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a b s t r a c t

The demand for LNG (liquefied natural gas) increases each year, and relevant studies have been devel-
oped in order to reduce both power consumption and greenhouse gas emissions of LNG plants. Multi-
stream plate-fin heat exchangers (MPFHE) are widely used in these plants due to their large heat transfer
surface area per unit volume for multi-phase flows. The thermal-hydraulic performance of heat ex-
changers also impacts on compressor shaft work of liquefaction plants. In this study, an automated
optimization procedure is performed for commonly used MPFHE in a three-stage propane pre-cooling
cycle to maximize the coefficient of performance (COP) of liquefaction plants. Four geometric input
parameters (fin type, fin height, fin thickness, and fin frequency) have been selected for the optimization.
The optimal heat exchangers and operating conditions of the entire refrigeration cycle and their feasi-
bility are taken into account. The optimal fin designs of the heat exchangers affect the cycle operating
conditions, which results in COP improvements of 18.9%, 2.5%, and 9.4%, and ranging from 7% to 32% of
mitigation in CO2 emission when compared to the literature cases. Compared with the baseline case, the
COP is improved by 9.4%, compressor shaft power is reduced by 7.1% (about 11.2 MW), heat transfer is
augmented by 1.5% (3.8 MW), and CO2 emission is reduced by 6.3 t/h, which result in more efficient and
sustainable LNG production.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

For several countries, natural gas (NG) is one of the most
important primary energy sources in the energy matrix (EIA, 2018).
Due to its abundance and clean combustion, world demand for LNG
has increased over the years (Tusiani and Shearer, 2016; Dragomir,
2012) and related research has been developed aiming to mitigate
the emission of both pollutants and greenhouse gases.

It is well known that LNG plants are energy-intensive, and that
high power consumption occurs in the compressor drivers. Hence,
as the pre-cooling stage is responsible for more than 30% of overall
compressor power demand (Castillo et al., 2013; Remeljej and
Hoadley, 2006; Mokhatab et al., 2013), any improvement in the
efficiency of the pre-cooling cycle leads to a significant reduction in
both fuel consumption and CO2 emissions, giving a more sustain-
able LNG production with lower operational costs (Qyyum et al.,
2019).
oli).
A large amount of energy is required to achieve cooling
below �160 �C for the cryogenic cycles. The thermal efficiency of
the cryogenic processes must be improved to avoid unnecessary
energy consumption (Wang and Li, 2016a). To compensate for the
lower efficiency of the cryogenic processes, a complex heat transfer
network must be used. For this purpose, the MPFHE is widely used
because of its compact structure, high thermal efficiency, large heat
transfer surface area per volume unit, and ease of handlingmultiple
streams (Kays and London, 1984). LNG plants use the cryogenic
process at the pre-cooling, cooling, and sub-cooling stages. Essen-
tially, in the pre-cooling cycle, NG is pre-cooled to temperatures
ranging from �30 �C to �55 �C. Using practical applications, the
combination of multi-stage pre-cooling cycles with multi-stage
compression systems can reduce the total compressor power
required by the LNG plant (Venkatarathnam, 2008).
1.1. Propane pre-cooling cycle

Fig. 1 shows a typical phase envelope diagram of the feed gas.
The bubble-point line and dew-point line, which include the gas,
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Nomenclature

Afr Area for flow (m2)
Ae Area of element (m2)
b Fin height (mm)
COP Coefficient of Performance
CO2 Carbon dioxide
dh ¼ 4Afr

E Hydraulic diameter (m)
DoE Design of Experiments
E Wetted perimeter (m)
EDR Exchanger Design & Rating
EoS Equation of State
f Friction Factor
Ff Fin frequency parameter (fins/m)
Fh Fin height parameter (mm)
Ft Fin thickness parameter (mm)
FTY Fin type
GA Genetic Algorithm
GERG Groupe Europ�een de Recherches Gazi�eres
h Convection heat transfer coefficient (W/m2 K)
HE Heat Exchanger
l Length of passage(m)
L Total length of the heat exchanger (m)
DL Length of the element
LNG Liquefied Natural Gas
_m Mass flux (kg/sm2)
M Mass flow rate per layer (kg/s)
MPFHE Multistream Plate-Fin Heat Exchanger
n Number of fins per meter width of channel
NG Natural Gas
NSGA-II Non-dominated Sorting Genetic Algorithm II

P Pressure (kPa)
PR Peng-Robinson
Dpf Pressure drop in straight length
_Q Refrigeration duty (MW)
DQ Rate of heat transfer in the element (MW)
Redh

Reynolds number based on hydraulic diameter
S Cross-sectional area for flow per layer (m2)
t Thickness (mm)
T Temperature (

�
C)

ULH Uniform Latin Hypercube
W Total width of the layer (m)
_W Power (MW)

Greek symbols
a Combined heat transfer coefficient (MW m�2 K)
h Efficiency (%)
m Dynamic viscosity (kg/m s)
r Density (kg/m3)

Subscripts
c Cold stream
Comp Compressor
e Element
HE Heat Exchanger
h Hot stream
i i-th compressor
in Inlet
out Outlet
W Wall

Fig. 1. Typical phase envelope diagram of the feed gas conditions for pre-cooling,
cooling, and sub-cooling cycles.
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liquid-gas, and liquid phases of NG, are displayed. From the bubble-
point line on the left-hand side, the NG is in a completely liquid
phase; from the dew-point line on the right-hand side, the NG is in
the gas phase; and under the diagram, between the bubble-point
and the dew-point lines, the NG is composed of a mixture of
liquid and gas. The objective of an LNG plant is to take NG from
ambient temperature to sub-cooling temperature, which is
considered to be around �160 �C (Mokhatab et al., 2013).
A general cascade liquefaction plant involves three refrigeration
cycles (pre-cooling, cooling or condensation, and sub-cooling), each
one using a different pure substance as the refrigerant
(Venkatarathnam, 2008). For instance, propane is used in the pre-
cooling cycle, ethylene in the cooling cycle, and methane in the
sub-cooling cycle. The feed NG cools down through the three
evaporators until it is completely liquefied in the sub-cooling
evaporation process. In the conventional version, propane heat-
ing, ethylene, and NG cooling take place in the first evaporator; the
ethylene evaporates, while methane and NG are cooled in the
second evaporator. Finally, methane evaporates in the last evapo-
rator while NG is liquefied (Venkatarathnam, 2008). Ransbarger
(2007) affirms that cascade processes with pure refrigerants are
more efficient at preparing refrigerants that cool the feed gas
regardless of NG composition and ambient conditions, which is an
advantage of this process.

