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a b s t r a c t
Mixed refrigerant (MR) systems are used in many industrial applications because of their high energy
efﬁciency, compact design and energy-efﬁcient heat transfer compared to other processes operating with
pure refrigerants. The performance of MR systems depends strongly on the optimum refrigerant composition, which is difﬁcult to obtain. This paper proposes a simple and practical method for selecting the
appropriate refrigerant composition, which was inspired by (i) knowledge of the boiling point difference
in MR components, and (ii) their speciﬁc refrigeration effect in bringing a MR system close to reversible
operation. A feasibility plot and composite curves were used for full enforcement of the approach temperature. The proposed knowledge-based optimization approach was described and applied to a single
MR and a propane precooled MR system for natural gas liquefaction. Maximization of the heat exchanger
exergy efﬁciency was considered as the optimization objective to achieve an energy efﬁcient design goal.
Several case studies on single MR and propane precooled MR processes were performed to show the
effectiveness of the proposed method. The application of the proposed method is not restricted to liqueﬁers, and can be applied to any refrigerator and cryogenic cooler where a MR is involved.
Ó 2013 Elsevier Ltd. All rights reserved.

1. Introduction
Cryogenic liqueﬁers and refrigerators have been in service for
more than a century [1]. Single component ﬂuids have been used
conventionally in the cryogenic industry in either cascade [2] or
single stage processes [3]. The capital and energy intensive nature
of the cryogenic industry has led to the development of mixed
refrigerant (MR) systems, [4] where a zeotropic refrigerant mixture
is quite promising for producing more efﬁcient and yet simple and
reliable systems compared to pure refrigerant systems. Unlike a
pure refrigerant, MR offers much greater ﬂexibility in matching
the multiple thermodynamic properties of the ﬂuid being cooled.
This is because the mixture properties are not a linear interpolation
of its component properties. At a constant pressure, MR evaporates
⇑ Corresponding author. Tel.: +82 538102512.
E-mail address: mynlee@yu.ac.kr (M. Lee).
0306-2619/$ - see front matter Ó 2013 Elsevier Ltd. All rights reserved.
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over a temperature range compared to the constant temperature
boiling of a pure refrigerant. This gives MR the ﬂexibility to generate multiple streams with different compositions from a single
stream by successive ﬂashing. If the ﬂuid being cooled with MR
does not undergo a phase change, it results in temperature proﬁles
that are parallel to each other.
A number of MR system optimization methods are available in
the open literature. One of the earliest approaches for MR system
optimization can be traced to Ait-Ali [5] who considered a twostage MR cycle based on a two dimensional numerical search
and identiﬁed the key trade-offs. Duvedi and Achenie [6] solved
a mixed integer nonlinear programming (MINLP) problem dealing
with an environmental issue for the target properties of MR. By
exploiting the composite curves concept of pinch analysis, Lee
et al. [7] solved a nonlinear programming (NLP) problem for MR
system optimization. Alabdulkarem et al. [8] optimized the propane precooled MR (C3MR) process with a genetic algorithm
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Nomenclature
Parameters and variables
CCs
COP
JT
LNG
MR
NG
SMR
C3MR
UA
KBO
LMR
HMR
MITA
SRE
GDC
nN2
nC 1
nC 2

composite curves
coefﬁcient of performance
Joule Thompson
liqueﬁed natural gas
mixed refrigerant
natural gas
single mixed refrigerant
propane precooled mixed refrigerant
overall heat transfer coefﬁcient
knowledge based algorithm
low boiling mixed refrigerant
high boiling mixed refrigerant
minimum internal approach temperature
speciﬁc refrigeration effect
gain distribution curves
composition of nitrogen in mixed refrigerant
composition of methane in mixed refrigerant
composition of ethane in mixed refrigerant

(GA) and reported 9% compression power improvement. Mortazavi
et al. [9] applies heuristics to enhance the performance of C3MR
process by using expanders instead of conventional expansion devices and reported 7% energy savings. Xu et al. [10] optimized the
single-staged MR (SMR) process using GA under different inlet conditions and correlated the inlet condition with MR composition by
linear regression. Li et al. [11] also used GA for optimization of
large scale liquefaction plant considering exergy efﬁciency as evaluation index. Recently, Khan and Lee [12] optimized the SMR process using particle-swarm optimization methodology that
incorporates nonlinear constraints.
Most of the approaches reviewed above adopted a simpliﬁed
model and a sophisticated optimization technique. On the other
hand, few practically applicable solutions were obtained using
simpliﬁed models. Moreover, these approaches used a numerical
algorithm either evolutionary or deterministic without embedding
any process knowledge, which makes the optimization results less
robust and optimization methods give no insight of the process.
The present paper proposes a novel knowledge based optimization (KBO) method to overcome the limitations of purely mathematical approaches used for MR system optimization. Knowledge
of the boiling point differences in the MR components and their
speciﬁc refrigeration effect in bringing a MR system close to reversible operation is incorporated within the optimization algorithm
using the component distribution curve. This study was also inspired partially, by optimization–simulation framework approach
[13,14], where a rigorous model gives applicable results. The main
aim of this study was to maximize the exergy efﬁciency of heat exchange in MR systems by determining the optimal values of the
refrigerant composition at the lowest possible system pressure.
The formulation was tested on both SMR and C3MR natural gas liquefaction processes, and the results are reported in Section 6.
2. Necessity of mixed refrigerant
The major limitations of pure refrigerant compared to MR were
explained in this section by considering an example of a singlestaged MR natural gas liquefaction (SMR) process (see Section 3
and Fig. 1 for description). Throughout this study, a SMR process
was used as the reference process to illustrate the effectiveness

