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ABSTRACT 9 

With the increase of global energy demand, the natural gas will play a key role both for energy production and for transports. 10 

Typically, natural gas is extracted and liquefied in large-scale plants to be later transported by ship or, when it is possible, by 11 

pipeline. In this study, a plug & play solution for natural gas liquefaction to be directly installed at the vehicle’s filling stations, 12 

in order to avoid the transport costs of liquefied natural gas, is analyzed. The system analyzed in the paper consists in a single 13 

stage expansion process and the aim of the study is to improve the small-scale liquefaction process efficiency through the use 14 

of a cryogenic expander in replacement of a more common Joule-Thomson valve. A thermodynamic study has been carried out 15 

to optimize the process parameters with the aim of minimizing the energy consumption. This optimization study, starting from 16 

a reference case, allowed to identify an optimal case, which leads to a total energy saving of about 12 % compared to the 17 

reference case. Furthermore, considerations relating to the cryogenic expander, which is a key component of the system, have 18 

been done.  This device guarantees a higher thermodynamic efficiency than Joule-Thomson valve and it allows to integrate the 19 

produced shaft power into the process. This study represents a preliminary thermodynamic and parametric investigation on a 20 

low pressure LNG production process. The results of this study are the basis for the realization of a prototype which is actually 21 

under construction. Thus, further investigations by Authors will determinate the techno-economic feasibility of the optimized 22 

system also considering future experimental investigations.  23 

NOMENCLATURE 24 

A pressure losses coefficient [-] 25 

𝑎 conversion coefficient [m/ft] 26 

cp specific heat at constant pressure [kJ/kg] 27 

cv specific heat at constant volume [kJ/kg] 28 

D characteristic dimension [m] 29 

e total specific electric energy consumption [kJ/kg] 30 

g gravitational acceleration [m/s
2
] 31 

h enthalpy [kJ/kg] 32 

Had adiabatic head [m] 33 

k heat capacity ratio [-] 34 

ṁ mass flow rate [kg/s] 35 

N rotational speed [rpm] 36 

P power [kW] 37 

p pressure [bar] 38 

T temperature [°C] 39 

V volume flow rate [m
3
/s] 40 

x quality [-] 41 

Greek Symbols  42 

β pressure ratio [-] 43 

Δ difference [-] 44 

ε heat exchangers effectiveness [-] 45 

η efficiency [-] 46 

Subscripts and Superscripts 47 

1,…,15 process sections of main interest 48 

C compressor 49 
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chiller compression chiller 50 

exp expander 51 

is isentropic 52 

p polytropic  53 

s specific 54 

tot total 55 

Acronyms 56 

EER Energy Efficiency Ratio 57 

HE Heat Exchanger 58 

LNG Liquefied Natural Gas 59 

MTPA Million Tons Per Annum 60 

NG Natural Gas 61 

TV Throttle Valve 62 

1 INTRODUCTION 63 

The growth of global population and developing countries led to an increasing global energetic demand [1]. In the next 64 

decades, the renewable energy sources will cover only a small portion of this request, which will continue to be satisfied 65 

principally by fossil fuels [1]. With increasingly stringent legislation on environmental pollution, the Natural Gas (NG) will 66 

play a fundamental role [2]. Indeed, it is the most “eco-friendly” energy source among others fossil fuels [3-9]. In this scenario, 67 

where the NG will play a fundamental role, both for energy production and for transports, the Liquefied Natural Gas (LNG) 68 

will be a promising solution.  69 

The liquefaction process significantly increases the NG density; indeed the LNG density is about 600 times higher than that of 70 

NG [10], in this way the storage volumes are reduced, thereby facilitating the transport. With reference to ambient pressure, the 71 

boiling point of NG is about -162°C [11], then liquefaction process requires a cooling of the NG using various cryogenic 72 

processes. The main are:   73 

- cascade cycle: it is a succession of several compression cycles. The fluids used in the cascade process have a decreasing 74 

triple point temperature. This prevents freezing with cryogenic temperatures. This kind of process is relatively simple and 75 

reliable [12-17]; 76 

- mixed refrigerant cycle: it consists of a single stage cycle; the refrigerant is typically a mixture of methane, ethane, i-77 

butane, n-butane and nitrogen [18-24];  78 

- expander cycle: a compressor followed by an expander, which work with a single component gas stream, compose the 79 

refrigeration cycle [24-30].  80 

The processes described above are mostly used in large-scale plants, which have a capacity greater than 5 Million Tons Per 81 

Annum (MTPA) [31]. Typically, the LNG is produced by large-scale liquefaction plants and then transported by the means of 82 

LNG carriers. In Figure 1, the percentage of average capital costs for each step in the LNG value chain are shown [32].  83 