The application of the propane pre-cooling cycle to various
designs has recently emerged as an option to be used in cascade
LNG plants and in MR (mixed refrigerant) cycles, such as C3MR
(propane pre-cooled mixed refrigerant) cycle, which is the most
widely used liquefaction process to date (Mokhatab et al., 2013).

A number of studies focus on methods to increase the efficiency
of LNG plants (including propane pre-cooling cycles) by finding the
optimum operating conditions or by modifying the construction of
the cryogenic process. Paradowski et al. (2004) investigate the
impact of two operating parameters of the propane pre-cooling
cycle on enhancing the process efficiency of C3MR plants. They
also indicate that, in terms of energy efficiency, a three-stage pro-
pane configuration could be considered a better alternative
compared with a two-stage MR. Khan et al. (2016) use energy and
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exergy analyses of a three-stage propane pre-cooling cycle in a
cascade LNG plant to find the optimized operating conditions, and
their results show a maximum COP of 1.65. Aasadnia and
Mehrpooya (2018), and Yan et al. (2019) show that compressor
shaft power demand is a key parameter for cryogenic cycle per-
formance and optimization of COP leads to a reduction of total
power consumption and in CO2 emissions.

1.2. Multistream plate-fin heat exchanger (MPFHE)

MPFHE are widely used in LNG production, because of their
compactness, high thermal efficiency, large heat transfer surface
area per unit volume, and suitability for single-phase and multi-
phase processes. Hence, they have been used in a variety of cryo-
genic process applications, such as cascade and MR cycles, and
nitrogen expanders. The great advantage of MPFHE is that it can
simplify a system by performing complex network functions within
a single piece of equipment (Mehrpooya et al., 2017; Mehdizadeh-
Fard and Pourfayaz, 2019). An MPFHE consists of inlet and outlet
distribution sections, layers, and the heat and cold streams of a
generic MPFHE used in LNG processes. The different streams in the
heat exchanger flow in individual layers, with each layer composed
of several channels. It is important to note that each stream has an
individual entry and exit location. The channel ends are connected
to a distributor (Mehdizadeh-Fard and Pourfayaz, 2019). The flow
pattern and heat transfer characteristics related to multistream
heat exchangers are similar to conventional heat exchangers,
where both heat transfer rate and size of the heat exchanger play an
important role in its design (Manjunath and Kaushik, 2014). Thus,
any improvement in the thermal performance of MPFHE directly
influences the overall performance of the heat exchanger,
increasing the efficiency of the cryogenic cycle (Ismail et al., 2010;
Wang and Li, 2016b).

One way to increase the heat transfer performance of the
MPFHE is by using extended surfaces. The great advantage of
extended surfaces is that they reduce thermal resistance, increasing
heat transfer (Wang et al., 2015). In addition, the optimal configu-
ration of extended surfaces can lead to an improvement in the
thermo-hydraulic performance of the MPFHE, resulting in an
enhancement of the COP of the cryogenic cycle without any in-
crease in the size of the heat exchangers. However, heat transfer
enhancement is always associated with an increase in pressure
drop when compared with plain fin, and, as a consequence, the
power required by compressors in the LNG process is increased
(Hesselgreaves et al., 2016). Hao et al. (2019) improve the geometric
design of offset strip fin for a plate-fin heat exchanger and the
experimental results show an increase of 7.43% in heat transfer
coefficient increases and the pressure drop on the cold side reduces
by 29.7%. In another experimental research, Li et al. (2019) inves-
tigate the effect of fin pitch length on MPFHE and conclude that
from a certain value, by increasing heat transfer enchantment,
pressure drop also increases. Moreover, an improvement in MPFHE
performance with no increase in its total dimensions (or in new
manufacturing costs) can lead to a reduction in the total capital cost
of a cryogenic cycle. The main fin geometries used as a passive heat
transfer enhancement technique in heat exchangers are plain fins
(rectangular and triangular shapes), perforated fins, wavy
(herringbone) fins, pin fins, serrated (offset strip) fins, and louvered
fins, as can be seen in Fig. 2.

The thermal-hydraulic performance of the plate-fin heat
exchanger is strongly dependent on geometrical parameters (fin
height, fin frequency, and fin thickness) and flow conditions (Wang
et al., 2015; Allahyarzadeh-Bidgoli et al., 2018b; Faure et al., 2019;
Qyyum et al., 2019). Fig. 3 shows the expected performance metrics
of the MPFHE in terms of fin height and number of fins based on
designers’ experience (Ismail et al., 2010).
In general, as reported by Kays and London (1984), for heat

exchangers operating under the same geometric and flow condi-
tions, the highest heat transfer enhancement is achieved by offset
strip fin, followed by wavy fin, perforated fin, and plain fin (the
same order of increase in pressure drop). Guo et al. (2018) use a
design algorithm to optimize the fin types (louvered fins, plain fins,
offset strip fins, and wavy fins) in MPFHE preliminary design. They
use pressure drop as a constraint for the optimization procedure,
and this design method is based on the assumption of constant
fluid physical properties and single-phase flow. Wang and Li (2015)
and Wang and Li (2016a) present a review of layer pattern thermal
design for MPFHE. For future research, the authors recommend the
multi-objective optimization and the overall design optimization
frameworks of MPFHE, taking into account layer pattern and fin
structure. Lu et al. (2011) investigate the effect of certain geometric
parameters of the extended surfaces of a plate-finned tube heat
exchanger on COP. The authors report that COP is affected more by
fin thickness than by other geometric fin parameters.