nC 3
TF
TH
TL
UAH–L
UAH–F
UAF–L
m0MR
m0F
CF
CL
CH
n
k
Pout
Pin

q

composition of propane in mixed refrigerant
feed temperature
temperature of high pressure refrigerant
temperature of low pressure refrigerant
overall heat transfer coefﬁcient between high and low
pressure refrigerant streams
overall heat transfer coefﬁcient between streams of high
pressure refrigerant and feed
overall heat transfer coefﬁcient between streams of feed
and low pressure refrigerant.
mass ﬂow rate of mixed refrigerant
mass ﬂow rate of feed gas
feed speciﬁc heat capacity
speciﬁc heat capacity of low-pressure refrigerant
speciﬁc heat capacity of high-pressure refrigerant
polytropic exponent
isentropic exponent
outlet pressure from compressor
inlet pressure to compressor
gas density

of the developed method. On the other hand, the application of
the developed method is not restricted to the SMR only. In the case
studies, a C3MR process was also optimized with the KBO algorithm. In general, the developed methodology can be applied to
any process using a zeotropic refrigerant mixture.
2.1. Limitations of pure refrigerant
In this section, the limitations and performance of pure refrigerants were compared with the SMR process. The heat transfer area
and other physical details of exchangers were kept constant, and
the pure component ﬂow rate was sought, which gives a thermodynamically feasible result (minimum internal approach temperature near 3 °C) with minimum compression duty. The heat
exchanger normally gives poor performance when refrigeration is
provided by nitrogen to sub-cool the feed NG (mainly methane).
This is because refrigeration is provided at a constant temperature
at a ﬁxed evaporator pressure, which causes a large temperature
difference in the heat exchanger and deviates the system largely
from thermodynamic reversibility, resulting in poor exergy efﬁciency. Similarly, the heat exchanger performance for methane,
ethane and propane used as refrigerants is also far from ideal.
Minimum internal temperature approach or MITA is the minimum temperature difference between the hot and cold stream inside a heat exchanger (not necessarily at the inlet or outlet). The
higher value of MITA value often imparts large heat transfer driving force, which will lead to irreversibility in the heat exchanger.
The large area between composite curves is a measure of irreversibility inside a heat exchanger. By increasing heat transfer driving
force (large MITA), the pinch point inside a heat exchanger can be
moved from the cold end to the hot end of composite curve, which
will eventually increase the energy consumption of overall process.
On the contrary, when a smaller value of MITA is chosen, a larger
exchanger area is then required for the same heat transfer duty
and the capital cost will increase. Interestingly the pinch point
for a small MITA value (for a MR system), is often found in the cold
end of the composite curve proﬁle and as the MITA increases the
pinch points shifted to the warm end of the exchanger. The
description of pinch point location will be further discussed in Section 2.3 by considering the example of binary refrigerant.
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Fig. 1. SMR natural gas liquefaction process.

Table 1
Single component refrigeration performance and its comparison with MR.
Refrigerant component

Mass ﬂow rate (kg/h)

Compressor power (kW)

Speciﬁc power (kJ/kg LNG)

Approach temp (°C)

Heat duty (kJ/h)

Nitrogen
Methane
Ethane
Propane
MRa

144
17.5
200
240
4.121

20.60
4.208
21.71
13.10
0.4324

74,700
15,148
78,984
100,944
1557

3.071
1.577
2.312
2.900
3.010

2.84e+04
1.61e+05
1.43e+05
1.06e+05
3.107e+03

Note: Operating pressures are ﬁxed at 49.70/1.3 bar (condensation/suction pressure)
a
Optimum case by KBO.

Table 1 lists the speciﬁc power requirement to achieve the most
feasible solution when NG is liqueﬁed with single component
refrigeration system. It can be seen that the speciﬁc power requirement increased with increasing normal boiling point of the refrigerant. Complete liquefaction of NG is not achieved, even with an
exceptional increase in the refrigerant ﬂow rate except in the case
of nitrogen, where the liquefaction of NG is achieved within
acceptable thermodynamic limits. A comparison of the performance of pure components with that of MR showed that the compression power, speciﬁc refrigeration power and heat duty are an
order of magnitude lower with a feasible and practical approach
temperature in the heat exchanger.
From the above discussion, it is clear that single component
refrigeration is ineffective, particularly for NG liquefaction. The improved refrigerator performance using MR comes from their ability
to undergo an isobaric phase change through a range of temperatures contained within the dew- and bubble-point temperatures
of the mixture. The mixture of high and low boiling components
provides a high speciﬁc refrigeration effect (SRE) at low operating
pressures. Table 2 lists the required pressure for the SRE to be 1 kJ/
mol for different pure refrigerants in a Linde–Hampson refrigerator
[15]. Propane gives a 1 kJ/mol SRE at 7.9 bar and increases the
refrigeration temperature. The SRE in the order of 0.6–1.0 kJ/mol
at relatively low refrigeration temperatures can be obtained using
the optimum mixture of nitrogen, methane, ethane and propane
with an operating pressure of less than 25 bar [15].
2.2. Speciﬁc refrigeration effect with MR and its beneﬁts
The energy balance around the heat exchanger including the
expansion valve (SMR in Fig. 1) gives the following expression
Q0
for SRE ðm
0 Þ:

Q0
¼ h1  h3 ¼ Dhmin
m0

ð1Þ

where Q0 = (h7  h6) is the NG cooling load and m0 is the mass ﬂow
rate of MR through the process. h1 and h3 are the speciﬁc enthalpies

Table 2
Speciﬁc refrigeration effect (SRE) of the individual component.
Pure component

Normal boiling point (°C)

Operating pressure (bar)
for SRE of 1 kJ/mol [15]

