest temperature at the outlet of turbo expander and JT valve is -23.23 F and the 

hydrate formation temperature is -23.87 F, so that no hydrate will form. 
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Table 3-6 Parameters of Optimized process flow sheet 

Description 

Feed Stream Product streams 

S1 
Sales 

Gas 
LPG 

Gas 

Condensate 

Stabilized 

Condensate 

Vapour / Phase Fraction 0.90 1.00 0.00 0.00 0.00 

Temperature [F] 122.10 112.09 120.00 126.05 330.85 

Pressure [psig] 1200.00 1197.00 230.00 1197.00 100.00 

Molar Flow [MMSCFD] 12.87 11.40 0.47 0.14 0.41 

Mass Flow [tonne/d] 370.52 264.66 27.85 14.63 53.61 

Component Mass Flow [tonne/d]     

CO2 12.65 12.57 0.00 0.00 0.00 

Nitrogen 5.40 5.40 0.00 0.00 0.00 

Methane 180.28 180.28 0.00 0.00 0.00 

Ethane 44.65 44.30 0.37 0.00 0.00 

Propane 28.74 14.41 14.37 0.00 0.00 

i-Butane 8.00 2.31 5.16 0.01 0.47 

n-Butane 9.10 1.91 5.75 0.04 1.34 

i-Pentane 4.25 0.66 1.63 0.65 1.31 

n-Pentane 3.14 0.51 0.52 0.95 1.10 

n-Hexane 4.58 0.31 0.00 1.49 2.35 

n-Heptane 2.10 0.04 0.00 0.42 1.22 

H2O 9.66 0.00 0.00 0.00 0.00 

Blend 45.94 1.65 0.06 8.78 38.90 
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Chapter 4 

4 Results and Discussion 

The LPG products, stable light hydrocarbons, and natural gas produced by the condensate 

recovery unit are usually sold commercially and therefore; they must fulfill certain quality 

standards. The butane and propane recovery rate, which may be calculated as follows, is a 

key indicator of an NGL production: 

Propane recovery rate = moles propane in products/moles propane in feed gas ×100% 

Butane recovery rate = moles butane in products/moles butane in feed gas ×100% 

A greater energy consumption corresponds to higher production. The overall energy usage 

of the NGL equipment is made up of two separate forms of energy: heat and electricity (for 

example, from reboilers and compressors). Exergy assessment is another parameter for 

comparing conventional and improved NGL recovery processes. 

To evaluate the capital and operating cost of the conventional and optimized process 

scheme, an economic analysis is performed on the Aspen economic analyzer. 

4.1 Optimization and Sensitivity Analysis 

A greater recovery rate for NGL extraction units means more energy usage and higher 

running costs. Furthermore, there should be a specific operating condition that improves 

unit profitability. 

Several parameters, such as the deethanizer pressure, debutanizer pressure, and condensate 

recycling rate, affect the unit energy consumption and product recovery. These variables 

are interconnected and have an influence on product recovery and, consequently plant 

profit. A sensitivity study should be carried out before the optimization. 

To study the impact of operating parameters on unit profit, HYSYS was used to conduct a 

sensitivity analysis. 
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4.1.1 Deethanizer Pressure 

When deethanizer pressure is increased, the product recovery rate falls, and when 

deethanizer pressure is decreased, the product recovery rate increases. As tower pressure 

rises, the energy necessary to drive the deethanizer over compressor decreases. While light 

component separation becomes much more difficult as reboiler duty increases, the lower 

compressing power reduces total energy use. According to modelling results, deethanizer 

pressures must be between 380-400 Psig. 
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Figure 4-1 Impact of deethanizer pressure on compressor and reboiler duty 