 84 

Figure 1 - Cost breakdown of the LNG value chain [32]. 85 

With technological improvements in recent years, small-scale plants become very interesting. A liquefaction plant is 86 

considered small-scale if it produces less than 1 MTPA of LNG [33]. This kind of plants are used for reasons that vary from 87 

limited space available for the installation to areas with low energy demand [34]. In small-scale NG liquefaction plants, single 88 
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mixed-refrigerant (SMR) [35] and N2 expander cycle [36] are the most widespread liquefaction processes. The SMR process 89 

efficiency strongly depends on the optimization of mixed refrigerant composition and on the ambient conditions [35], the 90 

power consumption of this process is usually lower than the N2 expander cycle. On the other hand, the efficiency of the latter is 91 

almost independent of feed gas condition. Moreover, nitrogen is a nonreactive refrigerant, then the safety is greater [37]. Yuan 92 

et al. have studied a small-scale NG liquefaction process adopting single nitrogen expansion with the aim of minimizing the 93 

unit energy consumption. They demonstrate that the system is compact, reliable and it shows a good adaptability to the feed 94 

gas condition [38]. He and Ju presented a novel NG liquefaction process that allows to liquefy, without energy consumption, 95 

part of NG employing the pressure exergy of the pipeline. The system efficiency depends on the pipeline pressure, if it is too 96 

low the process may not work [39]. Kim et al. proposed a LNG supply chain using liquid nitrogen for the NG liquefaction. 97 

This system allows to avoid related costs to regasification by an efficiently use of cold energy of both LNG and liquefied 98 

nitrogen. A key parameter of this process is the distance between the LNG and liquefied nitrogen production sites [37]. Jokinen 99 

et al. presented a mathematical model to optimize a small-scale LNG supply chain [40]. Differently from the above-mentioned 100 

works, the study presented in this paper is an optimization of small-scale LNG production plant, which is mainly focused on 101 

the device and parameters concerning the NG side. In particular, this solution is designed to be directly installed at the 102 

vehicle’s filling stations, in this way the costs relative to the transport of LNG are avoided. With reference to Figure 1, it must 103 

be highlighted that the transport costs are not negligible, then their avoidance implies a considerable economic saving. This 104 

paper is the development of Authors’ preliminary works [41,42], thus the results earlier obtained have been considered for the 105 

analysis carried out in this study. The peculiarity of the system described in this paper is the presence of a two-phase cryogenic 106 

expander, which replaces the more common Joule-Thomson valve in the lamination process. This configuration, how it will be 107 

demonstrated in the following paragraphs, leads to a lower energy consumption of the process. LNG cryogenic two-phase 108 

expander is a well-established technology in large-scale plants [43]; nevertheless, to the Authors’ knowledge, this solution is a 109 

novelty for a small-scale plant. In this paper a thermodynamic analysis has been carried out in order to find an optimal 110 

configuration of the system in terms of energy consumption. The Authors will assess the economic aspects in future studies 111 

because of the novelty of the process, referring to the small-scale LNG production, but mostly to the lack of information about 112 

the two-phase cryogenic expander, both in literature and in the market. 113 

The paper is structured as follows: section 2 presents the process description; section 3 illustrates the hypothesis made and the 114 

studied parameters; section 4 describes the parametric analysis results, starting from a reference case, moreover it is present a 115 

follow-up study about the cryogenic expander; finally, section 6 highlights concluding remarks. 116 

2 PROCESS DESCRIPTION 117 

The layout of the liquefaction process analyzed in this paper is shown in Figure 2. The natural gas, coming from the grid 118 

(section 1), is mixed with the gaseous stream extracted from the flash tank (12-15). The resulted stream (2) is compressed by a 119 

compression train (2-6). The compression is inter-cooled (3-4) and after-cooled (5-6) by air cooled heat exchangers. After the 120 

compression, the NG stream is firstly pre-cooled by heat exchanger HE-1 (6-7), by means of the stream coming from the flash 121 

tank as cold source. Afterwards, NG is cooled by a compression chiller (8) HE-2. Finally, the stream passes through HE-3, 122 

reaching the physical state (9). Thus, the NG stream crosses a two-phase cryogenic expander where its pressure and its 123 

enthalpy decrease (10). It should be highlighted that at the inlet of the expander (9) the NG stream is in the physical conditions 124 

of supercritical state, while at the outlet (10) it is in two-phase conditions. Passed the expander, the stream reaches a flash tank 125 

where the liquefied natural gas (11) is extracted to be stored, while the vapor fraction is used in the heat exchangers to cool 126 

down the main NG stream, with which it is finally mixed, as described above. It should be highlighted that valve TV, between 127 

sections (12) and (13), has been introduced for the parametric analysis that will be discussed in the following paragraphs. The 128 

valve is only required where the storage pressure (p10) and the NG feeding grid pressure (p1) are different (unless the pressure 129 

losses). 130 
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 131 
Figure 2 - Layout of natural gas liquefaction process. 132 

