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Abstract

The exponentially growing markets of liquefied natural gas (LNG) require efficient pro-
cesses for LNG regasification within import terminals. Usually, the regasification of LNG 
is accomplished by direct or indirect heating. However, integrating LNG regasification 
into different processes within industrial parks (mainly processes involving low temper-
atures) is an efficient approach because of the utilization of the low-temperature energy. 
In some LNG import terminals, integration technologies are already being used. Previous 
publications showed an increase in the thermodynamic efficiency for systems combin-
ing air separation (as an example) and LNG regasification. In addition, the variation in 
the efficiency as well as the capital investment depends on the schematic and operation 
conditions. This fact creates great potential for improving the systems. In this chapter, 
different schematics are evaluated using exergy-based methods in order to improve the 
effectiveness of complex industrial processes that can involve LNG regasification.

Keywords: LNG, regasification, refrigeration process, cryogenic process, exergy-based 
methods

1. Introduction

Natural gas became a very important primary energy carrier in the last decades. The world fuel 
share of natural gas increased from 16% (in the year 1973) to 21% at present. Approximately 
50% of the natural gas is supplied as liquefied natural gas (LNG) (Figure 1). In the year 2015, 
19 countries exported LNG, with Qatar, Australia, Malaysia, and Nigeria being the main 
exporting countries. The number of importing countries increased to 34 in the year 2015 [1–4].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



The total chain of LNG consists of the following four steps: exploration and pretreatment, liq-

uefaction and storage, transportation by ship as well as regasification, storage, and distribution.

Figure 2 shows the options of different technologies for the regasification of LNG. Thermal 
energy coming from the combustion of natural gas, seawater or cooling water, air, and pro-

cess integration technologies can be used for the regasification of LNG.

A heat transfer process (direct or indirect) between LNG and other working fluid(s) is 
the basic principle used for the regasification of LNG (Figure 2a) in almost all import 
terminals overall the world. At present, five regasification technologies are used [5]: open 
rack vaporizers (ORV), shell-and-tube vaporizers (STV), submerged combustion vapor-

izers (SCV), and combined heat and power units with submerged combustion units (CHP-
SCV). Other types of vaporizers, the so-called atmospheric evaporators, are used only 
for the regasification of very small amounts of LNG and operate periodically. Heat from 
industrial processes can also be used for the regasification of LNG (Figure 2b), and this, 
however, will not affect the improvement of the industrial process, because the block 
“regasification of LNG” and block “Industry/Power Plant” have separate system boundar-

ies. Techno-economic evaluation of these options is discussed in Refs. [6, 7]. Within these 
technologies (Figure 2a and b), the low-temperature exergy of the LNG is destroyed with-

out any use.

However, low-temperature exergy of the LNG is a valuable “fuel” for many industrial pro-

cesses such as chemical, power generation, and so on. Therefore, researchers are working on 
the development of different options for using the low-temperature exergy of LNG (Figure 2c 

and d). These options can be classified as “industrial parks” because the vaporization of LNG 
becomes an integral part of complex processes generating electricity or chemical products 
(common boundary conditions). There are two options for the realization of the concepts 
(Figure 2c and d):

Figure 1. Major trade movements 2015 (in billion cubic meters) [3].
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• The regasification of LNG could be integrated into a system for the generation of electricity. 
One of the first publications, where this idea has been described, was Ref. [8]. An extended re-

view of such technologies as well as novel concepts was reported, for example, in Refs. [9, 10].

• The low-temperature exergy of LNG could be used within: (a) desalination processes as re-

ported in Refs. [11, 12] and (b) agro-industrial processes for freezing purposes as discussed 
in Refs. [13–15].

The implementation of the regasification of LNG into chemical industries (Figure 2d) is well 
known from the industrial project developed by Osaka Gas in Japan [16]. Here, the LNG 
import terminal is integrated within an industrial complex with refinery and petrochemical 
plants. LNG is regasified in four steps, which is related to the temperature levels of the refinery 
and the petrochemical plant. These steps are as follows: (a) separation of light hydrocarbons 

(a)

(b)

(c)

(d)

Figure 2. Options for the regasification of LNG: (a) direct or indirect heat transfer process, for example, ORV, STV, and 
SCV; (b) heat utilization of an industrial process; (c) LNG-based cogeneration for electricity generation; and (d) LNG-
based cogeneration for chemical products.
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produced as a by-product in the oil refining process (the temperature level is around −100°C; 
an energy source to separate olefin used as a raw material of polymer products at the petro-
chemical plant), (b) liquefaction of carbon dioxide, a by-product in the production of hydrogen 
(the temperature level is around −55°C), (c) low-temperature storage of butane (−8°C), and (d) 
cooling of water used to cool the intake air for gas turbines (10°C).