4.1.2 Debutanizer Pressure 

The debutanizer distils the C3 and higher hydrocarbons that collected in the bottom of the 

deethanizer, and its operating parameters determine whether such hydrocarbons are 

transformed into natural gasoline or LPG. Due to the obvious varying product prices, this 

results in a disparity in plant profitability. Natural gas is often less expensive than LPG on 

the open market. The debutanizer pressure, that must be greater than 170 Psig to reduce the 

formation of non - condensable overhead gas, is also important in the recovery. Moreover, 

to guarantee that the stream flows into the debutanizer without external effort, the 

debutanizer pressure must be at least 72 Psig lower than the deethanizer pressure, with a 

recommended operating range of 170 – 250 Psig. 
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Figure 4-2 Impact of debutanizer pressure on gas flow and reboiler duty 

4.1.3 Condensate Recycling 

Condensate Recycling should be set to the optimum range. As the amount of condensate 

recycling increases, the LPG production, equipment sizes and energy utilization are 

increases. The graph below represents the duty of chiller and deethanizer reboiler is 

dramatically increase with the increase in recycle Condensate flow rate. There is a minor 

increase in the debutanizer reboiler duty. The rise in duty means an increase of utility cost 

and operating costs. The optimum recycles flow rate should be in the range of 5 to 10 gpm. 
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Figure 4-3 Impact of condensate recycle flow rate on LPG flow rate and Chiller, Deethanizer & 

Debutanizer reboiler Duties 
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4.2 Propane and Butane Recovery Rate 

The feed flow rate of propane and butane is the same for conventional and optimized flow 

schemes. 

  Feed Stream Conventional Optimized 

  S1 LPG  LPG  

Propane [lbmol/hr] 59.87 20.51 29.93 

i-Butane [lbmol/hr] 12.64 6.24 8.15 

n-Butane [lbmol/hr] 14.38 7.29 9.08 

 

4.2.1 Conventional  

Propane recovery rate = moles propane in products/moles propane in feed gas ×100% 

Propane recovery rate = 20.51 / 59.87 * 100 = 34.3 % 

Butane recovery rate = moles butane in products/moles butane in feed gas ×100% 

Butane recovery rate = 13.53 / 27.02 * 100 = 50.1 % 

4.2.2 Optimized 

Propane recovery rate = moles propane in products/moles propane in feed gas ×100% 

Propane recovery rate = 29.93 / 59.87 * 100 = 50 % 

Butane recovery rate = moles butane in products/moles butane in feed gas ×100% 

Butane recovery rate = 17.23 / 27.02 * 100 = 64 % 

The propane recovery rate of propane is 34.3% for the conventional ISS scheme and for 

Optimized flow scheme is 50% which is 16% more due to the injection of 10 USgpm of 

condensate back to the system. Also, the butane recovery of conventional is 50%, while 

for optimization is 64%. Overall, the recovery becomes better due to recycle of condensate.  

4.3 Exergy Analysis 

4.3.1 Objective 

To reduce the exergy destruction of the refrigeration loop that is used for the hydrocarbon 

dew point control unit. 
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Refrigeration loop in hydrocarbon dew point control unit is one of the most exergy 

destructive areas. To analyze the exergy of the refrigeration loop, the first mass exergy and 

exergy destruction of the most extensively used propane refrigeration loop was considered. 

Based on the exergy analysis, recommendation of a new refrigerant was considered to 

improve the overall exergy of the system. 

4.3.2 Exergy analysis of Propane Refrigeration Loop 

The components in the refrigeration loop, including Chiller, compressors, air cooler and 

JT valve (Expansion), all cause irreversibility, leading to exergy destruction. The exergy 

destruction in the components is calculated according to the equations listed 

below[14][88]. 

Compressors 

𝛥𝐸𝑥 = 𝐸𝑥𝑖𝑛 + 𝑊𝑐𝑜𝑚 − 𝐸𝑥𝑜𝑢𝑡 = (𝐻𝑜𝑢𝑡 − 𝐻𝑖𝑛)(1/𝜂𝑐 − 1) + 𝑇1(𝑆𝑜𝑢𝑡 − 𝑆𝑖𝑛) [14] 

Air Cooler 

𝛥𝐸𝑥 = 𝐸𝑥𝑖𝑛 − 𝐸𝑥𝑜𝑢𝑡 = ∑(�̇�𝑒)𝑖𝑛 − ∑(�̇�𝑒)𝑜𝑢𝑡 + 𝑊 +   𝐸𝑎𝑖𝑛 − 𝐸𝑎𝑜𝑢𝑡 [14] 

