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11 ABSTRACT
12 In the next decades fossil fuels are expected to still play a fundamental role within the energy market, contemporarily to the 
13 increased exploitation of renewable energy sources. Among all fossil fuels, natural gas is predicted to be the key source to 
14 achieve the satisfaction of the forecasted increase in energy demand, due to its lower environmental impact. In particular, 
15 great attention is being paid on the transport sector where liquefied natural gas can be seen as an interesting opportunity. In 
16 this context, this paper aims to elaborate a novel solution for liquefied natural gas production directly at filling stations. With 
17 this purpose, in this work four different liquefaction process layouts will be proposed and analyzed, considering natural gas 
18 supply grid operating at middle pressure or at low pressure. The developed configurations will be analyzed by applying an in-
19 house developed calculation model, which enables to define the physical conditions in each section of the process and the 
20 energy fluxes of the plant.
21 In order to define a configuration which allows to minimize the process’ energy consumption, a parametric analysis has been 
22 carried out to evaluate and compare the performance of the proposed processes. With this purpose, several performance 
23 indicators have been defined and applied to the considered scenarios.
24
25 Keywords: Liquefied Natural Gas; small-scale production; filling station; energy performance evaluation; parametric analysis.

26 NOMENCLATURE
27 A pressure losses coefficient [-]
28 cP specific heat at constant pressure [kJ/kgK]
29 total specific electric energy consumption [kJ/kg]𝑒
30 HR* heat rate [-]
31 k heat capacity ratio [-]
32 LHV lower heating value [kJ/kg]
33 LHVR fuel residual lower heating value [kJ/kg]
34 ṁ mass flow rate [kg/s]
35 P electric power [kW]
36 p pressure [bar]
37 Q thermal power [kW]
38 S heat exchanger surface [m2]
39 T temperature [°C]
40 U global thermal exchange coefficient [kW/m2ˑ°C]
41 x quality [-]
42
43 Greek symbols
44  pressure ratio [-]
45 ε heat exchanger effectiveness [-]
46 η efficiency [-]
47 ρ fuel degradation index [-]
48
49 Subscripts and Superscripts
50 1,…,18 process sections of main interest
51 el electric
52 em electro-mechanical
53 POL polytropic
54 R residual
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55 ref reference
56 tot total
57
58 Acronyms
59 C1 Compression train #1
60 C2 Compression train #2
61 CNG Compressed Natural Gas
62 EER Energy Efficiency Ratio
63 HE Heat Exchanger
64 LNG Liquefied Natural Gas
65 NG Natural Gas
66 TV Throttle Valve
67

68 1. INTRODUCTION
69
70 In the last years, a sustainable energy production turn into a fundamental issue due to the forecasted increase in energy 
71 demand, with a predicted average rate of 0.9-1.6 % per year [1, 2]. Since its environmental impact is lower than other fossil 
72 fuels [2, 3], Natural Gas (NG) is expected to play a key role in the energy market for the years to come. In 2014, indeed, the 
73 International Energy Agency (IEA) estimated that – from 2014 to 2040 – the global demand of energy will grow by 37% and, 
74 contemporarily, the demand of NG will increase more than the 50% [2].
75 In transport sector, NG can be used either as Liquefied Natural Gas (LNG) or Compressed Natural Gas (CNG). However, LNG is 
76 preferable due to the lower required volume: compared to natural gas, indeed, the volume of LNG is 600 times inferior at 
77 ambient temperature, while the CNG volume is only 1% less of its original value [4]. On the other hand, if compared to diesel 
78 fuel, the LNG price results for about the 50% cheaper [5]. For these reasons, the employment of LNG will certainly increase in 
79 the next years and, in 2035, it is expected to account for the 15% of the total NG consumption [6].
80 At present, LNG is mainly produced in large-scale plants located close to the NG extraction sites. Here, the NG is treated after 
81 the extraction, in order to be purified from undesirable substances (i.e. acid gas, water, mercury, heavy hydrocarbon, etc.), 
82 and usually liquefied through of one of the following processes:
83
84 1. a cascade process, by means of Joule-Thompson valves and based on different pure refrigerants (usually three), working 
85 at different temperature levels [7-12];
86 2. a mixed refrigerant process, developed to decrease the amount of required equipment regarding to the cascade 
87 process. This liquefaction process is composed by a single cycle employing mixture of refrigerants (mainly nitrogen and 
88 hydrocarbons, such as methane, ethane and propane) [13-26];
89 3. an expander process, based on the use of expanders instead of Joule-Thompson valves [27-34].
90
91 On the other hand, small-scale LNG production facilities are currently rare and mainly realized in order to reduce the 
92 workload on gas reservoirs sites [35] or for offshore compact LNG production [36]; in particular, based on [37], the number is 
93 12 in 2015. Furthermore, this kind of plant is not common at refueling stations. Relating to the liquefaction process for small-
94 scale applications, at present the main applied technologies consist of N2 expander cycle and single-mixed refrigerant process 
95 (SMR) [38, 39]. The SMR process efficiency strongly depends on the optimization of mixed refrigerant composition and on 
96 the ambient conditions [38] and the power consumption of this process is usually lower than the N2 expander cycle one. On 
97 the other hand, the efficiency of the latter is almost independent of feed gas condition. Moreover, nitrogen is a nonreactive 
98 refrigerant, then the safety is greater [40]. Yuan et al. have studied a small-scale NG liquefaction process adopting single 
99 nitrogen expansion with the aim to minimize the unit energy consumption. They demonstrate that the system is compact, 

