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Natural gas processing, as one of the major energy sources, has become a focal point in
boosting the energy value chain by processing high commercial value products such as
natural gas liquids (NGL) and electricity generation. Natural gas processing has also
amplified its usefulness to human well-being and global prosperity in different ways.
However, the spate of gas flaring is a global phenomenon, despite advances in waste gas
management technology. This research describes a unique integrated plant that recovers
NGL and produces electricity via waste gas for the energy conversion process. Exergetic
analysis has been offered to identify the causes of irreversibilities in the plant. Simulation
models were built using the AspenOne HYSYS V10 and Aspen Plus V10 software to
conceptualize the plant. The recovery of 60 kBD NGL and 2.55 kg mol/s of 97% lean
methane gas (95% purity) as the residue was achieved from 320 MMSCFD of waste gas
processing. The residue methane gas is combusted in a combustion chamber to recover
hot gas in a heat recovery steam generator (HRSG) for steam generation and production of
646 MWof electricity. Analysis revealed that the heat exchangers collectively accounted for
about 78% exergy destruction in the NGL recovery plant, while the 3 and 1.54%,
respectively, of exergy is destroyed and lost in the demethanizer. The steam power
plant showed similar irreversibilities with the boiler exchanger accounting for up to 88%
exergy destruction. About 1.4% of exergy is lost as flue gas to the environment. At
optimization, overall exergy efficiency reached 77.5 and 80.6% in the NGL recovery and
steam power plant, respectively. Thus, this integrated plant model has not only
demonstrated a marked improvement to similar models but is also a lucrative
alternative to waste flare gas management. It is also proven to be a “flare-capture”
alternative model for fossil fuels-related emission reduction and optimization tool for
waste gas to energy.
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1 INTRODUCTION

1.1 Background and Literature Reviews
Natural gas is produced when separated from crude oil
production (Figure 1). This produced gas is disposed of or
destroyed due to a lack of infrastructure to process it and
mitigate emissions releases (Emam, 2015). Gas flaring has
been patronized from the inception of oil and gas production
to relieve gas from eruptive wells or burn gas during refining
(Mourad et al., 2009). This gas flaring process is largely
responsible for energy waste and greenhouse gas (GHG)
releases, as seen in many refineries today (Ismail and
Umukoro, 2012; Abam et al., 2020).

Gas flaring today is indeed partly due to the convenience of
minimizing financial resources for infrastructural installations or
the lack of technological acquisition required to process this gas.
It is on record that gas flare from fossil fuels releases 45.8 billion
kilowatts of heat into the atmosphere daily, thus leading to raised
temperatures and inhabitable large areas (Isichei and Sanford,
1976). Thus, business competency is required to manage wasted
flare gas and achieve full economic exploitation. Carbon dioxide
from fossil fuels contributes about 75% of the anthropogenic
emissions (Anon, 2001), which is classified as the main source of
GHG and the consequential global warming and climate change
potential. These conditions have harmful effects on the global
population growth, living standards, human health, and entire
ecosystems (Tolulope, 2004; Uwem and Akpan, 2017). GHG
emissions reduction is a top priority for the world health
organization (WHO), the world bank, and other relevant
government and non-governmental agencies. The U.S. national
oceanic and atmospheric administration (NOAA), in partnership
with the world bank, estimated flared gas volume in 2015 to 147
billion cubic meters (BCM) (Zubin, 2016). This is an enormous
quantity of wastes of a natural resource that could generate over
750 billion kWh of electricity, which is more than enough to
power the African continent (Zubin, 2016). The Kyoto protocol
ratification and the environmental impact of flare gas have
continued to increase awareness that flaring may not be
allowed sooner (Malumfashi, 2007). This alliance will effect

changes in the oil and gas production practices and processing
for which several research works have been done, including
Mourad et al. (2009) whose study on crude stabilization via
multistage separation techniques recovered flared gas and
Rahimpour et al. (2012) who recovered flare gas of the
Farashband gas processing plant. However, Zadakbar et al.
(2008) presented the economic and environmental values of
reducing, recovering, and reutilizing flare gases from gas
refineries in Iran.

The development of a flare gas recovery (FGR) system (Bhran
et al., 2016), which can also be used to reduce thermal radiation,
noise, and pollutants emissions from gas flaring (API, 1977), is
one of the best solutions to gas flaring reduction, yet. Utilizing
waste gas is an investment rather than a burden in many ways
because the gas is converted to power or fractionated solely for
economic gains (Abam et al., 2020). Rahimpour and Alizadeh-
Hesari (2009) examined the Iran Asalooye refinery and proposed
wasted gas recovery methods, which included power generation
via gas turbines, gas-to-liquid (GTL) production, gas
compression, injection, and pressure maintenance. Such
methodologies play an important role in bringing wasted gas
to cash (Landoli and Kjelstrup, 2007).

Natural gas liquids (NGLs) production is a useful byproduct of
waste gas reutilization and processing. NGL can be described
simply as liquids recovery from natural gas such as ethane and
heavier hydrocarbon products. NGL recovery pertains to the
refrigeration (mixed and cascade) process (GPSA, 1998).
Ethane, propane, butanes, and natural gasoline are the most
valuable components of natural gas in terms of their thermal
value (Ghorbani et al., 2017). Hence, for its recovery, numerous
separation structures, extraction processes, such as the
Joule–Thomson (JT) expansion, refrigeration via refrigerants
in a chiller, and turbo-expander have been proposed
(Manning and Thompson, 1991). Each of these recovery
process have their pros and cons depending on operator need,
which determines the process footprints. Thus, Vatani et al.
(2013) recommended an integrated structure for simultaneous
NGL production that recovered 93% ethane using the
HYSYS–MATLAB simulation program based on the propane

FIGURE 1 | Production process overview.
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mixed refrigeration (C3MR) cycle. Khan et al. (2014) presented a
new optimization algorithm for the integrated refrigeration cycle
for simultaneous NGL and liquefied natural gas (LNG)
production similar to the Linde Company model (Linde
natural gas plants, 2005). Uwitonze et al. (2016) presented
three mixed refrigerant dual refrigeration cycle structures in
the ultra-cold natural gas integrated processes (NGL, LNG),
and Ghorbani et al. (2017) investigated an integrated structure
that removes nitrogen from natural gas and produces LNG and
NGL simultaneously via a refrigeration cycle. The study reached
an exergy efficiency of 62.82% and a specific rate of power
consumption of 0.32 kWh/kg LNG. The NGL processes are
typically modelled and simulated to obtain detailed
thermodynamic information and Mehrpooya et al. (2006)
examined exergy analysis for NGL recovery in refrigeration
cycle using simulation and concluded that exergetic efficiencies
ranked lowest in the air cooler(s) and chillers among the
components of the refrigeration cycle.

The heat from waste flare gas is usually at low temperatures,
thus making its conversion into other forms of hydrocarbons
and electrical energy difficult. As a result, research on waste
energy conversion to other forms of usable end-products is
continuously done (Ghannadzadeh et al., 2012). Marin et al.
(2014) examined energy and exergy concepts via ORC powered
by solar (low-grade heat source) to generate working fluid heat
energy and (Valencia et al., 2019) investigated the energy and
exergy analysis of triple ORC–waste heat recovery (WHR)
assembly using thermal oil circuit to improved overall power
conversion efficiency by 11.58% as waste heat driven-ORC. The
organic Rankine cycle (ORC) and heat recovery processes are
auspicious technologies for medium and low-grade waste heat
energy conversion into mechanical power and electricity (Patel
et al., 2016). Other research works on exergetic analysis include
the use of simulators to generate expressions for exergy balance,
heat and work streams, to automate exergy analysis, (Abdollahi-
Demneh et al., 2011; Querol et al., 2011; Ghannadzadeh et al.,
2012). The first law of thermodynamics can be conveniently
used to analyze the energy quantity and not the quality of waste
gas when estimating energy utilization in a waste gas to the
energy system. This shortfall in the first law gives credence to the
essence of exergy in the second law. The concept of exergy helps
to estimate the potential to do useful work (energy quality) at a
specific state (Cengel and Boles, 2006; Saidur et al., 2010) as
defined by the second thermodynamic law (Habib et al., 1999;
Sciubba and Wall, 2004). Therefore, exergy, unlike energy, can
be destroyed. Therefore, it is not conserved in a non-reversible
heat transfer or chemical reaction process (Brodyansky et al.,
1994). Exergy has been applied widely to the evaluation and
analysis of isolated thermal systems (Jokandan et al., 2015),
components of a system (Rakopoulos and Giakoumis, 2006),
and energy utilization in countries such as the United States,
Canada, Japan, Sweden, Italy, United Kingdom, Malaysia,
Norway, and China, for energy resource management (Saidur
et al., 2010; Eisenmenger et al., 2017; Calvo et al., 2018;
Hernandez et al., 2018).