Joule- Thomson expansion 

𝛥𝐸𝑥 = 𝐸𝑥𝑖𝑛 − 𝐸𝑥𝑜𝑢𝑡 = ∑(�̇�𝑒)𝑖𝑛 − ∑(�̇�𝑒)𝑜𝑢𝑡 [14] 

Chiller 

𝛥𝐸𝑥 = 𝐸𝑥𝑖𝑛 − 𝐸𝑥𝑜𝑢𝑡 +  𝐸𝑥𝑞 

𝐸𝑥𝑞 =  (1 −
𝑇0

𝑇𝑏
) 𝑄 

ΔEx is the equipment exergy destruction; The intake exergy is known as Exin. The output 

exergy is referred to as Exout. The inlet enthalpy is Hin. The output enthalpy is Hout. The 

inlet entropy is called Sin. The output entropy is Sout, while the irreversible rise in entropy 

is Sirre. ἠ is the effectiveness; The molar flow is denoted by m, while the exergy of streams 

is denoted by E. The enthalpy of flow of air before and after the exchange of heat is Eain 

and Eaout, respectively. The temperature of the environment is TO; The work done on the 
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equipment by the external environment is denoted by W, while the lost work is denoted by 

LW. The heat exchanged between the components and  environment  is denoted by Q [29]. 

Before conducting the exergy analysis, a rigorous process simulation was needed to be 

accomplished by a conventional process simulator such as HYSYS. The whole plant was 

simulated via HYSYS. HYSYS simulation was performed by the Penge Robinson equation 

selected as the thermodynamic model. 

 

Figure 4-4 Sub-flow sheet of Propane refrigeration loop 

4.3.3 Exergy of Streams 

Table 4-1 Exergy of streams 

State 
P 

(bar) 

T 

(C) 

h 

(kJ/Kg) 

s 

(kJ/kg.k) 

Ex 

(kJ/kg) 

Exergy 

KW 

Standard State 1.0 25.0 -2359.0 3.7 0.0 0.0 

R1 1.1 -39.4 -2460.0 3.3 20.0 67.8 

R2 17.0 82.0 -2291.0 3.4 152.3 516.5 

R3 16.8 48.9 -2650.0 2.3 122.0 413.7 

R4 1.2 -39.2 -2650.0 2.4 71.7 243.0 

Mass flow rate of refrigerant used = 12205 Kg/hr 
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P is the pressure, T is the temperature, h is the enthalpy, s is the entropy and Ex is the 

physical exergy of the stream.  

Table 4-2 Exergy Analysis Results 

Components 
Component 

identifier 

Exergy 

Destruction 

(KW) 

Compressor K-100 126.40 

Condenser AC-100 102.75 

JT-Valve VLV-100 170.75 

Chiller HX-100 9.86 

 

2.4%

41.7%

25.1%

30.8%

 Compressor

 Condenser

 JT-Valve

 Chiller

 

Figure 4-5 exergy destruction distribution of the components in propane refrigeration loop. 

The major component of the exergy destruction in the propane refrigeration loop is the JT-

valve which is 42% of the total exergy destruction, 31% in a compressor, 25% in a 

condenser, and 2% in a chiller. 

Total Exergy Destruction = 409.75 KW 

4.3.4 Exergy analysis of Mixed Refrigeration Loop 

Mixed refrigeration loop contains 60% propane and 40% R-600a [88].  
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Figure 4-6 Sub-flow sheet of Mixed refrigeration loop 

4.3.5 Exergy of Streams 

Table 4-3 Exergy of streams 

State 
P 

(bar) 

T 

© 

h 

(kJ/Kg) 

s 

(kJ/kg.k) 

ef 

(kJ/kg) 