100 reliable and it shows a good adaptability to the feed gas condition [41]. In [42] a novel NG liquefaction process is presented: 
101 this process allows to liquefy, without energy consumption, part of NG employing the pressure exergy of the pipeline. 
102 However, the system efficiency depends on the pipeline pressure and if it is too low the process may not work [42]. Finally, 
103 Jokinen et al. presented a mathematical model for the optimization of a small-scale LNG supply chain [43], which is mainly 
104 focused on the device and parameters concerning the NG side. In particular, this solution is designed to be directly installed 
105 at the vehicle’s filling stations, in this way the costs relative to the transport of LNG are avoided.
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106 In this scenario, the idea of generating LNG directly at filling stations has been developed, in order to give a compact solution 
107 and to avoid the economic and environmental costs related to LNG transportation by ship, contemporarily promoting LNG as 
108 fuel in transport sector. Furthermore, with respect to the processes usually applied in small-scale applications, this study is 
109 aimed to the realization of simpler – and, as a consequence, less expensive – solutions that can be competitive in the future 
110 global energy scenario.
111 In particular, the proposed approach is thought as an alternative to the current habit of LNG filling stations, as it can be seen 
112 from Figure 1 (red dotted line), where the whole NG value chain – from the natural gas extraction to the final users – is 
113 summarized and presented. As it can be observed from the figure, the production of LNG at filling stations enables to 
114 eliminate the ship transportation, the secondary storage and the road transport of LNG: thus, even if a small-scale process 
115 presumably penalizes the conversion efficiency (with respect to large scale facilities), the environmental and energy related 
116 costs can be considerably reduced.
117 Obviously, the proposed idea can be seen not only as an alternative to the LNG production at the extraction sites, but also in 
118 addition to this habit: since the existing LNG plants are expected to be not enough to meet the increasing global need, in the 
119 next years the number of LNG production plants is predicted to significantly raise.
120 In Figure 2, the current global liquefaction plants are presented as function of their production capacity (expressed in MTPA-
121 Mega Tons Per Annum), revised and improved regarding to the Author’s outlook previously presented in [44]. From the 
122 figure it can be noted that the majority of the liquefaction facilities has a production capacity over 1 MTPA (that is the lower 
123 capacity limit for large-scale plants [45]), while only few plants can be classified as small-scale facilities.
124
125
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127 Figure 1 – NG value chain from extraction to final users.
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131 Figure 2 – Global LNG production plants and LNG production capacity [45, 46].
132
133 Hence, the aim of the paper is the definition of a liquefaction process for small-scale LNG production, with a parametric 
134 analysis carried out both to minimize the energy consumption and to limit operation and investment costs. Four possible 
135 configurations for the liquefaction plant will be presented, analyzed and discussed in the following paragraphs by applying an 
136 in-house developed calculation model and by considering several performance parameters. In more detail, two of the 
137 developed solutions consider a medium pressure NG grid supply: the difference between these two cases stands in the 
138 liquefaction process (provided respectively by a throttle valve or by a turbo-expander). The other two configurations, instead, 
139 consider a low pressure NG grid supply and differ for the storage pressure. The results obtained from the here presented 
140 analysis led to the realization of a prototype, owned by Ferrari Technology, being the basis for future evolutions.
141
142