Nitrogen
Methane
Ethane
Propane

195.79
161.8
88.6
42.09

246.0
63.5
16.5
7.9

of low and high pressure MR, respectively, at the warm end of the
heat exchanger. Dhmin also corresponds to the minimum enthalpy
difference between the hot and cold streams (see Fig. 1) for the system to have the highest energy efﬁciency at the speciﬁed approach
temperature. In case of a single component refrigerator, Dhmin always occurs at the warm end of the exchanger. On the other hand,
for MR, where the enthalpy varies nonlinearly with temperature,
Dhmin can occur at any location in the heat exchanger.
A higher value of SRE is desired for higher energy efﬁciency,
which generally increases with increasing normal boiling point of
the refrigerant. It can be obtained with an optimum mixture of
hydrocarbons. In general, the SRE is higher for a refrigerant whose
critical temperature is close to the ambient temperature. For example, the critical temperature of propane is 96.85 °C. When used as a
refrigerant, it condenses in the intercooler in the SMR process. On
the other hand, the nitrogen critical temperature is much lower
than the ambient temperature. Therefore, it cannot provide high
SRE. The boiling point limitation of the individual components also
affects the refrigeration ability. For example, when propane (normal boiling point of 42.09 °C) alone is used to liquefy NG (see Table 1), which contains 90% methane (normal boiling point of
161.48 °C), even a higher ﬂow rate and operating pressure of propane does not assist in liquefaction. Consequently, an appropriate
mixture of high and low critical point (or boiling point) components that provide a high SRE effect at low refrigeration temperatures is needed.
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Fig. 2. Composite curves for several binary refrigerant mixtures; operating pressures show in each plot are the ﬁxed condensation/suction pressures.

2.3. Binary refrigerant and pinch points in SMR process
In Section 2.2, the need for a MR was stressed. In this section,
the required proportion of individual components of a MR for the
liquefaction of NG is discussed by considering a binary refrigerant
mixture and its effect on the SMR process. When appropriate
amounts of low and high boiling refrigerants are mixed, the task
of NG liquefaction can be achieved in the SMR process. A low boiling component, such as nitrogen, imparts a low bubble-point temperature to the mixture and provides constant temperature
refrigeration. At the same time, a high boiling component, such
as propane provides a high SRE besides increasing the refrigeration
temperature. A binary refrigerant is a promising option for 60 °C
refrigeration [16]. Besides common hydrocarbons, perﬂuorocarbons, such as CF4–C3H8, CF4–nC4H10, CF4–iC4H10, C2H5–C4H10, etc.
can also be used as a binary refrigerants. When binary refrigerant
mixtures are used in the SMR process, pinch points occur at or between the ends of the heat exchanger, which limit the thermodynamic efﬁciency of the refrigerator. In Fig. 2b and c, the pinch
points occurs at the ends of the composite curves, whereas in
Fig. 2a, large irreversibility occurs at the cold end section, which
limits the energy efﬁciency for liquefaction. Note that the hot composite curve in Fig. 2 is composite of warm refrigerant and natural
gas (pass 3–4 and pass 6–0 in Fig. 1), and varies with the MR
composition.
The performance of several binary refrigerant mixtures was
compared based on the compression energy requirement in Table 3. Any binary mixture in the SMR process provides a degraded
performance compared to the multi-component refrigerant because the pinch point that causes large irreversibility occurs inside

Table 3
Performance of several binary and one multi-component refrigerant mixture in the
SMR process.
Binary mixture

Compression
power (kW)

MR ﬂow rate
(kg/h)

Approach
temp (°C)

Nitrogen–methane
Nitrogen–ethane
Nitrogen–propane
Mixed refrigeranta

5.477
1.307
1.495
0.4324

23.10
10.74
14.40
4.121

3.081
3.026
3.005
3.010

Note: Power consumption is based on 1 kg/h ﬂow rate of feed natural gas.
a
MR component from the optimum case by KBO.

the exchanger. Brodyanskii et al. [17] proposed that the problem of
a pinch point inside heat exchanger can be circumvented using a
mixture with three or more refrigerants. Nevertheless, the problem
of an optimum composition of refrigerant mixture remains unsolved. Alfeev et al. [18] suggested several mixtures but most were
case-speciﬁc and only a few methods for optimizing the mixed
refrigerant process could be found in the open literature. Overall,
a practical and effective optimization methodology for a MR system is needed, which provides motivation for the proposed KBO
methodology.
3. SMR and C3MR process description
To show the effectiveness of the proposed KBO method for the
MR system, optimization was performed for both SMR and C3MR
processes. The SMR process was selected in view of its popularity
in small-scale NG liquefaction plants owing to the simple operation and small inventory size [19]. On the other hand, the C3MR
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Table 4
Feed condition and simulation basis used for case studies (SMR and C3MR).
Property

Condition

Property calculation
NG temperature
NG pressure
NG mass ﬂow rate

Peng–Robinson, Lee–Kesler (for enthalpy)
32 °C
50 bar
1.0 kg/h

NG composition (mole fraction)
Nitrogen
Methane
Ethane
Propane
i-Butane
n-Butane
i-Pentane
n-Pentane

0.0022
0.9133
0.0536
0.0214
0.0046
0.0047
0.0001
0.0001

process was selected because it is well established in the LNG
industry as a dominant technology in baseload NG liquefaction
plants [19]. Both processes cover a broad range of MR processes
in terms of the production capacity and MR cycle complexity. In
the C3MR process, the precooling of NG was carried out in the propane cycle and subcooling was carried out in the MR cycle,
whereas the SMR process uses only one MR cycle for both precooling and subcooling of NG. Note that same conditions and composition of feed NG are used in case studies as illustrated in Table 4.
The MR cycle is the same in both SMR and C3MR processes. A
common description of a MR cycle is adequate for both the processes and will be used henceforth. The refrigerant mixture used
in the MR cycle was compressed cooled and expanded in the
Joule–Thompson valve, and then evaporated in a heat exchanger
using the heat of vaporization from the feed NG. The heat exchanger used in both processes is a plate and ﬁn apparatus brazed
with an aluminum core. Figs. 1 and 3 give schematic diagrams
of the SMR and C3MR processes, respectively. Note that the values of heat and mass balance on the ﬁgures are based on the ﬁnal
optimization result from the proposed KBO method. The feed conditions and other assumptions in both processes were similar to
those reported by Khan et al. [20]. The Peng–Robinson equation
of state [21] was used to calculate the thermodynamic properties,