Exergy 

KW 

Standard State 1.0 25.0 -2312.0 3.5 0.0 0.0 

R1 1.1 -22.7 -2389.0 3.2 12.1 30.3 

R2 17.0 89.2 -2233.0 3.3 135.3 338.6 

R3 7.9 30.0 -2651.0 2.1 85.9 215.1 

R4 1.2 -28.3 -2651.0 2.2 65.7 164.4 

The mass flow rate of refrigerant used = 9008 Kg/hr 

Table 4-4 Exergy analysis results of the mixed refrigeration loop 

Components 
Component 

identifier 

Exergy 

Destruction 

(KW) 

Compressor K-100 81.18 

Condenser AC-100 123.54 

JT-Valve VLV-100 50.71 

Chiller HX-100 8.93 
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Figure 4-7 Exergy destruction distribution of the components in mixed refrigeration loop. 

The major component of the exergy destruction in a mixed refrigeration loop is the 

condenser which is 47% of the total exergy destruction, 31% in the compressor, 19% in 

JT-Valve, and 3% in a chiller. 

Total Exergy Destruction = 264.35 KW 

The maximum exergy destruction component of the propane refrigeration loop is JT valve 

which is 170 KW that need to be reduced with the help of a mixed refrigeration loop. In a 

mixed refrigeration loop the exergy destruction of JT- Valve is 50.71 KW. The overall 

reduction in the exergy destruction is 145.4 KW which is 35% of total exergy.  

4.4 Economic Analysis 

The entire cost of the plants is directly related to the plants and equipment material for 

construction, cold and hot utilities, and relative plant sizes. Two kinds of expenses are 

linked to a plant's feasibility (i.e., from commissioning to operation). The first is stated to 

as the capital cost, whereas the second is stated to as the operating cost.  
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4.4.1 Capital Cost 

The capital cost of the major parts and components needed for the process is generally 

estimated as a component of the equipment cost, and additional expenditures such as 

construction, design, installation, and starting its equipment are commonly calculated as 

elements of the equipment cost [89]. 

4.4.2 Operating Cost 

To determine a project's feasibility and choose amongst possible substitute processing 

procedures, an estimate of operational expenses or the cost of creating the product is 

required. The flow diagram, which depicts the activities and feedstock requirements and 

the capital cost estimate, may be used to estimate these expenses. 

The elements mentioned below will be included in the expenses of making a chemical 

product. They've been there before. 

Split into two groups  

1. Fixed operating costs: Expenses that are constant regardless of manufacturing rate. 

These are the bills that must be paid regardless of production quantity. 

• Maintenance (labour and materials). 

• Operating labour. 

• Laboratory costs. 

• Supervision. 

• Plant overheads. 

• Capital charges. 

• Rates (and any other local taxes). 

• Insurance. 

• License fees and royalty payments. 

 

2. Variable operating costs: costs that are proportional to the quantity of goods 

produced. 

• Raw materials. 

• Miscellaneous operating materials. 

• Utilities (Services). 

• Shipping and packaging. 
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4.4.3 Equipment Cost 

Overall equipment cost of optimized flow sheet is 0.32% higher than the conventional due 

to the recycling of condensate. After the exergy analysis, the exergy destruction of propane 

refrigeration is reduced by the replacement of propane with mixed refrigerant which also 

reduces the refrigeration loop capital cost and added a profit of 87000 USD. 

Table 4-5 Equipment cost for conventional and Optimized Processes 

Equipment Name Tag 

Optimized 

Flow sheet 

Equipment 

Cost [USD] 

Conventional 

Flow sheet 

Equipment 

Cost [USD] 

