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The selection of proper refrigerants for natural gas liquefaction processes play a 
key role in cycle’s efficiency. Mixed refrigerants have been proven to improve cy-
cle’s exergy efficiency over single pure refrigerant. However, the future of some of 
these refrigerants with higher global warming potential index are unknown due to 
the continuous restriction being enforced by the energy and environmental agen-
cies over the past few decades. This study examines the benefits and drawbacks 
of mixing ammonia, a refrigerant with zero global warming potential index and 
a high occupational safety characteristic, with lighter hydrocarbon refrigerants 
such as methane and ethane as a mixed refrigerant in a natural gas liquefaction’s 
precooling cycle. Results showed, presence of ammonia in mixed refrigerant not 
only saved in capital cost due to the smaller footprint of plant and smaller cold 
box, it also lowers the plants precooling operation expense by reducing the re-
quired compression power needed for the precooling cycle up to 16.2%. The re-
sults of exergy analyses showed that by reducing the molar concentration of more 
pollutant refrigerant methane and replacing it with ammonia enhanced the cycle’s 
efficiency by 4.3% and lowered the heat exchanger total exergy loss up to 47.9 kW.
Key words: liquefied natural gas, precooling cycle, ammonia,  

mixed refrigerant, exergy

Introduction

The liquefaction process of natural gas takes tremendous amount of energy and it is 
mainly due to the compression power of the refrigerant required by the compressors. The lique-
fied natural gas (LNG) liquefaction process uses about 5-8% of the feed gas to the LNG plants 
depending on the size of the plant and it is mainly used to power the compressors [1]. Therefore, 
any process improvement to reduce the amount of energy being used would result in lower 
energy consumption and lower CO2 emission into the atmosphere [2]. Such a high amount of 
compression power is required due to large temperature gradient in the heat exchangers (HTX)
and cryogenic side of the cold box [2]. To liquefy natural gas, the gas goes through three main 
phases of cooling or also known as precooling, liquefaction and subcooling. The key to finding 
an energy efficient process is to design a pure or mixed refrigerant (MR) cycle whose composite 
boiling curve slope is very similar to the slope of the composite cooling curve of natural gas in 
all three phases [3]. Minimum temperature approach (MTA) is a common technique to achieve 
this goal, and to find a suitable and energy efficient refrigerant for the HTX [3]. 
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Figure 1(a) demonstrates both hot and cold streams composite curves, natural gas 
(hot) – 1, and MR (cold) – 2.
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Figure 1. (a) Composite curves of natural gas and MR in LNG liquefaction process [4] and  
(b) the LNG liquefaction cycle with primary and secondary refrigeration system

All three processes of turning natural gas to LNG typically take place in cold box. 
However, large LNG plants take the precooling process out of the cold box and set a separate 
refrigeration cycle. The precooling process of lowering the natural gas temperature moderately 
before it enters the cold box allows it to downsize the cold box size which leads to capital cost 
saving and it provides opportunities to better control each phase of LNG liquefaction process. 
Most large LNG export plants incorporated a precooling cycle to lower both overall liquefac-
tion energy consumption and operation cost [5]. Precooling equipment cost are relatively lower 
than subcooling equipment because it does not require specially alloy to withstand extremely 
low temperature of cryogenic process [6]. More than 80% LNG plants employed precooling 
cycle with using single pure refrigerant for the cycle such as propane. Recently, dual MR and 
mixed fluid cascade processes have been implemented using MR [7]. Figure 1(b) exhibits two 
separate refrigeration system where the primary refrigeration system is responsible for the pre-
cooling process and lowering the natural gas temperature to moderate level of –30 °C to –50 °C 
through one or series of HTX. To fully liquefy the natural gas to LNG and lower its temperature 
to –162 °C, it needs a secondary refrigeration system to take the precooled natural gas to the de-
sired cryogenic temperature in which such a process takes place in a highly insulated enclosure 
called cold box. Castillo et al. [8] investigated the performance of precooling cycle using a sin-
gle component refrigerant and they were able to lower the natural gas temperature up to –30 °C  
using kettle type HTX in series, and for the remaining subcooling process, MR was applied. 
Pillarella at al. [9] in a C3MR process found out single refrigerant propane for the precooling 
consumed 20% of the liquefaction cycle power and the remaining 80% was consumed by the 
MR process.