and the Lee–Kesler equation [22] was used to calculate the
enthalpies and entropies for a better estimation of hydrocarbon
systems.
3.1. Process model and hypothesis
The modeling of SMR and C3MR process was carried out in
Aspen Hysys™ simulator. Hysys is one of the powerful rigorous
simulator for chemical plants and oil reﬁneries. Extensive thermodynamic libraries and robustness in property calculations make
this software well known in chemical engineering industry and
academia. The steady-state modeling capabilities of Hysys were
used for process analysis, and the main model hypothesis and
assumptions are described below. Note that MR cycle in both
SMR and C3MR process are same so a common analytical model
for LNG exchanger, valves and compressor is generalized below.
3.1.1. LNG exchanger model
The steady-state LNG exchanger model in Hysys is solved for
heat and material balances. Based on the number of unknowns,
the solution is calculated directly from energy balance or an iterative approach is attempted to determine the solution that satisﬁes
not only the energy balance but also any constraints. The speciﬁed
inlet information is used to perform energy balance. Heating
curves (temperature–enthalpy) are calculated by being broken into
intervals. A log mean temperature and overall heat transfer coefﬁcient are calculated for each interval in the heat curve and summed
to calculate the overall exchanger heat transfer coefﬁcient (UA).
The UA values are calculated based on the heating curves. All sides
that are checked come to thermal equilibrium before entering into
the UA and LMTD calculations.
To calculate the temperature proﬁle of NG and mixed refrigerant (composite curves) in the heat exchanger analytically, the energy balance for each stream must be performed rigorously. To
build up material and energy balance around heat exchanger conveniently, it is conceptually divided into hypothetical layers and
balance for each layer is based on:

m0 ðhin  hout Þ þ Q int þ Q ext ¼ 0

Fig. 3. C3MR natural gas liquefaction process.

ð2Þ
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where m0 , hin, hout, hint, and Qext denote the ﬂuid ﬂow rate in the
layer, speciﬁc enthalpy at the layer inlet and outlet, and heat gained
from the surrounding layers and external environment,
respectively.
The local energy balance was performed around the LNG exchanger (see Fig. 1) based on the assumption of 1 bar pressure drop
in every pass, and model equations are generalized. Eqs. (3) and (4)
can be written for energy balance at Joule–Thompson (JT) value
and heat exchanger (HX)

h4 ¼ h5

ð3Þ

m0MR ðh1  h5 Þ ¼ m0MR ðh3  h4 Þ þ m0MR ðh0  h6 Þ

ð4Þ

While Eq. (5) represents the summation of heat transfer between high- and low-pressure refrigerant and high-pressure refrigerant and feed NG. In the same way, Eqs. (6) and (7) represent the
corresponding heat transfer

m0MR C H
m0MR C L

dT H
¼ UAH—L ðT H  T L Þ þ UAH—F ðT H  T F Þ
dx

ð5Þ

ð7Þ

For simplicity, heat losses are ignored and to ensure the validity
of heat transfer, the temperature difference between the hot and
cold streams of the heat exchanger must meet some minimum
threshold. Usually, the heat transfer associated with LNG processes
has an approach temperature as small as 1–3 °C [23]. In this study,
the minimum internal temperature approach (MITA) value of 3 °C
[24] was enforced. All the equations above are adapted from [25]
and the predicted temperature proﬁles (composite curves) from
independent analytical model and Hysys model are in close agreement with each other.
3.1.2. Compressor model
In this work, four staged steady-state model of centrifugal compressors was employed to reach the desired pressure. The compressor adiabatic efﬁciency was set at 75% based on normal
industrial experience, and the mechanical efﬁciency was assumed
100% [24]. The compressor adiabatic efﬁciency and polytrophic
efﬁciencies are calculated by Eqs. (8) and (9) and the polytropic
exponent (n) and isentropic exponent (k) are calculated based on
Eqs. (10) and (11). The actual power is equivalent to the heat ﬂow
(enthalpy) difference between the inlet and outlet streams as represented by Eq. (12). Eqs. (9)–(11) are adapted from Schultz [26].

Power requiredisentropic
 100%
Power requiredactual


Polytropic efficiency ¼

P out
P in

ðn1
n Þ


 n 

 1  n1
  k1 
ðkÞ
P out

k1
k

ð8Þ


P in

 Adiabatic efficiency


n¼

P out
P in

ð9Þ



log


q
log out;actual
q

ð10Þ

in



k¼



log PPout
 in 
q
log out;ideal
q
in

3.2. Objective function and constraints
The minimization of compressor shaft work was considered as
the optimization objective, which can also be achieved by maximizing the process exergy efﬁciency [27]. Exergy efﬁciency is an
excellent criterion for evaluating MR cycle efﬁciency [11] and has
been used for results comparison. For a given compressor suction
and discharge pressure, higher exergy efﬁciency of the heat exchanger and overall process can be achieved using the optimum
MR composition. The following function as objective was maximized in the proposed optimization adapted from Gong et al.
[28], which is nothing but the exergy efﬁciency of the refrigerator:

ð6Þ

dT F
m0F C F
¼ UAF—L ðT F  T L Þ  UAH—F ðT H  T F Þ
dx

ð11Þ

ð12Þ

Using the available enthalpies and efﬁciency speciﬁed, the actual
outlet temperature and enthalpy are determined. Once the efﬁciencies are calculated, the adiabatic and polytropic heads are performed based on the ASME method [26].