Since this chapter focuses on the regasification of LNG in conjunction with air separation pro-
cesses (concept of industrial parks shown in Figure 2d), the state-of-art of such a technology 
will be given.

A concept for the regasification of LNG integrated into an air separation unit was reported 
in Ref. [17]. A recycle nitrogen stream is used to evaporate the LNG stream. This integration 
leads to a decrease in the total specific power consumption from 1.3 kWh/m3 (related to the 
sum of oxygen and nitrogen steams) to 0.8 kWh/m3. In addition to that the installation costs 
are reduced by 10%.

In Ref. [18] was proposed a high-performance energy-supply system with cryogenic air separa-
tion using the cold of LNG and a power generation system with gas and steam turbines, where 
the required electrical power is reduced from 1.2 kWh/m3 (per oxygen steam) to 0.57 kWh/m3. 
In this paper, two different options of a double-column distillation process are discussed.

The integration of the regasification of LNG into a one-column air separation system was 
proposed and evaluated in Ref. [19]. The reported power consumption is decreased by 39%. 
Another configuration of a one-column air separation system with an oxy-fuel power genera-
tion cycle and regasification of LNG was evaluated in Ref. [20]. The achieved reduction in the 
power consumption is 38.5%. Later, a novel system has been developed [21], where the cold 
of LNG is used to precool the air. The power consumption is decreased in this case by 56%.

There are also several patents related to the integration of LNG into an air separation unit, e.g., 
Refs. [22–26]. The data related to energy consumption or/and efficiency are not mentioned.

The authors developed several concepts for the integration of LNG regasification into air sep-
aration systems. Conventional and advanced exergy analyses as well as economic analyses 
have been applied to evaluate the performance of these industrial parks. Detailed information 
can be found in Refs. [27, 28].

2. Process description

Before the authors’ concepts for integrating LNG regasification into air separation systems are 
discussed, a conventional air separation process is evaluated. In this chapter, only generalized 
information based on Refs. [27, 28] have been reported.

2.1. Case A—air separation unit

Main products of an air separation unit are oxygen and nitrogen, which could be in liquid and 
in gaseous form. In some air separations plants, noble gases (argon, for example) are gained. 
The typical air separation unit is composed of three to four blocks:
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• Air compression and purification block

• Air liquefaction block (main heat exchanger (MHE))

• Column block (CB)

• Nitrogen liquefaction block (NLB) (is not mandatory).

The nitrogen liquefaction block is necessary in order to produce higher amounts of liquid 
products and to achieve a higher purity of the products. This block consists of a large number 
of components. It affects the thermodynamic efficiency and the investment costs. The concep-

tual design of the single air separation unit (Case A) is shown in Figure 3.

2.1.1. Air compression and purification block

The air compression block consists of two air compressors with interstage cooler. The dustless 
air is compressed to 5.6 bar [29]. Within the purification block, impurities which will freeze at 
low temperatures are removed using adsorption technology. The considered impurities in the 
compressed air stream are water vapor and carbon dioxide. The concentration must be lower 
than 0.1 ppm for water vapor and 1.0 ppm for carbon dioxide [30].

2.1.2. Main heat exchanger

The compressed air leaving the air compression and purification block is cooled to −173 °C 
within the MHE. The air leaves the MHE partially in liquid form. The streams leaving the 
column block are used to cool down the air. The MHE is a multi-stream (four cold and one 
hot stream) counterflow heat exchanger and is together with the column block embedded in a 
so-called cold box in order to decrease the heat sink from the environment.

Figure 3. Conceptual schematic of Case A (air separation unit).
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2.1.3. Column block

After the MHE, the cold air is fed to the column block. The column block consists of two 
separate columns, which are thermally coupled by the condenser/reboiler. The lower column 
is the high-pressure column (HPC), with a pressure of 5.6 bar, and the upper column is the 
low-pressure column (LPC) with a pressure of 1.3 bar. Both columns are simulated as sieve 
tray columns. Several side streams leaving the HPC are fed to the LPC. The top-products of the 
HPC are gaseous and liquid nitrogen streams. The liquid nitrogen stream is removed from the 
system as a product stream, and the gaseous stream is fed to the MHE. The top product of the 
LPC is also gaseous nitrogen, which is fed to the MHE. At the bottom, liquid and gaseous oxy-
gen are gained. While the liquid stream is also removed from the system, the gaseous stream 
is fed to the MHE. In addition, a side stream from the LPC is fed to the MHE which contains 
mainly nitrogen and is called purge gas stream.