143 2. REFERENCE CASE
144
145 Case MP1 – Medium Pressure NG grid and Joule-Thompson liquefaction process
146 The first layout considered for the analysis – shown in Figure 3 – is conceived to produce LNG with an isenthalpic Joule-
147 Thompson process from a middle pressure natural gas stream. This layout has been developed by Authors in [44], starting 
148 from a double Joule-Thompson configuration [47], with the aim to both realize a simpler and less expensive solution and 
149 reduce the energy consumption. The configuration presented in Figure 3 is the result of an analysis – in terms of compression 
150 trains configuration and heat exchanger position – aimed to the minimization of the process energy consumption
151 As it can be seen in Figure 3, the configuration is based on two different lines: a primary line, to produce the liquid fraction 
152 (LNG with low pressure and temperature, to be sent to the storage tank), and a secondary line for the recovery, 
153 recompression and recirculation of the residual NG vapor fraction. More in detail, the natural gas hailing from the 
154 distribution grid (section 1), mixed with a recirculation stream from the secondary line (18), is cooled in the heat exchanger 
155 HE 3 before entering into the first compression train C1 (3), where the pressure is increased reaching its maximum value (7). 
156 After the compression C1, the NG stream is then cooled in the heat exchangers HE 2 (section 8) and HE 1 (section 9) and the 
157 LNG is produced by the Joule-Thomson valve TV (section 10). The liquid fraction (11) is finally separated in the flash tank and 
158 sent to the storage tank, while the vapor fraction (12) is recirculated and compressed in the compression train C2 (18) before 
159 the mixing with the NG supply stream.
160
161
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163 Figure 3 – Layout for the liquefied natural gas production process by means of Joule-Thompson valve (Case MP1).
164
165
166 It must be pointed out that the low temperature vapor fraction coming from the flash tank provides for the cooling effect in 
167 the heat exchangers HE 1 and HE 3 before entering into the compression train C2. On the other hand, the cooling effect of 
168 the heat exchanger HE 2 is provided by a compression chiller working with ammonia (NH3) refrigeration fluid. Moreover, both 
169 the compression trains have been initially supposed to be inter-cooled and after-cooled with air cooled heat exchangers.
170 Based on the presented layout, a parametric analysis has been carried out in [39] involving the maximum pressure of the 
171 cycle (p7, ranging from 200 bar to 300 bar), the LNG storage pressure (p10, ranging from 3 bar to 15 bar) and the chilling 
172 temperature (T8, ranging between -20°C and -50°C). With this sensitivity analysis, the optimum values – within the 
173 considered ranges – for the before mentioned cycle's key parameters have been found and fixed, as presented in Table 1 
174 along with the remaining main input of the process.
175 In order to justify the final choice of the investigated parameters’ values, in Figure 4 and in Figure 5 (both already presented 
176 in [44]) are respectively shown the trends of the specific electric energy consumption of the process (considered in the 
177 following analysis as one of the main performance indicators) and the quality achieved at the end of the Joule-Thompson 
178 valve, as function of the maximum pressure of the cycle and of the LNG storage pressure. As it can be seen from the 
179 presented figures, the higher the maximum pressure of the cycle (p7), the lower the quality at the outlet of the Joule-
180 Thompson valve, while a weak effect can be seen on the specific electric energy consumption. On the other hand, for fixed 
181 p7, an increase in the throttle valve outlet pressure (p10) produces the decrease of the quality at the end of the Joule-
182 Thompson isenthalpic process and contemporarily a remarkable decrease in the specific electric energy consumption of the 
183 process. This evidence is due to the decrease in the mass flow rate required to produce 1 kg/s of LNG (fixed parameter, see 
184 Table 1), as a direct consequence of the quality decrease [44].
185 Since the results of the parametric analysis show that – in the considered range – the preferable value for the storage tank 
186 pressure is 15 bar, a further discussion about this parameter should be made. In fact, this value may seem quite high for a 
187 LNG vehicle: however, several producers already implement in their LNG vehicles storage tanks with a maximum allowed 
188 pressure comparable with the considered one. In particular, SCANIA [48] realizes LNG driven trucks able to operate with 
189 pressures until 16 bar. Furthermore, models D650 and D500 by HVM [49] – an Italian company that is one of the leaders in 
190 European market for the construction and repair of transportable cryogenic vessel – allow a maximum working pressure 
191 equal to 16 bar. Obviously, with respect to ambient pressure storage systems, major efforts have to be made for the vehicle 
192 safety in order to guarantee the operation with high pressure storage, but the technology is already available. In fact, it 
193 should be pointed out that these technologies, at present, are able to resist up to 16 bar, but are normally operated with 
194 lower pressure values: as a consequence, the possibility of boil-off gas formation becomes an important issue for the 
195 implementation of the proposed solution [50].
196 Finally, from the vehicles point of view, the introduction of a pressurized tank entails an additional load, which may decrease 
197 the transport efficiency.



