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ABSTRACT: The advanced exergy analysis can identify the improved potential of each component and the interaction among
components of the refining processes. In this work, a new gasoline absorption−stabilization process (GASP) is proposed for better
energy utilization considering the absorption process intensification, which can be further explained using exergy analysis. Both
conventional and new GASPs are simulated in PRO/II, which are verified with the actual plant operation data. The energy
performance of both conventional and new GASPs is evaluated through the advanced exergy analysis. The exergy efficiencies of
conventional and new GASPs are 65.04 and 71.44%, respectively. In addition, the total exergy destruction rates are 7.79 and 6.01
MW, respectively. The total exergy destructions of 46.37 and 40.73% can be reduced, respectively. Though the stabilizer has the
largest exergy destruction in both the processes, the air cooler for the rich gas in the new GASP has the largest potential for reducing
exergy destruction, which is different from the conventional GASP. Furthermore, a sensitivity analysis of the new GASP is performed
to study the effects of newly added operation and design parameters on the conventional and advanced exergy analyses of the
absorber.

1. INTRODUCTION

As a core operation in crude oil refining, gasoline absorption−
stabilization processes (GASPs) are widely applied for the
separation of gasoline from refinery mixtures.1 There is more
than 140 million tons of gasoline throughput in China.2 The
feeds to GASPs are crude gasoline and rich gas from the main
fractionators in fluid catalytic cracking units (FCCUs) or
delayed coking units (DCUs).3 The products are dry gas,
liquefied petroleum gas (LPG), and stabilized gasoline. A
conventional GASP contains four columns and two recycling
streams, resulting in a rather complex process with high total
annual cost (TAC). It is desirable but challenging to intensify
and simplify this complex process. Many studies have focused on
process intensification and simplification for a better economic,
environmental, and energy efficiency performance.1,4 Liu et al.4

proposed a new absorption−stabilization process with a two-
stage condensation to improve energy performance. In the new
process, a condenser, a condensed oil tank, and a side reboiler
were integrated into the original process and then a heat

integration scheme. Compared with the conventional process,
the proposed process could achieve high energy efficiency.
Exergy analysis can identify the sources, magnitude, and

location of thermodynamic inefficiencies in a system, which
provides the critical information for improving the overall
system efficiency by focusing on the worst exergy balance
components.5 Chen et al.6 used exergy and exergoeconomic
analysis method to tackle the expansion and energy utilization
problems of an aromatic hydrocarbon separation plant. Then,
they7 pointed out based on an exergy analysis that there was a
great potential for energy-saving by improving the heat removals
of the main fractionator in DCUs. Different from conventional
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analysis methods,8 the advanced exergy analysis is an efficient
approach to identify the internal or external sources of
irreversibilities in the system components. It has many benefits
for detailed analysis of energy conversion systems. Themain role
of an advanced analysis is to provide the designers and operators
for energy conversion systems with useful information for
improving the design and operation of such systems.
Splitting exergy destruction into endogenous and exogenous

parts improves our understanding of the interactions among the
system components, particularly when this concept is combined
with the concept of avoidable and unavoidable exergy
destructions.9 The advanced exergy analysis is widely used in
evaluating and optimizing individual equipment (e.g., fractiona-
tor,10 compressor,11 internal combustion engine,12 biomass
boiler,13 industrial boiler,14 gasifier,15 and wind turbine16) and
processes.17−47 Exergy analysis is widely applied to evaluate the
thermodynamic performance of the power generation processes
in the beginning17−38 and then expanded to the other fields such
as petroleum-based or coal-based chemical processes.39−47 The
major difference between the former and the latter applications
is whether the process streams undergo multicomponent phase
separation and reaction. Chang and Li39 proposed a two-level
idealization concept involving the definition of intrinsic and
extrinsic exergy destruction to incorporate into exergy analysis,
exergoeconomic analysis, and optimization, and it was
demonstrated by an ethylene product recovery and separation
plant together with a benzene−toluene distillation column. Wei
et al.40 presented an exergy analysis and an exergoeconomic
evaluation to identify the energy-saving potentials in distillation
processes, and it was applied to analyze the energy utilization
performance of a light-end separation plant. Yang et al.41 applied
the advanced exergy analysis to evaluate the performance of a
Fushun-type oil shale retorting process. The retort had the
greatest potential for decreasing the exergy destruction.
Mehrpooya et al.42 presented an advanced exergy analysis of
the ethane recovery plant in the South Pars gas field. An
industrial refrigeration cycle with a propane refrigerant was

investigated by the exergy analysis method. Yamankaradeniz43

assessed the thermodynamic performance of a geothermal
district heating system using advanced exergy analysis to identify
the interactions among system components and the potential for
improvement. Vatani et al.44 performed advanced exergy
analysis for five mixed refrigerant LNG processes, and four
parts of irreversibility (avoidable/unavoidable and endogenous/
exogenous) were calculated for the components with high
inefficiencies. The results showed that a portion of endogenous
exergy destruction in the components was higher than the
exogenous one. He et al.45 applied conventional and advanced
exergy analyses to evaluate the compressed air energy storage
and supercritical compressed CO2 energy storage performances.
Ghorbani and Roshani46 applied the advanced exergoeconomic
analysis on process configurations for co-production of liquefied
natural gas and natural gas liquids. Li et al.47 simulated the ash
agglomerating fluidized bed gasification process in Aspen Plus.
The advanced exergy analysis was carried out to study the
performance of the process based on the simulation result. The
result showed that the AFB gasifier had the largest potential for
reducing exergy destruction.
As the core operation in crude oil refining with high energy

consumption, new GASPs are usually proposed to improve the
energy performance by process innovation and operating
parameter optimization.1,4 Rare publications address intensifi-
cation and improvement of GASPs for better energy efficiency
by using the advanced exergy analysis. Furthermore, the
advanced exergy analysis can identify the improved potential
of each component and the interaction among components of
the petroleum-based chemical processes compared with the
conventional exergy analysis.15,40−42 The energy utilization
bottlenecks of the conventional and new processes and energy-
saving potentials of components may be different. The effects of
newly added operation and design parameters on exergy
destruction should be evaluated in the new process. It is
important to use advanced exergy analysis for understanding the
energy performance of the new process to compare with that of