2.1.4. Nitrogen liquefaction block

The NLB consists of four compressors, two expanders, two heat exchangers, and several 
mixing and splitting devices [27]. One of the two gaseous nitrogen streams (stream 31) 
within the MHE is fed to the nitrogen liquefaction block. Here, stream 31 is mixed with 
streams 44 and 47, which are already in the nitrogen liquefaction block. The resulting 
stream (stream 32) is then heated in HE1 and compressed within a three-stage compression 
process with interstage cooling to 38 bar. The stream is split into streams 45 and 39. Stream 
39 is fed to NC4, compressed to 46 bar, and fed together with stream 45 to HE1, where both 
streams are cooled. The stream with a pressure of 38 bar (stream 46) is afterwards fed to 
EXP1 and mixed with the incoming stream. The second stream leaving the HE1 is again 
split into two streams: stream 42 and stream 21. Stream 42 is fed to EXP2, and after this, 
it is used in the HE2 to cool stream 21. This stream leaves the nitrogen liquefaction block 
(stream 48) and is split into two parts (streams 58 and 59), which are fed to both columns 
as a reflux.

2.1.5. Product compression

The nitrogen and oxygen streams leaving the MHE are fed to the NC5 and OC and are com-

pressed to 20 bar, but this pressure depends on the consumer. After compression, the nitrogen 
stream is used to heat the purge gas stream, which also leaves the MHE. The required tem-

perature for the purge gas is 170°C [31], because the purge gas stream is used to desorb the 
impurities in the purification block.

2.2. Case A Design 1

Case A Design 1 (Case AD 1) (Figure 4 [27]) is the concept of the industrial park where the 
LNG stream is regasified within the MHE after having been pressurized in an LNG pump.

The air compression and purification block is identical with the same block in Case A.
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2.2.1. Main heat exchanger

In comparison to Case A, the main heat exchanger is adjusted by the LNG stream. It also 
includes four cold streams, which are now oxygen, purge gas, nitrogen, and LNG (the second 
nitrogen stream is not used within the MHE anymore). The hot stream is air, which is cooled 
to −173 °C.

2.2.2. Column block

The column block is almost identical to the column block in Case A. The only difference is that 
the top product (nitrogen stream, stream 30) is directly fed to the nitrogen liquefaction block, 
instead of passing by the MHE.

2.2.3. Nitrogen liquefaction block

The implementation of LNG within MHE has affected the nitrogen liquefaction block. Here, 
the nitrogen liquefaction block consists of three compressors, one expander, as well as one 
mixing and one splitting device. The top product of the HPC (stream 30) is fed to the NLB, 
heated in the HE2, and afterwards mixed with stream 44, which is also heated in the HE2 
(stream 42). They form stream 32, which is heated in the HE1 and is then compressed in a 
three-stage compression process. Between the first and the second stages, the stream is cooled 
in HE3, which is located in the product compression block. After the compression process, 
the stream is cooled in HE1 and split into streams 42 and 41. Stream 42 is fed to EXP2, heated 

Figure 4. Conceptual schematic of Case AD1.
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within HE2, and mixed with the incoming stream 30, whereas stream 41 is cooled within the 
HE2 and fed to the column block as a reflux.

2.2.4. Product compression

Also in this system, the product streams are compressed to 20 bar. One more heat exchanger 
is required here in comparison with Case A. Here, the nitrogen stream from the NLB is used 
to heat the purge gas stream to the required temperature (HE3). This nitrogen stream and the 
nitrogen stream leaving the NC5 are fed to the HE4 in order to heat the LNG stream to ambi-
ent temperature.

2.3. Case A Design 2

Case A Design 2 (Case AD2) (Figure 5 [27]) is the concept where LNG being pressurized in an 
LNG pump is further regasified within MHE, the air compression and purification block, and 
the nitrogen liquefaction block. The concept is shown in Figure 5.