6

198
199 Table 1 – Main parameters of the Joule-Thompson valve related liquefying process.

T1 [°C] 20
p1 [bar] 30
T3 [°C] -5
P7 [bar] 200

p18 [bar] 30
ηPOL,C (each compression) [-] 0.76(*)

ηem,C  (each compressor) [-] 0.90
HE1 effectiveness (ε) [-] 0.70

p10 [bar] 15
ṁLNG [kg/s] 1

EER of the HE2 chiller [-] 1.1
T8 [°C] -50

T5 = T7 = T16 [°C] 30
Pressure losses (each HE) [%] 2

Minimum pinch (each HE) [°C] 20
200 (*) Value of polytropic efficiency corresponding to a set of existing commercial machines.
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Figure 4 – Specific electric energy consumption as function 
of the LNG storage pressure p10 and of the maximum 
pressure of the cycle p7 [44].

Figure 5 – Quality achieved at the end of the Joule-
Thompson process as function of the LNG storage pressure 
p10 and of the maximum pressure of the cycle p7 [44].

203
204 Furthermore, one of the other results of the analysis presented in [44] indicates that the intercooling of the compression 
205 train C2 is not necessary, thus only the after-cooler has been finally considered for C2 (for completeness in Figure 3 both the 
206 inter-cooler and the after-cooler of the compressor C2 have been shown).
207 In this study, this before-developed configuration has been set as Reference Case to optimize the process, as presented and 
208 discussed in the following paragraphs.
209

210 3. CASE STUDIES
211
212 Case MP2 – Medium Pressure NG grid and turbo-expander liquefaction process
213 The second analyzed layout – presented in Figure 6 – considers a turbo-expander instead of the Joule-Thompson throttle 
214 valve, in order to further improve the performance of the process and to reduce the electric energy consumption. The 
215 remaining part of the layout is not modified with respect to the Case 1. An isentropic efficiency equal to the 70% [51] has 
216 been considered for the turbo-expansion process (see Table 2 for the main parameters of the process).
217
218
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221
222 Table 2 – Main parameters of the turbo-expander related liquefying process.

T1 [°C] 20
p1 [bar] 30
T3 [°C] -5
P7 [bar] 200

p16 [bar] 30
ηPOL,C (each compression) [-] 0.76(*)

ηem,C  (each compressor) [-] 0.90
HE1 effectiveness (ε) [-] 0.70

p10 [bar] 15
ṁLNG [kg/s] 1

EER of the HE2 chiller [-] 1.1
T8 [°C] -50

T5 = T7 = T16 [°C] 30
Pressure losses (each HE) [%] 2

Expander isentropic efficiency [-] 0.70
223 (*) Value of polytropic efficiency corresponding to a set of existing commercial machines.
224
225 Cases LP1 and LP2 - Low pressure NG grid
226 In this study also the case of producing LNG from natural gas hailed by a low pressure NG grid has been considered. This case 
227 is introduced in order to simplify the process’ layout and to realize an easy solution to be connected directly to the NG 
228 national grid’s low pressure terminals. For this reason and in order to reduce the plant’s investment costs, the presented 
229 layout do not consider the turbo-expander, but the liquefaction is provided again by means of the throttle valve. 
230 Furthermore, this study has been carried out in collaboration with Ferrari Technology Company, aiming for the realization of 
231 a prototype of this system.
232 For this case, two possible configurations, with different LNG storage pressures, are proposed: in the first one, Case LP1 
233 presented in Figure 7, the secondary line of the process doesn’t necessitate of the compression train C2, but – in order to 
234 maintain the same pressure of the previous cases for the produced LNG (i.e. 15 bar) – a further isenthalpic expansion (from 
235 section 12 to section 13 in Figure 7) is necessary to mix the residual vapor fraction exiting from the flash tank with the NG 
236 supplied from the network. The second proposed configuration (Case LP2 shown in Figure 8), instead, considers a production 
237 of LNG at the same pressure of the NG grid (obviously increased to overcome the pressure losses between the flash tank and 
238 the mixer). For this reason no Joule-Thompson valve or compressor are required in the secondary line.
239 The main assumptions for the carried-out simulations are presented in Table 3.
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247
248
249
250 Table 3 – Input of the low pressure NG grid related liquefying process.