Most common precooling cycles are capable of lowering the natural gas temperature 
from ambient temperature to anywhere between –20 °C to –50 °C depending on the type of 
refrigerant being used [6]. Most common single refrigerants being widely used for precooling 
cycle are, propane, CO2 and some limited number of azeotropic blend of hydrofluorocarbons 
[7]. While propane is a great choice for the precooling process, but it is a highly flammable gas 
and its storage cost puts it in a disadvantage. Also, with most plants migrating to the lean natural 
gas locations for processing natural gas with higher CH4 content and not being able to extract 
enough heavier component such as propane as a primary source of cooling for the refrigeration 
cycle, makes propane a costly option due to the complex delivery logistics to the remote loca-
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tions [8]. The MR system are highly efficient compared to single pure refrigerant. Ait-Ali [10] 
used numerical techniques for a two-stage MR cycle, along with Duvedi and Achenie [11] who 
applied non-linear programing for the most suitable MR composition. Also, Lee et al. [12] ap-
plied similar non-linear programing techniques on MR to determine the minimum pinch point 
using the best composite curve for the fluid being cooled. However, in a practical LNG plant 
setting, such solutions are especially challenging to be effectively implemented and monitored 
to main the efficiency of the cycle. Qyyum et al. [13] enhanced the exergy efficiency of the sin-
gle MR process by 11% by replacing the conventional Thompson valve with hydraulic turbine. 

In the case of selecting proper refrigerants for the refrigeration cycle, it is critical 
to comply with the current standards and regulation enforced nationally and globally. Due to 
the continuous restriction being imposed by the Department of Energy and other international 
energy agencies to reduce the amount of hydrocarbon (HC) gases in MR, a less pollutant and 
environmentally friendly compound such as ammonia has gained global interest for its unique 
thermodynamic characteristics in the refrigeration cycle [4, 14]. The HC such as C1, C2,… 
C5, have been the most common refrigerants being used for LNG liquefaction cycle for de-
cades. The reason for that is that such gases for the refrigeration cycle is due to the similarity 
of cooling composite curve with the hot stream natural gas composite curve which results in 
enhancing HTX efficiency [15]. However, some of these components are relatively more pol-
lutant compared to the others. Each gas has a specific rate of absorbing energy and escaping 
the atmosphere which leads to environmental pollution and that is measured by global warming 
potential index (GWPI). In which, GWPI allows comparisons 
of the amount of energy the emissions of 1 ton of a gas will 
absorb over a given time period, usually a 100 year averag-
ing time, compared with the emissions of 1 ton of CO2 [16]. 
Following tab. 1 present the GWPI for most common HC re-
frigerants as well as ammonia. For example, propane which 
is one of the most common components used for precooling 
has a GWPI of 4, which means propane pollutes the environ-
ment four times higher than CO2. This table shows CH4 has 
the highest GWPI and ammonia has a GWPI of zero showing 
that it is the most environmentally friendly refrigerant among 
HC refrigerants [17-19].

Ammonia is a proven refrigerant with high efficiency and it has been used as a single re-
frigerant for precooling process and it has a capability of lowering natural gas temperature up to  
–25 °C [20]. Ammonia is lighter than air and tends to disperse more readily which helps some of 
the safety concerns of gas being trapped if it leaks out from storage vessels or other equipment.

Magnolia LNG plant uses ammonia for the precooling process and it has been oper-
ating since 2016. They were able to use a smaller footprint for the plant by replacing propane 
precooling process and instead implementing ammonia which led to a reduction in cost of 
equipment [20]. The 200-metric-tpd Maitland LNG plant in Karratha, Western Australia uses 
an ammonia precooled SMR liquefaction process and has been in operation since 2007 [20]. 
Other single refrigerant such as ethane and CO2 are also capable of precooling natural gas up to  
–70 °C. However, such cycles have low efficiency due to the required higher compression 
power [21]. Gnanedran and Baghuley [20] completed a study and compared propane precooled 
cycle vs. ammonia and found out, the using propane precooling cycle would require 2.3 times 
higher condenser size due to higher heat transfer coefficient compared to ammonia, and propane 
compression power are 15% higher than ammonia’s required compression power. 