Several research works on thermal power plants around the
globe have investigated the effect of exergy. Rosen (2001)

adopted exergy analysis to evaluate the overall performance
of coal and nuclear power stations. Amir (2012) assessed a
steam power plant boiler using the energy and exergy analysis
method and concluded that a fractional decrease in combustion
excess air was responsible for a proportional increase in the
energy and exergy efficiency of the plant and that additional
fractional increase in the mentioned efficiencies is achieved by a
decrease in temperature from 137°C to 90°C. Habib et al. (1999)
studied the steam cycle of a power plant and determined the
exergy and exergy costs balance for components and the system
when they optimized a double reheat in the thermal power
plants. Kwak et al. (2003) applied mass and energy balance on
components when analyzing a 500 MW combined cycle plant.
The developed computer program was able to evaluate the
thermodynamic performance and sensitivity to changes in both
processes and the design variables of the components. Other
research works on exergetic analysis of thermal plants include
the evaluation of components’ exergetic losses in a dual-stage
vapor compression cycle (Ouadha et al., 2005). Furthermore,
Önder (2014) analyzed exergy destruction in the steel industry
using actual plant data. Ameri et al. (2008) scrutinized a
420 MW combined cycle power plant (CCPP) in Neka, Iran,
using the exergetic methodology to evaluate the major
components of the plant and identified the combustion
chamber, HRSG, duct burner, and gas turbine as the main
sources of irreversibility as they contribute 83% of the total
exergy destruction in the plant. Ahmadi and Toghraie (2016)
investigated the energy and exergy analysis of a 200 MW
Montazeri steam power plant of Iran using a mass, energy,
and exergy balance approach. They found that 69.8% of the
total energy loss was rejected from the condenser, and the boiler
destroyed 85.66% of the total plant exergy. Patel and Agrawal
(2019) investigated the effect of various process parameters on
plant efficiencies to prioritize them for possible improvement
in energy input utilization when they examined a 250 MW coal-
fired thermal power plant using a flow sheet computer program
Cycle Tempo 5. Shamet et al. (2021) presented the energy and
exergy analysis of the Garri 4 power plant in Sudan to identify
the main sources of irreversibilities in the plant. They
confirmed that the condenser rejected 67% as the main
source of energy rejection while the boiler contributed the
largest exergy destruction of 84.36%. The loss of exergy
generally provides an applicable quantitative measure of an
inefficient process. Kotas (1995) analyzed the total
irreversibility distribution of a multi-component plant and
identified the highest contributors to the overall plant
inefficiency. Shin et al. (2015) further used thermodynamic
applications and optimization analysis to provide design
methodology for improving energy-efficient systems (Yoon
et al., 2017).

Moran (1982) with Pilankar and Kale (2016) showed that
energy and exergy analyses, which are a major component of
the laws (first and second) of thermodynamics, can be used as a
tool to determine the components inefficiency sources and
analyze thermodynamic losses in a chemical and fertilizer
industry. The results indicated that the combustion chamber
contributed over 50% of the total exergy destruction in the
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overall cycle. Khaliq and Kaushik (2004) adopted an exergetic
tool to investigate reheat in a combined Brayton/Rankine
power cycle use. Exergy has also been analyzed in a small
biomass-fed ORC power plant consisting of a combustion
burner that utilized biomass as fuel to produce power (Nur
and Sunoto, 2018). They concluded that the combustor and the
pump contribute the most and the least exergy destruction in
the components. Some researchers (Jouhara et al., 2018;
Brückner et al., 2015; Shengjun et al., 2011) also focused on
the analysis and utilization of waste heat in power generation.
Suryo et al. (2019) emphasized that exergy analysis can be used
to locate and determine causes and sources of thermodynamic
losses toward improving the performance of the existing
systems and constructing new energy-efficient systems.

1.2 Motivation and Novelty of the Study
From exhaustive reviews, many research studies abound on waste
gas utilization in literature, as highlighted. However, most of their
emphasis is focused on the use of waste gas for power generation
and as fuel gas for machinery or fractionation for NGL/LNG
production. Reports on waste gas to energy utilization and the
conversion of methane gas residue to generate power are absent
in the published journal and the integration of an NGL recovery
plant and steam power generation plant. Therefore, this study
seeks novelty in its ability to integrate both plants. This plant
system will not only minimize the potential for greenhouse gas
emissions but also serve as a profitable alternative to gas flaring.
Energy and exergy analysis is applied in this study as a

thermodynamic tool that will help determine exergy loss
which may be associated with the integrated NGL recovery
and the steam power plants, their optimal designs, and
operations (Salas et al., 2017). AspenOne HYSYS V10 and
Aspen Plus V10 will be used to model the plants and identify
areas of thermodynamic irreversibilities, including causes,
location, and magnitude, and determine areas of
improvements to minimize the system energy requirement and
enhance performance.

2 PROCESS DESCRIPTION

Figure 1 depicts the conventional process of oil and gas
separation in a processing plant. Unused gas after the gas
treatment process is burnt at the flare as wasted gas. In this
study, this low-pressure waste gas is being re-routed from the
flare stack into the integrated NGL recovery and the steam power
generation plants. The schematic shown in Figure 2 illustrates the
process flow schematics of the proposed integrated plant. It is
shown that the re-routed low-pressure waste flare (rich) gas is
channeled into a gas gathering vessel, where it is produced into a
multistage booster screw compressor with interstage coolers (heat
exchangers). The intercoolers and the chillers will drop the feed
stream temperature before the stream is splintered into the
expander, where the gas is expanded to further lower the
temperature and pressure of the rich gas stream into a
demethanizer column. Cold methane is produced from the

FIGURE 2 | Process schematics for the integrated waste gas to energy for [A], NGL recovery plant and [B] steam power generation plant.
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column top and NGL from the column bottom. The side reboiler
is set at the lower part of the demethanizer to achieve optimum
energy integration and recover the cold energy in the column.
The cold-produced lean methane gas is routed and warmed
through the heat exchange shell in a subcooled process into a
gas combustor in the steam power plant. The hot gas produced in
the combustor passes through the heat recovery steam generator
(HRSG) to produce steam at 275.6°C into the steam turbine blade
in a Rankine cycle-related process that produces electricity.

2.1 Methodology—Process Simulation
Aspen HYSYS V10 and Aspen Plus V10 are used to model and
simulate the integrated plant processes by employing the
Peng–Robinson equation of state (EOS) (Figure 3) and
IAPWS-97 (Figure 4) as the fluid package (Aspen Tech,

2013), respectively. With these simulators, the
thermodynamics properties for the process using a waste
gas composition shown in Table 1 were obtained. In this
study, energy and exergy are utilized for evaluating the main
components of the system. The compressor (Comp-103) and
expander (Exp-101) are physically linked with a shaft as a
turbo-expander. In Aspen HYSYS, the link installed between
the compressors and expanders indicate that the speed of
each linked unit is the same and the cumulative sum of the
duties of each unit and the total power loss equals zero. The
NGL recovery processes in the study used turbo-expander,
which is also often used in both the oil and gas industry
(Manning and Thompson, 1991; Shin et al., 2015; Tahmasebi
et al., 2015; Ansarinasab et al., 2016) and conventional
engineering processes, namely, the gas subcooled process,

FIGURE 3 | HYSYS modeled natural gas liquefaction recovery plant process.

FIGURE 4 | HYSYS modeled steam power plant process.
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the split vapor recycle, and the cold residue processes (see
Figure 2).

The subcooled process of gas involves passing compressed
feed gas at 91 bar in a precooled process through HEX-101, HEX-
102, and HEX-103 and the chillers (CHX-101 and CHX-102) and
then expansion in the turbo-expander cryogenically into the
column from where the top product streams provide cooling.
The vapor stream from the flash drum (LTS-2) is split into two
streams in a subcooled process which helps enhance the high
recovery of the NGL (C2+) product (Mehrpooya et al., 2006). The
first stream is cooled in the HEX-104 with a stream from the
column top product. The stream is expanded and recycled as a
reflux stream into the top of the demethanizer column as well,
Figure 3. The second stream is fed through the turbo-expander to
deliver NGL demethanizer column bottom. The small liquid
stream from the flash drum (LTS-3) also fed into the bottom
of the column. The split vapor recycles and the cold residue reflux
processes are constituents of the subcooled process, which helps
increase methane recovery. After the expansion processes, the
methane-rich cold stream (lean gas) from the demethanizer
column top is cycled through the two process-process HEX-
104 and HEX-103 into the combustor in a process that allows the

pure methane gas to be maintained at equal pressure with
compressed air from the blower.

In the steam power plant model in Figure 4, the pressurized
air from the blower is stoichiometrically combined with fuel to
release high-temperature hot gas, which is recovered through the
HRSG-evaporator (boiler exchanger) assembly to produce hot
steam into the steam turbine blade. Low temperature and
pressure steam is released from the steam turbine into the
condenser at atmospheric temperature. Energy is seen to be
also released to the surroundings as flue gas during the
combustor process. However, this cycle resembles an ORC
model concept and one in which heat sources and steam are
selected as the working fluids.

The data inputted into the simulation is shown in Table 2.
However, the Aspen HYSYS process parameter can be adjusted in
such a way that the user sets the target variable value and specifies
an adjusted variable used to reach the target value, as seen in
Figure 3.

2.2. Demethanizer Column Simulation
The demethanizer column in Appendix B (Supplementary
Appendix B Figure S1) is used to separate methane gas at the
column top and other heavier hydrocarbons at the column
bottom. This reboiler-only column does not have a condenser
at the top and therefore does not have cold reflux from the
column top. The simulated 30-tray demethanizer column is set at
1% methane recovery to ensure that most ethane and heavier
hydrocarbons are produced at the column bottom. The lower
demethanizer pressure and separation pressure enhance the
volatility difference and pressure energy utilized between CH4

and other hydrocarbons, respectively (Gao, 2014). These
conditions are necessary to aid optimal separation potentials
and recovery of more cold energy. A lower than 18-tray
column was used but found to affect the degree of purity of
the top products. Therefore, opting for the 30-tray column
significantly improved the degree of separation of the column

TABLE 1 | Composition of the feed.