Case LP1 Case LP2
T1 [°C] 20 20
p1 [bar] 3 3
P6 [bar] 200 200

ηPOL,C1 [-] 0.76(*) 0.76(*)

ηem,C1 [-] 0.90 0.90
HE1 effectiveness (ε) [-] 0.70 0.70

p10 [bar] 15 3.12
ṁLNG [kg/s] 1 1

EER of the HE2 chiller [-] 1.1 1.1
T8 [°C] -50 -50

T4 = T6 [°C] 30 30
Pressure losses (each HE) [%] 2 2

251 (*) Value of polytropic efficiency corresponding to a set of existing commercial machines.
252
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253 4. CALCULATION MODEL AND ASSUMPTIONS
254
255 Calculation model
256 The thermodynamic analysis of the LNG production processes have been carried out with a calculation model, specifically 
257 developed in Visual Basic for Application (VBA) environment. This calculation model, on the basis of an iterative resolution of 
258 mass and energy balances for each component of the plant, enables to evaluate the physical conditions in each section of the 
259 layout and the process energy fluxes. Furthermore, the FluidProp [52] database is implemented into the calculation code for 
260 the thermodynamic properties of the NG streams.
261 In greater detail, the developed model requires the following input data (see Figure 3 for the sections identification 
262 numbers):
263  the supply NG composition, pressure and temperature (section 1);
264  the HE 3 heat exchanger effectiveness or, alternatively, the temperature in the section 3;
265  the outlet pressures of the compressors C1 and C2 (i.e. the pressure ratio);
266  the polytropic (ηPOL) and electro-mechanic (ηem) efficiencies of the compressors C1 and C2;
267  the effectiveness (ε) of the heat exchanger HE 1;
268  the throttle valve’s outlet pressure (p10);
269  the LNG mass flow rate to the storage tank (ṁLNG);
270  the Energy Efficiency Ratio (EER) of the compression chiller and the desired temperature in the section 8;
271  the inter-cooling and after-cooling temperatures;
272  the pressure losses for each heat exchanger of the layout.
273
274 Then, on the basis of these input, the following outputs are given:
275  physical conditions (pressure, temperature, enthalpy and quality) and mass flow rate in each section of the process;
276  thermal energy exchanged by each heat exchanger;
277  specific work and electric power required by each compressor;
278  electric power required by the compression chiller;
279  specific work and electric power generated by the expander (when present).
280
281
282 Hypothesis and assumptions
283 In addition to the input parameters, given in the previous section for each case, the developed calculation model requires 
284 some other assumptions as described in the following of this paragraph.
285 First of all, the natural gas composition of the stream coming from the grid must be specified. For the sake of simplicity, the 
286 analysis has been developed by considering 100% of CH4 for the NG composition. This simplifying hypothesis has been 
287 assumed starting from typical natural gas composition [53] and testing the weak effect of the other components (water, 
288 carbon dioxide, hydrocarbons, etc.). In more detail, the natural gas coming from the Italian national grid is completely lacking 
289 of H2O [53], due to the removal directly at the extraction sites. Similarly, the carbon dioxide is usually separated after the 
290 extraction by means of absorption processes, cryogenic distillation or selective membrane systems [54].
291 The effect of other possible components (such as ethane, propane and iso-butane) has been finally taken into account only 
292 monitoring the process temperatures (i.e. considering the process sections of components’ condensation).
293 Furthermore, as already explained, both the compression trains have been initially supposed to be inter-cooled and after-
294 cooled with air cooled heat exchangers. Relating to the compression train C1, it must be considered that the presence of 
295 inter-cooling and after-cooling steps implies the split of the total required pressure ratio (tot,C1) between the two 
296 compression stages. In this study, the minimum compression specific work criterion – including the pressure losses due to 
297 the inter-cooling and the after-cooling heat exchangers – has been applied. Thus, relating to the layout of Case MP1 (see 
298 Figure 3) for the considered sections numbers, for the compression train C1 stands:
299