Maximize f ðni ; pc Þ ¼

dT L
¼ UAH—L ðT H  T L Þ  UAF—L ðT F  T L Þ
dx

Adabatic efficiency ¼

Power requiredactual ¼ Heat flowoutlet  Heat flowinlet



Dhmin
To
1
Specific compression work T

ð13Þ

where ni is the MR component ﬂow rate (kg/h), pc is the condensation pressure (bar) and Dhmin is the minimum enthalpy exchange
between the hot and cold streams (see Section 2.2).
To and T are the ambient and MR temperatures leaving the heat
exchanger, respectively. Several constraints must be satisﬁed in
the MR system optimization. The minimum and maximum composition of the MR component must be within speciﬁed limits. These
min–max constraints on the MR composition in the current study
are based on ±50% of the base case value, as suggested by sensitivity analysis. These bounds can also be based on prior process
knowledge and the process designer experience. The other important constraint is the temperature of the MR before entering the
compressor, which must be higher than its dew-point temperature
for the compressor safety. Table 5 lists all these constraints.
3.3. Proposed method for optimizing the MR system
The nonlinearity involved in the MR system model leads to
highly interactive relationships among the decision variables, constraints and objective function. Small changes in the MR composition and pressure levels will often invalid heat transfer. If this
optimization problem is tackled with a purely mathematical approach, which is not transparent to the users then little conﬁdence
is developed in the optimization results. Further improvement is
difﬁcult without having deep insight into the inherent characteristics of the MR system. This also makes the user utterly dependent
on the optimization algorithm, which often leads to a non-optimal
solution and/or requires many trials. To overcome these convergence problems, knowledge of how the MR system depends on
the individual component ﬂow fraction in a refrigerant mixture
was used to optimize the MR system. The following section de-

Table 5
Constraints used for optimization.
Min–max bounds on
MR component ﬂow
rates (kg/h) for SMR
Process

Min–max bounds on
MR component ﬂow
rates (kg/h) for C3MR
process

Design constraints

0.2500 6 nN2 6 0.7500
0.4000 6 nC 1 6 1.200
0.4000 6 nC 2 6 1.200
2.000 6 nC 3 6 6.000

0.0256 6 nN2 6 0.0768
0.2805 6 nC 1 6 0.8416
0.34076nC 2 6 1.0222
0.4257 6 nC 3 6 1.2772

MITA P 3 °C, MR exit
temperature from the
cryogenic heat
exchanger P MR dew
point temperature

Note: MITA refers to minimum internal temperature approach.

1024

M.S. Khan et al. / Applied Energy 111 (2013) 1018–1031

Fig. 4. Gain distribution of individual MR component and its effect on the composite curves.

scribes some of the characteristics of the MR system as well as how
an individual refrigerant affects the overall performance of the MR
system. In Section 3.4, a feasibility plot is explained using the
C3MR process as an example.
3.4. MR component gain distribution curve
The gain distribution curves (GDCs) of the individual MR components in the SMR process were developed to indicate the effect
of the individual MR component sensitivity along the heat exchanger length. The motivation for developing the GDC comes from the
fact that it gives an indication for making simple knowledge based
decisions. Particularly in the MR systems where the individual
refrigerant ﬂow rate has direct effect on the system optimality.
The gain distribution of individual MR components and their effect
on the speciﬁc composite curve are shown in Fig. 4. In the ﬁgure,

the temperature difference between the hot and cold composite
curves (TDCC) are drawn for before and after the induced changes
in respective components in order to indicate its effect on the composite curves. Details for obtaining the composite curves and its
implications were reported by Khan et al. [20]. The deviated gain
distribution of a component is deﬁned as (DTa  DTb)/DFi, where
DTa and DTb represent the temperature difference between the
composite curves after and before the induced changes in the MR
component ﬂow rate (DFi), respectively. Therefore, the height of
GDC for individual components indicates their sensitivity, if the
same amount of change is induced in the component ﬂow rate.
The breadth of GDC gives an idea of effective range of individual
component over the heat exchanger length. Note that x axis in
the ﬁgure are based on the temperature of hot composite curve.
Fig. 4 gives a clear idea of the refrigerant component sensitivity
and their respective distribution range over exchanger length. This
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of the GDC indicates the deviated values of the gain distribution,
and the relative difference in height indicates the sensitivity of
the individual MR components. Nitrogen, which is the lowest boiling component, has its maximum effect at the cold end of the composite curve, and its distribution is centered on 140 °C. The effect
of the other components becomes insigniﬁcant on the composite
curve when the ﬂow rate of an individual component is increased
signiﬁcantly. Consequently, the effect of the components with a
comparable ﬂow fraction propagates mostly in the immediate
vicinity. Table 6 lists the MR component sensitivity over the exchanger length.

3.5. Feasibility plot and its use in the KBO algorithm

Fig. 5. Gain distribution of the MR component.

Table 6
Component sensitivity over the exchanger length.
MR component

Distribution range (°C)

Nitrogen
Methane
Ethane
Propane

160 to 75
120 to 30
70 to 10
40 to +40

information helps the designer in simple decision making while
selecting refrigerant composition for a given refrigeration load in
the MR system.
Fig. 5 compares the GDCs of individual MR components. As seen
from the ﬁgure, the distribution ranges of methane and propane
overlap each other and the corner components, which mean that
the components near each other (near boiling components) can
have a moderate effect on the other component range. The height