Figure 1. Process flow diagram (PFD) for a conventional GASP.
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the conventional process. Therefore, in this work, the energy
efficiency in GASPs was improved through two aspects: the
process innovation based on the absorption process intensifi-
cation and thermodynamic evaluation by means of process
simulation and exergy analysis. First, the GASP was modified by
adding the side draw of the absorber. Both conventional and new
GASPs are simulated by PRO/II. Second, advanced exergy
analysis was applied to evaluate both the conventional and new
retrofit GASPs in order to evaluate the advantages of the new
GASP. The exergy destruction rates were calculated including
avoidable/unavoidable and endogenous/exogenous parts for all
components in the processes. Finally, sensitivity analysis of the
new GASP was performed to study the effects of newly added
operation and design parameters on exergy destruction.

2. DESCRIPTION ANDANALYSIS OF A NEWGASP FOR
ENERGY-EFFICIENT UTILIZATION

A conventional GASP of a refinery in South China is shown in
Figure 1 including an absorber, a reabsorber, a stripper, and a
stabilizer with other auxiliary equipment. The compressed rich
gas from the top of the main fractionators of FCCUs or DCUs is
first mixed with the desorbed gas from the stripper and the rich
absorption oil from the absorber. After being cooled to about
313 K, the mixture is separated into gaseous and liquid phases
through flowing into a condensed oil tank. The gaseous and
liquid streams out of the tank are fed into the bottom of the
absorber and the top of the stripper, respectively. Then, crude
gasoline and a portion of stable gasoline enter the top of the
absorber as the main absorbent and supplementary absorbent,
respectively. The heat released from the absorber is removed by
two side heat removal coolers. The lean gas coming out from the
top of the absorber is fed directly into the bottom of the
reabsorber. To recover dry gas (C2− components) and residual
gasoline from the lean gas, light diesel oil is simultaneously
introduced into the top of the reabsorber as the absorbent.
Meanwhile, the liquid stream from the tank is split into two
streams as double feeds of the stripper. One stream (around one-
third of the liquid stream from the tank) is directly fed into the

top of the stripper, and the other is preheated to 363 K and
enters the intermediate section of the stripper. The bottom
product of the stripper is preheated to 408 K and enters the
upper part of the stabilizer, where LPG and stable gasoline
products are recovered from its top and bottom, respectively.
Finally, the stable gasoline is cooled to 313 K by exchanging heat
with cooling water. A small portion of the stable gasoline
(accounting for about a quarter of the stable gasoline) is recycled
to the absorber, and the remaining stable gasoline is considered
as the final product.
Through the analysis of the composition of stripping gas, it is

found that there are more than a third of components C3−C5
always present in the cycle stream between the absorber and the
stripper. This is unfavorable in terms of energy utilization since
repeated cooling and heating (with phase transition) cause non-
negligible energy consumption. Combined with the absorption
process mechanism, due to the different solubility of each
component in the absorber, the distribution of components in
the absorber is that components C1 and C2 are absorbed rapidly
on the upper stages of the absorber, components C4 and C5 are
absorbed rapidly on the lower stages of the absorber, while
components C3 are absorbed steadily in the whole column.
Based on the above analysis, a new GASP is proposed to

reduce the repeated cooling and heating that cause exergy
destruction. A novel and energy-saving flow sheet is proposed in
which there is a side draw stream in the absorber to mix the rich
gas and the stripping gas. The side draw stream is cooled into the
flash tank, and the bottom stream flows into the stabilizer
directly as shown in Figure 2. As a result, the liquid flow rate
from the flash tank and components C4 and C5 from stripping
gas are reduced to save the heat duty of the reboiler in the
stripper. A new heat exchanger (E105) between the absorber
bottom oil and stabilized gasoline has been applied. The rich gas
and the top gaseous stream in the stripper are cooled by an air
cooler before being mixed with liquid side draw in the absorber.
After being heated by the stable gasoline, the bottom stream of
the absorber is directly fed into the upper part of the stabilizer.
Compared with the conventional process, the new energy-saving

Figure 2. PFD for a new GASP.
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process has more parameters to manipulate, such as the flow rate
and location of the side draw of the absorber, and the
temperature and location of the stream fed into the stabilizer
from the bottom of the absorber. It is worth noting that there is
very little modification of the new process. Inevitably, the retrofit
of the new energy-saving process will increase the investment
cost of the heat changer and the pipeline, which are far less than
the benefit of energy savings.