300 [E1]𝛽1,𝐶1 =
𝑝4

𝑝3
=  

1
𝐴

𝛽𝐶1 (𝑇5

𝑇3)
𝑘

𝑘 ‒ 1 𝜂𝑃𝑂𝐿

301

302 [E2]𝛽2,𝐶1 =  
𝛽𝑡𝑜𝑡,𝐶1

𝐴𝛽1,𝐶1

303
304 where:

305 -  is the external pressure ratio of the compression train C1;𝛽𝐶1 =
𝑝7

𝑝3
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306 - ;𝛽𝑡𝑜𝑡,𝐶1 =
𝑝6

𝑝3

307 - the coefficient  has been introduced to consider the pressure losses through the inter-cooler and the after-cooler 𝐴

308 exchangers and it is defined as .𝐴 =
𝑝5

𝑝4
=

𝑝7
𝑝6

309
310 For the sake of simplicity, in this study it is assumed that the same percentage pressure drop (equal to the 2%, see Tables 1, 2 
311 and 3) occurs throughout each of the heat exchangers, as it can be easily understood from the definition of the coefficient  𝐴
312 (then  is equal to 0.98).𝐴
313 The analytical demonstration of the above-written equations is presented in [44].
314 Relating to the compression train C2, instead, the same criterion has been utilized at the beginning of the analysis to split the 
315 total pressure ratio between the two stages. Since the results presented in this study refer to the optimized cases without 
316 the need of the inter-cooling, the expressions of the pressure ratios for the compression train C2 are not presented here.
317
318
319 Performance indicators
320 With the aim to evaluate and compare the performances of the proposed processes, three different indexes have been 
321 defined in [44] as follows:
322
323 1. total specific electric energy consumption (e), expressed in [kJ/kg] and defined as:
324

325 [E3]𝑒 =
𝑃𝑒𝑙

𝑚𝐿𝑁𝐺

326
327 being  [kW] the electric power required by the whole liquefaction process and  [kg/s] the LNG produced mass flow 𝑃𝑒𝑙 𝑚𝐿𝑁𝐺
328 rate;
329
330 2. fuel residual lower heating value ( ), expressed in [kJ/kg] and defined as:𝐿𝐻𝑉𝑅
331

332 [E4]𝐿𝐻𝑉𝑅 = 𝐿𝐻𝑉 ‒
𝑒

𝜂𝑒𝑙,𝑟𝑒𝑓
= 𝐿𝐻𝑉 ‒ 𝑒 ∙ 𝐻𝑅 ∗

𝑟𝑒𝑓

333
334 where:  [-] is the reference electrical efficiency that allows to convert the total specific electric energy consumption (e) 𝜂𝑒𝑙,𝑟𝑒𝑓
335 into the corresponding specific primary energy introduced with fuel;  [-] is the reference heat rate defined as 𝐻𝑅 ∗

𝑟𝑒𝑓 𝐻𝑅 ∗
𝑟𝑒𝑓

336 ; , expressed in [kJ/kg], is the Lower Heating Value of the fuel.= 1 𝜂𝑒𝑙,𝑟𝑒𝑓 𝐿𝐻𝑉
337
338 3. fuel degradation index ( ), that is a non-dimensional parameter defined as:𝜌
339