Table 1. The GWPI of 
refrigerants [16]

Refrigerant GWPI
Methane 28
Ethane 6
Propane 4
Butane 5
Pentane 11

Ammonia 0
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Many of the recent studies use either a single refrigerant which has low cycle efficien-
cy or four to five refrigerants, combination of light and heavy HC, to find the optimal molar 
composition of MR for every step of the liquefaction cycle. While results of these studies can 
be beneficial to minimize the exergy loss in the cycle, it is not the most practical method due 
to the high cost of storage of many refrigerants, complex shipping logistic to the remote LNG 
plant sites, and the sophisticated control system to sustain the desired variable molar composi-
tion of such MR. The objective of this paper is to investigate the performance of a natural gas 
precooling cycle employing environmentally friendly MR through a practical approach with 
using ammonia and the lighter HC refrigerants available at the lean LNG plant, CH4 and ethane. 
The purpose of adding ammonia to the MR is to reduce the concentration of more pollutant 
refrigerant with relatively high GWPI, CH4. Furthermore, this paper examines ammonia’s ther-
modynamic performance through exergy analysis in key mechanical equipment such as HTX 
and compressor for the proposed natural gas liquefaction precooling cycle. 

System description

Proposed precooling cycle and mixed refrigerant

Figure 2 illustrates the proposed precooling cycle with working fluid of MR which is 
composed of ammonia, and lighter HC CH4 (C1) and ethane (C2). The reason for choosing only 
lighter HC for the MR is that most LNG plants are built near lean natural gas revoir where 95% 
of natural gas composition is mainly CH4 and ethane. Therefore, LNG plant can produce the 
amount of the lighter HC refrigerant needed for the liquefaction cycle through the separation 
process. Besides, if there is a noticeable amount of heavier HC components such as C3, C4, and 
C5 and heavier ones are found, they are typically separated and sold as iquefied petroleum gas 
(LPG) due their higher market values.
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Figure 2. Natural gas liquefaction’s precooling cycle

In order to get the working fluid to reach the desired cooling load, it needs to be com-
pressed to a target pressure through a two-stage low and high pressure compressors [22]. These 
compressors are driven by gas turbines. Each time the MR is being compressed, its tempera-
ture elevates above ambient temperature. To lower its temperature, air coolers are being used 
to bring its temperature down. Using an air cooler may not be the most optimal way to lower 
the MR temperature, but the cost of the equipment and its operation is very low compared to 
having a secondary refrigeration system. Air coolers use free source of ambient air and its fan 
motor does not consume much power relatively, which makes it the most economical choice for 
lowering the hot compressed MR temperature. The main disadvantage of the air cooler is that 
its efficiency fluctuates as the ambient temperature changes [23]. Next, the MR goes through 
one or a series of Joule-Thompson valves to lower its temperature further drops to a target value 
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of approximately –40 °C right before it enters 
the HTX. Meanwhile, hot fluid, natural gas, 
enters the HTX at ambient temperature and a 
pressure of 50 bar. The goal is to lower nat-
ural gas temperature close to MR inlet tem-
perature. The pressure drop of both hot and 
cold fluids are negligible and it is considered 
to be 0.5 bar for the purpose of this study. The 
detail specification of MR system and com-
pressors are listed in tab. 2.

Case study

Total of eight cases are being developed to study the performance of ammonia while 
is mixed with C1 and C2. In first four cases, MR of ammonia, C1 and C2, at various compo-
sitions being tested against lean natural gas with higher CH4 concentration of 90%. Following 
four Cases, cased 5 through 8, same MR being applied to the precooling cycle, but this time the 
natural gas CH4 concentration is 80% and it is considered rich natural gas due to higher amount 
of heavier HC. The purpose of testing proposed MR against rich natural gas is to evaluate the 
robustness and adoptability of the proposed 
precooling cycle against various natural gas 
feed condition. The strategy of developing 
these eight cases is to gradually drop the 
amount of refrigerant with highest GWPI, 
CH4, in MR and replace that with higher con-
centration of more environmentally friendly 
gas, ammonia which has a zero GWPI. The 
detail molar composition of MR for each case 
is listed in tab. 3. 

Molar composition of each case were chosen in such a way where MR in each case is 
capable of providing desired cooling load. Also, such molar composition of MR must be capa-
ble of reaching approximately –40 [°C] when its pressure dropped through the Joule-Thompson 
valve. Lowering molar concentration of C1 than listed in tab. 3 in the MR further would in-
crease the gap between two composite curves in HTX which leads to increase in exergy loss and 
the compressions power which results in lower cycle efficiency. Table 4 lists the detail molar 
composition of lean and rich natural gas being used for this study in addition other natural gas 
specification needed for the exergy analyses.