3. METHOD FOR THE ANALYSIS AND EVALUATION
OF THE GASP
3.1. Process Simulation of the GASP. PRO/II (version

9.4) is applied for calculating the mass, energy, and exergy
balance of GASPs as shown in Figures 1 and 2. The physical
properties in the GASPs are estimated by using the Soave−
Redlich−Kwong equation with API correlations applied to
calculate the liquid density.1,4 The simulations of conventional
and new processes are based on the industrial data of the GASP
in a Chinese refinery such as the composition and flow rate of the
feed, the design variables of the equipment, separation
requirement, and so forth.
3.2. Conventional Exergy Analysis. Exergy analysis is

employed to calculate the maximum useful power accessible by
an assigned amount of input energy to a background process.
Neglecting the effects of kinetic, potential, and nuclear energies
(unchanged or insignificant), the total exergy can be divided into
two parts (chemical and physical exergies). Equations 1−3
express the total exergy, the physical exergy, and the chemical
exergy, respectively42

̇ = ̇ + ̇E E Eph ch (1)

̇ = ̇ − ̇ − ̇ − ̇E H H T S S( ) ( )ph
0 0 0 (2)

∑̇ = ̇ + Δ ̇E x E Gi i
ch 0 mix

(3)

where Ḣ0 and Ṡ0 are the enthalpy and entropy rates at 298 K and
0.1 MPa and Ḣ and Ṡ refer to the enthalpy and entropy rates at a
given temperature and pressure, respectively. The data of Ḣ0, Ḣ,
and Ṡ are calculated by PRO/II.
The Ėch of gaseous and non-gaseous mixtures can be written

as eqs 4 and 5

∑ ∑̇ = + ̇E RT x x x Elni i i i
ch

0 0,
CH

(4)

∑̇ = ̇E x Ei i
ch

0,
CH

(5)

where Ė0,i
CH is the component’s standard chemical exergy rate, xi

refers to the component’s molar fraction, R is 8.314 kJ·kmol−1·
K−1, and the subscript 0 stands for the reference state (298 K and
0.1 MPa).
The exergy destruction rate, exergy destruction ratio, and

exergy efficiency are important parameters in exergy analysis.
Equations 6−9 express the exergy balance and exergy efficiency
for the kth component9

̇ = ̇ + ̇E E Ek k kF, P, D, (6)

ε =
̇
̇ = −

̇
̇

E

E

E

E
1k

k

k

k

k

P,

F,

D,

F, (7)

̇ = ̇ + ̇E E Ek k kin, out, D, (8)

η =
̇
̇

E

Ek
k

k

out,

in, (9)

Equations 10 and 11 express ratios of the exergy destruction
rate within the kth component to the total exergy rate of the feed
and exergy destruction rate of the system.

=
̇
̇y

E

Ek
kD,

F,tot (10)

* =
̇
̇y

E

Ek
kD,

D,tot (11)

3.3. Advanced Exergy Analysis. The conventional exergy
analysis cannot identify the portion of inefficiencies that can be
avoided as well as the portion of exergy destruction produced
through the performance of a component alone. In contrast, the
advanced exergy analysis can estimate the interactions among
the components and reveal technological limitations on the
efficiency of a process.41 Exergy destruction can be split into
unavoidable/avoidable and exogenous/endogenous parts by the
advanced exergy analysis as shown in Figure 3. Mixing these two

options, exergy destruction is categorized as four parts including
unavoidable/endogenous, unavoidable/exogenous, avoidable/
endogenous, and avoidable/exogenous exergy destructions.

3.3.1. Avoidable and Unavoidable Exergy Destructions. As
aforementioned, the technical and economical limitations
include certain barriers that constitute a part of unavoidable
irreversibilities. Focusing on the avoidable irreversibilities, it is
adequate to define the total exergy destruction for the kth
component of a process as eq 12

̇ = ̇ + ̇E E Ek k kD, D,
AV

D,
UN

(12)

The unavoidable conditions are assumed based on the
knowledge and experience to consider the maximum improve-
ment potential, which may be achieved in the future
prospectively. Additionally, efficiency improvement lowers the
exergy production and energy consumption in equipment.
However, the capital costs of a plant are increased when
conventional equipment is replaced with a more efficient one.
The unavoidable irreversibility is calculated as eq 13

̇ = ̇
̇
̇

i

k
jjjjjj

y

{
zzzzzzE E

E
Ek k

k

D,
UN

P,
D
UN

P (13)

The unavoidable exergy destruction rate per unit of the
produced exergy rate of the kth component is calculated by the
expression (ĖD

UN/ĖP)k. The produced exergy rate is shown by ĖP.
The exergy efficiency of the component is calculated by two
critical models. The first one is the output/input that defines the
exergy efficiency as the ratio of exergy of output streams to

Figure 3. Options for splitting exergy destruction in the kth
component.
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exergy of inlet streams. The second model is consumed/
produced, which defines the exergy efficiency as the ratio of the
produced exergy to the consumed exergy. As an illustration, the
exergy of input work to the component such as a compressor is
considered as consumed exergy and the exergy product is the
difference between exergy of the input and output streams. In
this study, the analysis is performed by the consumed/produced
model. Values of the unavoidable conditions are considered with
the assumptions that are carried out in the different publications.
It is clear that exergy destruction and energy consumption of a
component with high efficiency are lower than conventional
instruments. However, using the units with high efficiency can
increase the capital cost. Therefore, because of the technical and
economical limitations, the efficiency of the equipment cannot
increase above a certain value. The definitions of the feed exergy
rates, product exergy rates, and exergy destruction rates of
different components in the GASP have been discussed in
detail45 and are listed in Table 1.
3.3.2. Endogenous and Exogenous Exergy Destructions.