340 [E5]𝜌 =
𝐿𝐻𝑉𝑅

𝐿𝐻𝑉 =
𝐿𝐻𝑉 ‒ 𝑒 ∙ 𝐻𝑅 ∗

𝑟𝑒𝑓

𝐿𝐻𝑉 = 1 ‒ 𝑒 ∙
𝐻𝑅 ∗

𝑟𝑒𝑓

𝐿𝐻𝑉
341
342 representing the fuel loss in energy content due to the liquefaction transformation.
343 The first of the proposed performance indicators, namely the total specific electric energy consumption (e), is obviously 
344 essential in order to evaluate and compare the electricity consumption (and consequently the related costs) of the different 
345 proposed configurations. On the other hand, the last two indexes are essential for a thermodynamic evaluation on the fuel 
346 obtained after the liquefaction process. As well known, indeed, the thermodynamic properties of the LNG are not the same 
347 as the ones of the NG which it is derived from: in particular, the liquefaction transformation produces a decrease in the LHV, 
348 that means a degradation of the fuel with respect to its starting condition.
349 In the present study, these indicators have been applied to the different proposed layout in order to estimate and compare 
350 the performance of the liquefaction processes.
351
352

353 5. RESULTS AND DISCUSSION
354
355 The thermodynamic diagrams Log P-h of the liquefaction process’ transformations are presented in Figure 9 and in Figure 10, 
356 respectively for the middle pressure and for the low pressure supply grid cases. In particular, the quality achieved at the end 
357 of the liquefaction process (namely the quality at the flash tank) – which is linked to the temperature and to the pressure 
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358 achieved at the outlet of the heat exchanger HE 1 – is a fundamental parameter to evaluate the performance of the process. 
359 Being fixed the mass flow rate of LNG to be sent to the storage tank (1 kg/s), indeed, the achieved quality has a direct impact 
360 on the mass flow rate circulating on the primary and on the secondary lines and, consequently, also on the electric energy 
361 consumption of the compressors. More in detail, the lower is the quality the lower is the mass flow rate required to produce 
362 1 kg/s of LNG, thus a benefit on the electric consumption can be reached (being fixed all the other cycle’s parameters).
363 As it can be seen from the diagrams in Figure 9 and in Figure 10, the Case MP2 allows to achieve the lowest quality (equal to 
364 0.403) compared to the other presented configurations. The quality achievable with the Case MP1 (0.510) and with the Case 
365 LP1 (0.498), indeed, from the figures results clearly closer to the saturation vapor curve than Case MP2. Relating to the Case 
366 LP2, instead, from the diagram the increase in the quality results less evident due to the different pressure reached at the 
367 end of the expansion process, but the analysis shows for this configuration a quality equal to 0.601. As already explained, in 
368 order to realize an easy and not expensive solution, in this study the turbo-expander has not been considered in the case of 
369 low pressure supply grid. However, future works will investigate also this possibility due to the expected achievable 
370 improvement of the performance.
371 For completeness, the physical conditions (pressure, temperature and quality) in each section of the process are reported in 
372 Appendix A, along with the circulating mass flow rates.
373
374
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376 Figure 9 – Thermodynamic diagram of the process obtained for the Case MP1 (red line) and for the Case MP2 (in green).
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379 Figure 10 – Thermodynamic diagram of the process obtained for the Case LP1 (blue line) and for the Case LP2 (black line).
380
381
382 The electrical energy results obtained from the analysis of the considered cases are presented in Table 4: these results 
383 represent the electric power for each kg/s of LNG produced, thus they can be considered as specific energy. In particular, the 
384 total specific electric energy consumption – that is the performance indicator named , also plotted in Figure 11 – is listed 𝑒
385 along with the separate contribution of the compression train C1, the compression train C2 and the chiller.
386 As it can be seen, the case with the lower achieved quality (Case MP2) is also the case with the lower specific electric energy 
387 consumption: the introduction of the turbo-expander instead of the throttle valve, indeed, allows to considerably decrease 
388 the process consumption, obtaining an electric energy saving of about the 19%. Furthermore, the power produced by means 
389 of the expander could be eventually recovered and employed for internal process consumptions, enabling to achieve a 
390 decrease in the need of electric energy from the external grid equal to the 24%.
391 Relating to the low pressure NG grid cases, from the table it can be noted that the total specific electric energy consumption 
392 results always higher than the one of the cases with 30 bar at the NG feed-in, even if the compressor in the secondary line 
393 has been eliminated. This evidence can be easily explained if considering the different pressure ratios: the maximum 
394 pressure of the cycle, indeed, has been maintained constant for all the analyzed cases, thus the compressor’s work 
395 considerably increases when the inlet pressure passes from a value of 30 bar (Case MP1 and Case MP2) to a value equal to 3 
396 bar (Cases LP1 and LP2). In any case, the consumption increase is lower for the layout with two Joule-Thompson valves (Case 
397 LP1), due to the lower quality compared to Case LP2. Furthermore, this trend confirms [44] that high pressure LNG storage 
398 allows to improve the performance of the cycle relating to low pressure LNG storage.
399 In addition, with respect to the usual electric energy consumption of large-scale facilities (equal to about 1200÷1300 kJ/kgLNG 
400 [36]), Case MP2 results comparable, while the low pressure configurations have an energy consumption two or three times 
401 higher than the large-scale typical one.
402
403
404 Table 4 – Electric energy results of the analyzed cases.