Figure 5. Conceptual schematic of Case AD2.
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2.3.1. Air compression and purification block

The structure of the air compression and purification block differs from the structure of the 
two systems discussed above. In Case AD2, air is compressed within a three-stage compres-

sion processes to 5.6 bar, which requires an additional interstage cooler. The cooling medium 
in the interstage coolers is the LNG stream. Thus, after the water has been removed from the 
air, the air could be cooled to a lower temperature while heating the LNG stream. This leads 
to a decrease in the power consumption in the following air compressors. Consequently, the 
air enters the MHE with a slightly lower temperature compared to Cases A and AD1.

2.3.2. Main heat exchanger

The main heat exchanger has the same structure as in Case AD1. The cold streams are gaseous 
oxygen, nitrogen, purge gas, and the LNG, whereas the hot stream is air. Hence, in Case AD2, 
the LNG stream is divided into two parts: one is fed to the MHE, and the second one to the 
nitrogen liquefaction block.

2.3.3. Column block

The column block is identical to the Case AD1. In addition, here the top-product of the LPC is 
directly fed to the nitrogen liquefaction block.

2.3.4. Nitrogen liquefaction block

The structure of the nitrogen liquefaction is different from the Cases A and AD1. It now con-

sists of only one heat exchanger and two compressors. The top product of the HPC (stream 
30) and one part of the total LNG stream are heated in the HE2. The nitrogen stream is com-

pressed within a two-stage compression process. Afterwards, it is cooled in the HE2 and fed 
to both columns as a reflux.

2.3.5. Product compression

The gaseous oxygen and nitrogen streams leaving the MHE are also compressed to 20 bar. 
The nitrogen stream is then used to heat the purge gas. Finally, the LNG stream is heated to 
ambient temperature within HE4 using the compressed nitrogen and oxygen streams and the 
heated pure gas stream.

3. Methodology

The exergy-based methods are meaningful tools to analyze, understand, and improve energy 
conversion systems [32]. These methods consist of several analyses [33, 34]:

• Conventional exergy analysis

• Exergoeconomic analysis
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• Exergoenvironmental analysis

• Advanced exergy analysis

• Advanced exergoeconomic analysis

• Advanced exergoenvironmental analysis.

In this chapter, the conventional and advanced exergetic analyses are applied for evaluation 
of the three proposed cases. Additionally, the results from an economic analysis are reported.

3.1. Conventional exergetic analysis

A conventional exergetic analysis identifies the sources of the thermodynamic inefficiencies 
within components and the overall system. The approaches “exergy of fuel” and “exergy of 
product” are applied [32]. The exergy destruction within each component (Eq. (1), the sub-

script k refers to the component being evaluated) and within the overall system (Eq. (2), sub-

script tot) is calculated from

    E ˙    F,k   =   E ˙    
P,k   +   E ˙    

D,k    (1)

    E ˙    F,tot
   =   E ˙    

P,tot
   +   E ˙    

D,tot
   +   E ˙    

L,tot
    (2)

The exergetic efficiencies of component k (Eq. (3a)) and the overall system (Eq. (3b)) are 
defined as

   ε  k   =   
  E ˙    
P,k  
 ___ 

  E ˙    F,k  
    (3a)

   ε  tot   =   
  E ˙    
P,tot

  
 ____ 

  E ˙    F,tot
  
    (3b)

3.2. Advanced exergetic analysis

The advanced exergetic analysis is an extension of the conventional exergy analysis and helps 
to identify the interrelations among the exergy destructions within the components and the 
real potential for improving the energy conversion system (the methodology could be found 
in Refs. [33, 34]. In the advanced exergetic analysis, the exergy destruction could be spilt 
into avoidable and unavoidable or/and endogenous and exogenous parts. Furthermore, these 
parts could be combined to determine the

• unavoidable endogenous exergy destruction,

• unavoidable exogenous exergy destruction,

• avoidable endogenous exergy destruction, and

• avoidable exogenous exergy destruction.
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The unavoidable exergy destruction represents the part which could not be reduced due to 
technological limitations associated with the component being considered. Thus, the avoid-
able exergy destruction is the part which could be reduced by thermodynamically improving 
the component. The endogenous exergy destruction represents the part which is caused by 
the irreversibilities within the component itself, while the exogenous exergy destruction is the 
part which occurs within this component due to the exergy destructions within the remaining 
components of the overall system.

In this chapter, the exergy destruction is split into unavoidable and avoidable parts. More 
information about other options to split the exergy destruction has already been reported in 
Ref. [27].