3 METHODOLOGY 133 

For the thermodynamic analysis of the liquefaction process, an in-house developed software has been realized. This software 134 

allows to simulate the entire process by calculating all the parameters useful to its characterization. The computation is based 135 

on iterative resolution of mass and energy balances calculated on each component of the system by the use of a trial-and-error 136 

procedure. 137 

In this software, a database of fluids [44] has been implemented. This allows to determinate the physical state of the fluid in 138 

each section of the process. The simulation is a steady-state analysis. 139 

The inputs required by the software for the computation are: 140 

 characteristic of NG stream (pressure, temperature…) coming from the grid (section 1); 141 

 compression ratios of the compressors (that determines the maximum pressure of the process); 142 

 polytropic (ηp) efficiency of compressors;  143 

 isentropic (ηis) efficiency of the expander; 144 

 the inter-cooling and after-cooling temperatures (T4 and T6); 145 

 the effectiveness (ε) of heat exchangers HE-1 and HE-3; 146 

 the outlet temperature of compression chiller (T8); 147 

 the EER – Energy Efficiency Ratio of the compression chiller; 148 

 the refrigeration fluid of the compression chiller; 149 

 the pressure drops for each heat exchanger (expressed as percentage of the inlet pressure);  150 

 pressure of the storage tank (p10); 151 

 the LNG mass flow rate at the outlet of the flash tank (ṁLNG, section 11); 152 

 153 

With these inputs the following parameters can be determined: 154 

 temperature, pressure, enthalpy, quality and mass flow rate in each section; 155 

 heat transfers; 156 

 specific electric energy consumption of the compressors (eC); 157 

 specific electric energy consumption of the compression chiller (echiller); 158 

 specific electric energy production of the expander (eexp); 159 

 total specific electric energy consumption of the system (etot). 160 

In detail  161 

 𝑒𝑡𝑜𝑡 = 𝑒𝐶 + 𝑒𝑐ℎ𝑖𝑙𝑙𝑒𝑟 − 𝑒𝑒𝑥𝑝 (1) 

 162 

where: 163 

- the specific electric energy consumption, introduced in [28] is expressed in [kJ/kgLNG] and defined as:  164 

 
𝑒 =  

𝑃𝑖
ṁ𝐿𝑁𝐺

 (2) 

where: 165 
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- Pi [kW] is the generic electric power required/produced by the i-component; 166 

- ṁLNG [kg/s] is the mass flow rate of LNG at the outlet of the flash tank (section 11). In the parametric analysis, ṁLNG is set 167 

to 1 kg/s to have a unit value. Moreover, this value assures to come under the category of small-scale plants (LNG 168 

production lower than 1 MTPA, which corresponds to a value close to 30 kg/s) [33]. 169 

3.1 Hypothesis 170 

For the analysis presented in this paper several assumptions have been made. All the hypothesis are summarized in Table 1. 171 

The NG composition is assumed to be 100% CH4. Therefore, percentages of different substances such as CO2, N2 or other 172 

hydrocarbons, have not been taken into account. Anyway, the resulting error in this assumption is negligible because Authors 173 

in a preliminary study [41] proved that the presence of these components does not significantly change the results. The same 174 

pressure drops are considered for each heat exchanger. The compression process is thought to be divided in two sections. This 175 

allows to reduce the energy consumption by using inter-cooling and after-cooling HE. To distribute the total compression ratio 176 

between the two compressors, an optimization criterion to minimize the specific compression work has been developed in [41]. 177 

This criterion takes into account the pressure drops through the heat exchangers. Thus for the first compressor of the 178 

compression train the design pressure ratio can be estimated as: 179 

 

𝛽1 = (
𝑇5

𝑇3
)

𝜂P

2
∙

𝑘
𝑘−1

∙
1

𝐴
∙ √𝛽tot (3) 

while for the second compressor the design pressure ratio can be estimated as: 180 

 𝛽2 =  
𝛽𝑡𝑜𝑡

𝛽1
⁄  (4) 

where: 181 

- βtot is the total compression ratio (p6/p2) [-]; 182 

- T is the temperature expressed in Kelvin [K]; 183 

- η
P is the polytropic efficiency of the compressors [-]; 184 

- k is the heat capacity ratio (cp/cv) for CH4; 185 

- A is a coefficient introduced to consider the pressure drops through the inter-cooler and the after-cooler. This coefficient is 186 

defined as: 187 

 

𝐴 =  
𝑝4

𝑝3⁄ =  
𝑝6

𝑝5⁄  (5) 

A detailed analytical demonstration of the above-written equation is presented in [41]. 188 

Table 1 - Input of the reference case of liquefaction process. 189 

Input variable symbol unit of measurement value 

NG composition - [-] 100% CH4 

Feed temperature of NG stream (section 1) T1 [°C] 20 

Feed pressure of NG stream (section 1) p1 [bar] 3.0 

Polytropic efficiency of the compressors η
P
 [-] 0.565 

Maximum pressure of the cycle (section 6) p6 [bar] 200 

Pressure drops in heat exchangers Δp [%] 2 

Inter-cooling and after-cooling exit temperature T4 = T6 [°C] 30 

Heat exchange efficiency of HE-1 and HE-3 ε [%] 70 

Outlet temperature of the chiller (section 8) T8 [°C] -50 

Energy Efficiency Ratio of the chiller EER [-] 1.1 

  Isentropic efficiency of the expander η
is
 [-] 0.7 

Mass flow rate of LNG (section 11) ṁLNG [kg/s] 1 

Storage pressure (section 10) p10 [bar] 3.1 

Electro-mechanical efficiency of the compressors η
em

 [-] 0.95 
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3.2 Parametric analysis 190 