ĖD,k of the kth component can be divided into ĖD,k
EN and ĖD,k

EX

̇ = ̇ + ̇E E Ek k kD, D,
EN

D,
EX

(14)

ĖD,k
EN is caused by the irreversibility taking place in the kth

component when the remaining components operate in a
reversible way and the kth component operates with its current
efficiency. ĖD,k

EX is caused by the irreversibilities occurred in all the
other components. The endogenous irreversibility is the main
concern of the advanced exergy analysis. The following methods
are used to calculate the endogenous irreversibility of a
component:19 (1) an approach based on thermodynamic cycles,

(2) an engineering approach, (3) an exergy balance method, (4)
an equivalent component method, and (5) a structural theory.
In this work, practical conditions are used for the conventional

exergy analysis. ĖD,k
EN and ĖD,k

EX are calculated with the theoretically
optimal conditions. ĖD,k

AV and ĖD,k
UN are calculated using the defined

maximum permissible values, that is, theoretically optimal and
practically feasible operating conditions. The product exergy for
the whole system is assumed to be constant. Real operation
conditions (ROCs) are realistic currently achievable operation
performance data for all components of the observed energy
system, for example, actual thermodynamic efficiency. Un-
avoidable operation conditions (UOCs) are also realistic
operation data, but achievable only in perspective, that is, in
the future. Unavoidable operating conditions are those that
cannot be achieved in a foreseeable or near future with current
trends of the technological development. Their choice is
arbitrary to some extent and depends on decision makers and
their understanding of processes and theoretical backgrounds, as
well as following current scientific and practical achievements.
They are important when formulating the foreseen potential for
further improvements of each component and accordingly
determining the unavoidable part of exergy destruction.
Establishing UOCs for each component requires the forecasts
of the development tendencies and achievements for that type of
the component. Theoretical operation conditions (TOCs) of
components cannot be achieved in practice. They are based on
the assumption of the ideal operation, for example, with maximal
theoretical efficiency. TOCs are used to calculate endogenous
and exogenous exergy destructions. The summary of assump-
tions of ROCs, UOCs, and TOCs based on the adopted

Table 1. Exergy Calculation in Each Component of the System
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approach is given in Table S1 for the components of the
system.25

3.3.3. Combing the Splitting Methods. To calculate the
unavoidable endogenous part of the exergy destruction rate
within the kth component, the ratio of exergy destruction to
product exergy of this component in its UOCs and the product
exergy of it in its hybrid cycle should be obtained as follows

̇ = ̇
̇
̇

i

k
jjjjjj

y

{
zzzzzzE E

E
Ek k

k

D,
UN,EN

P,
EN D

UN

P (15)

The unavoidable exogenous part of the exergy destruction
rate is calculated with a combination of eqs 12 and 15

̇ = ̇ − ̇E E Ek k kD,
UN,EX

D,
UN

D,
UN,EX

(16)

Then, avoidable endogenous and exogenous parts of the
exergy destruction rates are calculated by subtracting unavoid-

able endogenous and exogenous exergy destruction rates,
respectively, from the total endogenous and exogenous exergy
destruction rates.

̇ = ̇ − ̇E E Ek k kD,
AV,EN

D,
EN

D,
UN,EN

(17)

̇ = ̇ − ̇E E Ek k kD,
AV,EX

D,
EX

D,
UN,EX

(18)

4. RESULTS AND DISCUSSION
4.1. Results of Simulation. The primary models for each

component are demonstrated in Table 1 for both conventional
and new GASPs. The tray data, specification, and variable
parameters of columns are given in Table S2.1,4 The mass
balance of practical operation and simulation are given in Table
2. The main parameters are compared in Table S3. The relative
error of the dry gas is relatively high, which is probably due to the
limitation of the thermodynamic model used in the simulation.

Table 2. Comparison for Mass Balance in the Simulation

conventional GASP new GASP

items
industrial
data/kg·h−1

simulation
results/kg·h−1

relative errorsa

(%)
simulation

results/kg·h−1
relative errorsa

(%)

feeds rich gas 46,200 46,200 0.00 46,200 0.00
naphtha 65,800 65,800 0.00 65,800 0.00
complementary absorbent 26,900 25,387 5.62 25,481 5.28
light absorption oil 14,200 14,200 0.00 14,200 0.00

products dry gas 9000 10,036 11.51 10,038 11.53
LPG 25,500 27,650 8.43 27,661 8.47
gasoline (including a complementary
absorbent)

102,500 98,093 4.30 98,043 4.35

rich absorbent 16,100 15,808 1.81 15,939 1.00
aRelative errors = |simulation results − practical data|/ref. × 100%.

Figure 4. C1−C5 composition distribution in the liquid of the absorber.
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The system contains not only light hydrocarbons but also
pseudo-components which are characterized using the ASTM
D86 assay data. It should be noted that the dry gas is just a small
portion of products (nearly 4.60%). The simulation results are
considered acceptable in comparison with the industrial data.

Hot utilities are employed in the reboilers of the stripper
(E103) and stabilizer (E104). Meanwhile, cold utilities are
employed in AC101, WC101, WC102, WC103, AC102,
WC104, and WC105. The total energy consumption can be
saved through heat integration. Following notes should be

Figure 5. Exergy destruction ratios for conventional and new GASPs.