Hatami et al. (2015) use experimental analysis and artificial
neural networks (ANN) as an optimization procedure, in order to
obtain the optimum design of a finned-tube heat exchanger used in
an exhaust heat recovery cycle. Li et al. (2018) develop and validate
a direct passage arrangement method for MPFHE. The authors
compare the results from their method with those of optimized
industrial designs of MPFHE that were performed by using the
Aspen MUSE™ (the old version of the Aspen EDR).
1.3. Optimization

The major advantages of applying optimization methods
coupled with numerical tools have attracted the attention of re-
searchers working in various fields, including oil and gas processes,
and LNG plants (Nam et al., 2015; Benvenga and Librantz, 2016;
Paulo et al., 2016; Liu et al., 2016; Kanbur et al., 2017; Saw et al.,
2018; Li et al., 2018; Allahyarzadeh-Bidgoli et al., 2018a, 2019a,
2019b). For this purpose, the genetic algorithm (GA) is one of the
most used optimization algorithms, due to its capability to manage
a large number of design variables and to avoid optimization stalls.
Moreover, GA is quite general and can be applied to all kinds of
problems (discrete, continuous, and non-differentiable). However,
the main drawback of GA is that they normally require massive
computational effort, especially when the number of input vari-
ables increases (Liu et al., 2016; Chen et al., 2017; Mehrpooya et al.,
2017; Azadeh et al., 2017; Allahyarzadeh-Bidgoli et al., 2018a,b,
2019a,b; Chai et al., 2019).

In order to minimize the drawback previously described, the
non-dominated sorting genetic algorithm (NSGA-II) selects the best
designs faster than the classic GA. This mathematical tool is known
as controlled elitism rule, which selects the best designs between
the current generation and the last generation during the conver-
gence of the main loop of the NSGA-II.

The basic steps of NSGA-II and a very brief of how it works are
given as follows (Deb, 2002; Allahyarzadeh-Bidgoli et al., 2018a;
Silva et al., 2018):

i. An initial population (with size B) is randomly generated via
DoE (design of experiments), for example. The objective
functions are calculated and then the individuals of the
population are sorted based on non-domination;

ii. All the individuals of the population are ranked by using a
fitness function (costs function);

ii. To generate the initial offspring population, crossover and
mutation operators are used;



Fig. 2. The most common extended surfaces used in the MPFHE technology: (a) Plain fin, (b) Offset strip fin, (c) Wavy fin and (d) Perforated fin. (Guo et al., 2018; Wang et al., 2015).

Fig. 3. Expected performance of MPFHE based on designers’ experience (Wang and Li, 2016a).
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iv. The elitism rule is called to compare the non-dominated
solutions of the current population and the last population
(initial population);

v. The populations of the current and last iterations are com-
bined, where this new population has a size of 2B;

vi. Selection, crossover and mutation operators are applied to
this new population (with the same size B) and a new pop-
ulation is generated (with size B as well). After that, the new
population is ranked according to the controlled elitism rule;

vii. The diversity preservation is used on the non-dominated
solutions through the procedure of crowding-distance
comparison (which is a metric to get estimative of the den-
sity of solutions around a given solution in the population).
In this step, a spread of the solutions is desired in order to
avoid stuck solutions in a local maximum/minimum region
of the design space;

vii The loop repeats until the convergence of NSGA-II or the
number of generations is achieved.

More details about how NSGA-II works as well as its algorithm
can be seen in Deb (2002).
1.4. Innovations of this research

Although many studies have been developed to improve the
performance of MPFHE in LNG plants, the open literature does not
present any research on the optimization of the COP of an LNG
plant with changes in MPFHE fin design and its influence on the
associated emissions of CO2. The current study aims to maximize
COP by changing four geometric fin parameters (fin type, fin
height, fin thickness, and fin frequency) of three MPFHE, applied
to a propane pre-cooling cycle. With this approach, it is possible to
find the optimal operating conditions of the refrigeration cycle,
and of heat exchanger fin geometries that allow such conditions to
occur. One of the constraints that we have imposed on the opti-
mization is that the volume and dimension of the MPFHE do not
change. Therefore, the effects of distributor types, layer patterns,
and fin pad locations on the COP of the LNG plant are out of the
scope of this current work. As a consequence, the CO2 emission
due to compressors of the cryogenic cycle is calculated for optimal
MPFHE designs and compared with results from the open litera-
ture. Moreover, the individual effect of each MPFHE on CO2
emissions, for the optimized case and the baseline, is also dis-
cussed in detail.
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The optimization procedure uses the uniform Latin hypercube
(ULH) algorithm to randomly generate a sample from prior prob-
ability distribution in the parameter area, combined with the
NSGA-II. For the numerical simulations, the Aspen EDR is used for
thermal-hydraulic performance calculations for the MPFHE. The
Aspen HYSYS® software is used to calculate the thermodynamic
equations for the cryogenic plant. Furthermore, in contrast to other
optimization studies of heat exchangers applied to LNG refrigera-
tion cycles, the feasibility of the optimal heat exchangers obtained
in this current study is guaranteed, because their optimization has
been a part of the simulation of the entire cryogenic cycle.

The current work is organized as follows: Section 2 outlines the
assumptions of the problem to be solved, numerical procedures
and validation, and optimization process. Section 3 is shown the
discussion of the optimization results and the comparison with
other studies from the open literature, the geometric information of
the optimized multi-stream plate fin heat exchangers, and the
sustainability of the optimized LNG plant operating conditions.
Finally, Section 4 presents the main conclusions of the current
research.
2. Assumptions, numerical procedure and optimization

2.1. Assumptions

The feed gas compositions and the main assumptions for the
cascade LNG plant are summarized in Tables 1 and 2, respectively.
The mass flow of each refrigerant fluid in the three heat exchangers
is shown in Table 3, where the mass flow of methane (C1) and
ethylene (C2) are kept constant in the three heat exchangers, while
the mass flow of propane (C3) varies for each heat exchanger.

Fig. 4 shows the fin pad locations of the fluid streams for the
proposedMPFHE, and Table 4 presents in detail which fluid streams
pass through each distributor of the MPFHE. Moreover, the arrows
in Fig. 4 indicate the flow direction at the inlets and outlets of each
stream, and its respective distributor type. Note that, according to
the design of each heat exchanger, the layer pattern, fin pad loca-
tion, and the type of distributors can be changed. Furthermore,
according to each heat exchanger’s task in the pre-cooling cycle, the
geometry of the layers, distributors with the applied fin pad can
also be altered.
2.2. Numerical procedure

The three-stage pre-cooling of the cascade LNG cycle is modeled
by using Aspen HYSYS® software. Aspen HYSYS® is a robust and
reliable tool for analyses involving LNG processes (Khan et al., 2016;
Allahyarzadeh-Bidgoli et al., 2018a,b; 2019a,b; Silva et al., 2018).
Fig. 5 shows a schematic of the three-stage propane pre-cooling
process, using pure refrigerants simulated in the current study. In
this case, the process consists of three MPFHE, three compressors,
two separators, and air-cooled condensers. The pure refrigerant
Table 1
Feed gas composition.