The aim of using a feasibility plot (or a plot of the temperature
difference between the hot and cold composite curves along the
heat exchanger length) is to determine the minimum amount of
the MR component fraction needed to overcome the infeasibility
and carry out liquefaction with the minimum driving force. Unlike
the composite curve plot, the feasibility plot can indicate easily the
location and amount of infeasibility occurring in the heat exchanger. Moreover, it also suggests how to manipulate the MR component fraction to avoid infeasibility.
Fig. 6 presents the applications of the feasibility plot by considering the optimization of the C3MR process. The optimization process can commence from any point, feasible or infeasible. The base
case for optimization was selected purposefully with an infeasibility of 7 °C in the cold end to illustrate the effectiveness of the feasibility plot. In case-1 (base case) in Fig. 6, infeasibility occurs at
the cold end at approximately 150 °C. Therefore, based on Table 6,
increasing the nitrogen fraction in MR can overcome this infeasibility and bring the system to a feasible point despite not being optimum (case-2, MITA = 3.519 °C). Any infeasibility can be removed
by increasing the nitrogen ﬂow rate, as shown in Table 1, at the expense of increased compression duty. On the other hand, if infeasibility remains at another place inside the heat exchanger, it can

Fig. 6. Feasibility plot application for the C3MR process.
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also be removed by increasing the ﬂow fraction of a component
according to the distribution range listed in Table 6.
Starting from case-2, sequentially decreasing the ﬂow fraction
of higher boiling components reduces the compression energy,
whereas decreasing the methane fraction brings the system to an
infeasible domain (MITA < 3 °C) because methane has some effect
at the cold end. If no further improvement is visible in the feasible
domain, decreasing the fraction of the next higher boiling component, i.e. ethane and propane, will improve the compression energy
by close boiling, as is apparent in case-3. In the temperature range,
80 to 60 °C, the composite curve satisﬁes the MITA precisely,
and there is some room in the cold end (MITA = 4.5 °C) for further
improvement. Decreasing the nitrogen fraction increases the MITA
in case-4, which gives an opportunity for a further decrease in the
next higher boiling component ﬂow rate, as shown in case-5. Finally, in case-6, the system pressure was decreased to derive the ﬁnal
optimum solution using the proposed KBO method. Aspelund et al.
[29] reported that the utilization of cold energy stored in the system in terms of pressure has great potential for minimizing the
compression energy requirement. In case-6, lowering the system
pressure brings improvement in the compression energy.

Following the above procedure, any infeasibility can be removed from the heat exchanger by adjusting the ﬂow fraction of
the component with its boiling point near the infeasibility. In a
purely numerical optimization approach, this adjustment of the
MR composition occurs without process speciﬁc knowledge, which
creates a need for the KBO method for the MR system. The above
case-speciﬁc optimization procedure can be expressed in a general
algorithmic form, and is described in Section 4.
4. Knowledge-based decision making algorithm
In the proposed KBO methodology for ﬁnding the optimum values of MR ﬂow rates, the ﬂow rate of the lowest boiling component
of MR is chosen ﬁxed ﬁrst (increase this if MITA is low and vice versa) to provide an initial feasible result. Generally, nitrogen is the
lowest boiling component of most zeotropic refrigerant mixtures
and in both SMR and C3MR processes. Increasing the nitrogen ﬂow
rate will overcome all the infeasibilities present in the heat exchanger. On the other hand, this increases the overall ﬂow rate of
the MR (see Table 1), which must be optimized later. Similarly,
the ﬂow rate of the next higher boiling component is increased

Fig. 7. Knowledge-based optimization (KBO) algorithm for the MR system.
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to overcome the infeasibility at the corresponding (MITA violation
point) and the next higher boiling component is then increased until a feasible solution is found.
After removing all infeasibilities from the heat exchanger, the
component ﬂow rates are optimized by sequentially decreasing
the ﬂow rate of the MR component from low to high boiling point
corresponding to the lowest compression power. Once the lowest
compression power or maximum exergy efﬁciency of the heat exchanger is obtained, the ﬂow fraction of the lowest boiling point
component is decreased again until no further improvement is
possible in the thermodynamically feasible domain. This procedure
is repeated for the other components to obtain the optimum MR
composition. Once the optimum composition is ﬁxed, it then ﬁnds
the minimum pressure level of the MR cycle that yields the maximum energy efﬁciency for liquefaction. The MR pressure has the
largest effect at the hot end of the composite curve. Increasing
the MR pressure decreases the compression energy requirement.
An increase in the system pressure increases the compression
power requirements but it also gives an opportunity for decreasing
the component ﬂow rate and increasing the overall energy efﬁciency. Fig. 7 shows the proposed algorithm for the MR system
optimization.

5. Application of the proposed algorithm
The proposed method for optimizing the MR system was evaluated by considering the SMR and C3MR processes. As mentioned in
(Section 3.4), the proposed method can commence from any point,
feasible or infeasible. The MR component ﬂow rate and the system
pressure are the decision variables involved in the optimization.
Table 5 summarizes the bounds on variables and design constraints. Ranges of the decision variables were taken within ±50%
of the baseline values based on prior process knowledge. The MR
system pressure involves the condensation and evaporation pressures of MR, which are also called high and low pressures. In current study, the compressor suction pressure (low pressure) was
ﬁxed to 1.3 bar and 1.6 bar in the SMR and C3MR processes,
respectively, and the compressor discharge pressure (high pressure) was used as the decision variable. The optimization algorithm terminates when the composite curves are almost parallel
to each other and there is no possibility of further improvement.

6. Optimization results and discussion
The application of the proposed methodology is illustrated
through case studies performed on the SMR and C3MR processes,
and the results are shown in Tables 7 and 8, and Figs. 8–11. Main
conditions associated with the mass and energy balances are already described in Figs. 1 and 3. The exergy efﬁciency (Eq. (2)) of
the refrigerator was maximized, which is described by Eq. (2).
The generous values of the decision variables were considered in
the base case for both SMR and C3MR processes to present the
effectiveness of the proposed methodology. Finally, the optimized
results were identiﬁed using thermodynamic-based temperature
enthalpy diagrams in Figs. 9 and 11. The improvement of exergy
efﬁciency of the refrigerator was expressed in Tables 7 and 8 using
refrigerator coefﬁcient of performance (COP). The following deﬁnition of COP was used in MR system.