Figure 6. εk for components in conventional and new GASPs.
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mentioned for the comparison of two processes: (1) heat
removals of the absorber remain the same (WC102 and
WC103), (2) the heat duty of the gasoline cooled by the cold
utility remains the same (WC105), and (3) the heat duty of
E102 in the conventional GASP is the same with that of E102
and E105 in the new GASP. The comparison for main energy
consumption components of two processes is shown in Figure
S1 on the premise of the same flow rates and purities for both
feeds and products.
Compared with the conventional GASP, the energy

consumption of the new GASP is reduced by 5.20%. The
comparison of vapor−liquid duty of the stripper is shown in
Figure S2. Vapor−liquid duty in the stripper of the new GASP is
lower than that of the conventional GASP. The stripper is to
separate out C2− components. The decrease of those
components can reduce the heat duty of the reboiler significantly
because the latent heat of the vaporization is enormous. In
addition, the second theoretical tray has the hot feed of the
liquid phase, and there is a sudden change for the liquid duty. To

verify the energy-saving mechanism of the new GASP, the C1−
C5 composition distributions in the liquid of the absorber are
compared for the conventional and new GASPs. As shown in
Figure 4, the C4−C5 concentration gradient becomes smaller
from the side draw tray to the bottom tray in the absorber.
Meanwhile, the C1−C2 concentration gradient increases from
the side draw tray to the bottom tray in the absorber. C3
concentration gradients are basically the same over the whole
column.

4.2. Results of Conventional Exergy Analysis. Based on
the exergy balance, a detailed conventional exergy analysis is
performed as shown in Table S4. For the overall system, the
Ėinput,System/Ėoutput,System values of conventional and new GASPs
are 8.3685/1.7816 and 8.2204/1.7794 MW, respectively. The
ĖF,System/ĖP,System values are 22.2858/14.4942 and 21.0311/
15.0243 WM, respectively. Thus, the ĖD,System values are 7.7916
and 6.0067 MW, respectively. The εSystem values are 65.04 and
71.44%, respectively, while the ηSystem values are 21.29 and
21.65%, respectively. It can be verified that the εSystem/ηSystem in

Figure 7. ηk for components in conventional and new GASPs.
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the new GASP is improved by 6.40%/0.36% because the energy
consumption is reduced by 5.20%. It is clear from Table S4 that
34.96 and 28.56% of the total input exergy of the feed are
destroyed, respectively. Therefore, the energy performance of
the new GASP is better than that of the conventional GASP.
The exergy destruction ratios for components in the

conventional and new GASPs are shown in Figure 5. The
stabilizer has the largest exergy destruction ratio of the overall
system due to relatively large reflux ratio (RR) in terms of the
separation between the LPG and stable gasoline. Compared
with the conventional GASP, the exergy destruction ratio is
increased from 30.39 to 31.53% in the new GASP. However, the
ĖD,k value decreases from 2.3682 to 1.9700MW (see Figure S3).
In the conventional GASP, the exergy is mainly destroyed in
several components including the stabilizer, stripper, E103, and
E104. At the same time, the exergy is mainly destroyed in several
components including the stabilizer, stripper, tank, AC101, and
compressor in the new GASP. Both in the conventional and new
GASPs, the ĖD,k of water coolers and pumps can be ignored
because they are small compared with other components.

Based on the balance of feed and product exergies, the εk for
components are presented in Figure 6 for the conventional and
new GASPs. The εSystem of conventional and new GASPs are
65.04 and 71.44%, respectively. Obviously, the energy efficiency
has been significantly improved by 6.40%. The highest εCompressor

is 85.26% in the conventional GASP, while the highest εE104 is
92.43% in the new GASP. It is mentioned that the εE104 is
significantly improved because of the decrease of ĖD,k from
0.8081 to 0.2246 MW. Although the εk of water coolers and
pumps is significantly improved, it is not a priority to improve
these components considering the small ĖD,k. Based on the
balance of input and output exergies, the ηk for components are
shown in Figure 7 for the conventional and new GASPs. The
ηSystem of conventional and new GASPs are 21.29 and 21.65%,
respectively. The energy efficiency has been slightly improved by
0.36%. The increase of ηSystem is obviously less than that of εSystem
because ĖF,System is muchmore than Ėinput,System. The highest ηP101
is 99.98% both in the conventional and new GASPs. It is shown
that the ηStripper is significantly improved from 61.79 to 76.22%
because ĖD,k is decreased from 0.8716 to 0.4367 MW.

Figure 8. Ratios of exergy destruction rate within the components to the exergy rate of the feed in conventional and new GASPs.
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Figure 8 presents the ratios of exergy destructions within the
components to the total exergy destruction of the system in the
conventional and new GASPs. Compared with the conventional
GASP, the ySystem is decreased by 6.41% in the new GASP. The
yStabilizer values are 10.63 and 9.37%, respectively, which are the
largest in both conventional and new GASPs. Compared with
the conventional GASP, the yk values are significantly decreased
in the stripper, E103, and E104. It indicates that reversibilities of
these components are improved relatively. It is worth noting that
the yStabilizer value of the new GASP is increased by 3.45%, which
is different from other components. It shows that there is a high
potential to reduce the exergy destruction of the stabilizer in the
new GASP.
4.3. Results of Advanced Exergy Analysis. The conven-

tional exergy analysis is capable of calculating the exergy
destruction rates of components in the system. However, it
cannot exactly identify the sources of irreversibilities and real
improvement potentials. Using the advanced exergy analysis, all
parts of exergy destruction within each component of conven-
tional and new GASPs can be evaluated. The ROC, UOC, and
TOC of different components for GASPs are shown in Table S1,
and results from advanced exergy analysis are given in Table S5.
For the overall system, both ĖD,System