Methodology and governing equations

Exergy analysis

The liquefaction process consumes a high amount of energy and it is very costly. LNG 
plants are constantly seeking improvements in the liquefaction process to lower the cost of pro-
duction and enhance the cycle’s efficiency [24]. Exergy analysis are being employed here as a tool 
to identify the components with high energy consumption and higher exergy loss and improve the 
overall efficiency of the process. The exergy loss can be found in each component of the cycle 
from compressor, HTX, Joule-Thompson valves and, etc. The main source of the exergy loss that 
most LNG plants concern about are typically the HTX and compressors. The reason most LNG 
plants put such high emphasis on these two equipment are, the compressors consume a large 

Table 2. Precooling cycle MR system 
and compressors specifications

Items Values
1st compressor outlet pressure [bar] 20
2nd compressor outlet pressure [bar]  70-80
HTX inlet temperature [°C] 20
HTX outlet temperature [°C] –40±2
HTX inlet pressure [bar] 10±1
HTX outlet pressure drop [bar] 0.5
Compressors’ efficiency 85%

Table 3. The MR molar composition 
of eight study cases

Items NH3 % C1 % C2 %
Cases 1 and 5 25 50 25
Cases 2 and 6 30 40 30
Cases 3 and 7 35 30 35
Cases 4 and 8 40 20 40
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amount of power which contributes to higher operation cost and the other one is the HTX which 
is costly and it increases the capital cost of the plant [25]. To develop an energy efficient precool-
ing process, it would require to minimize the exergy loss in the HTX. This can be achieved by 
reducing the gap between the two hot and cold composite curves. The gap between two composite 
curves represent the entropy generation in the HTX [26]. The goal here is to find a balance where 
proper mixture of refrigerants listed in tab. 1 allows to reduce the GPWI without impacting the 
precooling cycle’s performance and reduce the exergy loss in HTX. Studies shows MR has great-
er exergy efficiency compared to single refrigerant cycle [27]. Typically with sudden increase 
or decrease of temperature of working fluid in the HTX, it can cause higher entropy generation 
which leads to greater exergy loss. For example, low exergy efficiency in the N2 expander LNG 
precooling process is a results of noticeable difference between the boiling temperature of N2 
(boiling point of −195 °C) and natural gas (inlet temperature of 30 °C) [28].

Table 4. Natural gas specification for the proposed precooling cycle

Items Lean natural gas
Cases 1-4

Rich natural gas
Cases 5-8

Methane [%] 90 80
Ethane [%] 8 16
Propane [%] 1 2
Butane [%] 0.3 0.6
Pentane [%] 0.2 0.4
Nitrogen [%] 0.5 3
HTX inlet pressure [bar] 50 50
HTX outlet pressure drop [bar] 0.5 0.5
HTX inlet temperature [°C] 20 20
HTX outlet temperature [°C] –40±2 –40±2

Exergy loss of individual equipment 

Exergy is defined as the minimum theoretical work required to bring a quantity of 
matter formed in the environment to a specific thermodynamic state reversibly, which can be 
determined from the enthalpy and entropy changes. The flow exergy values for each hot and 
cold streams of liquefaction cycle are evaluated [29]:

( )f 0 0 0  e h h T s s= − − − (1)
where ef [kJkg–1] is the flow exergy, h [kJkg–1] – the specific enthalpy, and s [kJkg–1K–1] – the 
specific entropy, h0 and s0 represent specific enthalpy and specific entropy at dead state of T0 and 
P0. The reason exergy is critical even when pinch analysis is performed on the HTX, is attrib-
utable to the MTA alone cannot optimize the mixed refrigeration cycle. Lee [30] has conducted 
many studies in this area and placed emphasis on the importance of exergy analysis and how 
friction in the valve, compressor, and HTX can be so critical to a plant’s operation performance. 
Due to the nature of the liquefaction processes and inevitable irreversibilities, some exergy will 
be destroyed during the heat transfer process between the MR and natural gas in HTX and the 
compression power provided to drive the compressors. The rate of exergy loss can be due to rate 
of entropy generation, Ṡgen, by the Gouy-Stodola theorem [29]:

d 0 genE T S=  (2)
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Exergy loss in HTX 