Splitting the exergy destruction into the unavoidable and avoidable parts requires iden-
tifying the technological limitations of the different types of components. The following 
assumptions are used: minimum temperature difference of 0.5 K for all heat exchangers; 
maximum isentropic efficiency of 80% for the LNG pump, and maximum isentropic effi-

ciency of 90% for the compressors and expanders. The splitting of the exergy destruction 
was not applied to the column block, throttling valves, splitting devices, and dissipative 
components.

3.3. Economic analysis

The economic analysis estimates the cost of components as well as the fixed and total capital 
investment. In this chapter, the economic analysis is conducted based on Ref. [32]. Additional 
details are given in Ref. [28].

3.3.1. Purchased equipment costs

The cost of all components (purchased equipment costs (PEC)) is estimated using cost data 
available in the literature and are adjusted according to the operation conditions using tem-

perature, pressure, and material factors. The factors are obtained from Ref [38], whereby the 
temperature factor has to be adjusted for temperatures below 0°C. All components which 
work at temperatures higher than −29°C are made of carbon steel [35]. For lower tempera-
tures, materials like stainless steel, aluminum, cooper, or monel could also be used.

3.3.2. Cost of the heat exchangers

For the heat exchangers, two different kinds of heat exchangers are assumed: shell-and-tube 
and plate heat exchangers.

The interstage coolers in the air compression and purification block and in the nitrogen liq-
uefaction block are shell-and-tube heat exchangers. The remaining heat exchangers (HE1, 
HE2, HE3, HE4, and MHE) are plate heat exchangers. To estimate the costs, the heat duty 
and the temperature differences are obtained from AspenPlus [36]. The overall heat transfer 
coefficients are selected according to the available data. The costs are estimated based on data 
from Ref. [37].
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3.3.3. Cost of the turbomachinery

This set of components includes the compressor, expanders, and the LNG pump. The com-

pressors are centrifugal compressors and the expanders are axial expanders. For all turboma-
chinery, the required or generated power is the determined factor for the cost estimation. The 
costs are taken from Refs. [37–39], for the compressors, expanders, and the pump, respectively.

In general, the cost of compressors includes the cost for the electrical motor. However, in Case 
A, there is one exception. The cost of NC3 and NC4 is estimated without motor, because they 
are connected to EXP1 and EXP2, respectively.

3.3.4. Cost of the column block

The estimation of the costs of the column block is divided into two parts: empty shell and 
trays [29]. The low-pressure and high-pressure columns are simulated as sieve tray columns 
with 96 and 54 stages, respectively. To estimate the costs of the two empty shells, the diameter 
and the height must be known. According to Ref. [40], the diameter must be lower than 4–5 m, 
because, otherwise, it will be difficult and costly to construct a sieve tray column. Here, a 
diameter of 3 m for both columns is assumed. For the calculation of the height of each column, 
the distance between each tray must be known. In Refs. [41–43], values of 80 mm to 300 mm, 
300 mm to 600 mm, and around 610 mm are mentioned, respectively. We assumed a value of 
400 mm, which results in a height of 21.6 m and 38.4 m for the HPC and LPC, respectively. 
Both columns on top of each other have a total height of 60 m, which is in the range of the size 
for the cold box of an air separation unit [41]. The estimation of the costs of the trays depends 
on the diameter of the columns and on the number of trays. The costs for the empty shell and 
the trays are obtained from data reported in Ref. [39].

3.3.5. Estimation of the costs of the purification system

The estimation of the costs of the purification systems is based on the results of the above-
mentioned groups of components. The percentage distribution of the costs of the different 
types of components is given by Ref. [45]. The purification system accounts for 13% of the 
total cost of the components.

3.3.6. Fixed and total capital investment costs

After estimation of the purchased equipment costs, the fixed capital investment (FCI) is calcu-
lated. The fixed capital investment is the sum of the direct and indirect costs. The direct costs 
could be further divided into onsite and offsite costs. Here, the offsite costs are here neglected. 
The onsite costs contain the purchased equipment costs and additional costs such as installa-
tion, piping, electrical equipment and instrumentation and controls. In the literature [32, 39], 
these additional costs are calculated as a share of the purchased equipment costs. Another 
possibility to consider the additional costs of each component is the modular method, which 
considers the module factor according to Ref. [44]. Therefore, the purchased equipment cost 
of each component is multiplied by a specified module factor which is individual for each 
component type.
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The indirect costs consist of engineering, supervision, construction costs, contractor’s profit, 
and contingencies. All these costs are calculated as a given percentage of the direct costs. For 
the total capital investment (TCI), the different time points of the investments are considered 
and the related required payments of interest.