AV /ĖD,System
UN and ĖD,System

EN /
ĖD,System
EX are all reduced in the new GASP. ĖD,System

EN is slightly
more than ĖD,System

AV ; however, ĖD,System
EX is slightly less than

ĖD,System
UN . ĖD,System

AV is decreased from 3.6133 to 2.4463 MW
because of process innovation. Therefore, new exergy
parameters appear to be the key indicators to show how much
the system could be improved. 46.37 and 40.73% for the total
exergy destruction can be reduced in the conventional and new
GASPs, respectively. Meanwhile, ĖD,System

UN is reduced by 0.6178
MW in the new GASP. The ĖD,System

EN values are 3.8138 MW and
3.5605, respectively, for the conventional and new GASPs,
which is mainly from the stripper and stabilizer. The variation
tendency is similar to the avoidable and unavoidable parts. The
ĖD,System
EN value decreased by 0.2533 MW, and the ĖD,System

EX value
decreased by 0.9118 MW. The ratios of ĖD,System

EN to ĖD,System are
48.96 and 51.04% in the conventional and new GASPs,
respectively. The energy improvement potential remains
unchanged from the view of the endogenous/exogenous exergy
destructions concept.
Figure 9 shows the avoidable and unavoidable exergy

destruction rates for components in the conventional and new
GASPs. The top 10 components of avoidable and unavoidable
exergy destruction rates of the system are given in Table 3. There
is a small deviation for the main contributions of ĖD,System

AV in the
conventional and new GASPs. The air cooler of the rich gas has
the largest avoidable exergy destruction rate in the new GASP.
However, the enhancement efforts should be made not only to
its endogenous irreversibilities but also to inefficiencies of the
remaining components. The main contributions of ĖD,System

UN are
similar for the conventional and new GASPs. The reasons are
summarized as follows: (1) ĖD,Stabilizer

UN and ĖD,Stripper
UN are caused by

the liquid reflux (RR) in the distillation process; (2) ĖD,Absorber
UN is

caused by the liquid−vapor ratio (L/V) in the absorption
process; (3) ĖD,Tank

UN and ĖD,M101
UN (ĖD,M102

UN ) are caused by process
irreversibilities in the flash and mixer; and (4) ĖD,WC104

UN is caused
by the minimal heat transfer temperature approach in the heat
exchanger. Some ĖD,k

AV can be ignored including columns, pumps,
and mixers, while some ĖD,k

UN can be ignored including the tank,
the compressor, heat exchangers, air coolers, water coolers, and
pumps.

Figure 10 shows endogenous and exogenous exergy
destruction rates for components in the conventional and new
GASPs. The top 10 components of endogenous and exogenous
exergy destruction rates of the system are given in Table 4. There
is no obvious difference for the main contributions of ĖD,System

EN in
the conventional and new GASPs. In comparison with the
conventional GASP, the largest ĖD,Stabilizer

EN is decreased by 0.4240
WM for the new GASP. The main contributions of ĖD,System

EX are
almost the same in both conventional and new GASPs. The
largest ĖD,AC101

EX is 0.4637 WM for the new GASP, while the
largest ĖD,E104

EX is 0.7858 WM for the conventional GASP. Some
ĖD,k
EN can be ignored including the compressor, heat exchangers,

air coolers, water coolers, and pumps, while some ĖD,k
EX can be

ignored including columns, pumps, and mixers.
4.4. Comparison of Advanced Exergy Analysis for

Conventional and New GASPs. After splitting exergy
destruction into unavoidable/avoidable and exogenous/endog-
enous parts as shown in Figure 11, we obtain that the ratios of
ĖD,System
AV,EN , ĖD,System

UN,EN , ĖD,System
AV,EX , and ĖD,System

UN,EX to ĖD,System are 5.04,
46.01, 35.69, and 13.27%, respectively, in the new GASP, while
they are 5.23, 43.72, 41.15, and 9.90% in the conventional
GASP. For both the conventional and new GASPs, ĖD,System

UN,EN and
ĖD,System
AV,EX have the largest proportion. For the overall system, it is

clear that ĖD,System
AV,EX and ĖD,System

UN,EX have slightly changed. However,
the sum of these two exergy destruction parts is basically
unchanged. The top 10 components of avoidable/unavoidable
and endogenous/exogenous exergy destruction rates of the
system are given in Table 5. For the four parts of the exergy
destruction rates, the overwhelming majority of the exergy
destruction rates is all from the top 10 components. The main
resources of ĖD,System

AV,EN , ĖD,k
UN,EN, and ĖD,k

UN,EX are similar in both
conventional and new GASPs. It should be mentioned that the
largest contributions of ĖD,k

UN,EN are the stabilizer and the stripper.
However, as the main resources of ĖD,System

AV,EN , these components
are still the potential improved units.
From the results shown in Figure 11, the following

conclusions can be made: (1) for ĖD,System
AV,EN , in both conventional

and new GASPs, the major contributors are the stabilizer and
tank, in which the ratios of ĖD,k

AV,EN to ĖD,System
AV,EN are 39.66 and

45.75%; (2) for ĖD,System
UN,EN , the main resources are similar in the

Figure 9. Avoidable and unavoidable exergy destruction rates for
components in conventional and new GASPs.
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conventional and new GASPs. The major contributors are the
stabilizer, stripper, and tank, in which ratios of ĖD,k

AV,EN to ĖD,System
AV,EN

are 92.82 and 83.81%, respectively; (3) for ĖD,System
AV,EX , the main

sources are different in the conventional and new GASPs. For
the conventional GASP, the major contributors are the AC101,
compressor, and E103, in which the ratio of ĖD,k

AV,EX to ĖD,System
AV,EX is

40.55%. For the new GASP, the major contributors are the

AC101, compressor, E103, and E101, in which the ratio of ĖD,k
AV,EX

to ĖD,System
AV,EX is 54.86%; (4) for ĖD,System

UN,EX , the main sources are
similar in the conventional and new GASPs. The major
contributors are the tank, the stabilizer, and AC101, in which
the ratios of ĖD,k

UN,EX to ĖD,System
UN,EX are 39.85 and 42.24%,

respectively.