In accordance with the Second law of thermodynamics, the exergy destruction is pres-
ent within the system during the process and vanishes in the limiting case where there are no 
irreversibilities. Most of the irreversibility in the LNG liquefaction process is caused by energy 
losses in the compressor and HTX [29]. To evaluate the rate of exergy loss for the HTX and 
compressors shown in fig. 2 at a steady-state, the energy balance must be developed:

( ) ( ) ( )cv 0
j cv i f,i o f,o d

jj i o

d
1

d
E T

Q W m e m e E
t T

 
= − − + − −  

 
∑ ∑ ∑ 

   (3)

At a steady-state, dEcv/dt is equal to zero. For the cold box, considering it is well 
insulated (Q̇i = 0), and no external work is being done on the system, nor is any work being 
generated by the HTX (Ẇcv = 0). Therefore, the previous equation is simplified [29]:

( ) ( )d,HTX i f,i o f,o
i o

E m e m e= −∑ ∑

  (4)

where Ėd,HTX, ef,i and ef,o are the total exergy loss of the HTX, the flow exergy of inlet stream, 
and flow exergy of outlet stream per unit mass, respectively, ṁ [kgs–1], i, and o – the mass-flow 
rate of the fluid, the inlet streams and outlet streams, respectively. 

Exergy loss in compressor 

To evaluate the exergy loss in compressors, the same energy balance as listed in pre-
vious eq. (3) is applied at steady-state. Considering the negligible heat transfer for the compres-
sors, the rate of exergy loss can be described [29]:

d,comp i f,i o f,o comp( ) ( )  E m e m e W= − −  

 (5)

This equation represents the minimum amount of power to be added from inlet state to 
outlet state when there is an increase in internal energy and enthalpy due to changes in working 
fluid experiences. Due to the presence of inevitable irreversibilities, the amount of required 
power must be more than what is actually needed for the system. The actual power needed can 
be calculated using the First law of thermodynamics. In this study, the optimal process is being 
targeted through MTA, which can affect the amount of power required for the compressors. 

Exergy loss in Joule-Thompson valve

Joule-Thompson valves are used in the refrigeration cycle to lower the pressure of the 
MR which leads to lowering the MR temperature. The Joule-Thompson valve is a low cost and 
it is a simpler approach compared to using turbo-expanders for the refrigeration cycle. Most 
LNG plants prefer using series of Joule-Thompson valves for the liquefaction process rather 
than improving cycle efficiency slightly by investing considerable amount of capital, pricey 
operation cost and maintenance cost on turbo-expanders. Nevertheless, the Joule-Thompson 
valve has lower thermodynamic efficiency, which impacts the performance of the liquefaction 
process. Thermodynamically, an isenthalpic expansion takes place when high pressure refrig-
erant goes through the Joule-Thompson valve. A Joule-Thompson expansion valve associated 
with the refrigeration cycle has a low energy efficiency owing to entropy generation during 
isenthalpic expansion which the exergy loss through the valve can be evaluated:

d,JT i f,i o f,o( ) ( )E m e m e= − 

 (6)
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Exergy efficiency of cycle

Exergy efficiency known as the Second law of efficiency of the cycle is utilized in this 
study to evaluate the effectiveness of the engineering measures taken to potentially improve 
the performance of the pre-cooling cycle. To evaluate the thermal performance of a cycle in a 
practical setting, exergy efficiency is a more suitable criterion for the assessment of thermody-
namic performance compared to thermal efficiency. To determine the performance of such a 
MR system and the degree of its reversibility, evaluation of the exergy efficiency of the whole 
precooling cycle as opposed to evaluating the exergy efficiency of each equipment individually 
must be performed. This is calculated by taking the ratio of the minimum power required for the 
liquefaction cycle per compressor power input, rather, calculating the difference of flow exergy 
of inlet natural gas and outlet LNG per total required rate of shaft work as defined [31]:

( ) ( )h,i fh,i h,o fh
sys

compressor

m e m e

W
ε

−
=

∑
 



(7)

where efh,i and efh,o are the natural gas and precooled natural gas flow exergy, respectively. The 
compression power listed in the denominator is the total power required from both compressors 
shown in fig. 2. While individual mechanical component exergy analysis for compressors and 
HTX can be useful to determine the source and magnitude of the exergy loss, it is not the most 
suitable analysis to improve the efficiency of the whole liquefaction cycle, as each individual 
mechanical equipment may suggest an approach to change the working parameters where it 
may not be beneficial to performance of another equipment in the cycle. Therefore, exergy 
efficiency of the entire cycle must be performed to better assess whether the proposed solution 
can be reliable. The thermophysical properties needed for the analysis are computed using 
REFPROP [32] in conjunction with MATLAB software.