In this paper, starting from the reference case of liquefaction process, described in the previous paragraph, a parametric 191 

analysis has been carried out. This analysis has the aim to find out the configuration of the system that leads to a minimum 192 

energy consumption. In particular, the influence of maximum cycle pressure (p6), storage pressure (p10), compression chiller 193 

outlet temperature (T8) and isentropic efficiency of the expander (ηis) has been analyzed. Considering the ease of the proposed 194 

system, these are the main parameters that can be evaluated, through a complete thermodynamic analysis, to find an optimal 195 

configuration of the process. In details: 196 

- maximum pressure of the process (p6) varies from 200 to 300 bar
1
; 197 

- storage pressure (p10) varies from 3 to 15 bar
1
; 198 

- outlet temperature of the compression chiller (T8) varies from -15 to -50 °C1; 199 

- isentropic efficiency of the expander (ηis) varies from 0 % (the expander is replaced with a Joule-Thomson valve) to 100 200 

% (ideal case). 201 

The trends of the influence of the studied parameters on the system performances are predictable. Since, a parametric analysis 202 

is suitable to find an optimal solution.  203 

In the analysis, these parameters have been varied one by one, while the others remain unchanged, in order to see the 204 

consequences related to the changes of each parameter. 205 

4 RESULTS 206 

In the following paragraphs, the results of the carried out parametric analysis are shown. Starting from the reference case, the 207 

thermodynamic state in each section of the process, the energy consumption and the heat exchanges are calculated. Afterwards, 208 

the results related to the optimal case, identified through the parametric analysis, are described. 209 

4.1 Reference case results 210 

The reference case layout is shown in Figure 2, while the relative thermodynamic diagram Log p-h is represented in Figure 3. 211 

In the reference case, the TV valve between section (12) and (13) has been ignored. This because the storage pressure (p10) is 212 

almost the same of the feed pressure of NG stream (p1). To be more precise, the storage pressure is 3.1 bar, a value slightly 213 

higher than the pressure in section 1, evidently due to the pressure losses between the storage tank and the mixer. This allows 214 

the vapor fraction, extracted by the flash tank, to overcome the pressure drops in the heat exchangers HE-3 and HE-1, reaching 215 

the same pressure of the feed NG stream. The results of the simulation are reported in Table 2, where the values of pressure, 216 

temperature, mass flow rate and quality, in each section, are indicated. Since a steady-state analysis has been considered, it can 217 

be noticed that the value of the mass flow rate in the inlet section (1) and in the outlet one (11) are the same. It is recalled that 218 

the value of ṁLNG is set to 1 kg/s, as specified in the hypothesis of the previous paragraph.  Table 3 shows the energy results in 219 

terms of specific electric energy consumption and heat transfer.  220 

Table 2 - Thermodynamic state in each section for the reference case. 221 

Section 
Pressure 

[bar] 

Temperature 

[°C] 
Mass Flow Rate 

[kg/s] 
Quality 

[-] 

1 3.0 20 1.000 - 

2 3.0 9 1.927 - 

3 26.0 284 1.927 - 

4 25.5 30 1.927 - 

5 203.7 304 1.927 - 

6 199.7 30 1.927 - 

7 195.8 7 1.927 - 

8 192.0 -50 1.927 - 

9 188.2 -67 1.927 - 

10 3.1 -145 1.927 0.481 

11 3.1 -145 1.000 0 

12 3.1 -145 0.927 1 

13 3.1 -145 0.927 1 

14 3.1 -76 0.927 - 

15 3.0 -2 0.927 - 

                                                           
1
 The proposed ranges are in line with the components available on the market. 
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Table 3 - Energy results for the reference case. 222 

Components 

Electric Energy 

Consumption  

[kJ/kgLNG] 

Electric Energy 

Production  

[kJ/kgLNG] 

Thermal 

Exchange 

[kJ/kgLNG] 

Compressors 2775 - - 

Compression chiller 407 - - 

Expander - 138 - 

Inter-cooler - - 1333 

After-cooler - - 1685 

Heat exchanger HE-1 - - 154 

Heat exchanger HE-3 - - 136 

TOTAL 3182 138 3308 

1

2

34

56789

1011 12≡13

15

14

 223 

Figure 3 - Thermodynamic diagram Log p-h of natural gas liquefaction process for the reference case. 224 

 225 

The vapor fraction sharply depends by the value of the quality at the outlet of the expander, (section 10). Since the produced 226 

LNG mass flow rate is set, a lower value of quality leads to a lower vapor mass flow rate. This means that the compressors and 227 

the heat exchangers work with a lower mass flow rate, then the total electric energy consumption decreases. The proposed 228 

process involves the use of a two-phase cryogenic expander, instead of the more common layouts that use a Joule-Thomson 229 

valve. The use of an expander has several key features: 230 

- the expansion implies an enthalpy reduction that means a lower value of the quality at the outlet section of the expander; 231 

- the thermodynamic efficiency of an expander is higher than the more common Joule-Thomson valve [45]; 232 