Component Mole fractions

Nitrogen 0.0700
Methane 0.8237
Ethane 0.0810
Propane 0.0213
i-Butane 0.0003
n-Butane 0.0021
i-Pentane 0.0007
n-Pentane 0.0009
streams are represented by C1 (methane), C2 (ethylene), and C3
(propane). As shown in Fig. 5, the feed gas, after treatment steps,
enters the propane cycle and then is pre-cooled to approximately
8 �C in the first heat exchanger (HE1) by propane evaporation
(LNG1C3 IN). Two more pure refrigerants, methane and ethylene,
are cooled by the evaporation of propane. The pre-cooling stage is
used to cool the NG stream and the sub-cooling refrigerants. Next,
NG enters the second heat exchanger (HE2) to be further cooled to a
temperature of approximately �20 �C. After this, the NG is cooled
from a temperature of about �20 �C to �37 �C (below NG
condensation temperature) in the third heat exchanger (HE3). Next,
the evaporated propane is compressed by the centrifugal
compressor to restore the propane pressure. Finally, the propane is
condensed by the air-cooled condensers, before returning to the
propane evaporator streams in the MPFHE of the pre-cooling stage.
The heat transfer processes described above are calculated by using
Equations (3) and (4).

The Aspen EDR, as one of most often used software for the
design of heat exchangers including MPFHE (Budisulistyo and
Krumdieck, 2015; Allahyarzadeh-Bidgoli et al., 2018b; Mousavi
and Mehrpooya, 2019), is integrated into the Aspen HYSYS® for
sizing the heat exchangers and for specifying their geometry in-
formation. It is worth noting that the Aspen EDR has been used by
many research groups to validate their numerical predictions of
heat transfer and pressure drop in plate-fin heat exchangers (Cho
et al., 2017; Zhan et al., 2018; Allahyarzadeh-Bidgoli et al., 2018b).
Furthermore, Peng and Robinson (1976) equations of state (PR-
EoS), are used for the fluid property calculations. The thermal-
hydraulic performance of the extended surfaces is calculated
from correlations available from AspenTech Ltd and these correla-
tions (Aspen MUSE™-HTFS correlations) are based on MPFHE
experimental measurements (ASPEN, 2016).

The heat transfer and pressure drop calculation parameters are a
function of geometry and flow conditions. The flow condition can
be characterized by the Reynolds number (based on the hydraulic
diameter) as

Redh
¼ _mdh

m
(1)

where dh is the hydraulic diameter of the flow passage, _m is the
mass flux, and m is the dynamic viscosity. Themass flux is defined as
the mass flow rate per unit area and is given by:

_m¼
_M
S

(2)

where _M is the mass flow rate per layer and S is the cross-sectional
area for flow rate per layer. The hydraulic diameter of flow passage
is calculated as a function of the cross-sectional area for flow per
layer. The cross-sectional area S is a function of the fin height (b),
the fin thickness (t), and the width of the channel.

The performance analysis was conducted in terms of the COP,
which is a criterion used to evaluate the efficiency of the cryogenic
system and is given by

COP¼ QHe

WComp
(3)

where QHe is the total heat transfer rate (refrigerant duty in MW)
andWComp is the required power for the compressors (in MW). QHe

is the total heat transfer rate from hot streams to cold streams with
respect to the wall. Thus, for each element of a hot stream:



Table 2
Feed gas operating conditions.

Feed gas conditions

Temperature [�C] 37.8
Pressure [kPa] 3447
Compressor adiabatic efficiency [%] 75
Pre-cooling LNG production [kg/h] 583,000

Table 3
Mass flow of refrigerant fluids on the three heat exchangers.

Feed gas conditions

C1 - Methane [kg/h] 4.326 � 105

C2 - Ethylene [kg/h] 1.516 � 106

C3 - Propane on HE1 [kg/h] 1.99 � 105

C3 - Propane on HE2 [kg/h] 4.01 � 105

C3 - Propane on HE3 [kg/h] 1.82 � 106
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DQh ¼ahAeh
DL
L
ðTh � TwÞ (4)

For each element of a cold stream:

DQc ¼acAec
DL
L
ðTw � TcÞ (5)

where L is the total length of the heat exchanger, DL is the length of
the element, Th is the mean temperature of the hot fluid in the
element, Tc is the mean temperature of the cold fluid in the
element, Tw is the temperature of the wall, a is the combined heat
transfer coefficient and DQ is the heat transfer rate in the element.

The energy conversion equations of each unit of the cascade pre-
cooling cycle are based on the first law of thermodynamics, for the
compressors and heat exchangers. These equations can be provided
by Equations (4)e(6).
Fig. 4. Schematic geometry structure of the studied MPFHE e HE1 (a), HE2 (

Table 4
Fin pad locations of the MPFHEs for Optimized Case.

Stream number Heat Exchanger 1 (HE1)

Stream 1 Methane
Stream 2 Propane
Stream 3 Natural gas
Stream 4 Ethylene
WComp ¼
X3

i¼1

m
�
inlet

�
hi;outlet � hi;inlet

�

hi
(6)

Finally, the pressure drop in straight length (Dpf ) is calculated as a
function of friction factor (f ), length of passage (l), mass flux ( _m),
hydraulic diameter (dh), and fluid density (r). Both friction factor
and Colburn-factor, are functions of the Reynolds number.

The power required for the compressors in an LNG plant is
provided by the power generation unit of the LNG plant or by an
external power generation plant. In order to calculate the CO2
emitted through the production of electrical energy, the current
study considers NG as the fuel (in a conventional power plant using
the gas turbine or combination plants). With regard to data pro-
vided by The Intergovernmental Panel on Climate Change (2018),
for a required 1 MW power demand, more than 560 kg/h of CO2 is
emitted to the environment by combustion of NG.

2.3. Numerical validation

The validation of the numerical simulations is an important task
in order to verify the accuracy and reliability of numerical results
when compared to experimental data. The open literature provides
a broad database about numerical simulations of the propane pre-
cooling cycle andMPFHE. A lot of research has been developed over
the years to understand the flow patterns, heat transfer, and
thermal-hydraulic performance of MPFHE.

In the present work, the authors carefully studied the best
practices of numerical setup, i.e., assumptions used to run simu-
lations involving propane pre-cooling cycle and multistream plate
fin heat exchanger.