Process improvement and pinch analysis 

Pinch analysis provides an effective approach to reduce the exergy loss in the HTX 
and the compression power on MR. Combination of these two significantly enhance the cycle 
efficiency. A critical factors that play important roles in the cycle’s efficiency are the MR mass-
flow rate and pressure. The process improvement is mainly focus on lowering the compression 
power while constraining the MTA value close to 3 °C in the HTX. Therefore, the objective 
function is represented:

( )inf min
LNGj

j( ) , 3M
W

x T x
m

 
 = ∆ ≥
 
 

∑




(8)

where x is the key design variables such as MR mass-flow rate, composition, condensation and 
vaporization pressure which has noticeable impact on overall liquefaction process efficiency [4].

Results and discussions

A total of eight cases were tested to evaluate the thermodynamics performance of am-
monia in MR in an LNG liquefaction precooling cycle. The eight cases were split in two groups 
of four where in the first four cases, the proposed MR was examined against lean natural gas 
with a higher mount of CH4 concentration of 90% vs. the second group of cases with rich nat-
ural gas with lower CH4 concentration of 80%. The objectives were to lower the concentration 
of more pollutant refrigerant compound, CH4, and introduce a more environmentally friendly 
refrigerant, ammonia into the MR. 
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Compression power and cycle efficiency

Table 5 shows the amount of compression power needed for both low pressure and 
high pressure, compressor for the proposed LNG precooling cycle. The total compression pow-
er to pressurize the MR reduces as ammonia’s concentration increases from 25% in Case 1 to 
40% in Case 4. However, the mass-flow rate ratio increases slightly by 4.2%, which means Case 
4 requires a higher amount of MR compared to Case 1 for the precooling process. The reduction 
of compression power by 16.2% is attributed to increase of as ammonia’s concentration in the 
MR, which also resulted in increase of cycle’s efficiency by 4.3%. Comparing the results of this 
study with Xu et al. [33], it shows the maximum compression power found in this study which 
is 764 kW is about 21% less compared to 967 kW reported by Xu et al. [33] for their proposed 
MR using five HC refrigerants. Such a noticeable difference in compression power could save 
significant amount of energy consumption and operation cost. A similar trend of increasing 
mass-flow rate ratio can be observed, but it is increased at a much higher rate compared to the 
lean natural gas cases. In addition, the total compression power needed for the rich natural gas 
cases are much larger compared to lean natural gas which caused the cycle efficiency to drop 
from 33.7-23.4%. This shows the proposed MR is thermodynamically advantageous for a cycle 
with a lean feed natural gas than rich natural gas. 

Table 5. Compressor power requirement and cycle’s exergy efficiency

Case 
study

Mass-flow 
rate ratio

[kgMRkgLNG–1]

Low pressure 
compressor  

power  
[kW]

High pressure 
compressor  

power
[kW]

Total  
compression 

power  
[kW]

Cycle exergy 
efficiency [%]

Lean  
natural gas

Case 1 1.41 220.2 209.4 429.6 29.4
Case 2 1.43 211.2 178.0 389.3 32.1
Case 3 1.45 202.9 170.8 373.8 33.0
Case 4 1.47 195.5 164.5 360.0 33.7

Rich  
natural gas

Case 5 1.78 392.07 372.92 764.99 23.4
Case 6 1.80 380.83 321.01 701.84 25.5
Case 7 1.83 370.80 312.11 682.91 26.2
Case 8 1.85 362.50 305.14 667.64 26.8

Figure 3(a) illustrates the correlation between concentration of ammonia in MR, total 
compression power and cycle exergy efficiency. This plot shows as ammonia’s concentration 
increases in MR, it enhances the cycle efficiency and lowers the compression power in all eight 

Figure 3. (a) Correlations between ammonia’s molar concentration in MR, compression  
power and cycle’s efficiency and (b) correlation between low pressure and high pressure  
compressors discharge temperature and air coolers mass-flow rate
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cases. However, the improvement is more significant for lean natural gas due to the higher cycle 
efficiency values compared to rich natural gas. Among eight cases, Case 4 has the highest cycle 
efficiency of 33.7% with lowest compression power of 360 kW. Whereas the best case scenario 
for the rich natural gas cases has a cycle efficiency of 26.8% with compression power value 
of 667.64 kW. Such a lower compression power value for lean natural gas case can be highly 
beneficial to the LNG plant operation cost by lowering energy consumption of the gas turbines. 
Consequently, it reduces the amount of carbon emission the atmosphere by the gas turbines. 