3.4. Safety aspects

LNG has an outstanding safety history. Commercial LNG transportation started in the 1960s 
without serious accidents. Only six incidents which are mainly related to collisions with other 
ships or run a ground have been reported in Ref. [46], but in all these cases no LNG was 
released. The good safety history is attributed to the well-developed technology for LNG 
tankers and the strict safety regulations. Nowadays, two types of LNG carriers exist: spherical 
type and membrane type. Both tanks are of double-hulled construction, which increases the 
safety of LNG carriers. Especially since 1980, the number of annual incidents related to the 
transport of oil, LNG, and LPG decreased due to a wide range of safety regulations, design, 
crew competence, and ship management improvements [47].

In general, the main hazards related to LNG are fires, explosion, cryogenic freeze burns, 
embrittlement of metal, and confined spaces [5]. The main sources of LNG hazards are, for 
example, liquid leaks under pressure, liquid leaks from storage tanks, rollover of an LNG 
storage tank, and liquid pools evaporating to form a flammable vapor plume [46]. Not all 
of the above-mentioned sources of LNG hazards occur in each step of the LNG chain. Thus, 
leaks under pressure occur in liquefaction and regasification process and during the transfer 
of LNG from storage and vice versa. The risk assessment of the LNG technology is widely 
spread in the literature. Ramsden et al. [49] published a study including the main important 
safety regulations for the transport of LNG. A detailed analysis and modelling of the risk 
associated with LNG was conducted in Ref. [46]. The safety and risk aspects of LNG are also 
analyzed in Ref. [5].

In case of a spill or leakage of LNG, a fire or explosion is the main hazard related to LNG. 
The consequences of leaks are shown graphically in a so-called event tree, which is shown in 
Figure 6 for a leakage of LNG near atmospheric and at elevated pressure. As shown in this 
figure, the consequences of spills depend on several facts like type of release, direct or delayed 
ignition. According to these facts, different kinds of fire occur like pool fire, jet fire, flash 
fire, or boiling liquid expanding vapor explosion (BLEVE). The presence of pure oxygen or 
oxygen-enriched streams, low temperatures, and high-pressure streams are associated with 
the main hazards in air separation plants. In Ref. [48], the following four main hazards are 
related to air separation units: rapid oxidation, embrittlement, and pressure excursions due 
to vaporizing liquids and oxygen-enriched or deficient atmospheres. A survey of accidents at 
Japanese air separation plants conducted [51] and categorized them according to the follow-

ing types: explosion, burn, frost bite, and suffocation. The component with the highest num-

ber of accidents is the reboiler. Mainly, these accidents are explosions due to the accumulation 
of hydrocarbons within the liquid oxygen.

In the discussed cases with the integration of the LNG regasification, the simultaneous pres-
ence of LNG and oxygen increases the hazards potential.
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4. Simulation

The simulation of the three discussed cases has been conducted using AspenPlus. The Peng-
Robinson equation of state is selected, because it is appropriate for low-temperature pro-

cesses. Table 1 shows the assumptions for the two incoming streams: air and LNG. Main 
assumptions for the simulation of the different types of components are shown in Table 2. The 
detailed description of the simulation is reported in Ref. [27].

Parameters Unit Air value LNG Value

T °C 15 −162

p bar 1.0134 1.3

  m ˙   kg/s 16.4 10

x
i

kmol/kmol   x  
 N  

2
  

   =  0.772 ;   x  
 O  

2
  

   = 0.208 

x
Ar

   = 0.0095;   x  
 H  

2
  O
   = 0.0102 

  x  
C O  

2
  

   = 0.0003 

  x  
C H  

4
  

   =  0.8698 ;   x  
 C  

2
   H  

6
  

   =  0.0935 

   x  
 C  3   H  

8 
  
   =  0.0233 ;   x  

 C  4   H  10  
   =  0.0063 

   x  
 N  

2
  

    =  0.0071 

Table 1. Assumptions for the incoming streams.

Figure 6. Event tree for the release of LNG at atmospheric and elevated pressure (based on Ref. [49]).
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5. Results and discussion

5.1. Energy analysis

Figures 7 and 8 show the power consumption/generation within turbomachinery and the heat 
rate in the heat exchangers, respectively. The total power consumption is    W ˙    

tot,CA   = 18.5 MW  

for Case A. It decreases to    W ˙    
tot,CAD1   = 12.0 MW  and    W ˙    

tot,CAD2   = 6.9 MW , which corresponds to 
a reduction in the power consumption of 35.2% (Case AD1) and 62.8% (Case AD2).