Description Compound Mole fraction

Composition of the feed Nitrogen 0.0149
Carbon dioxide 0.0020
Methane 0.9122
Ethane 0.0496
Propane 0.0148
i-Butane 0.0026
n-Butane 0.002
i-Pentane 0.001
n-Pentane 0.0006
n-Hexane 0.0003
Water 0.0000

Input data for process simulation Waste gas flare vol. flow rate (MMSCF/d) 320
Inlet waste gas temperature (°C) 70
Compressor isentropic efficiency (%) 75
Compression ratio 3.58
Inlet waste gas pressure (bar) 2
Inlet cooling water temperature (°C) 25
Inlet air ambient condition temperature (°C) 25
Pressure (atm) 1 (atm)

TABLE 2 | Simulation input data of the utility system.

Parameter Value

Boiler temperature (°C) 1800
Superheated HP steam temperature (°C) 275.6
Pump discharge pressure (bar) 60
Steam turbine discharge pressure (bar) 0.032
Final condensation (°C) 25
Pump adiabatic efficiency (%) 75
Blower adiabatic efficiency (%) 75
Turbine (expander) adiabatic efficiency (%) 75
Water flow rate (kg/s) 735.6
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top product. The column was set at 8.2- and 0.14-bar column
bottom and differential pressure across the tower, respectively.

3 THERMODYNAMIC SYSTEM MODELS:
ENERGY AND EXERGY ANALYSIS

The integrated plant processes are thermodynamically modeled,
based on the following major assumptions:

3.1 Air, Fuel Combustion, and SteamSystem
Assumptions
A simple natural gas burner/boiler was created with the following
process conditions:

• Natural gas (100% methane) is available as a product of
NGL recovery from the demethanizer column at a delivery
pressure, 5.7 bars, and 130°C.

• Air is available at 25°C, and it is characterized and modeled
as 21% oxygen and 79% nitrogen molar mixture and dry
(i.e., no water). Air is added up to 20% of excess oxygen to
optimize and achieve complete gas combustion.

• The pressure drops across the combustor, the HRSG is
maintained at 0.3 bars, and the flue gas is emitted at 120°C to
prevent any liquid dropout and subsequent corrosion
problems.

• No extra pressure drops through heat exchangers (HEXs) or
piping or between components.

• The feed temperature, pressure, and flow rate are 70°C,
2 bars, and 320 MMSCF/d, respectively, and ΔTmin for HEX
is assumed to be 5°C.

• Water at 25°C converted to steam at 275.6°C, no superheat.
• Reference environment: temperature, To � 298.15 K, and
pressure, Po � 1.013 bars.

• Dead state: enthalpy, ho � 104.83 kJ/kg, and entropy, So �
0.3672 kJ/kg-K, respectively.

• The ambient model reference for air in this analysis is
generated by HYSYS.

3.2 Integrated Plant Streams Properties
In the NGL recovery sections: Peng–Robinson EOS is chosen for
the following reasons:

• The mixture is strongly non-ideal and non-liquid, with no
hydrogen and hydrogen sulfite, as it is made of
hydrocarbons.

• The lean residue gas from the column top is modeled as a
mixture of light hydrocarbons such as methane, ethane, and
propane.

• The cycle is a steady flow and steady state.
• Compressors and expanders isentropic efficiencies operate
at 75% (Yoon et al., 2013).

• The combustion process occurs near atmospheric
conditions.

Other properties include the following:

• C1/C2 ratio at the demethanizer bottom is set at 1% (Getu
et al., 2013), to target 95% minimum C2+ recovery.

In the steam power process sections: IAPWS-97 for the
thermodynamics properties of water is chosen for the
following reasons:

• The cycle is a steady flow and steady state.
• The pressure-reducing valve is used as an adiabatic process.
• Process in pumps, compressors, or blower and the steam
turbine is isentropic.

• The heat carrier of exhaust or flue gas is non-corrosive and
non-condensable.

• Steam is modeled as pure water.
• The steam turbine and pump will operate at an ideal
reversible condition.

• Other products of combustion gas considered in the model
include CO2 and H2O (needed to model the steam). In the
case of incomplete combustion, the formation of (CO and
NOx (i.e., NO, NO2, & N2O) are also taken into account.

4 MASS, ENERGY, AND EXERGY BALANCE
OF THE INTEGRATED PLANT PROCESS

This section evaluates the general expressions of mass, energy,
and exergy balances of the plant at a control volume (CV). Thus,
any possible energy changes across the boundary are assumed as
negligible.

4.1 Mass Balance of the Integrated Process
Plant
Mass balance (continuity) equation:

∑ _min � ∑ _mOut (1)

Appendix A (Supplementary Appendix A Tables S1 and
Supplementary Appendix A Tables S2) shows mass balance
equations and calculations for the stream mass inflow and
outflow, respectively. The process imbalance and relative
imbalance (% mass error) are also determined as shown in
Supplementary Appendix A Equations A1, A2. From the
result, that mass inflow is equal to the mass outflow (%
imbalance is zero). In order words, the material flow in the
streams is conserved and coherent with the plant design.

4.2 Energy Analysis of the Integrated Plant
Oil and gas industry players often advance their own indicators to
assess energy performance processing (Nguyen et al., 2014). This
indicator includes the following:

• The energy efficiency η, the ratio of the inlet to outlet in
the plant.
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• The energy intensity ih, the ratio of the used energy to
exported energy.

• The energy waste ωh, the ratio of flared gases energy to total
energy generated.

• The specific power consumption w, the power consumed
per unit of oil and gas equivalent relative to the standard
volume basis,

• The specific CO2 emissions.

Generally, these indicators are often used to identify possible
energy imbalance and leaks in the system (Nguyen et al., 2014).
Aspen HYSYS has been used to derive the energy balance,
imbalance, and relative imbalance (% error) of the streams
using the relevant Supplementary Appendix A Equations A3,
A4 in appendix A. From the overall energy analysis perspective,
energy is induced by the mass flow rate, the useful work output,
and the energy released to the environment. Therefore, at a
steady-state control volume, the energy balance can be
expressed by Eqs 2–4:

_Ein − _EOut � dEsystem

dt
� 00steady (2)

∑ _Ein � ∑ _EOut (3)

Applying the thermodynamics first law control volume (CV)
can be expressed as Eq. 4:

∑Q −∑ _W � ∑ _EOut −∑ _Ein (4)

This law will be largely applied in determining energy
balance and efficiency evaluations in this study, more
clearly defined in Appendix A (Supplementary Appendix A
Tables S1). For example, energy recovered in the HRSG
conforms to Eq. 4 as shown on Eq. 5 and the system
thermal efficiency as Eq. 6.

The thermal efficiency calculation obtained from Eq. 6
undermined the boiler combustion process contribution and
its constituent heat losses under load. More accurately, the
plant energy efficiency calculation should consider the
combustion process. Thus, the plant energy efficiency is better
defined as the ratio of produced work (net) to the fuel energy is
given as Eq. 7:

QHRSG � _m3(h3 − h10) � ( _E3 − _E10) (5)

ηth �
Wturb −WP

Qin
� Wnet

Qin
(6)

ηĖ �
WNet

_mfuelpLHV
p100% (7)

4.2.1 Energy Duty Requirement in the Integrated
Plant
From the HYSYS model, the energies demand of each of the
components is shown in Appendix B (Supplementary
Appendix B Figures S2, S3, S4) for the NGL recovery and
the steam power plants. In the NGL recovery plant, the
multistage booster compressors do enormous work on the
natural gas stream to get the gas to the required pressure,

where the rich gas (containing heavy carbon elements)
component of the stream is stripped off in the expander. To
conserve the expander-produced work, it is linked with a shaft
to drive the compressors (as turbo-expander), as shown in
Figure 3. The HEXs enhance the hot stream gas cooling at the
compressor outlet to improve the efficiencies of the
compressors by taking seawater at ambient temperature.
Appendix B (Supplementary Appendix B Figure S4) shows
the HEXs increasing duty as the streams flow through. The gas
stream is further chilled to about −33°C to increase the
refrigeration requirements and external heating that will aid
the heavier (C2+) hydrocarbons condensation. The turbo-
expander delivers the gas stream into the demethanizer as
cold energy at extremely low pressure and temperature. The
bottom flow is dependent on the demethanizer bottom
temperature, which assures the product quality. By standard
practice, the excess methane gas can be boiled off to meet
product standard specification when the concentration of
methane gas at the NGL recycled exceeds 0.5% (Getu et al.,
2013). However, in this study, a reflux ratio of 0.9 is used as the
control variable to keep the product quality at the bottom
column at 0.5% concentration of CH4.

The produced lean gas (100% pure methane) from the column
top is redirected into the combustor. Air is primarily 79%/N2 and
21%/O2 by molar mixture composition. Because this oxygen is
contained in the air prior to the combustion process, carbon in
the fuel (methane) gas forms some amount of CO2 and some NOx
created from nitrogen (N2) in the air. In this study, dried air at 25°C
ambient condition is allowed to combust in the presence of 20%
excess air (to mitigate the potential for incomplete combustion and
subsequent formation and emission of hazardous substances into the
environment). The amount of stoichiometric oxygen required is
determined byHYSYS from the combustion reactionswith the aid of
Eqs 8a–8c. The reactions for methane, ethane, and propane during
the process are given as

CH4 + 2O2 � CO2 + 2H2O (8a)

C2H6 + 3.5O2 � 2CO2 + 3H2O (8b)

C3H8 + 5O2 � 3CO2 + 4H2O (8c)

Air specification in HYSYS is not just for the rate of oxygen but
the combination together with nitrogen. The composition of the
fuel gas is set to be a pure methane flow rate of 2.55 kg mol/sec and
oxygen flow rate is twice that of methane, 5.1 kg mol/sec (Eq. 8a).
This reaction is needed to be increased by 20% of desired excess air,
as in Eq. 9. Eq. 9 is solved by HYSYS, and the simulation shows
that 1800°C of hot gas is produced from the combustor:

ηair �
(ηO2

)
Stoich

p(1 + fexcess)
yO2

� 5.1p(1 + 0.2)
0.21

� 29.14 kg.mol/sec. (9)

4.2.2 Energy Balance of the Boiler
The boiler consists of the combustor and the HRSG exchanger.
The input and output feed in the boiler are as shown in Figure 5
and involve the following:
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• Inputs: being fuel and compressed hot air from the air
blower for combustion,

• Output: steam (HP_VAP), steam temperature, dryness
fraction, and flue gas.