Exergy loss of individual equipment 

The exergy loss values are calculated for each individual equipment displayed in the 
precooling cycle schematics in fig. 2. The detail exergy loss numerical values of the equipment 
are listed in tab. 6.

Table 6. Individual equipment and cycle’s total exergy loss rate

Case study Air coolers
[kW]

Compressors
[kW]

Heat  
exchanger

[kW]

Joule-Thompson  
valves
[kW]

Total exergy 
loss  

[kW]

Lean  
natural gas

Case (1) 1125.71 17.25 255.77 77.69 147.41
Case (2) 1015.88 16.14 255.81 86.72 1374.55
Case (3) 997.84 15.75 255.85 82.44 1351.87
Case (4) 977.73 15.51 255.89 81.59 1330.72

Rich  
natural gas

Case (5) 1417.76 21.72 288.72 97.85 1872.42
Case (6) 1279.44 20.32 288.78 109.22 1697.76
Case (7) 1256.72 19.83 288.82 103.83 1669.20
Case (8) 1231.40 19.54 288.88 102.75 1642.56

The mass-flow rate of air cooler highly depends on the compressors discharge tem-
perature, and it is a critical factor here which determines the size of the air exchanger and the 
heat exchange duty. Figure 3(b) illustrates the correlation between these two parameters for 
all eight cases. Results show that the discharge temperatures of the high pressure compressor 
are relatively higher compared to low pressure compressor, and this is mainly due to higher 
discharge pressure of the high pressure compressor. The high pressure compressor’s discharge 
temperature range from 112.6-129.9 °C while the low pressure compressor’s discharge tem-
perature varies between 102.2-108.9 °C. Furthermore, it can be observed in fig. 3(b) that as the 
CH4 concentration reduced from 50% in Case 1 to 20% in Case 4, both high pressure and low 
pressure compressors discharge temperature are dropped by 13.3% and 6.3%, respectively. As 
a result, the air coolers mass-flow rates ratio [kgAirkg–1LNG–1] declined from 44.03-36.79 for 
air cooler #2, and from 28.45-26.32 for air cooler #1. Comparing the results of lean natural gas 
cases vs. rich natural gas cases, the mass-flow rate ratio of air-cooler #2 is larger than air-cooler 

#2, and that is mainly due to the higher discharge temperature of high pressure compressors 
compared to low pressure compressors.

The pie charts in fig. 4(b) display the average exergy loss rate of each individual 
equipment for both groups of higher and low CH4 feed natural gas cases. Results shows CH4 
concentration of natural gas had minimal impact on percentage of exergy loss by each equip-
ment. The only equipment that have been affected slightly are HTX and air coolers. Lowering 
the CH4 concentration of feed natural gas from 90-80% caused the exergy loss of HTX reduced 
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only by 1% and air coolers increased by 1%. The pie charts also indicate that compressors and 
HTX being the two critical equipment in liquefaction cycle, have combined overall exergy loss 
rate up to 25%. Such a relatively low exergy loss by these two of the main equipment which 
impact the cycle’s efficiency significantly, makes ammonia an advantageous refrigerant in the 
mixture for the proposed precooling cycle.

(a) (b)

1%

6%
19%

74%

Compressors

HTX

Air coolers

Joule-Thompson

valve

90% CH natural gas4

Compressors

HTX

Air coolers

Joule-Thompson

valve

80% CH natural gas4

18%

75%

6%

1%

Figure 4. Exergy loss breakdown of individual equipment in precooling cycle for  
(a) average values of Cases 1-4 and (b) average values of Cases 5-8

HTX exergy analysis through composite curves

The following plots in fig. 5 represent natural gas and MR composite curves and the 
temperature approach between two composite curves for lean natural gas cases. The composite 
curves play an important role in liquefaction cycle efficiency. For practical purposes and min-
imizing the rate of entropy generation in the HTX, the MTA was set to 3 °C [34]. The results 
show the MTA does not exceed 8 °C. This peak values was noticed on the warmer side of the 
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HTX for Cases 1-4, lean natural gas with 90% CH4
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HTX. The temperature approach curves show the MTA steadily decreased as the temperature 
drops from 20 °C to –10 °C but slightly goes back up over range of –10 °C to –40 °C. This 
phenomenon attributed to presence of ammonia in the MR and keeping the MR in the gas-
eous phase for the entire precooling process. The small gap between the composite curves is 
indication of optimal compression power and low exergy in the compressor which can also be 
observed from the compressor exergy loss values in tab. 6. 