Firstly, the phase envelope of the Peng and Robinson (1976) is
verified, since an accurate description of the phase envelope of the
NG mixture is essential for simulation of the pre-cooling cycle and
heat exchanger design. According to Kunz and Wagner (2012), in-
formation on experimental measurements of NG mixtures is very
b) and HE3 (c) - including fin pad locations, inlet and outlet of streams.

Heat Exchanger 2 (HE2) Heat Exchanger 3 (HE3)

Propane Natural gas
Natural gas Propane
Methane Methane
Ethylene Ethylene



Fig. 5. A three-stage propane pre-cooling cycle.

Fig. 6. Vapor-liquid phase envelope of feed natural gas calculated with PR-EoS and the
wide-range multi-parameter model proposed by GERG-2008).
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restricted. For this reason, the EoS developed by the Groupe
Europ�een de Recherches Gazi�eres (GERG) is considered as ISO
Standard (ISO, 20765e2/3) for natural gases and similar mixtures
(gas phase, liquid phase, VLE) to predict both bubble-point and
dew-point pressures for the main NG components (ISO, 20765-2,
2015).

However, in the baseline cases, a comparison of the bubble-
point and dew-point pressures predicted by the GERG and Peng
and Robinson (1976) EoS is an important step to verify the reli-
ability of the results from the current study. With this in mind, we
plotted the vapor phase envelope for the feed NG (Fig. 6). A very
good agreement can be observed between predictions of the bub-
ble and dew points by the GERG and PR EoS. Thus, PR EoS are
selected for the numerical simulations.

Moreover, besides the validation of EoS, the numerical simula-
tions have been compared to experimental data from Zhu et al.
(2020) and Yu et al. (2016) for modeling propane pre-cooling cy-
cles in Aspen HYSYS and Goyal et al. (2017) for validation the results
of Aspen EDR (MPFHE size and rating). It is important to note that
Zhu et al. (2020) measured the mass flow rate and pressure pa-
rameters while the temperature parameters of the propane pre-
cooling cycle were not measured in their work. Thus, the temper-
ature parameters of pre-cooling cycles were obtained from Yu et al.
(2016).

The simulation results of the propane pre-cooling cycle were
compared to experimental results for three thermodynamic pa-
rameters: mass flow rates, operating pressures, and temperatures
of the streams. In the first comparison, the numerical results were
compared to the experiments described in (Zhu et al., 2020). The
maximum absolute errors between the numerical and the experi-
mental results are 5.45% for the mass flow rate and 8.8% for the
pressure of propane refrigerant. The average absolute error is 3.12%
for the mass flow rates and is 4.67% for the pressures. In another
comparison, a propane pre-cooling cycle similar to Yu et al. (2016)
was simulated. The maximum absolute error between numerical
and experimental results for temperatures was 4.33% and the
average absolute error for temperatures was 2.78% (Yu et al., 2016).

A third simulation was performed to compare its results with
the work ofGoyal et al. (2017). For the heat exchangers,Goyal et al.
(2017) experimentally investigated the overall heat transfer
coefficient (UA) and the effectiveness of MPFHEs. The maximum
absolute error between numerical and experimental results for
effectiveness is 0.649% and the average absolute error is 0.469%, as
presented in Fig. 7 (a). For the overall heat transfer coefficient (UA)
the maximum absolute error is 9.3% and the average absolute is
8.07%, as displayed in Fig. 7 (b). Overall, the numerical predictions
using the of ASPEN HYSYS and ASPEN EDR presented a very good
agreement with experimental data.
2.4. Optimization

Initially, a population is built from the ULH sampling algorithm,
based on information from Table 5. The ULH algorithm generates
random candidates that meet the requirements for performing a
uniform distribution, maximizing the minimum distance between
neighboring points. The ULHmethod can be seen in detail in Fuerle
and Sienz (2013), and Deutsch and Deutsch (2012).



Table 5
Input parameters for the optimization procedure.

Input parameter Symbol Type or Operating range

Fin type FTY Plain, Perforated, Wavy and Offset strip
Fin height Fh 4mm � Fh � 12mm
Fin thickness Ft 0:2mm � Ft � 0:8mm
Fin frequency Ff 300fins=m � Ff � 999fins=m
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The automated optimization process consists of the solver
Aspen HYSYS®, coupled with ESTECO modeFRONTIER (2016),
whereby the latter software works as a tool integrator, having
several optimization algorithms already implemented, including
NSGA-II. Table 5 shows the input parameters for the optimization
procedure, as well as their operating ranges.

The optimization procedure consists of finding the best fin type
(FTY) as a discrete variable, by varying the operating range of the
other three input parameters (Fh,Ft, Ff) for each fin pad location,
which maximizes the COP of the pre-cooling cycle.

After the initial population is run, the optimization procedure,
based on NSGA-II, tries to find the objective function defined as:

Find : FTY ; Fh; Ft ; Ff
to Maximize COP
subject to :
FTY ¼ Plain; Perforated; Wavy and Off set strip
4mm � Fh � 12mm
0:2mm � Ft � 0:8mm
300fins=m � Ff � 999fins=m

(7)

The optimization constraints are defined according to thermody-
namic infeasibilities and LNG cycle technical limitations. There are
two main referred constraints used during the numerical simula-
tions: (1) in the pre-cooling heat exchangers, the temperature
approach must be above 2 �C (to avoid crossed temperature); and
(2) the inlet temperature of the propane compressor must be above
its dew point.

Fig. 8 shows the flowchart of the optimization procedure based
onmathematical optimization inEquation (7). The initial population
is generated considering the input parameters based on their
operating ranges. After this, the solver runs the thermodynamic
equations, and mass and energy balances, based on the operating
ranges of the input parameters and constraints. This procedure is
repeated until numerical solution convergence is achieved and the
COP number is obtained. If the numerical solution is not converged,
the optimizationprocess selects the next sample point (individual of
the population) to find a converged numerical solution. The objec-
tive function is then evaluated from the converged solutions and the
feasibility of the solution is checked, as shown in Fig. 8. As outlined
above, the constraints are definedbasedon technical limitations and
thermodynamic infeasibilities. If the objective function is
converged, the optimization process is completed and the optimum
Fig. 7. Comparison between numerical prediction a
configuration of heat exchangers and the optimum operating con-
ditions are reported. If the convergence fails, then some new in-
dividuals are generated and the feedback loop is restarted.