The boiler design pressure is 60 bars, and the water circulation
rate is about 735.6 kg/s. A blower provides the needed
compressed air of 29.14 kg mol/sec (see Eq. 9) to mix with
2.55 kg mol/sec of methane gas from the NGL recovery plant
for combustion. Hot gas is produced through the HRSG to
generate steam in the boiler exchanger. The boiler superheater
is neglected within the control volume, and the heat releases to
the ambient in the model are controlled.

4.3 Energy Result and Discussion
The gas composition, mass flow rates, temperatures, and pressures
for each material stream have been set in Aspen HYSYS and Aspen
Plus, respectively, upon which the energy of each stream is
calculated. The result of the simulation from the Aspen HYSYS
model is shown in Appendix A (Supplementary Appendix A
Tables S2, S3). The specific energy of the waste gas is measured
as a low-heat value (LHV) of 48,154 kJ/kg for the NGL recovery
plant and 50,035 kJ/kg for themethane gas to the steam power plant.
The difference in these calorific values is due to stream composition
and molar flow rates in each of the plants. The total energy flow
relative imbalance on the NGL recovery and the steam power plants
amounts to 0.0 and 0.0%, respectively. With the zero-percentage
error from the energy balance, the plants’ design can be said to be
coherent with the energy accounting in line with the
thermodynamics first law (Bejan, 1988). Appendix B
(Supplementary Appendix B Figure S7 and Supplementary
Appendix B Figure S8) compares the energy and exergy
efficiencies of each of the components in the integrated plant, as
well as the overall energy efficiencies for each of the plants. Appendix
A (Supplementary Appendix A Table S7) shows the overall NGL
recovery plant energy efficiency as 51.9%. The turbo-expander was
connected to the third state compressor to reduce energy waste from
the turbo-expander during the cryogenic process of delivering cold

stream energy at −219°C from the unit into the demethanizer
column. This cold energy was further charged by the reboiler
heat to warm up the produced gas to about −128.5°C at the
outlet of the demethanizer column. This lean gas delivered the
cold energy through HEXs 103 and 104 to warm the gas to about
129.5°C at the combustor inlet of the steam power plant.

On the steam power plant, it is observed from the simulation that
too much heat energy had been generated from the combustion side
of the boiler to energize water to steam. To utilize produced heat, a
certain parameter is adjusted to increase the circulating water rates
till the residual heat energy (Q_Resid) becomes zero (see Figure 5).
Analyzing the heat losses in the steam power plant, the major
uncontrollable heat energy loss is from the flue gas. In this model,
however, the flue gas temperature has been moderately reduced to
about 120°C to achieve the minimum allowable stack temperature
for natural gas (GPSA, 2012) that will prevent any liquid dropout
and potential corrosion problems. In the condenser, the efficiency
term is not used as the system-generated heat is lost to the
environment. This heat rejection is important to complete the
steam power plant cycle.

The overall fuel energy production in the combustor is 2047 and
1967MW recovered at the HRSG with about 4% of generated heat
lost to the environment as flue gas in Figure 6. In practice, heat
energy loss from the flue gas release gets as much as 20–50%
(Johnson et al., 2008; Bhatia, 2012). However, this heat loss from
the flue gas may be recovered and utilized for the high-pressure
water preheat in the inlet of the evaporator to further improve the
steam power plant efficiency. The portion of the heat used to
produce steam is quite high; hence, the application of superheat
was ignored in the model to minimize heat energy waste. The steam
power plant combustion and thermal efficiency were calculated as
96.1 and 32.6%, respectively, and Appendix A (Supplementary
Appendix A Table S7) also indicates that the boiler and overall
plant efficiencies are 87.2 and 31.3%, respectively. These efficiency
values are simply based on the specific heat input to the steam and
the low-heating value of the fuel. From themodel, apart from the 4%
heat energy loss as flue gas and 646.3MW (32%) utilized for
electricity, the condenser accounted for 1326MW (65%) which is

FIGURE 5 | The boiler energy balance.
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also released to the environment. From this result, it can be stated
that energy analysis can be somewhat misleading because it appears
to only deal with the quantity of energy and not energy quality. The
reason is that this analysis did not consider energy losses due to
irreversibilities and losses from process units or components such as
the HEXs, condenser, or combustion chambers.

5 EXERGY BALANCE AND ENERGY
ANALYSIS OF THE INTEGRATED PLANT
PROCESS
Bejan (1988) remarked that exergy can be transferred in three
ways: work, heat transfer, and the movement of matter across
control volume. He remarked that exergy can be destroyed within
a control volume or a system by the process of irreversibilities:

Exin − ExOut − ExD � dEsystem

dt
� 00steady (10)

In this study, process waste gas streamdata (Table 1) are simulated
to generate a process flowsheet that will help calculate the destroyed
exergy and exergetic efficiency of the system components. The exergy
flow rate of a system can be classified as kinetic, potential, physical,
and chemical exergy, and the specific exergy rate is defined by Eq. 11
as discussed elsewhere (Aljundi, 2009):

ex � ExKE + ExPE + ExChm + Exphy (11)

Exergy calculation is based on the two approaches, which are
separated into physical and chemical components (Aljundi, 2009).
The author further remarked that in addition to the physical and
chemical exergies components, there is also the change of mixing
exergies components. In this study, the physical part of exergy will be
considered since no evidence of chemical substances’ departure from
the cycle to the environment is observed. Exergy defines the
maximum work gained for the system in case of reaching the
environmental conditions (Hinderink et al., 1996). Eq. 12 defines
exergy loss as the difference between reversible and irreversible work,
which is also called irreversibility, as presented in Eq. 16:

Exloss � Wrev −Wreal (12)

In any real process, the amount of entropy production is
greater than or equal to zero, and exergy destruction always
appears (Bejan, 1988; Bejan et al., 1996). Thus, the exergy

destruction law is equal to the entropy generation (second law
of thermodynamic) and determined from the Gouy-Stodola
theorem (Anetor et al., 2016; Eshun, 2019) as stipulated in
Eq. 13.

As mentioned, the exergy related to heat transfer (ExQ) and
work is as expressed in Eq. 14 and Eq. 15:

ExD � ToSgen (13)

ExQ � Q(1 − To

T
) (14)

ExW � W (15)

Thus, exergy destruction is basically due to the internal
irreversibilities of a system and can be determined from exergy
balance using Eq. 16 and Eq. 17:

ExD � ∑Exin −∑Exout (16)

ExD � ∑(1 − TO

Tk
)Qk − _Wcv +∑ _min _ein −∑ _mout _eout (17)

The losses of exergy come from the exergy rejection to the
environment, which is not used for anything (Bejan et al., 1996).
Therefore, the lost exergy is destroyed, and the exergy loss rate ExL

and the component of the exergetic efficiency are estimated by Eq.
18 and Eq. 19, respectively:

ExL � ∑Rejected (18)

ηex �
ExOut

Exin
(19)

The estimation of boiler exergy efficiency requires the fuel exergy,
and this is obtained from the correlation of the net calorific value
discussed elsewhere (Kotas, 1995) and expressed in Eq. 20 and Eq. 21:

ExFuel � LHVÅpφ, (20)

φ � 1.0401 + 0.1728(h
c
) + 0.0432(o

c
)

+ 0.2169(s
c
)p(1 − 2.0628

h
c
) (21)

For most hydrocarbons, φCH4 � 1.06 (Zueco et al., 2020), and in
this model HYSYS obtained the LHVCH4 � 802,703 kJ/kmol and
HHVCH4 � 884,723 kJ/kmol. For other gaseous fuels heating values,
refer to (Kotas, 1995). Alternativemethods to determine fuel exergy are

FIGURE 6 | Sankey diagram of energy balance showing flow rates of energy.
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recommended by Szargut and Styrylska (1964). Therefore, Eq. 22
describes the mass balance equation for the process of combustion
(Zueco et al., 2020):

CαHβOγNδSξ + λ(α + β
4
− γ
2
+ ξ)(O2 + 3.7619N2) → αCO2

+ β
2H2O

+ 3.7619λ(α + β
4
− γ
2
+ δ
2
+ ξ)N2 + (λ − 1)(α + β

4

− γ
2
+ ξ)O2 + ξSO2

(22)

where λ is the coefficient of excess air based on 79%N2 and 21%
O2 air composition per mole fraction. In the combustion
chamber, the fuel and the air form a combustible mixture to
form an ideal gas mixture as the products of combustion. The
balanced chemical equation for this reaction is given by Caton
(2011) as expressed in Eq. 23. However, the exergy rate balance is
determined with the aid of Eq. 24:

CH4 + 2(O2 + 3.7619N2) → CO2 + 2H2O + 7.52N2 (23)

ExFuel � Exproduct + ExD + ExL (24)

In the condenser, heat energy is rejected to the environment,
and this rejection is required to have a complete power cycle.
Condenser irreversibility ExCond can be determined as shown in
Eq. 25. The emphasis is not on condenser efficiency in this work
but on the amount of heat rejected,QCond, and exergy destruction,
ExCond. Therefore, the exergy destruction in the plant can be
obtained in Eq. 26:

ExCond � ∑(1 − TO

Tk
)Qk + Exin − Exout (25)

ExD,Total � ExTurb + ExCond + ExPump + ExBoiler (26)

Besides exergy destruction and exergy loss rates, Table 5
provides basic data on the inefficiencies and other parameters
of the system (Bejan et al., 1996). However, the exergy loss rate in
a specific component k can be compared with the exergy loss rate
of the entire system, and they can be used to improve and
determine components that require focus as expressed in Eqs
27–29. By definition, the exergy destruction ratio for the kth
component yD,k is the ratio of the kth component exergy
destruction to the total fuel exergy, while yp

D,k is the ratio of
the kth component exergy destruction to the total exergy
destruction in the system (Bejan et al., 1996).