COP ¼

Heat absorbed
Q
T
¼
¼
Work input
W rev T o  T

ð14Þ

where Wrev is the minimum work required to provide refrigeration Q at temperature T while rejecting heat at temperature To [15].

Table 7
Optimization results for the SMR process.
Base case

Optimum by KBO

MITA (°C)
Compressor power (kW)
Exergy efﬁciency of refrigerator (%)
Refrigerator coefﬁcient of performance
Speciﬁc power requirement (kJ/kg LNG)
MR high pressure (bar)

3.081
0.6342
27.15
1.88
2283
50

3.010
0.4324
42.45
2.04
1557
49.97

MR component ﬂow rate (kg/h)
nN2
nC 1
nC 2
nC 3

0.50
0.80
0.80
4.0

0.2276
0.5343
0.6312
2.7280

Compressor power with bold italic values represents the speciﬁc power requirement to liquefy 1 kg/h of LNG, and compared with the base case KBO optimum case
presents lower speciﬁc compression requirement.
Maximization of exergy was the optimization objective in the study and compared
with the base case KBO optimum case represents higher exergy efﬁciency of the MR
system.

Table 8
C3MR process optimization results.
Base case

Optimum by KBO

MITA (°C)
Compressor power (kW)
Exergy efﬁciency of refrigerator (%)
Refrigerator coefﬁcient of performance
Speciﬁc power requirement (kJ/kg LNG)
MR high pressure (bar)

3.659
0.3229
46.84
1.103
1162.34
49.5

3.000
0.2783
54.34
1.162
1001.88
46.5

MR component ﬂow rate (kg/h)
nN2
nC 1
nC 2
nC 3

0.05126
0.5611
0.6815
0.8515

0.03954
0.4223
0.6455
0.6800

Compressor power with bold italic values represents the speciﬁc power requirement to liquefy 1 kg/h of LNG, and compared with the base case KBO optimum case
presents lower speciﬁc compression requirement.
Maximization of exergy was the optimization objective in the study and compared
with the base case KBO optimum case represents higher exergy efﬁciency of the MR
system.

6.1. SMR process case study
Using the proposed methodology (Section 4), the SMR base case
was optimized using the individual component boiling information. The feasibility graphs were plotted and the temperature difference between the composite curves was minimized. Fig. 8
(base case) shows that in the low temperature end, there is a kink
in the composite curve cold end, which represents the extra
amount of the lowest boiling component that must be reduced.
Subsequently, the nitrogen ﬂow rate in the optimization algorithm
was decreased by 55%. The ﬂow rate of the other higher boiling
components was also reduced. The methane, ethane and propane
ﬂow rates decreased according to the KBO algorithm (Section 3.4)
by 33%, 21% and 31%, respectively, as illustrated in Table 7. The
greatest improvement in exergy efﬁciency in the optimum case
was attributed to the decrease in nitrogen ﬂow rate, which brings
the system to exergy destruction more rapidly than the other
components.
Once the MR composition that brings lowest compression energy is achieved, the evaporation pressure must be optimized.
Reducing the system pressure brings the CC at the hot end within
the MITA limit. On the other hand, a large decrease in pressure
could invalidate the heat transfer. The MR pressure that corresponds to the lowest compression power within MITA limit should
be obtained. In the base case (Fig. 8), the large infeasibility
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Fig. 8. Feasibility and composite curve results in the SMR process: base case (left frame) and KBO case (right frame).

Fig. 9. MR cycle comparison in the SMR process before and after optimization.
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Fig. 10. Feasibility and composite curve results in the C3MR process: base case (left frame) and KBO case (right frame).

Fig. 11. MR cycle comparison before and after optimization in the C3MR process.
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(temperature difference) at the hot end was removed by
decreasing the MR system pressure.
As already mentioned in Section 4, an increase in the MR pressure (discharge pressure), sometimes due to system interactions,
gives an opportunity to decrease the MR component ﬂow rate,
which provides more beneﬁt than the loss incurred due to the effect of an increase in pressure on the compression energy requirement. This opportunity was exploited by the KBO, where the
increased pressure provides a chance for further increases in the
refrigerator exergy efﬁciency. The use of the KBO algorithm brings
an overall increase from 27.15 to 42.45 in exergy efﬁciency of the
SMR process and a 30% decrease in the compression energy
requirement (Table 7).
6.2. Thermodynamic analysis of SMR cycle
A temperature-speciﬁc enthalpy (T–H) graph was used to identify the effectiveness of the KBO algorithm and to provide a better
understanding of the optimization method. Based on the simulation results, the operating states of the entire refrigeration system
can be mapped to a T–H diagram for optimized and base case SMR
processes, as shown in Fig. 9.
The saturated vapor and liquid lines were plotted along with
the base and KBO optimized T–H diagram. The numbering in the
T–H graph corresponds to the positions of the MR in Fig. 1. Note
that for simplicity in generating a T–H diagram, the compression
and intercooling stages were combined in just one compressor
and one cooler. Therefore, the individual compression spikes (like
peak position 2 in Fig. 9) and the inter-stage cooling operation (valley points) were ignored. The speciﬁc enthalpy of the compressed
MR in the optimized case (state-20 , Fig. 9) was smaller than the
base case, which suggests signiﬁcant compression energy savings.
The qualitative description for this saving can be attributed to the
temperature difference in MR at point 1, where MR exits the LNG
exchanger. The temperature of MR exiting the LNG exchanger at
point-1 in the base case was 11.5 °C, which is 30 °C below the
entering temperature of the hot MR stream (40 °C) inside the
LNG exchanger. This temperature difference between streams at
the warm end was too great, which means that the heat-transfer
driving force is most likely to have been over set. Owing to this
over design, the compressor used considerable shaft work and
the inter-stage cooling duty might be overused. This over design
was exploited in the KBO optimum case, where the MR exits at
36.73 °C, which decreases the compression energy requirement
by decreasing the overall MR ﬂow rate besides maintaining the
MITA limit. The speciﬁc enthalpy change (horizontal difference between states 10 –30 and 1–3 in Fig. 9) in the optimized case was
higher for the speciﬁed approach temperature, which can be attributed to the lower MR ﬂow rate. This means that the cooling duty
provided by the exchanger is increased after optimization, resulting in an overall increase in the SMR cycle exergy efﬁciency. For
a detailed explanation of the T–H diagram, the readers are referred
to Wang et al. [30].
6.3. C3MR process case study
The baseline case for the C3MR case study was similar to the
SMR process using prior process knowledge. Generous values of
decision variables were selected which were bounded within
±50% of the baseline case. In the C3MR process, the feed NG is precooled using a propane refrigeration cycle before entering the LNG
exchanger. This modiﬁcation compared to the SMR process helps
increase the plant production capacity. Moreover, the feasibility
plot (Fig. 6) was more informative with clear peaks. Following
the proposed algorithm, the ﬂow rate of mixed refrigerant starting
from the lowest boiling was decreased sequentially corresponding