Table 3. Main Resources of Avoidable and Unavoidable Exergy Destruction Rates

conventional GASP new GASP

k ĖD,k
AV/ĖD,System

AV (%) k ĖD,k
UN/ĖD,System

UN (%) k ĖD,k
AV/ĖD,System

AV (%) k ĖD,k
UN/ĖD,System

UN (%)

E104 20.83 stabilizer 54.14 AC101 17.23 stabilizer 53.05
E103 16.89 stripper 19.88 compressor 12.33 stripper 11.60
AC101 11.90 tank 8.78 E103 10.40 tank 9.83
compressor 8.29 M101 2.75 E101 10.07 M102 4.37
WC105 7.60 absorber 1.78 WC105 9.90 WC104 3.51
E101 7.15 M102 1.59 AC102 9.81 M101 3.36
WC104 6.35 AC101 1.50 E104 7.14 absorber 2.55
AC102 5.66 E104 1.33 E102 4.76 AC101 1.99
E102 3.32 WC105 1.11 WC104 4.68 WC105 1.46
stabilizer 2.94 E103 1.11 tank 4.35 E104 1.40
total 90.92 total 93.96 total 90.68 total 93.12

Figure 10. Endogenous and exogenous exergy destruction rates for
components in conventional and new GASPs.

Table 4. Main Resources of Endogenous and Exogenous Exergy Destruction Rates

conventional GASP new GASP

k ĖD,k
EN/ĖD,System

EN (%) k ĖD,k
EX/ĖD,System

EX (%) k ĖD,k
EN/ĖD,System

EN (%) k ĖD,k
EX/ĖD,System

EX (%)

stabilizer 59.34 E104 19.75 stabilizer 59.99 AC101 15.77
stripper 21.51 E103 16.03 stripper 11.98 compressor 11.18
tank 7.32 AC101 11.75 tank 8.73 E103 9.43
M101 2.99 compressor 8.21 M102 5.06 WC105 9.29
absorber 1.75 WC105 7.60 M101 3.89 AC102 9.10
M102 1.73 E101 6.94 absorber 2.86 E101 8.92
reabsorber 0.92 WC104 6.41 WC104 1.65 E104 6.95
AC101 0.66 AC102 5.71 reabsorber 1.04 WC104 6.43
E104 0.59 tank 4.75 AC101 0.93 tank 6.42
WC105 0.49 E102 3.49 WC105 0.68 E102 4.48
total 97.30 total 90.63 total 96.82 total 87.96

Figure 11. Exergy destruction rates for components combined with
avoidable/unavoidable and endogenous/exogenous concepts in
conventional and new GASPs.
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4.5. Sensitivity Analysis. In order to investigate the
characteristics of exergy destruction, it is beneficial to conduct
a sensitivity analysis to find the optimal important operating
parameters. The significant difference is the retrofit of the side
draw stream in the absorber between the conventional and new
GASPs. For the side draw stream, the flow rate and location are
critical designing and operating parameters in the absorber. The
exergy destruction rate depends on the mass flow rate through
the component and the specific entropy generation within it.
The entropy generation is also decided by the flow rate and
location of the side draw stream. Moreover, for this study,
conventional and advanced exergy analyses are used to reveal
some significant information on the effects of system’s
component interactions and the resulting dependency of a
component’s efficiency on the performance of itself and other
components. As a result, the effects of flow rate and the location
of the side draw stream are considered in sensitivity analysis. The
exergy efficiencies and exergy destruction rates of the absorber
are selected as variables to be studied individually.
The effects of the flow rate of the side draw stream on the

conventional and advanced exergy analyses of the absorber are
shown in Figure 12. The overall exergy destruction of the
absorber increases first and then decreases as the increase of the
flow rate of the side draw stream. When the flow rate of the side
draw stream is 95 t/h, the exergy efficiency reaches its maximum
(72.80%) as the exergy destruction rate reaches its minimum
(0.0908MW). The reason is that the liquid distribution is varied
with a flow rate of the side draw stream. Besides, the mass and
heat are transferred in the countercurrent flow between the
vapor and liquid, which results in exergy destruction. The
variation tendencies of ĖD,k

UN, ĖD,k
EN, and ĖD,k

UN,EN are similar to that of
ĖD,k effected by the flow rate of the side draw stream.Meanwhile,
the variation tendencies of ĖD,k

EX and ĖD,k
UN,EX are consistent. Little

of exergy destruction rates including ĖD,k
AV, ĖD,k

AV,EN, and ĖD,k
AV,EX

remained, which can be ignored for improving the energy
performance. The exergy efficiency is relatively increased
through varying the flow rate of the side draw stream. However,
as indicated by ĖD,k

AV, the actual energy-saving potential through
optimizing the flow rate of the side draw stream seems low. ĖD,k

EN

is the lowest when the exergy efficiency is at its maximum, which
is different from ĖD,k