- the produced shaft power is integrated into the process; thus it minimizes the external electric energy consumption of the 233 

cycle; 234 

The position of heat exchangers in the plant ensures that the inlet temperature of the compression train (section 2) keeps higher 235 

than the minimum permitted temperature for the integrity of compressors. Based on manufacturer’s information, this minimum 236 

value is close to -10 °C. 237 

4.2 Parametric analysis results 238 

In this paragraph, the results of the parametric analysis are shown, with reference to the layout represented in Figure 2. The 239 

throttle valve, introduced between sections (12) and (13), allows to adjust the pressure set in the flash tank, to the one of the 240 

feeding grid. Starting from the study of the influence of the maximum cycle pressure (6) and of the compression chiller outlet 241 
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temperature (8), with storage pressure set to 3.1 bar (10), in Errore. L'origine riferimento non è stata trovata. is shown the 242 

total specific electric energy consumption of the system. In Figure A1 of Appendix A are respectively shown: a) specific 243 

electric energy consumption of the compressors, b) specific electric energy consumption of the chiller, c) specific electric 244 

energy produced by the expander, d) total specific electric energy consumption of the system. The specific electric 245 

consumption/production are referred to the mass of LNG produced. It can be seen that, the higher is the maximum pressure, the 246 

higher is the total electric consumption (Figure 4). Anyway, the energy consumption/production in the case with p6 = 300 bar 247 

it is only slightly higher than that in the case with p6 = 200 bar. Therefore, the maximum pressure of the cycle does not 248 

significantly influence the system performances in terms of energy consumption. Contrarily, the outlet temperature of the 249 

compression chiller (T8) has a key role. Indeed, especially for the electric energy consumption of the compressors, from Figure 250 

A1a it can be noticed that the lower is the T8, the lower is the electric energy consumption. For the reference case, considering 251 

a value of T8 = -15 °C, the electric energy consumption of the compressors is slightly less than 3800 kW. On the other hand, 252 

with T8 = -50 °C, a decrease up to less than 2800 kW is observed. This behavior is a consequence of the quality reduction at the 253 

outlet of the expander, caused by the decrease of the outlet temperature of the compression chiller showed in Figure 5 that will 254 

be hereunder examined. Figure A1b shows the electric consumption of the chiller. Obviously, the lower is the outlet 255 

temperature, the higher is the chiller consumption. From Figure A1c, it can be seen that the energy produced by the expander 256 

decreases with the reduction of the outlet temperature of the chiller. It should be emphasized that the energy 257 

consumption/production of the chiller and of the expander, if compared to the one of the compressor (Figure A1a), are of an 258 

order of magnitude lower.   259 

TheErrore. L'origine riferimento non è stata trovata. Figure 5 shows the trend of the quality at the outlet of the expander 260 

(10). As it can be seen the value of the quality decreases with the increase of maximum pressure and with the decrease of the 261 

outlet temperature of the chiller. A lower quality leads to a lower mass flow rate to be elaborated by compressors. Then, this 262 

would mean an energy saving. Conversely, the total energy consumption, necessary to reach higher pressure, and consequently 263 

to decrease the value of the quality, is greater than the benefits caused by a quality reduction. Indeed, as shown in Errore. 264 

L'origine riferimento non è stata trovata., the minimum of total energy consumption is achieved with a maximum pressure 265 

of 200 bar. 266 

3000

3100

3200

3300

3400

3500

3600

3700

3800

-50 -45 -40 -35 -30 -25 -20 -15

200 bar
225 bar
250 bar
275 bar
300 bar

S
p

e
c

if
ic

 e
le

c
tr

ic
 c

o
n

s
u

m
p

ti
o

n
 [

k
J

/k
g

L
N

G
]

T out chiller [°C]

Pressure 6

 267 

Figure 4 - Total specific electric energy consumption of the system as function of the outlet temperature of the chiller (T8) for 268 

several values of maximum pressure p6, with a set value of storage pressure p10 = 3.1 bar. 269 
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 270 

Figure 5 - Quality at the outlet of the expander (section 10) as function of the outlet temperature of the chiller (T8) for several 271 

values of maximum pressure p6, with a set value of storage pressure p10 = 3.1 bar. 272 

The sensitivity analysis on storage pressure influence shows that this parameter strongly affects the system performances. In 273 

this analysis the outlet temperature of compression chiller (T8) is set to the value of -50 °C. Figure 6 and Figure 7 respectively 274 

show the trend of the total specific electric energy consumption of the system and of the quality at the outlet of the expander 275 

(section 10), as function of the cycle maximum pressure (p6), for several values of the storage pressure (p10). Relatively to 276 

Figure 7, it can be noticed that, the higher is the storage pressure (p10), the lower is the quality at the outlet of the expander. 277 