Parameter Unit Value

Compressors, expanders

η
is

– 0.8

ηmech – 0.99

Column block

Stages (HPC) – 54

Stages (LPC) – 96

Stage pressure drop bar 0.003

Reflux ratio (HPC) kg/s/kg/s 0.75

Bottom rate (LPC) kg/s 0.5

Heat exchangers

Pressure drop % 3

Table 2. Selected assumptions for different types of components.

Figure 7. Power consumption/generation (MW).
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Figure 8. Heat rate within the heat exchangers (MW).

A decrease in the power consumption of more than 50%, if the regasification of LNG is intro-
duced into an air separation process, has been reported in Refs. [20, 50]. Thus, the authors’ 
results are in the range of the data reported by other scientists.

The results show that NC1 in Case A has the highest power consumption, followed by NC2 
and NC5. In Case AD1, the power consumption of NC1 and NC2 is decreased by 50% (for 
each compressor). For Case AD2, the power consumption of the air compressors decreases as 
well due to the interstage cooling with LNG instead of water.

The heat rate in the heat exchangers varies significantly in the different systems. The HE1 in 
Case A is the component with the highest heat rate followed by the IC3 and IC4 in the nitro-
gen liquefaction block of the same system. The MHE has the same heat rate in Case A and 
AD1, because the air enters and leaves the MHE with the same temperatures. In Case AD2, 
the heat rate decreases slightly, because the air entering the MHE has a lower temperature. In 
addition, the heat rate in IC1 and IC2 is reduced from Case AD1 to Case AD2. In Cases A and 
AD1, the air is compressed within a two-stage compression process. In Case AD2, the air is 
compressed within a three-stage compression process, which decreases the temperature after 
each compressor, and, thus, results in a lower heat duty in the following interstage coolers.

5.2. Exergetic analysis

The definitions of the exergy of fuel and exergy of product for each component as well as for 
the overall systems are reported in Ref. [27]. The results of the overall system for Cases A, 
AD1, and AD2 are shown in Table 3. The exergetic efficiency increases form 34.7% in Case A 
to 42.2% in Case AD1 and to 54.1% in Case AD2. This corresponds to an increase in the exer-
getic efficiency by 21% from Case A to Case AD1 and an increase in the exergetic efficiency of 
56% from Case A to Case AD2.
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Figures 9–11 show the exergy balances for all productive components of Cases A, AD1, and 
AD2, respectively. Each diagram has two axes: the left one is related to the exergy of fuel 
(MW) as the sum of exergy of product and exergy destruction, and the right one shows the 
exergetic efficiency (%).

The results obtained from the exergy analysis show that the exergetic efficiencies are around 90% 
for turbomachinery; however, for the heat exchangers, this value varies between 2% and 76%.

In Case A (Figure 9), the HE1 and the MHE are of particular interest. The HE1 is the compo-
nent with the highest exergy destruction in this system. However, the component with the 
lowest exergetic efficiency is HE3. The exergetic efficiency of the MHE is 76%. This value is 
decreased in Case AD1 to 57% (Figure 10). In Case AD2, the IC1, IC2, and IC3 are productive 
components, but they have a very low exergetic efficiency between 2% and 7% (Figure 11). 
The air should not be cooled to the very low temperatures that are provided by LNG. It results 
in the low exergetic efficiency.

Figures 12–14 show the distribution of the exergy destruction among most important compo-
nents for the Cases A, AD1, and AD2, respectively. The remaining components are lumped 
under “others.”

System
   E ˙    

F, tot
  ,  MW    E ˙    

P, tot
  ,  MW    E ˙    

D, tot
  ,  MW    E ˙    

L, tot
  ,  MW 

εtot, %

Case A 18.6 6.4 11.9 0.2 34.7

Case AD1 20.6 8.7 11.7 0.2 42.2

Case AD2 15.5 8.4 7.0 0.09 54.1

Table 3. Results obtained from the exergetic analysis of the overall systems.

Figure 9. Results obtained from the exergy analysis of Case A.
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Figure 11. Results obtained from the exergy analysis of Case AD2.

Figure 10. Results obtained from the exergy analysis of Case AD1.