 K-100 $89,900 $89,800 

Three Phase Separator V-100 $42,000 $42,000 

Two Phase Separator V-101 $47,700 $36,600 

Low Temperature Separator LTS $47,700 $36,600 

Feed/Condensate Exchanger E-100 $9,500 $9,900 

Feed/Sales gas heat exchanger E-101 $33,000 $48,700 

Deethanizer Deethanizer $75,300 $64,800 

Debutanizer Debutanizer $115,600 $114,200 

Debutanizer Reflux Pump P-101 $5,500 $5,500 

Reflux Accumulator V-102 $23,800 $22,300 

Condensate Pump P-102 $107,500 $99,200 

Condensate- Air Cooler AC-103 $53,700 - 

Sales gas after cooler E-103 $10,000 $9,400 

Sales gas compressor K-101 $1,016,000 $994,500 

Sales gas compressor K-102 $587,300 $588,700 

Chiller Chiller $30,900 $11,800 

Refrigeration Compressor K-100@TPL1 $1,035,300 $1,141,400 

Glycol Knockout vessel V-104@TPL2 $16,300 $16,300 

Glycol Circulation Pump P-100@TPL2 $74,500 $74,600 

TEG Column T-103@TPL2 $48,200 $48,200 

Lean/Rich glycol Exchanger E-105@TPL2 $8,400 $8,400 

Condense Stabilizer T-100@TPL3 $47,400 $47,400 

Condensate stabilizer overhead 

compressor 
K-102@TPL3 $1,283,800 $1,283,800 

Total   $4,809,300 $4,794,100 
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Table 4-6 shows the results of two process flowsheet products flowrate, and the price is 

offered by the enterprise. The adding profit after the payback period for the optimized 

flowsheet is 3076 $/day. 

Table 4-6 Cost and Production rate of products 

Flowsheet 
Sales Gas Sales Gas LPG LPG Condensate Condensate 

tonne/day USD/tonne tonne/day USD/tonne tonne/day USD/tonne 

Conventional 271.48 
621.68 

21.11 
783.86 

68.13 
473.02 

Optimized 264.82 27.69 68.23 

 

The capital cost of the optimized process is 2.62% higher than the conventional process, 

but that cost recovers in 0.58 years of project life, and after that the profit of 3076 $/day is 

obtained from the optimized flow sheet. The operating cost is only 3.4 % higher, which is 

negligible in terms of higher LPG recovery and product cost. The overall summary of both 

processes are shown below. 

Table 4-7 Cost Summary 

Description Optimized Conventional 

Total Capital Cost [USD] $24,700,100 $24,051,600 

Total Operating Cost [USD/Year] $3,623,300 $3,499,860 

Total Product Sales [USD/Year] $83,286,800 $82,055,700 

Total Utilities Cost [USD/Year] $1,020,960 $909,950 

Equipment Cost [USD] $4,809,300 $4,794,100 

Total Installed Cost [USD] $7,590,000 $7,337,200 
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Conclusion 

In this work, a Focus is devoted on the Optimization of NGLs recovery processing 

facilities. A conventional ISS process is considered as a base case. Conventional and 

optimized process are fully simulated on Aspen Hysys under the same product and 

feedstock specifications. The optimized process contains two modifications, Recycle of 

gas condensate and use of mixed refrigerant instead of propane in refrigeration loop.  The 

results of both simulations are extracted for economic analysis. The exergy analysis of 

refrigeration loop was also performed for propane and mixed refrigerant. Three conclusion 

that drawn from these simulations. Firstly, due to recycle of gas condensate the 

reabsorption of butane and propane increased so that the LPG recovery is enhanced up to 

88.6 Bbl./day, also the better quality of sales gas obtained due to the enhanced recovery of 

NGLs. Secondly the capital cost of optimized process is 2.62% higher than the 

conventional process but that cost recover in 0.58 years of project life and after that the 

profit of 3076 $/day is obtained from the optimized flow sheet. The operating cost is only 

3.4 % higher which is negligible in terms of higher LPG recovery and product cost. Thirdly 

due to the use of mixed refrigerant the overall exergy destruction is reduced up to 35% also 

its lower the capital cost of refrigeration loop. 
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Future Prospectus 

Despite the immense developments and many successes, there is still a long way to go for 

the optimization of natural gas liquid recovery. The most of the modified process focus on 

the improvement in rectifying section of the demethanizer column. There is still a space 

for modification in stripping section. Also, a lot of research is required for the reabsorption 

of butane and propane in recycle gas condensate i.e., the favorable conditions for 

absorption, location of reinjection. 
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