The exergetic efficiency ηex of a given component is defined as
the ratio of the product exergy to fuel exergy as shown in Eq. 30.
The fuel and product exergies, the exergy balance, and exergetic
efficiencies for each component are best described as shown in
Appendix A (Supplementary Appendix A Table S3):

yD,k � ExD,k

ExF,k
(27)

yp
D,k �

ExD,k

ExD,total
(28)

yL,k � ExL,k

ExF,k
(29)

ηex �
ExP,k

ExF,k
� 1 − ExL,k + ExD,k

ExF,k
(30)

5.1 Exergy Destruction and Efficiencies in
the Integrated Plant
All the equipment in this model experienced exergy destruction.
Appendix A (Supplementary Appendix A Table S3) provides
equations for exergy destruction and Figure 7 and Figure 8
present the percentage exergy destruction values of each of the
components in the form of pie charts. Figure 9, Figure 10, and
Appendix B (Supplementary Appendix B Figure S7 and
Supplementary Appendix B Figure S8) present the
percentage of the component’s exergetic efficiencies and
overall efficiencies for the NGL recovery and the steam power
plants, respectively.

5.1.1 Exergy Destruction and Losses in NGL Recovery
Plant
In this simulation model, natural gas at 2 bars is compressed to
91.5 bars at a compression ratio of 3.58 and causes exergy
destruction from high discharge temperature and pressure in the
compressors. The exergy destruction of the compressors is smaller
compared to the HEXs and turbo-expanders. The observed
destruction may also be due to the multistage arrangement of
the compressor, which had been designed to match the high natural
gas flow rate. It is obvious from Figure 9 that the HEXs are the least
efficient in the NGL recovery plant. This is due to the large exergy
destruction from the compressors’ high outlet temperatures and the
rapid cooling produced when the downstream gas passes through
the interstageHEX. This irreversible condition causes theHEX to be
inefficient due to the large log mean temperature difference
(LMTD) of the HEXs at low temperatures. Figure 6 depicts the
percentage of exergy destruction of the NGL system clearly. The
exergy destruction of the HEX-104 was small relative to the rest of
the exchangers because of the low-heat exchange load from this
process-process gas HEX stream. The exergy destruction of the
chillers is typically very small because the outlet temperature is very
low and a lot less exergy destruction is produced. The exergy
destroyed in the turbo-expanders is quite significant because the
turbo-expander drives the compressor and enlarges the expansion
ratio in the process of generating refrigeration from the process gas.
Other than exergy destruction, loss exergy is also found in the
demethanizer of the NGL recovery plant. The exergy analysis of the
demethanizer was based on efficiency parameters calculation,
exergy loss, and the Carnot factor. All these data, except for
efficiency, are generated from the Aspen Plus, as shown in
Figure 8. Although methodologies such as risk-based
optimization and exergy-pinch analysis are often used for NGL
recovery optimization, this work is focused essentially on the
demethanizer exergy loss analysis only. Exergy loss in the
demethanizer is a combination of all irreversibility due to heat
transfer in reboilers, change in inlet feed pressure at feed stage, and
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FIGURE 7 | Exergy destroyed in the NGL recovery process plant.

FIGURE 8 | Exergy destroyed in the steam power process.

FIGURE 9 | Exergy efficiency of components in the NGL recovery plant. FIGURE 10 | Exergy efficiency for all the components in the steam
power plant.
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finally Gibb’s energy of mixing across the stages. Appendix B
(Supplementary Appendix B Figure S6) shows the significant
impact of irreversibility in stage-10 location, where a huge amount
of surplus of heat exists. In contrast, Appendix B (Supplementary
Appendix B Figure S6) shows that the rectifying and stripping
sections of the demethanizer column have a surplus of heat to be
removed by a heat sink.

As seen from Appendix B (Supplementary Appendix B Figure
S6), the intersection of the heat curvewith the x-axis (stages number)
shows that there is no border between the rectifier and stripper
sections of the column. Thus, any feed can be applied to the column
regardless of the temperature of the feed points. The chart has shown
the reboiler position to the point where 2.3MW heat is applied. It
could be seen that, as the heat surplus/deficit approaches the datum
point, exergy loss or system irreversibility gets smaller. The amount
of needed heating (though small) is achieved with an electric fuel gas
heater in the reboiler since no heat energy enters the system and all
thermal energy leaving the system is destroyed.

5.1.2 Exergy Destruction and Losses in Steam Power
Plant
Combustion and heat transfer are the two most important
processes in a boiler. Thus, the exergy destruction and exergy
losses in the system are exergies due to work and heat transfer. In
this study, exergy losses because of friction from heat transfer are
negligible. The results of the exergy analysis are presented in
Figure 10 and Figure 11. The high exergy destruction in the
steam power cycle is due to the high calorific value of fuel in the
cycle. Otherwise, the steam cycle does not display substantial
exergy destructions since the working fluid is steam produced
through the steam cycle process.

The exergy destructions data in the steam power plant
system are shown in Table 5 and displayed in a pie chart in
Figure 10. In the condensers, a large quantity of heat energy
enters it, and nearly all of it is dissipated to the environment.
This analysis observed that an infinitesimal amount of exergy
was destroyed in the condenser, thus indicating that the
condenser is responsible for little or no losses in Table 5.
The steam turbine also contributed to large exergy, as shown in
Figure 7. This is possible because of the large expansion ratio

that enables it to significantly drop its inlet high temperature
and pressure to near environmental conditions. The exergy
destruction on the blower, pump, and valve is significantly low
and does not pose a concern in this analysis. However, the
system exergy efficiency of the steam power plant is shown in a
bar chart in Figure 10.

5.1.2.1 Data Accuracy
In terms of mass and energy balances, the relative deviations
between mass inflow and outflow of the NGL recovery and the
steam power plants are zero value, respectively, as shown in
Appendix A (Supplementary Appendix A Table S2). Errors
from the mass balance and energy balance are unfounded, and
any possible contributions of potential and kinetic exergy are
negligible. These energies also have no impact on the system
energy or exergetic efficiency since the feed and product streams
(except for the lean gas stream off the demethanizer) are assumed
to enter and leave the column at relatively same elevations.
However, in a real situation, the feed and product stream level
does not necessarily enter and leave the process at the same
elevations. Thus, the neglect in height difference may cause a
small error in the simulation. Some destroyed exergy may have
been allocated in error to process units, as measured process data
are used in the simulation, as well as the impact from pressure
fluctuations due to potential level differences. All cooling in the
heat exchangers (HEX-101 and HEX-102) is done via cooling
water discharged to the sea irreversibly. The exergy dissipated
from the system in the form of heat energy is regarded as
destroyed exergy. However, in practice, this means that the
system is bound with the surrounding at points where the
cooling water mixes with seawater. The chemical exergy
component in the stream is excluded in this analysis due to its
high calorific value from the gas entering and leaving each control
volume. Themajor destroyed exergies distributed on each process
are given in Figure 7 and Figure 12, portrayed by pie and bar
charts on exergy destruction, respectively.

5.1.2.2 Validation
In this study, the results of the NGL recovery have been compared
with similar recovery, as shown in Table 3. The model validation
accurately represents the process property of the NGL recovery

FIGURE 11 | Exergy destruction percent for the components in steam
power plant process.

FIGURE 12 | Exergy destruction percent for the components in the NGL
recovery process.
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plant and thus brings to bear the robustness and viability of the
model in line with the work done byMehrpooya et al. (2006); Getu
et al. (2013); and Ghorbani et al. (2017). The plant operating data,
such as the temperature, pressure, and flow rate, are typical
measured values obtained from the back end of an operating
field. Despite the model’s uniqueness, it is in conformance with
conventional engineering procedures for NGL recovery. However,
another model of similar recovery is selected based on their
outcome and minimal operational dynamics. A summary of the
model validation in Table 3 indicates that the model result is
consistent with the plant data, thus affirming the model’s accuracy.
Table 3 and Table 4 show marked variances between the stream
compositions, operating parameters, flow rates, fuel types, and
power generated. This accounts for the different results found in
the models presented. However, the similarities in the simulators
and equipment are used to validate the outcome of these models.