Figure 12. Distribution of the exergy destruction among components of Case A.
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In Case A, HE1 is the component with the highest exergy destruction, which accounts for 21% 
of the total exergy destruction. The second component is the IC3 in the nitrogen liquefaction 
block with 13%. The structural changes from Case A to Case AD1 lead to a different priority. 
Hence, in Case AD1, the MHE is the component with the highest exergy destruction, i.e., 25% 
of the total exergy destruction. Of particular interest is also the CB with an exergy destruc-
tion of 10%. In Case A, however, both components (MHE and CD) play a minor role (around 
5–6%). In Case AD2, the MHE is the component with the highest exergy destruction followed 
by HE2 and IC1. The contribution of the column block is only 9%.

Figure 13. Distribution of the exergy destruction among components of Case AD1.

Figure 14. Distribution of the exergy destruction among components of Case AD2.
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Figure 15. Results obtained from the advanced exergy analysis of Case A (MW).

5.3. Advanced exergetic analysis

Figures 15–17 show the results obtained from the advanced exergetic analysis, for Cases A, 
AD1, and AD2, respectively. For all productive components, the exergy destruction is divided 
into unavoidable and avoidable exergy destructions.

The results obtained from the conventional exergetic analysis highlighted already that HE1 in 
Case A is the component with the highest exergy destruction, where approximately half of the 
exergy destruction could be avoided. The exergy destruction within HE3 is quite low, but it has a 
large potential for improvement, due to a relative high amount of avoidable exergy destruction.

In Case AD1, the MHE is the component with the highest exergy destruction, where just a 
small part could be avoided. The potetial for improvement is slightly higher for HE1 and HE2.

In Case AD2, the MHE and HE2 have the highest exery destruction with a relativ small poten-

tial for improvement. However, the components IC2 and IC3 could be improved.

5.4. Economic analysis

Figure 18 shows the estimated purchased equipment costs for three discussed cases. In addition 
to this information, the distribution of PEC among the group of components is demonstrated 
in Figures 19–21. The purchased equipment costs of the air compression and purification 
block and the column block are approximately the same for all three cases. However, the dis-

tribution within each case varies. While the share of the overall costs of the air compression 
and purification block differs slightly (between 7% and 9%), the share of the column block is 
affected more and varies between 40% and 54% for the three cases.

Table 4 shows the results of calculations of the fixed and total capital investment for the over-

all systems. The FCI and TCI of the Case AD1 is only slightly lower (3%) than the FCI and TCI 
of Case A. However, the difference between Case A and Case AD2 is far greater. Here, the FCI 
is 21.3% lower compared to Case A.
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Figure 16. Results obtained from the advanced exergy analysis of Case AD1 (MW).

Figure 17. Results obtained from the advanced exergy analysis of Case AD2 (MW).

Figure 18. Purchased equipment costs for the Cases A, AD1, and AD2.
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Figure 19. Distribution of the purchased equipment costs among the groups of components for Case A.

Figure 21. Distribution of the purchased equipment costs among the groups of components for Case AD2.

Figure 20. Distribution of the purchased equipment costs among the groups of components for Case AD1.
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Unfortunately, the economic results cannot be compared with the data reported by other 
scientists because of the lack of such information in the literature.

6. Conclusions

In this chapter, the concept of the LNG-based industrial park is discussed. This means the inte-
gration of LNG regasification into different processes, where low temperatures are required 
in industrial plants. One option is the utilization of the low-temperature exergy of LNG dur-
ing the liquefaction of air within an air separation unit. Exergy-based methods (conventional 
and advanced exergetic analyses) are applied to identify the potential for improvement of the 
discussed systems. The exergoeconomic and exergoenvironmental analyses will be reported 
later. The authors are also working on safety-related issues. A novel exergy-based method, 
the exergy-risk-hazard analysis, will be applied in order to identify the differences in the 
potential hazards for the proposed concepts.
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Case A mil. US$ (2015) Case AD1 mil. US$ (2015) Case AD2 mil. US$ (2015)

Calculation of the fixed capital investment (FCI)

Direct costs 41.4 39.9 32.6

Indirect costs 17.2 16.5 13.5

FCI 58.5 56.4 46.1

Calculation of the total capital investment (TCI)

Plant facilities investment 1 
(60% of FCI)

35.1 33.9 27.6

Plant facilities investment 2 
(40% of FCI)

23.4 22.6 18.4

Interest for PFI 1 and PFI 2 9.7 9.4 7.6

TCI 68.2 65.8 53.7

Table 4. Results obtained from the economic analysis of the overall systems.
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