3. Results and discussion

The optimization procedure found an optimum configuration of
heat exchangers fin designs that produced a COP of 1.694. In order
to evaluate the COP obtained from the optimization procedure, this
result is compared to the results available in the open literature.
The enhancement in the process efficiency of a three-stage propane
pre-cooling cycle is studied using energy and exergy analysis by
Khan et al. (2016). Khan et al. (2016) suggest new dimensions for
the applied heat exchangers and show two new configurations in
order to increase the calculated COP, as listed below:

Case 1: Khan et al. (2016), in which the main objective is to
achieve the highest cooling duty at the intermediate pre-cooling
stages;
Case 2: Khan et al. (2016), which use lower cooling duty at in-
termediate pre-cooling stages;
Case 3: An optimized conventional propane pre-cooling cycle in
terms of operating conditions, suggested by ASPEN (2016) for
the similar propane pre-cooling cycle and the operating condi-
tions of those considered in the current study. An already
optimized solution was selected as the baseline case of the
present study to demonstrate the innovative nature of the
present approach.
3.1. COP optimization results

As observed in Table 6, which shows the comparison between
optimized COP and available COP calculations for propane pre-
nd experimental data from Goyal et al. (2017).



Fig. 8. Flowchart showing the optimization procedure.

Table 6
COP from Optimized Case and other researches using
propane pre-cooling cycles.

Case studies COP

Case 1 1.425
Case 2 1.653
Case 3 1.549
Optimized case 1.694
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cooling cycles in the literature based on Equation (3), the optimized
COP is 18.9%, 2.5%, and 9.4% higher than those of Cases 1, 2, and 3,
respectively. Particularly for Case 2, Khan et al. (2016) suggest a
complex pre-cooling cycle with many more devices than those
proposed in the current study.

For Case 3, as the conventional case, seven fin pad configura-
tions were chosen for HE1, eight fin pad configurations for HE2, and
six fin pad configurations for HE3. This means that for each fin pad
configuration, one group of input variables is optimized. As
explained previously, the selected number for each fin pad location
represents a different configuration for each extended surface
depending on its function.

As the pre-cooling cycle of Case 3 is similar to that used in the
current study, a more detailed comparison of Optimized Case and
Case 3 can provide interesting conclusions. Table 7 shows the fin
designs for Case 3, and Table 8 shows those for Optimized Case.
From these, it is clear that the fin designs of Optimized Case are
completely different from those reported in Case 3.

The effect of the optimal fin configuration at each operating
stage on the MPFHE duty and the compressors’ shaft power is
presented in Table 9. The required compressor power for Optimized
Case is 7.1% (about 11.2 MW) less than that of Case 3, while the
MPFHE heat duty of Optimized Case is 1.5% higher than that of Case
3. Thus, the optimization procedure was driven by the minimiza-
tion of pressure losses, rather than the maximization of heat
transfer. This is because the required temperature of the NG at the
exit of HE3 must be close to the dew-point temperature, and thus
the optimization procedure has no flexibility in finding fin config-
urations to achieve temperatures much lower than the dew-point
temperature of the feed gas.
3.2. Optimal fin design of the studied MFHE

As depicted in Table 9, the optimization procedure suggests fin



Table 7
Duty of MPFHEs, compressor power, and COP from Optimized Case and Case 3 for the propane pre-cooling cycle.

COP % HEs Duty (kW) % Compressor Power (kW) %

Case 3 1.549 þ9.4 243,100 þ1.5 156,919 - 7.1
Optimized 1.694 246,900 145,742

Table 8
Heat exchanger configurations of the baseline case (case 3) in terms of the fin design parameters of each fin pad of the MPFHEs.

Heat Exchanger 1 (HE1)

Fin pad number 1 2 3 4 5 6 7 8
Fin type [-] Off set strip Perforated Off set strip Perforated Perforated Perforated Perforated e

Fin height [mm] 6.4 6.4 7.1 6.4 6.4 6.4 7.1 e

Fin thickness [mm] 0.3 0.3 0.2 0.61 0.61 0.61 0.61 e

Fin frequency [fins/m] 787 787 787 394 315 472 315 e

Heat Exchanger 2 (HE2)
Fin type [-] Perforated Off set strip Off set strip Off set strip Perforated Perforated Perforated Perforated
Fin height [mm] 6.4 6.4 7.1 7.1 6.4 6.4 7.1 7.1
Fin thickness [mm] 0.3 0.3 0.3 0.2 0.61 0.61 0.61 0.61
Fin frequency [fins/m] 787 787 787 787 315 472 394 315
Heat Exchanger 3 (HE3)
Fin type [-] Off set strip Perforated Off set strip Perforated Perforated Perforated e e

Fin height [mm] 6.4 6.4 6.4 6.4 6.4 6.4 e e

Fin thickness [mm] 0.3 0.3 0.2 0.61 0.61 0.61 e e

Fin frequency [fins/m] 787 787 787 472 315 394 e e
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designs with high fin frequency for the first fin pad locations of the
three heat exchangers, to increase the heat transfer rate, and low fin
frequency for the last locations, in order to minimize the pressure
drop. Furthermore, in the last two fin pad locations, perforated and
plain fins are used for all heat exchangers. This is because the heat
transfer rate is very high in the first fin configurations and the
contribution of pressure drop is more pronounced than that of the
heat transfer in the last fin pad locations. Therefore, the presented
combination of the fin types, fin heights, fin thickness, and fin
frequency provides the best results. Table 9 shows a significant
improvement in calculated COP (Table 7) in terms of heat transfer
enhancement and pressure penalty mitigation when compared to
the baseline.
3.3. Sustainability results of the optimal configuration

The effect of optimal fin design not only is important to the
performance of the cycle, but also on the sustainability of the LNG
production, as presented in Fig. 9. On that, the CO2 emission and the
total power consumption of compressors are displayed for all case
Table 9
Heat exchanger configurations of Optimized Case in terms of the fin design parameters

Heat Exchanger 1 (HE1)