In the NGL recovery plant, the focus was on the quantity and
quality of the product recovery. It is seen that most of the results
indicated the quantity of methane gas recovered, which ranged
from 89 to 98%. On the contrary, whenNGL recovery is the focus,
as shown in Table 3, no result is presented on the recovered
methane gas. As shown, about 58–81% NGL is recovered
depending on whether a Joule–Thomson (J-T) valve or a
turbo-expander is used during recovery. This study has shown
that 97.3% ofmethane gas with 95% purity and 60 KBD of NGL at
68% purity are recovered simultaneously. This definitely
improves the existing work, which tends to be limiting the
results achieved.

On the contrary, the steam power plant performance is measured
on a different set of properties. The energy efficiency and exergy
efficiency provided in the reference table indicated a range of 21–38%
for these thermal systems again depending on fuel type and flow rate.

TABLE 3 | Model validation summary on NGL recovery plant.

No. Feed composition Feed conditions/
capacity

Analysis
tool/EOS

NGL process
equipment

Purity/
recovery

Specific energy
consumption

References

1 [N2, C1, C2, C3, nC4, iC4, nC5, iC5,
C6, C6H6]

T: 25.8°C, P:
47.8 bars

gPROMS/
PSRK

Demethanizer C1: 90.73% 3.76 kWh/kmol Murali et al. (2019)

Mole% � [1.27, 85.3, 8.63, 3.04,
0.70, 0.38, 0.18, 0.18, 0.25, 0.03]

Flow rate:
20,522 kmol/h

2 [N2, C1, C2, C3, nC4, CO2] T: 310.15 K, P:
63.09 bars

gPROMS Demethanizer C1: 98.32% 0.482 kWh/kgLNG Lee et al. (2019)

Moles % � [0.05, 0.82, 0.058, 0.037,
0.024, 0.002]

Flow rate:
14,000 kmol/h

3 [N2, C1, C2, C3, iC4, nC4, iC5, nC5,
nC6, nC7]

T: 35°C, P: 71 bars Aspen
HYSYS/
MATLAB/PR

Demethanizer C1: 89% 0.236 kWh.kg Qyyum, et al.
(2019)

Mole % � [ 1.54, 86.40, 6.47, 2.87,
0.72, 0.82, 0.41, 0.31, 0.31, 0.15]

Flow rate:
292,418 kg/h

4 [N2, CO2, C1, C2, C3, iC4, nC4, iC5,
nC5, C6]

T: 15°C, P: 5,000 kPa Aspen
HYSYS/PR

Demethanizer C2: 95% + 2.17 kWh/kmol Jiang et al. (2019)

Mole % � [1.24, 0.04, 73.7, 14.29,
7.55, 0.73, 1.84, 0.23, 0.21, 0.1]

Flow rate:
8,699 kmol/h

5 [C1, C2, C3, nC4, iC4, nC5, iC5, C6,
C7+, N2, CO2, O2]

T: 298.15 K, P:
7,000 kPa

Aspen
HYSYS/PR

Demethanizer NGL:
58.2% (JT)

N/A Junior et al. (2019)

Mole % � [0.78, 0.09, 0.06, 0.01,
0.01, 0.005, 0.0045, 0.0033,
0.0019, 0.004, 0.007, 0]

Flow rate:
3,500,000 m3/d

81% (TE)

6 [C1, C2, C3, iC4, C4, iC5, C5, C6,
C7] Mole % � [97.17, 1.89, 0.29,
0.13, 0.12, 0.07, 0.05, 0.04, 0.24]

T: 49°C, P: 71 bars,
flow rate: 84,000 kg/h

Aspen
HYSYS/PR

Demethanizer C1: 91–93% ISS: 0.226 MW/t AlNouss et al.
(2018)

GSP: 0.23 MW/t
RSV: 0.56 MW/t
CRR: 0.29 MW/t
IPSI-1: 0.24 MW/t
IPSI-2: 0.26 MW/t

7 [N2, CO2, H2S, C1, C2, C3, iC4,
nC4, iC5, nC5, C6, C7+]

T: 298 K, P: 1 bar Aspen
Plus/PR

Demethanizer Purity:
C1: 96%

NA Barekat-Rezaei
et al. (2018)

Mole % � [2.3, 0.007, 0.003, 76.88,
11.41, 4.66, 0.97, 1.38, 0.61, 0.43,

0.37, 0.19]

Flow rate: 2,100 kg/h Recovery:
C1: 76%

8 [N2, CO2, C1, C2, C3, iC4, nC4, iC5,
nC5, nC6, H2O]

T: 313 K, P: 2 bars Aspen Hysys/
Aspen
Plus/PR

Demethanizer Recovery:
C1: 97.3%

This work

Purity:
C1: 95.4%

Mole % � [0.0149, 0.002, 0.9122,
0.0496, 0.0148, 0.0026, 0.002,

0.001, 0.0006, 0.0003, 0]

Flow rate: 78.33 kg/s Recovery:
NGL: 60 kBD
Purity:
NGL: 68.3%
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For this study, while the energy efficiency of 32.6% iswithin range, the
exergy efficiency is significantly improved to 80.63%. The higher
exergy efficiency achieved may be due to high power delivery
following the boiler exchanger configuration. From the first law of
thermodynamic, it is observed that the condenser is consistently the
main component for energy rejection from the steam power plant as
compared to the boiler, which indeed is responsible for exergy
destruction (see Table 4). These findings, as enumerated in the
reference table, are also consistent with the findings in this study.

5.2 Result and Discussion on the Exergy
Study
In the oil and gas industry, refrigeration cycles play an exceptional
role in the provision of energy for cryogenic processes of
component separations (i.e., NGL recovery and other low-
temperature purification processes). The design of such energy
systems must be optimal to enhance product quality, energy
efficiency, and overall plant profit. The degrees of freedom for the
design of refrigeration systems can include varying parameters,
such as pressure and temperature levels, composition, and a
number of refrigeration stages. Furthermore, as these elements
are considered, the design becomes increasingly complex. To
determine which of these components contributes energy to the
system, the system was evaluated broadly as productive and
dissipative energy components. The productive components
provide functional products such as fuel to other components
within the system, and the dissipative component is one in which
exergy is destroyed without any thermodynamic gain of useful
energy in the same component. Table 5more generally describes
the components under the categories mentioned. The operation
of dissipative components becomes meaningful when the

components are evaluated based on the overall thermal
system. During optimization, the dissipative components
complemented the productivity in the system, wherever it was
possible, to reduce the exergy destruction of the system
components. It is believed that such complementary effort will
help reduce the investment costs of the overall system or help
maintain required emission standards in the case of this study.
For example, an intercooler preceding a compressor reduces the
power required for operating the compressor. In this study, the
multistage compressors destroyed exergy by compression of
low-pressure inlet gas through intercoolers to bring down
interstage temperatures. In order words, a meaningful
exergetic efficiency can only be defined if the intercooler, in
this case, were to be considered together with the preceding
compressor (Lazzaretto and Tsatsaronis, 2006). It is, therefore,
important to notice that the condenser is classified as a
dissipative component in this study because the remaining
steam exergy from the steam turbine is dissipated to the
environment via heat transfer.

The exergy destruction ratio is useful for locating and evaluating
the sources of thermodynamic inefficiencies or irreversibilities by
helping identify the portion of exergy destruction within the plant
and the exergy analysis results in Table 5. The total exergy
destruction on the NGL recovery plant amounts to 42MW, and
the HEX accounts for over 78% of these irreversibilities in the NGL
recovery plant due to its large log mean temperature difference
(LMTD). The most fundamental way to improve the exergetic
efficiency of the HEX is by reducing the huge temperature
difference between the process gas and cooling water streams.
The high exergy destruction from the compressed gas cooling and
the dissipation of the heated water (with temperature over 70°C)
into the sea of temperature To shows that potential exists in this

TABLE 4 | Model validation summary on steam power plant.

No. Simulator Fuel
type

Energy
rejected

Exergy
destroyed

Energy
efficiency

Exergy
efficiency

Power
generated

References

1 Engineering Equation
Solver (EES)

Natural gas Condenser: 69.8% Boiler: 85.66% 200 MW Ahmadi and
Toghraie (2016)

2 NA Coal-fired Condenser:
775 MW (100%)

Condenser: 54 MW
(25% destroyed)

Overall: 37% Overall: 36% 505 MW Rosen and Dincer
(2001)HRSG: 95% HRSG: 50%

3 Engineering Equation
Solver (EES)

Natural gas Condenser: 50% Boiler: 84% Overall: 41% Amir (2012)
Boiler: 5% Condenser: (2%

destroyed)
4 Cycle Tempo 5 Coal-fired Condenser: 43.95% Boiler: 48.80% Overall:

38.10%
Overall:
35.22%

250 MW Patel and Agrawal
(2019)Boiler & reheater:

11.17%
Condenser: 1.25%

5 Aspen Plus Coal-fired HP Turbine:
37.08%

Boiler:
32.05%

184 MW Hou, et al. (2012)

Condenser:
0%
Overall: 21%

6 Sponge
coke

Condenser: 67% Boiler: 84.36% 21.12% 22.1% 34 MW Shamet, et al. (2021)
Boiler: 29.1% Condenser: 4.29%