to the maximum exergy efﬁciency. Once the MR composition was
optimized, the system pressure in the base case (49.5 bar) was decreased (46.5 bar) until a MITA value of 3 °C was achieved, which
agrees with the maximum shaft work in the feasible region. Following application of the KBO algorithm, exergy efﬁciency of the
exchanger increased from 46.84% to 54.34% and the compression
energy decreased by 13%, as shown in Table 8.
From the baseline values to the KBO optimum, the decrease in
the ﬂow rates of the nitrogen, methane and propane components
was approximately 14%, 25% and 21%, respectively. Unlike the
SMR case, the sensitivity of methane to the compression energy
requirement was highest among all refrigerant components. This
is because the ﬁrst valley in the composite curve (Fig. 10) falls
within the boiling distribution range of methane. At the same time,
the change in ethane ﬂow rate was less than 1% because the second
valley in the composite curve falls within boiling range where the
effect of ethane is a maximum and the approach temperature in
the ethane valley is safely above the speciﬁed MITA value (3 °C),
which renders its composition less sensitive to the compression
energy requirement.
6.4. Thermodynamic analysis of C3MR cycle
The optimization results of the C3MR process were compared
using the T–H diagram in the optimized and base case, as shown
in Fig. 11. Similar to the SMR process, the compression and intercooling stages were lumped for simplicity. Numbering is made corresponding to the MR position in Fig. 3. Unlike the SMR process, the
MR in the C3MR process was separated into low boiling (LMR) and
high boiling (HMR) fractions for better heat transfer. From state-2
(Fig. 11), both the LMR and HMR were mixed, compressed (state-3)
and cooled (state-4), and then fed into the ﬂash drum to be split
into the LMR and HMR (states 4a and 4b). Both fractions were
cooled to state-5 at 138 °C in the LNG exchanger, and then underwent isenthalpic expansion from state-5 to state-6.
For the LMR, the operating state-6 was subcooled to 155 °C,
whereas the HMR reached 140 °C when both the light and heavy
MR let down to the same pressure of 2.12 bar after isenthalpic
expansion. Starting from state-6, both the LMR and HMR began
to cool the other streams by partial and full vaporization. In the
base case when the LMR and HMR streams exit the LNG exchanger,
their temperatures were 37 °C (state-1a0 ) and 58.08 °C (state1b0 ), respectively. In contrast, the hot inlet streams (NG, warm
LMR and HMR) entering the LNG exchanger are at of 33 °C, which
results in a temperature difference of 21 °C between the hot inlet
and cold outlet streams. Thermodynamically, this temperature difference is too large and the temperature driving force is most likely
to be overset. Consequently, the compressor expends too much
shaft work unnecessarily. This difference between the hot and cold
stream temperatures was exploited by the KBO algorithm, which
increases the system energy efﬁciency as apparent in the horizontal difference between states 1b and 1b0 .
The speciﬁc refrigeration effect provided by the HMR was higher than the LMR because 84% of the MR fraction ﬂows as the HMR.
On the other hand, the LMR provides the required subcooling for
NG feed as apparent from its temperature at state-6a (155 °C).
Overall, the T–H diagram provides information on the performance
improvement in the MR cycle, which validates the optimization results. For further details of the T–H diagram of the C3MR cycle, the
readers are referred to Wang et al. [30].
7. Concluding remarks
Optimization of the MR system with the KBO algorithm was
presented. Knowledge of the boiling point difference in the MR
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components and their speciﬁc refrigeration effect in bringing the
MR system close to a reversible operation was incorporated within
the optimization algorithm using the component distribution
curve. The feasibility plot and CC were utilized for full enforcement
of the MITA within the heat exchanger. Maximization of the heat
exchanger exergy efﬁciency was considered as the optimization
objective. Case studies on the SMR and C3MR processes revealed
the effectiveness of the proposed algorithm. A compression energy
saving of 30% and 13% was achieved in the SMR and C3MR case,
respectively. During optimization, it was also observed that the
SMR and C3MR processes are most sensitive to the propane and
ethane ﬂow fraction, respectively.
The proposed methodology can be applied to any system
including a zeotropic refrigerant mixture. Unlike sophisticated
optimization algorithms, which are mostly opaque to the user
and to the system being optimized, the proposed KBO method is
practical and quite applicable with the simple idea of exploiting
the boiling point difference in the MR system. Although declaration
of the global optimum from the proposed KBO methodology is still
debatable, but its simplicity and robustness in providing consistent
results render it useful for the practitioners.
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