This behavior can be explained analyzing the Log p-h diagram (Figure 3). The positive slope of the liquid saturation curve 278 

means that, considering two points with the same enthalpy, but at different pressures, inside the two-phase field, the one at 279 

higher pressure has a lower quality. The Figure 6 A2, in Appendix A, shows that an increase of the storage pressure leads to a 280 

lower energy consumption/production of the components. In detail, as it can be seen from Figure 6, the higher is the storage 281 

pressure, the lower is the total energy consumption of the system. Moreover, as stated above, it can be emphasized that the 282 

total energy consumption is relatively unaffected by maximum pressure of the cycle. Since the LNG mass flow rate is fixed to 283 

the value of 1 kg/s, the decrease of the quality caused by the increase of the storage pressure, leads to a lower vapor mass flow 284 

rate extracted by the flash tank. Therefore, the compressors, working with a lower mass flow rate, consume less energy. The 285 

trend of the mass flow rate through the expander is shown in Figure 8. As mentioned above, an increase of the cycle maximum 286 

pressure and of the storage pressure leads to lower value of the mass flow rate through the compressor and thus also through 287 

the expander. This implies a lower energy production by the expander. On the other hand, considering that the compression 288 

train is the device which weight more in terms of system energy consumption, it is advantageous to have a lower mass flow 289 

rate rather than favour the expander energy production.     290 
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Figure 6 - Total specific electric energy consumption of the system as function of maximum pressure p6, for several values of 292 

storage pressure p10 and a set value of T8 = -50 °C. 293 
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Figure 7 - Quality at the outlet of the expander (section 10) as function of maximum pressure p6 for several values of storage 295 

pressure p10 and a set value of T8 = -50 °C. 296 
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Figure 8 - Mass flow rate through the expander as function of maximum pressure p6 for several values of storage pressure p10 298 

and a set value of T8 = -50 °C. 299 

The trend of the total specific electric energy consumption of the system and of the quality at the outlet of the expander, as 300 

function of the outlet temperature of the chiller (T8), for several values of the storage pressure (p10) are respectively shown in 301 

Figure 9 and Figure 10. (In Figure A3 of Appendix A are shown the trends of the specific electric energy 302 

consumption/production of the various devices of the system). In this case too, it can be noticed that the lower is the T8 and the 303 

higher is p6, the lower will be the total electric energy consumption. The same reasoning applies to the trend of the quality 304 

(Figure 10). 305 
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Figure 9 - Total specific electric energy consumption of the system as function of outlet temperature of the chiller T8, for 307 

several values of storage pressure p10 and a set value of maximum pressure p6 = 200 bar.  308 
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Figure 10 - Quality at the outlet of the expander (section 10) as function of outlet temperature of the chiller T8, for several 310 

values of storage pressure p10 and a set value of maximum pressure p6 = 200 bar.  311 

As a result of the carried out parametric analysis, it has been identified an optimal system configuration, in terms of energy 312 

consumption. The optimal solution has been identified through the analysis of Figure 11 which represents the trend of the total 313 

specific electric energy consumption as function of the maximum pressure of the cycle (p6) and the storage pressure (p10), for 314 

several values of the chiller outlet temperature (T8). It can be noticed that this solution is achieved by working with a 315 

maximum cycle pressure of 200 bar, a storage pressure of 15 bar and with a compression chiller outlet temperature of -50 °C. 316 

The results related to the optimum case are summarized in  317 

  318 



13 

 

Table 4 and 319 

Table 5. 320 

 321 

Figure 11 - Total specific electric energy consumption of the system as function of maximum pressure of the cycle p6, storage 322 

pressure p10, for several values of outlet temperature of the chiller T8. 323 

  324 
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Table 4 - Thermodynamic state in each section for the optimum case. 325 

Section 
Pressure 

[bar] 
Temperature 

[°C] 
Mass Flow Rate 

[kg/s] 
Quality 

[-] 

1 3.0 20 1.000 - 

2 3.0 12 1.658 - 

3 26.0 288 1.658 - 

4 25.5 30 1.658 - 

5 203.7 305 1.658 - 

6 199.7 30 1.658 - 

7 195.8 11 1.658 - 

8 192.0 -50 1.658 - 

9 188.2 -63 1.658 - 

10 15.0 -115 1.658 0.397 

11 15.0 -115 1.000 0 

12 15.0 -115 0.658 1 

13 3.1 -136 0.658 - 

14 3.1 -76 0.658 - 

15 3.0 -1 0.658 - 

 326 

Table 5 - Energy results for the optimum case. 327 

Components 

Electric Energy 

Consumption  

[kJ/kgLNG] 

Electric Energy 

Production  

[kJ/kgLNG] 

Thermal 

Exchange 

[kJ/kgLNG] 

Compressors 2396 - - 

Compression chiller 375 - - 

Expander - 81 - 

Inter-cooler - - 1164 

After-cooler - - 1450 

Heat exchanger HE-1 - - 106 

Heat exchanger HE-3 - - 86 

TOTAL 2771 81 2806 

 328 

Comparing the results for the reference case and the optimum case, it can be noticed that the most influenced parameter is the 329 

electric consumption of the compressors. Contrarily, the electric energy consumption of the compression chiller and the energy 330 

produced by the expander slightly decrease. Comparing  331 

  332 
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Table 4 and Table 5, it can be noticed that also the heat exchanges are lower in the optimum case. This is due to the smaller 333 

mass flow rate. In Table 6 the comparison of the different case results is shown.  334 

Table 6 – Comparison between reference and optimum cases. 335 

 Reference 

case 

[kJ/kgLNG] 

Optimum 

case 
[kJ/kgLNG] 

Percentage 

variation  
[%] 