7 Aspen HYSYS
®
V10 Boiler: 93.99% Boiler: 55% Boiler 55.9% 2970 KW Hamayun et al.

(2021)Condenser: 0.87% Overall:
57.10%

8 Aspen HYSYS/Aspen
Plus

®
V10

Methane
gas

Condenser: 65% Boiler: 87.75% Overall: 31.3% Overall:
80.63%

646.3 MW This work
Boiler: 4% Condenser: 0.07%
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water for exploitation.However, the exergy relating to this disposed
water may be hard to utilize due to its low temperature. Otherwise,
it should be possible to eliminate the reboiler and chillers electric
heaters and integrate the samewith one of the warmest compressed
gas process streams. On the contrary, waste heat from the steam
turbines is sufficient at higher temperatures to compensate for any
limited thermal energy required in the NGL recovery plant.
Therefore, additional optimization of the heat exchangers would
be required for exergy losses reduction. The exergy destruction of
the chillers is small because of the low outlet stream temperature.
The exergy destroyed in the turbo-expanders accounts for 4% of
the overall destroyed exergy in the NGL recovery plant. The reason
is that the turbo-expander enlarges the expansion ratio in the
process of generating refrigeration from the process gas and also as
compressor driver. The exergy destroyed in the turbo-expander
can be reduced effectively via a dual or multistage expansion
turbine. Other ways to reduce exergy losses in the turbo-
expander are properly selecting the inlet pressure and
improving the adiabatic efficiency. This will help enhance high
efficiencies yield even at an off-design point. Exergy loss in the
demethanizer is a combination of all irreversibility due to heat
transfer in reboilers and the heat required to sustain the
temperature gradient of the columns (Rivero, 2002). Other
causes are changes in the inlet gas pressure at the feed stage
and Gibb’s energy of mixing streams across the column stages.
The exergy destroyed and exergy loss from the demethanizer
account for about 3 and 1.54%, respectively, relative to the

overall NGL recovery plant system. Although the column exergy
destruction is small relative to the overall NGL recovery plant, it still
amounts to a non-negligible quantity of the overall exergy input.
Thus, to reduce exergy loss in the column, heat source or side
reboilers of stage 30 could be disintegrated in a process known as
thermal targeting, which helps allocate heat source or reboilers duty
along the cryogenic column as discussed by Linnhoff and Dhole
(1992); Bandyopadhyay et al. (1998); and Shin et al. (2015).

The exergy destructions observed in the overall steam power
plant could be split into two thermodynamic irreversibilities. Firstly,
irreversibility due to heat transfer over a finite temperature difference
(Mago et al., 2008) in the case of the combustor in this study and
irreversibility due to work done with the steam turbine (Barzegar
Avval et al., 2011). However, while exergy destruction contributed
from the large temperature differences between the hot and cold
streams remain significant, the exergetic analysis of these
components indicate that the gas composition variation may also
have a significant effect on the steam power plant cycle.

The total destroyed exergy on the steam power plant is
1039 MW (see Figure 13), with about 88% of this attributed
by the boiler assembly (63% HRSG exchanger and 25% to the
combustor) as shown in Table 5 and Figure 8, respectively.
Therefore, the boiler exchanger (combustor and HRSG) is the
lowest efficient component of the steam power plant.
Theoretically, the exergy destruction in the combustor could
be minimized by tampering with the air-to-fuel ratio (Bejan
et al., 1996) and combustion gas molar fraction modification

TABLE 5 | Fuel and product exergy of components of the integrated plant.

Substance Power
[MW]

Heat
transfer
[MW]

ExFUEL
[MW]

ExPRODUCT

[MW]
Exergy

destroyed
ExD,
[MW]

Exergy
loss
ExL,
[MW]

Energy
efficiency

[%]

Exergy
destruction

[%]

Exergy
destruction

ratio,
yD
[%]

y*D
[%]

Exergy
efficiency

[%]

Comp-101 24.39 0.00 24.39 20.40 3.99 0.00 100.00 16.36 4.20 9.56 83.64
Comp-102 24.91 0.00 24.91 20.94 3.97 0.00 100.00 15.92 4.17 9.50 84.08
Comp-103 24.48 0.00 24.48 20.61 3.87 0.00 100.00 15.81 4.07 9.27 84.19
HEX-101 0.00 22.96 4.60 1.68 2.92 0.00 100.00 63.51 3.08 7.00 36.49
HEX-102 0.00 26.18 5.27 2.15 3.12 0.00 100.00 59.13 3.28 7.46 40.87
HEX-103 0.00 20.86 8.09 1.48 6.61 0.00 100.00 81.68 6.96 15.83 18.32
HEX-104 0.00 3.48 2.76 1.86 0.90 0.00 100.00 32.55 0.94 2.15 67.45
EXP-101 24.48 0.00 24.48 21.24 3.23 0.00 100.00 13.21 3.40 7.74 86.79
CHX-101 0.00 16.07 51.91 47.17 4.75 0.00 95.27 9.14 4.99 11.36 90.86
CHX-102 0.00 20.06 50.05 49.04 1.01 0.00 94.43 2.01 1.06 2.41 97.99
Demethan. 0.00 10.76 52.62 45.22 7.40 1.46 97.23 14.06 7.79 17.72 85.94
Exergy
losses

1.46 1.54

Total
system

73.77 109.60 95.01 73.64 41.76 1.46 45.49 100.00 77.51

Steam
turbine

646.25 0.00 760.18 646.25 113.93 0.00 100.00 14.99 6.52 10.66 85.01

Pump 5.21 0.00 5.21 4.28 0.93 0.00 100.00 17.88 0.05 0.09 82.12
Blower 22.87 0.00 22.87 19.67 3.20 0.00 97.92 14.00 0.18 0.30 86.00
Combustor 0.00 0.00 1717.96 1449.25 268.71 0.00 87.19 15.64 15.39 25.14 84.36
HRSG 0.00 1966.90 1428.68 755.89 672.78 23.66 96.10 47.09 38.53 62.95 52.91
Condenser 0.00 1325.85 0.07 0.06 0.00 0.00 0.00 21.02 0.00 0.00 78.98
Valve 0.00 0.00 12.35 3.09 9.22 0.00 100.00 74.70 0.53 0.86 25.00
Exergy
losses

23.66 1.36

Total
system

618.18 1966.90 1746.04 1405.30 1068.78 23.66 83.79 62.57 100.00 80.49
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(Jamnani and Kardgar, 2020). The implication, therefore, is that
the combustion temperature will increase toward the destructive
adiabatic flame temperature, which can lead to thermal stress and
cause significant impacts to the lifespan of the components. The
steam turbine follows and accounts for about 11% of the overall
destroyed exergy in the steam power plant due to its high-
temperature inlet steam. This exergy destruction can be reduced
by adding a reheating device to the plant. A large quantity of heat
energy (1326MW) enters the condenser, and close to 100% of this
energy is dissipated or rejected. From energy analysis results, it is
often uncomfortably concluded that the heat rejection associated
with condensers in the steam power plant is the cause of losses in
electricity generation. However, the exergy analysis suggests
otherwise by demonstrating that the condensers exhibit
dissipative properties. Therefore, the condenser is responsible
for little or no losses, as shown in Appendix A (Supplementary
Appendix A Table S9). This discrepancy arises in this study based
on the assumption that the system boundaries used for analyzing
the exergy balances of the condenser are at the reference
temperature To (Wang et al., 2015). In contrast, about 23.6MW
(1.4%) of generated exergy is lost compared to 79.87MW (4%)
energy dissipated as flue gas to the environment, respectively. This
exergy loss in the steampower plantmay be assigned as inefficiency
due to the system rather than the combustor. However, it may be
recovered and used to preheat the water inlet of the evaporator to
improve the plant efficiency.

5.3 Thermodynamic Performance
Parameters of Exergy in the Oil and Gas
Industry
As shown, the exergetic efficiency of the NGL recovery process from
waste gas to energy and the associated parameters have been
calculated. These parameters and data can be incorporated into
the oil and gas industry performance measurements, including
emissions. The exergetic efficiency can be used to justify and
quantify the industry best practices in the management of waste
gas to energy. The exergy analysis methodologies can also be used to
set performance standards by the public sector. Such standards
could lead to the development of more energy-efficient technologies

and their best practices. This study has so far only examined the
deposition of waste gas from oil and gas processing. It is proposed
that sweetened produced mainstream gas are analyzed by exploring
exergy analysis applications, especially when evaluating a series of
produced gas streams, just to see how exergy analysis can be adapted
to changing operating and process conditions for reasonable
process safety and value creation (Afzal et al., 2021; Attia et al.,
2021; Benoudina et al., 2021; Fayaz et al., 2021; Prasad et al., 2021).

6 SENSITIVITY ANALYSIS IN THE
DEMETHANIZER COLUMN

Sensitivity analysis was conducted to determine the impact of
operating parameters’ key components on the NGL recovery
plant profit using AspenOne Plus V10. It was seen that the
operating parameters and range determine the energy
utilization and output product. It was also observed that the
expansion refrigeration process in the turbo-expander provided
the cold energy that resulted in the extremely low temperatures in
the demethanizer column. The low outlet pressure of the turbo-
expander significantly affects the NGL (C2+) recovery. Appendix
B (Supplementary Appendix B Figures S5, S6) shows that the
energy loss in the column decreases as the pressure and
temperature increases, which is essential because the stream in
the demethanizer column has predominantly cold energy at low
pressure. However, as the pressure increases from the column top
to bottom, so also is the increase in the condensation of recovered
product (C2 and heavier hydrocarbons) at the bottom of the
demethanizer. At the same time, the lean gas ascends to the top of
the column. This result brings about product profitability from
the sales of recovered NGL as well as the conversion of the
produced lean gas for power generation through the gas
combustion process, which also will generate revenue.