EX .
The effects of the location of the side draw stream on

conventional and advanced exergy analysis of the absorber is
shown in Figure 13. The overall exergy destruction of the
absorber increases first and then decreased as the location of the
side draw stream increases. When the location of the side draw
stream is the 11th tray, the exergy efficiency reaches its
maximum (72.69%) as exergy destruction is at its minimum
(0.0906MW), which is similar to the result for the analysis of the
flow rate of the side draw stream. The reason is that the liquid
distribution is varied with the location of the side draw stream. In
addition, exergy destruction is caused by the mass and heat
transfer in the countercurrent flow between the vapor and liquid.
The variation tendencies of ĖD,k

AV, ĖD,k
EX , and ĖD,k

UN,EX are similar to
that of ĖD,k effected by the location of the side draw stream.
Meanwhile, the variation tendencies of ĖD,k

AV, ĖD,k
EX , ĖD,k

AV,EN, and
ĖD,k
UN,EX are consistent. ĖD,k

AV,EX are very little, which can be ignored
for improving the energy performance. The exergy efficiency is
increased through varying the location of the side draw stream.
Moreover, the actual energy-saving potential indicated by ĖD,k

AV is
high to optimize the location of the side draw stream. ĖD,k

EX is the
lowest when the exergy efficiency is reaching to the highest,T
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Ė D

,k
U
N
,E
N
/
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which is different from ĖD,k
EN. It is contrary to the sensitive analysis

of the side draw flow rate.

5. CONCLUSIONS

A new GASP for improved energy utilization considering the
absorption process intensification is proposed and evaluated
using exergy analysis in this work. Themost critical feature of the
new process is the retrofit of the side draw stream to improve the
absorption performance. The advanced exergy analysis can be
used to evaluate and understand the new GASP thoroughly
combined with the conventional exergy analysis. Some detailed
and useful information are obtained through the advanced
exergy analysis and the comparative analysis, which can be used
to identify the energy utilization bottleneck for system
improvement. Three-layer conclusions are listed as follows:

(1) Compared with the conventional GASP, the energy
consumption of the new GASP is reduced by 5.20%. The
main cause is that repeated cooling and heating of

components C3−C5 is decreased to reduce the reboiler
heat duty of the stripper significantly.

(2) The new GASP has a better thermodynamic performance
compared with the conventional GASP. The stabilizer has
the largest ratio of exergy destruction to the total exergy
destruction of the system corresponding to 30.39 and
32.80% for the conventional and new GASPs, respecti-
vely.

ĖD,System
AV is decreased from 3.61 to 2.45 MW after the process

innovation. 46.37 and 40.73% of the total exergy destructions
can be reduced in the conventional and new GASPs,
respectively. The main contributions come from the absorber,
stripper, stabilizer, and some specific heat exchangers. In the new
GASP, though the stabilizer has the largest exergy destruction,
the air cooler of the rich gas has the largest avoidable exergy
destruction, which is different from the conventional GASP.
However, the enhancement efforts should be made not only to
its endogenous irreversibilities but also to inefficiencies of the
remaining components. ĖD,System

EN is decreased from 3.81 to 3.56

Figure 12. Effects of the flow rate of the side draw stream on the conventional and advanced exergy analyses of the absorber in the new GASP.

Figure 13. Effects of the location of the side draw stream on the conventional and advanced exergy analyses of the absorber in the new GASP.
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MW in the new GASP compared with the conventional GASP,
which is mainly from the stripper and stabilizer. ĖD,System

UN,EN and
ĖD,System
AV,EX have the largest proportion in both conventional and

new GASPs. The ratios are 51.04 and 48.96% in the new GASP,
while they are 43.72 and 41.15% in the conventional GASP. For
ĖD,System
UN,EN , the main source is the stabilizer. For ĖD,System

AV,EX , the main
sources are reboilers of the stripper and stabilizer, the air cooler
of the rich gas and compressor.

(3) The sensitivity analysis shows that optimizing the flow
rate and location of the side draw stream is the efficient
way to improve the exergy efficiency of the absorber in
terms of reducing ĖD,Absorber

AV and ĖD,Absorber
EX . As indicated by

ĖD,Absorber
AV , the actual energy-saving potential is higher by

optimizing the location of the side draw stream than
varying the flow rate of the side draw stream. ĖD,Absorber

EX is
in the lowest when the exergy efficiency reaches to the
maximum, which is different from ĖD,Absorber

EN . The results
are entirely different in the sensitivity analysis of the side
draw flow rate and location.
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■ NOMENCLATURE2-COL
Ė rate of exergy (MW)
P pressure (kPa)
Q heat duty (MW)
RR reflux ratio
T temperature (K)
W power (MW)
x molar fraction
y ratios of exergy destruction to total exergy of the feed
y* ratios of exergy destruction to total exergy destruction

■ GREEK LETTERS
η exergy efficiency based on the input/out balance
ε exergy efficiency based on the feed/product balance
Δ difference

■ SUBSCRIPTS
0 standard condition
AbC absorption column
Co compressor
D destruction
DiC distillation column
F feed
Fl flash tank
HeEx heat exchanger
i component
in inlet stream
k kth component
L loss
Mi mixer
out output stream
P product
Pu pump

■ SUPERSCRIPTS
AV avoidable
ch chemical
EN endogenous
EX exogenous
mix mixture
ph physical
UN unavoidable

■ ABBREVIATIONS
AC air cooler
DCU delayed coking unit
FCCU fluid catalytic cracking unit
GASP gasoline absorption−stabilization process
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HE heat exchanger
LPG liquefied petroleum gas
P pump
ROC real operation conditions
TAC total annual cost
TOC theoretical operation conditions
UOC unavoidable operation conditions
WC water cooler
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