Fin pad number 1 2 3
Fin type [-] Wavy Wavy Wavy
Fin height [mm] 10.8 4.8 7.7
Fin thickness [mm] 0.79 0.20 0.39
Fin frequency [fins/m] 995 815 899
Heat Exchanger 2 (HE2)
Fin type [-] Plain Wavy Wavy
Fin height [mm] 7.5 6.7 6.7
Fin thickness [mm] 0.24 0.27 0.32
Fin frequency [fins/m] 616 819 790
Heat Exchanger 3 (HE3)
Fin type [-] Off set strip Plain Off set strip
Fin height [mm] 6.5 7.5 7.2
Fin thickness [mm] 0.65 0.25 0.41
Fin frequency [fins/m] 832 751 855
studies. The results of Fig. 9 shows that CO2 emission (in t/h) as a
function of total power consumed (inMW) by compressors for Case
1, Case 2, Case 3, and Optimized Case. It can be noted that the
emitted CO2 for Case 1 is 120.67 t/h, for Case 2 is 120.74 t/h, for Case
3 is 88.8 t/h, and for Optimized Case is 82.49 t/h. In other words,
CO2 emission on Optimized Case is strongly mitigated in compar-
ison to Cases 1, 2, and 3, corresponding to reductions of 32%, 32%,
and 7%, respectively.

With regard to the contribution of each MPFHE to CO2 emission,
the plots of Fig. 10 show that the pressure drop due to HE3 affects
the power consumption of all three compressors, the pressure
penalty of the HE2 is related to the power consumption of com-
pressors 1 and 2, and changes on operating conditions of HE 1 have
an impact on power demand of the compressor 1. The minimized
pressure drop on each HE by the optimal fin design affects the
compressor performance, which results in mitigation of power
consumption and CO2 emission. Thus, by comparing the results of
Case 3 and Optimized Case, the reduction of power demand on the
optimal design of the heat exchangers 1, 2, and 3 are about 5 MW,
3.5MW, and 2.6MW for compressors 1, 2 and 3, respectively. Fig.10
of each fin pad of the MPFHEs.

4 5 6 7 8
Off set strip Wavy Perforated Plain e

11.0 6.4 9.6 5.5 e

0.31 0.55 0.48 0.46 e

303 417 369 402 e

Off set strip Plain Perforated Plain Perforated
7.0 10.1 6.4 6.9 6.9
0.20 0.40 0.66 0.56 0.61
728 301 466 338 301

Off set strip Plain Perforated e e

6.5 8.4 6.4 e e

0.60 0.54 0.61 e e

577 301 394 e e



Fig. 9. Total power consumption of compressors and associated CO2 emission.
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also shows that the overall mitigation on CO2 emission for Opti-
mized Case is about 6.3 t/h when compared to baseline, being the
third heat exchanger the great contributor to this reduction (2.84 t/
h).
Fig. 10. Power consumption of each compressor and mitigation of CO2 emission
for Optimized Case of the related heat exchanger.
3.4. Optimal operating condition results

Table 10 summarizes the operating conditions obtained for the
optimal configurations of the MPFHE. From this, we obtain the
vapor fraction, temperature, pressure, and mass flow rate of each
unit for the optimal conditions. Table 10 shows the implemented
technical constraints such as input temperature of compressors
that should be under dew point on inlet streams. Moreover, the
operating outlet pressure of the main refrigerant of the precooling
cycle is presented for the MPFHEs. It is worth noting that the
reduction of both output temperature of the pure refrigerants and
the NG leads to a considerable reduction in the heat duty and
compressor power consumption of the next processes of the
cryogenic cycle (liquefying and sub-cooling cycles).

As displayed in Fig. 11 (a), the length of HE1 is 2000 mm, HE2 is
1507 mm long, and HE3 is 3042 mm long, for both cases. In the first
1500 mm of the total length of the three heat exchangers, the NG
temperature is almost the same for Optimized Case and Case 3.
However, in the last 500mm of HE1, the heat transfer increase from
Optimized Case is higher than that of Case 3, whereby the temper-
ature achieved for NG is about�10 �C, as opposed to 5 �C for Case 3.
After 2000 mm (the entrance of HE2), the NG temperature of both
cases remains constant until the middle of HE2 is reached. At the
output of HE2, the temperature of the NG from Optimized Case and
Case 3 is almost the same. At the output of HE3 (the output of the
pre-cooling stage) the temperatureof theNG is�38 �C forOptimized
Case and around�36.5 �C for Case 3. The reason for the heat transfer
being lower for HE2 and HE3, when compared to HE1, is that the
refrigerant (propane)mass flow rate for the pre-cooling compressor
of stage 1 is higher for both the second and third compressor stages,
causing a further power demand. Note that heat removal fromNG is
accomplished by using three heat exchangers (HE1, HE2, and HE3)
and Fig.11 (a) shows the three stages (for a three-stage cycle) of pre-
cooling of the NG in the propane pre-cooling cycles. In this cycle, the
main refrigerant of the pre-cooling stage also cools down other re-
frigerants in the next stages of the LNG plant (ethylene and
methane). Conversely, from using three cascade plate-fin heat ex-
changers, the temperature ofNGdeclines intermittently throughout
the pre-cooling stages (Younger, 2004).
Fig. 11 (b) shows the pre-cooling curve of NG temperatures
along the three heat exchangers. At the end of HE1, the steep
decline of NG temperature reduction in Optimized Case is greater
compared to the conventional case. This is because of an
improvement in heat transfer for this area, where the outlet tem-
perature of the NG for Optimized Case is about �10 �C, as opposed
to 5 �C for Case 3. However, at the end of the third heat exchanger
(HE3), the reduction in NG temperature for Optimized Case is close
to that of the baseline case (�38 �C compared with �36.5 �C).
Although this difference seems very small regarding the huge mass
flow of the cooling gas and bearing in mind the effect of this
temperature on the next cycles (liquefying and sub-cooling), this
quantity can be notable. Moreover, the reduction in the output
temperature of NG is achieved, while the compressor power
required from the propane pre-cooling cycle for Optimized Case is
7.1% less than for Case 3 (Table 9).

Fig.12 shows thepressuredrop for thepropane stream, alongwith
the three heat exchangers for Optimized Case and Case 3, which



Table 10
The optimal operating condition calculated from Optimized Case.