Figure 6 shows the comparison of the temperature approach curves for both groups 
of lean and rich natural gas. It can be observed that the temperature approach values are greater 
for the warmer side of the HTX with higher heat flow values and minimum MTA takes places 
approximately at 700 kW for all cases. Also, higher concentration of ammonia in MR improved 
the MTA curve where Case 4 and 8 with the highest concentration of ammonia of 40% have 
the lowest MTA among other cases. Therefore, it can be concluded that higher concentration 
of ammonia in the MR reduces the gap between two composite curves and subsequently the 
rate of exergy loss which leads to enhancing the performance of the HTX. This effects is more 
noticeable for the rich gas where the rate of exergy loss of HTX at its minimum for Case 8 with 
288 [kW], and the highest exergy efficiency among rich natural gas cases. Furthermore, the 
steady decrease of gap between two composite curves resulted in reduction compression power 
by 16.2% and 12.6% for lean and rich natural gas, respectively. This proves adaptability of 
proposed MR with presence of ammonia against various natural gas feed conditions. However, 
from the cycle exergy efficiency, this impact is more noticeable on a lean natural gas than rich 
natural gas.

Conclusion

The thermodynamics performance of ammonia was investigated for a natural gas liq-
uefaction precooling cycle. Ammonia with zero GWPI, was utilized in the MR with lighter HC, 
CH4 and ethane to reduce the amount of carbon emission the atmosphere by the gas turbine and 
enhance the precooling cycle’s efficiency. The proposed MR precooling cycle was examined 
against both lean and rich feed natural gas. The results for lean natural gas cases indicated that 
lowering the concentration of the more pollutant refrigerant, CH4 with relatively high GWPI, 
in MR and replacing it with environmentally friendly such as ammonia improved the cycle 
efficiency by 4.3%. It also reduced the carbon emission and saved cycle’s energy consumption 
through less compression power needed by 16.2%. Exergy analyses results showed that com-
pressors and HTX combined are only responsible for approximately 357 kW on an average 

Figure 6. Temperature approach comparison of (a) Cases 1-4, lean natural gas with  
90% CH4 and (b) Cases 5-8, rich natural gas with 80% CH4
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which is 25% of the total exergy loss. Such a relatively low exergy loss rate among the major 
equipment used in precooling cycle is attributed to adding ammonia to the MR and keeping 
the MR at the gaseous phase for larger temperature range during liquefaction cycle. In sum-
mary, presence of ammonia in the MR provided opportunities on saving operation expense 
by reducing the compression power required by 16.2% and subsequently the carbon emission 
the atmosphere, lowered molar concentration of high pollutant refrigerant CH4, enhanced the 
cycle efficiency by 4.3% and saved on capital cost by downsizing the most critical equipment 
in liquefaction cycle, cold box, through separating the precooling process from subcooling in 
the cryogenic HTX. 
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Nomenclature

Ed  – exergy loss, [kW]
Ėd  – rate of exergy loss, [kW]
ef  – flow exergy, [kJkg–1s–1]
h  – enthalpy, [kJkg–1]
h0  – dead-state enthalpy, [kJkg–1]
ṁ  – mass-flow rate, [kg–1s–1] 
s  – entropy, [kJkg–1K–1]
s0  – dead-state entropy, [kJkg–1K–1]
T  – temperature, [°C]
T0  – dead-state temperature, [K]
Tj  – boundary temperature, [K]

Subscripts

cv  – control volume
d  – destruction

f  – flow
gen  – generation
i  – inlet 
j  – boundary
o  – outlet

Greek symbol 

ε  – exergy efficiency, [–]

Acronyms

GWPI – global warming potential index
HTX    – heat exchanger
LNG    – liquid natural gas
MR   – mixed refrigerant
MTA   – minimum temperature approach
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