Compressor electric consumption 2775 2396 -14 

Chiller electric consumption 407 375 -8 

Expander electric production 138 81 -42 

Total electric consumption 3044 2690 -12 

 336 

The total electric consumption of the optimum case is reduced down to 12 % compared to the reference case. This is 337 

principally due to the decrease of the mass flow rate elaborated by the compressors, which decreases his value from 1.927 kg/s, 338 

of the reference case, to 1.658 kg/s, of the optimum case. In Figure 12 the thermodynamic diagram Log p-h for the optimum 339 

case is shown and compared with the reference case. 340 

 341 

Figure 12 - Thermodynamic diagram of the process obtained for the optimum case (in green) and comparison with the 342 

reference case cycle (dotted red line). 343 

With reference to Figure 12 it can be noticed that the process cycles related to the reference and optimum case are similar. The 344 

main differences start from point 9; in the reference case is at temperature of -67 °C, lower compared with the optimum case in 345 

which is -63 °C. The point 10, in the optimum case, has a pressure value of 15 bar, higher than the one of the reference case, 346 

where the storage pressure is set to 3.1 bar. Furthermore, in the optimum case, it can be seen the lamination process carried out 347 

by the valve installed between sections (12) and (13). 348 

Since a peculiarity of this paper is represented by the two-phase cryogenic expander, a detailed study for this component has 349 

been carried out. The using of this device has been considered to enhance the process efficiency.  350 

During the last decades, studies on cryogenic LNG expander have led to a development in the design and performance of this 351 

component. However, application for a two-phase expansion, such as the one described in this paper, is generally employed in 352 

large-scale plants, where vertical axis turbines are the most utilized [43]. For a small-scale case, in literature there are not many 353 

data about this component. Wang et al. [45], conducted a study to evaluate the performance of a cryogenic liquid turbine 354 

expander for liquefied nitrogen, which then works only in the liquid phase. The expander is a radial turbine consisting of an 355 

asymmetrical volute, variable stager vane nozzle ring, impeller and diffuser duct. The study considers a pressure ratio of the 356 

expander lower than 2 and a volume flow rate of 30 m
3
/h. Varying the flow rate, the maximum value of isentropic efficiency of 357 

the expander (ηis) is 78.8 %. In addition, M. Kanoğlu [46] analyzes thermodynamic aspects of a radial inflow reaction 358 

Reference case Optimum case
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cryogenic turbine, which works with LNG. The results show that the value of ηis varies from 60 to 78 %, respectively for 359 

volume flow rate through the expander of 865.8 m
3
/h and 985.7 m

3
/h. In the study of A. I. Prilutskii [47], a reciprocating piston 360 

expander for NG is analyzed. For mass flow rate of 3000 kg/h, the value of isentropic efficiency is 85 %. G. Habets and H. 361 

Kimmel [48] describe a method to estimate ηis knowing parameters like volumetric flow and rotational speed.  362 

In this paper, to evaluate the influence of the isentropic efficiency of the expander on the system performances, a parametric 363 

analysis has been carried out. In detail, the value of ηis varies from 0 to 100 %, while the other parameters are set as in the 364 

optimum case, analyzed in the preceding paragraph. Then, maximum cycle pressure is 200 bar, storage pressure is 15 bar and 365 

compression chiller outlet temperature is –50 °C. In Figure 13 and Figure 14, the trend of specific electric consumption and of 366 

the quality, as function of the isentropic efficiency of the expander (ηis), are shown. In more detail, the borderline case of ηis = 367 

0%, is representative of a system configuration where the expander is replaced by a Joule-Thomson valve, that leads to an 368 

isenthalpic expansion. Therefore, the expander energy production is equal to zero. While, when ηis = 100%, an ideal isentropic 369 

expansion is considered. Analyzing Figure 13 and Figure 14, it can be noticed that, as predictable, an increase of the 370 

isentropic efficiency leads to lower energy consumption, to a greater energy production of the expander and to lower values of 371 

the quality. These aspects are obviously tied, indeed, as already mentioned, a decrease of the quality involves a smaller system 372 

energy consumption. Furthermore, it can be pointed out that the power produced by the expander is significantly lower than the 373 

power requested by the compressors. 374 
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Figure 13 - Specific electric consumption/production as function of the isentropic efficiency of the expander. 376 
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 377 

Figure 14 - Quality at the outlet of the expander as function of the isentropic efficiency of the expander. 378 

Considering the difficulties to identify an existing machine that can perform a two-phase expansion with small mass flow, a 379 

compressor, modified to work in reverse as an expander, could represent a solution. The diagram represented in Figure 15 380 

(also known as Baljè diagram) is helpful for a preliminary selection of the expander [49]. In this diagram the specific speed NS 381 

and specific diameter DS are introduced. They are defined as follows: 382 

 
𝑁𝑆 =  

𝑁 ∙ √𝑉3
𝐻𝑎𝑑

0.75
∙ 𝑎−0.75 (6) 

   

 
𝐷𝑆 =  

𝐷 ∙ 𝐻𝑎𝑑
0.25

√𝑉3
∙ 𝑎0.25 (7) 

where: 383 

- N is the rotational speed [rpm]; 384 

- D is the characteristic dimension of the expander [m] (e.g. the piston diameter in a piston expander); 385 