Stream Vapor Fraction Temperature Pressure Mass Flow

[OC] [kPa] [kg/h]

LNG1 NG OUT 1 �8.41 3194.70 582,986
LNG2 NG OUT 1 �19.23 3146.21 582,986
RECYCLE 0 28.06 1293.10 3,180,361
V2 IN 0 28.06 1293.10 199,823
V1 IN 0 28.06 1293.10 2,980,538
V1 OUT 0.145 8.70 612.62 2,980,538
LNG1 C3 IN 0.149 8.19 603.62 199,823
LNG1 C1 OUT 1 16.54 3048.96 432,618
LNG2 C1 OUT 1 �10.97 3002.08 432,618
LNG1 C2 OUT 1 11.40 1821.34 1,515,562
LNG2 C2 OUT 1 �21.30 1775.98 1,515,562
STAGE3 SEP VAPOR 1 8.70 612.62 432,699
STAGE3 SEP LIQUID 0 8.70 612.62 2,547,839
V3 IN 0 8.70 612.62 2,146,809
V3 OUT 0.151 �15.25 288.57 2,146,809
V4 IN 0 8.70 612.62 401,030
V4 OUT 0.214 �26.99 188.57 401,030
V6 OUT 1 �25.96 172.47 401,030
STAGE2 SEP VAPOR 1 �15.25 288.57 325,177
STAGE2 SEP LIQUID 0 �15.25 288.57 1,821,631
V5 OUT 0.137 �40.60 108.57 1,821,631
STAGE1 OUT 1 �4.27 184.31 1,821,631
STAGE2 IN 1 �9.49 172.47 2,547,839
STAGE2 OUT 1 44.59 579.26 2,547,839
LNG1 C3 OUT 1 37.06 602.74 199,823
STAGE3 IN 1 39.27 579.26 3,180,361
STAGE2 OUT-2 1 78.88 1303.11 3,180,361
CONDENSER OUT 0 28.03 1293.10 3,180,361
LNG3 C2 OUT 0 �39.74 1754.70 1,515,562
LNG3 C1 OUT 1 �38.01 2964.98 432,618
LNG3 NG OUT 0.997 �37.89 3325.12 582,986
LNG1 C2 IN 1 37.78 1834.01 1,515,562
NG FEED 1 37.78 3447.38 582,986
LNG1 C1 IN 1 �36.67 3054.38 432,618
LNG2 C3 OUT 1 �25.73 182.47 401,030
LNG3 C3 OUT 0.966 �44.05 93.31 1,821,631
V7 OUT 1 �55.75 53.31 1,821,631

Fig. 11. Feed natural gas temperature (a) and Pre-cooling curve for natural gas tem-
perature (b) along the three heat exchangers for Optimized Case and Case 3.
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impacts the required compressor power. We can observe that the fin
design found by the optimization procedure aims to minimize the
pressure drop in all HE. In Fig. 12 (a), the pressure drop at the exit of
HE1 for Optimized Case is practically the same as that reported for
Case 3 (output pressure of 602.7 kPa, as opposed to 601.9 kPa).
However, the pressure drop in HE2, shown in Fig. 12 (b), and HE3,
shown in Fig. 12 (c), for Optimized Case is lower than that for Case 3.
The propane output pressures are 182.5 kPa, compared with
172.4 kPa, for HE2, and 93.3 kPa, compared with 81.8 kPa, for HE3, as
shown in Fig.12 (b) and (c). Thus, themitigation of compressor power
demand forOptimizedCase, in comparisonwithCase3, is achieved in
the last two heat exchangers. As previously explained, the streams of
HE2 and HE3 are influenced by all compressors, hence, the optimi-
zation procedure is found the optimal fin design that derived total
power consumption to a considerable reduction by decreasing in
pressure drops of the heat exchangers.

The optimization procedure implemented in this research has
not only led to a reduction of propane compression power but has
also increased the efficiency of MPFHE without any modification in
the overall dimension of the MPFHE or the structure of the pre-
cooling cycle of the LNG plant. Thus, the provided optimal pre-
cooling operating condition enables a great improvement in en-
ergy efficiency for the next cryogenic processes (cascade or MR
LNG). Moreover, the increase in COP results in more sustainable
LNG processes with a considerable reduction (about 11.2 MW) in
compressors’ shaft power, yielding a reduction of more than 6.3 t/h
of CO2 that would otherwise be emitted to the environment.
4. Conclusions

An optimization procedure for improving the performance and
operating conditions of a three-stage propane pre-cooling cycle,
using MPFHE, was proposed. NSGA-II was used to maximize the
COP of the pre-cooling cycle by changing the fin design parameters
of the MPFHE. Four geometric parameters of the MPFHE, fin type
(Plain, Perforated, Wavy and Offset strip), fin height, fin thickness,
and fin frequency, were selected as the input parameters. The



Fig. 12. Pressure drop along the three heat exchangers for Optimized Case and Case 3.
(a) HE1; (b) HE2 and (c) HE3.
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thermodynamic and the technical limitations such as crossed
temperatures in the heat exchangers also are considered in the
optimization procedure. The results from the optimized solution
were compared to results from the open literature in terms of COP
and CO2 emissions. The results from the optimal designs enable
COP improvements of 18.9%, 2.5%, and 9.4% when compared to Case
1, Case 2, and Case 3, respectively. Consequently, a considerable
reduction of CO2 emissions was observed for the optimized solu-
tion, reaching 32% of mitigation when comparing the optimal so-
lutions to Case 1 and Case 2. By comparing the optimized results to
Case 3, which is already a result of optimization, the reduction of
power demand for compressors 1, 2 and 3, produced by the present
optimized design of the heat exchangers 1, 2 and 3, are about
2.6 MW, 3.5 MW and 5 MW, respectively.

Comparing the optimal result with the baseline (Case 3), COP
enhancement is 9.4%, compressor shaft power reduction is 7.1%
(11.2 MW), and heat transfer rate augmentation is 1.5% (3.8 MW).
The results obtained led to a reduction in CO2 emission of 6.3 t/h
only from the reduction of power consumption in the pre-cooling
stage. The optimization procedure presents a strong reduction in
shaft power by all compressor stages, associated with a slight
augmentation in the heat transfer rate of heat exchangers in opti-
mized operating conditions for the propane pre-cooling cycle,
compared with results from the open literature. The operational
feasibility of the optimal heat exchangers is guaranteed because the
analysis has taken the entire cycle into consideration. Furthermore,
the optimum results are obtained with no increase in its total di-
mensions that can be very suitable where space is an essential
parameter.

The optimization procedure implemented in this research not
only provides the optimal operating conditions for a cascade LNG
cycle but also indicates the design for extended heat transfer sur-
faces, in order to achieve these operational conditions for more
sustainable LNG production.
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