Notably, the NGL market price is higher than the liquefied
petroleum gas (LPG). Therefore, the demethanizer reflux ratio
should not exceed 1.0 in order to minimize a possible declining
rate of NGL recovery Appendix B (Supplementary Appendix B
Figures S9, S10), which may occur due to energy loss in the
column. For the benefit of the doubt, the demethanizer column

FIGURE 13 | Sankey diagram of exergy balance showing flow rates of exergy.
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height should be sufficient to enhance the hydrocarbon mixture
separation efficiently. The straight line on the pressure curve in
Appendix B (Supplementary Appendix B Figure S11) shows
that below stage 10, most parts of the column wanted to create the
height that is needed to enhance separation. Otherwise, the
recycled gas from the column top is unable to reduce the total
energy required and loss exergy in the column.

7 OPTIMIZATION

7.1 NGL Recovery Plant Process
Certain notable parameters, including the compressor outlet
pressure, choice of utilities, column pressure, and gas feed
position into the column, affect product recovery and
consumed energy. These parameters interface with one
another to impact the NGL recovery and profitability.
Generally, Aspen Plus was used as the optimization tool
despite being less effective in certain cases with many variables
and complexities, leading to optimization failure or possible
premature convergence. To make the optimization procedure
more efficient, we analyzed the parameters and identified the
most appropriate optimization method (Uwitonze et al., 2016;
Murali et al., 2019). Based on an NGL recovery engineering
process, from waste gas to energy, this study focused on
optimizing NGL recovery while also using the recovered lean
gas for power generation. The cold energy of the feed stream is
required to enhance the C2+ and heavier hydrocarbons
separation from the more volatile methane component of the
feed. The reflux ratio across the demethanizer plates not only
increases the component separation efficiency and its product
purity but also aids the demethanizer energy consumption. The
reflux ratio increased during optimization to about 17% to reach
the desired product specifications of about 95% pure methane
and 68% NGL. The boil-up ratio is observed to decrease to 0.8
(80%) during optimization. This decrease shows that less liquid is
reboiled back into the demethanizer, which is necessary to reduce
the steam reboiler heat energy consumption.

In this work, the optimization analysis showed that the
recycled gas stream was more effective with a 30-stage column
than in the 18-stage as the required head to enhance reflux action
and delivery of standardized products was achieved. Appendix A
(Supplementary Appendix A Table S6) shows the exergy loss
profiles for the column, and Appendix A (Supplementary
Appendix A Table S8) summarizes the products of the
optimized variables in the 30-stage column. The optimization
of the gas subcooled process, cold residue reflux process, and
recycle split vapor process resulted in an overall exergy loss
reduction to about 1.54% in the NGL recovery plant. In the
gas subcooled process, it is observed that more vapor flows in the
feed gas, as well as in the rectifying section on the column. This
helped deliver improved and efficient separation around the
rectifying section and possibly increased exergy loss in the
demethanizer. Much more than increasing the exergy loss at
the column top, the vapor flow condition will also bring about a
reduction in exergy destruction around the stripping section of
the column. This brought down exergy destruction to 1.49 MW

and the exergy loss in the column to 1.46 MW. The increase in the
adiabatic efficiencies of the multistage compressors from 75 to
85% boosted the turbo-expander inlet pressure but increased the
exergy destroyed in the compressors and interstage coolers (HEX)
than expected with no significant heat load to the interstage HEXs
from temperature rise. On the contrary, the increase in the turbo-
expander adiabatic efficiencies from75 to 85%not only increased the
NGL yield and introduced the cold energy in the column, but also
significantly dropped discharge pressure and isentropic efficiency to
about 65%, while increasing exergy destruction and the load from
the driven compressor. This exergy destruction is the direct result of
deliberately increasing gas pressure in the demethanizer to enhance
the desirable NGL striping. Although the drop in the turbo-expander
isentropic efficiency is essentially due to the work done on the
compressor, it is observed that if a dual or multistage expander is
utilized, the isentropic efficiency will improve.

7.2 Steam Power Plant Process
Optimization
To utilize produced heat from the HRSG, a certain parameter was
adjusted to increase the circulating water rates till the residual
heat energy (Q_Resid) becomes zero. This optimization helped to
ensure that possible duty losses in the steam side or the environment
were curtailed. From the Aspen HYSYS simulation, the components
heat rates, the mass flow rate (fuel and air, steam), and power are
determined. Table 5 shows these values and the thermodynamic
characteristics of the streams, that is, fuel and product exergy,
exergy destruction, exergy loss, and exergy efficiency associated
with each component. The optimization achieved in the steam
turbine increased the power delivery to 646.3MW when the
adiabatic efficiency was increased from 75 to 85%. This was done
by dropping the steam turbine discharge pressure to as low as
0.032 bars. In this optimization, the steam turbine and the
condenser were merged as a single component to exploit the
dissipative property of the condenser, and it was found that the
product of the steam turbine could not be defined (Bejan et al., 1996)
for the condenser despite its high exergetic efficiency of 79%.
However, the importance of environmental emission from the flue
gas release is a challenge with fossil fuels energy conversion systems.
To this end, the blower was configured to deliver excess 20% air at the
right quantity of lean low-pressure gas to ensure optimal combustion
and minimize emissions from flue gas releases to the environment.

8 CONCLUSION

The benefits of exergy analysis are numerous, relative to energy
analysis, especially in complex process systems such as the oil and
gas industry, where exergy methods have not been adapted
sufficiently to assess the thermodynamic values of the various
energy (product) forms. The exergetic efficiency of components
considers the minimumwork that may be done theoretically in or
for a given process. With exergy analysis, destroyed exergy for
different parts of production processes can be calculated to
determine areas or locations where improvement is required.
In this study, the exergy destruction location and magnitude, as
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well as exergetic efficiency in each component and the entire
integrated plant system, were determined.

NGLs recovery plants, as typical process plants, require
continuous adaptation in technologies and innovations. This
will aid suitable operating conditions selection to safely optimize
component design, improve equipment performance, and increase
profitability. Therefore, this research work achieved its set objective
by stripping NGL off waste gas while also utilizing the residue lean
gas in a hot steam generation to produce electricity. This work
reassures the mainstream of the oil and gas industry of the
enormous potential benefit it can achieve when the concept of
exergy analysis is adopted in the modeling and designs of oilfield
facilities. The optimal energy conversion process from fossil fuels is
a requirement for emissions mitigation. This study, therefore,
readily proposes a new perspective of helping the industry to
embrace the concept of flare-capturing conversion to wealth
rather than the burden which has encompassed flaring practices
from inception. It is also demonstrated that waste gas to energy is a
viable and valuable strategy for the stakeholders in the oil and gas
processing industries to enhance energy security (Voldsund, 2014)
around the world.

The produced lean gas, in turn, undergoes an energy
conversion process to generate steam for electric power
production via a steam power plant. Among the highly
irreversible processes, CO2 from flue gas is minimized by
stoichiometrically oxidizing the combustion process. This
approach helped in optimizing and improving the adiabatic
flame temperature and reduced the potential for
uncontrollable CO2 emissions. All components of the
integrated plant systems demonstrated some forms of
irreversibility. The exergy analysis results indicated that the
highest exergy destruction and the lowest efficiencies come
from the heat exchangers, while the only exergy loss belongs

to the demethanizer column, in the NGL recovery plant and the
boiler assembly in the steam power plant, whereas the same
occurred in the HRSG and combustor, respectively.
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GLOSSARY

φ coefficient from the liquid fuel expression

η _E energy efficiency [%]

ωh energy waste

ηex exergetic efficiency [%]

ηPump pump efficiency [%]

ηth thermal efficiency [%]

ηCOMP exergetic efficiency [%]

NGL natural gas liquefied

ORC organic Rankine cycle

HEXs heat exchangers

Comp compressor

kBD thousands of barrels per day

HRSG heat recovery steam generationheat recovery steam generator

MMSCFD million standard cubic feet per day

CHX Chiller

COND Condenser

TURB Turbine

BLOWR Blower

VLV Valve

LTS Low Temperature Separator

Exp Turbo-expander

LNG liquefied natural Gas

GTL Gas to Liquid

LKOD liquid ‘knockout’ drum

HRSG heat recovery steam generationheat recovery steam generator

EOS equation of state

HHV higher heating value [MJ/kg]

LHV lower heating value [MJ/kg]

KE kinetic energy [kJ]

PE potential energy [kJ]

CV control volume

ac air compressor

CHM chemical

c component

cc combustion chamber

D Destruction

Ė energy rate [[MW]]

Ex exergy rate [MW]

ExL exergy loss rate [MW]

ExD exergy destruction rate [MW]

Exin inlet exergy [MW]Outlet exergy [MW]

Exin inlet exergy [MW]Outlet exergy [MW]

ex specific exergy rate of material streams [kJ/kg]

fg flue gas

F Fuel

G gas

ho specific enthalpy at reference state [kJ/kg]

hi specific enthalpy at initial state [kJ/kg]

ih energy intensity

in Inlet streams

k kth component of system

L liquid flow

ṁ mass flow rate [kg/sec]

ṁFuel mass flow rate of Fuel [kg/sec]

ṁW mass flow rate of water [kg/sec]

ṁS mass flow rate of steam [kg/sec]

o ambientReference state

Out Outlet stream

o ambientReference state

PHY physical

Po pressure at reference state [Bar]

Prod Product

Q heat flow rate [MW]

s Steam

So specific enthalpy at reference state [kJ/kg]

Si specific entropy at initial state [kJ/kg]

T number of trays

To temperature of reference state (K)

th thermal

tot total

V vapour flow

w waterspecific power consumption [MWh]

WBlowr blower power [MW]

WExp expander power [MW]

WNet net power [MW]

WP pump power [MW]

WTurb steam turbine power [MW]

w waterspecific power consumption [MWh]

yD exergy destruction rate ratio
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