- V3 is volume flow rate at the outlet of the expander [m
3
/s]; 386 

- 𝑎 is a conversion factor, its value is 0.3048 [m/ft]; 387 

- Had is the adiabatic head [m]. This parameter can be expressed as: 388 

 389 

 
𝐻𝑎𝑑 =  

𝛥ℎ𝑖𝑠
𝑔

 (8) 

where: 390 

- Δhis is the isentropic enthalpy difference between inlet and outlet section of the expander [J/kg]; 391 

- g is the gravitational acceleration [m/s
2
]. 392 

The curves in the diagram represent iso-efficiency lines for the different machine types (reciprocating expander, axial turbine, 393 

etc.). 394 
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 395 

Figure 15 - NS-DS turbine chart [48]. 396 

The NS-DS diagram can be used during a preliminary design phase to choose the most suitable expander for an application or 397 

also, knowing the type of expander and the operating conditions, for determining its performances.   398 

For example, knowing the operating conditions of the expander and either the reference length or the rotational speed, it is 399 

possible to determine NS or DS. At this point, the curve corresponding to the expander can be detected. Then, knowing NS or 400 

DS and the expander curve, the value of DS or NS can be find on the diagram. Finally, from this value it is possible to determine 401 

the rotational speed or the characteristic dimension of the expander. 402 

For the system analyzed in this paper, making use of Baljè diagram, some consideration on the choice of the most suitable 403 

typology of expander for this application can be done. As example, considering a LNG mass flow rate of 0.5 kg/s, assuming 404 

the employment of a piston expander with an efficiency of 80 % and a specific speed (NS) of 0.1, the value of rotational speed 405 

results about 400 rpm, while the value of the piston diameter is about 155 mm. On the other hand, to employ an axial expander 406 

much higher rotational speed values are required. Assuming an efficiency of the expander of 80 % and NS = 300 (unite of 407 

measure are in line with the diagram), it results a rotational speed of about 10
6 

rpm and a characteristic dimension close to 10 408 

mm. Then, it can be noticed that the axial expanders require very low characteristic dimension and very high rotational speed 409 

that imply a complexity of the machine not reasonable for low mass flow rate such as the one of the system studied in this 410 

paper.  411 

The problems related to a cryogenic application and a two-phase expansion will be more thoroughly assessed in future studies. 412 

5 CONCLUSIONS 413 

The aim of this study is the optimization of a small-scale plant for the liquefaction process of natural gas. This system is 414 

designed for plug & play application, in order to be used for the refueling of vehicles. Direct installation at filling stations 415 

would avoid the costs related to the liquefied natural gas transport.  416 

The peculiarity of the system proposed in this paper is the presence of a cryogenic expander instead of a more common Joule-417 

Thomson valve. This device allows to enhance the system efficiency, ensuring a higher liquid fraction at the end of expansion, 418 

if compared to a lamination valve. Moreover, it is possible to integrate into the process the produced shaft power. Starting from 419 

a reference case, a parametric analysis has been carried out. The key parameter considered for the optimization study is the 420 

total energy consumption of the system. Varying the maximum pressure of the cycle, the outlet temperature of the compression 421 

chiller and the storage pressure, an optimal configuration was found. The corresponding values of these parameters in the 422 

optimum case are the following: maximum pressure is 200 bar, outlet temperature of the chiller is -50 °C and storage pressure 423 

is 15 bar. The analysis points out the limited influence of the maximum pressure on the system performances. Contrarily, the 424 

outlet temperature of the chiller and the storage pressure are more influential parameters. Indeed, it can be noticed that the 425 

lower is the outlet temperature of the chiller, the lower is the quality at the outlet of the expander. The same effect on the 426 

quality can be obtained with the increase of the storage pressure. A lower quality leads to a lower vapor fraction extracted by 427 

the flash tank, which means a lower compression work, then an energy saving.    428 
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The optimum case results in a specific total electric energy consumption of 2690 kJ/kgLNG, lower if compared to the value 429 

obtained in the reference case that is 3044 kJ/kgLNG. Therefore, the energy saving is about 12 %. It has also been analyzed the 430 

influence of the isentropic efficiency of the expander on the system performances. As expected, the greater is the isentropic 431 

efficiency, the lower is total energy consumption. The lack of information in literature about application of two-phase 432 

cryogenic expander, such as the one analyzed in this paper, allows only a qualitative evaluation about the influence of the 433 

isentropic efficiency of the expander on the system performance. For this reason, the Baljè diagram has been introduced. This 434 

diagram is useful for a preliminary study, indeed it allows to assess what is the most suited typology of expander for the 435 

examined system. 436 

 437 
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APPENDIX A 550 

 551 

Figure A1 - Specific electric energy consumption/production of the components as function of the outlet temperature of the 552 

chiller (T8) for several values of maximum pressure p6, with a set value of storage pressure p10 = 3.1 bar. 553 
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 555 

Figure A2 - Specific electric energy consumption/production of the components as function of maximum pressure p6, for 556 

several values of storage pressure p10 and a set value of T8 = -50 °C. 557 
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 558 

Figure A3 - Specific electric energy consumption/production of the components as function of outlet temperature of the chiller 559 

T8, for several values of storage pressure p10 and a set value of maximum pressure p6 = 200 bar. 560 