Case MP1 Case MP2 Case LP1 Case LP2
Compressor 1 electric consumption (PC1) [kJ/kgLNG] 1079 885 2795 3485
Compressor 2 electric consumption (PC2) [kJ/kgLNG] 209 143 - -
Chiller electric consumption (Pchiller) [kJ/kgLNG] 583 479 470 557
Total specific electric consumption ( )𝒆 [kJ/kgLNG] 1871 1506 3265 4041
Expander electric production (PE1) [kJ/kgLNG] - 81 - -
Total net electric consumption [kJ/kgLNG] 1871 1425 3265 4041

405
406
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408 Figure 11 – Total specific electric energy consumption ( ) of the analysed cases.𝑒
409
410
411 For what concerns the thermal energy fluxes of the process, instead, the results are presented in Table 5. Passing from the 
412 Case MP1 with the throttle valve to the Case MP2 with the turbo-expander, a decrease in the heat exchanged by both HE1 
413 and HE3 can be seen, thanks to the reduction of the mass flow rate (reduction of the quality). This obtained decrease causes 
414 a variation in the temperature level at the inlet of the compressor C2 (i.e. T14 increases), producing further benefits. Since for 
415 Case MP1 the temperature T14 results very low (close to the lower limit for the integrity of compressors, reported by the 
416 main compressors’ manufacturers), indeed, this variation is an important advantage.
417 Another effect of the increase of the temperature T14 is a slight increase in the heat exchanged by the after-cooler AC-C2 for 
418 fixed mass flow rate through to be cooled (in the considered cases the mass flow rate through C2 in Case MP2 is lower than 
419 in Case MP1, thus the heat exchanged by AC-C2 is almost the same for the two configurations). On the other hand, relating to 
420 the compression train C1, the decrease of the inter-cooling and of the after-cooling loads is mainly due to the decreases of 
421 the mass flow rate.
422 As already seen for the electric energy considerations, Cases LP1 and LP2 should be considered separately, in particular 
423 regarding the inter-cooler and the after-cooler exchange. The higher mass flow rates and the higher temperature at the end 
424 of the first compression stage of C1, indeed, cause the need to remove substantial quantities of heat. The heat exchanged by 
425 HE1 and HE3 is comparable with those discussed for the other two cases.
426 Furthermore, in order to provide more information about the thermal exchange in the heat exchangers HE1 and HE3, in 
427 Figure 12 a comparison of the coefficient US (i.e. the product between the global heat exchange coefficient U and the 
428 exchange surface S) between the analyzed cases is presented. Generally speaking, from a thermodynamic point of view, to 
429 have high values of US is a desirable condition: since the coefficient US is expressed in kW/°C, indeed, the higher is US the 
430 higher is the heat exchange for a given temperature difference. In the considered analysis several factors contribute to the 
431 heat exchange, thus the product US can give an idea of the exchange quality but cannot be considered as a major parameter 
432 for the choice of the best performing case.
433
434
435 Table 5 – Thermal energy results of the analyzed cases.

Case MP1 Case MP2 Case LP1 Case LP2
QHE1 [kJ/kgLNG] 122 79 130 221
QHE3 [kJ/kgLNG] 144 114 106 171
QIC-C1 [kJ/kgLNG] 524 481 1450 1766
QAC-C1 [kJ/kgLNG] 575 508 1542 1941
QAC-C2 [kJ/kgLNG] 105 102 - -
IC+AC thermal exchange [kJ/kgLNG] 1204 1091 2992 3707
Total thermal exchange [kJ/kgLNG] 1470 1284 3228 4099

436
437
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439 Figure 12 – Comparison of the product US for the heat exchangers HE1 and HE3 in the analyzed cases.
440
441
442 Finally, in Figure 13 and in Figure 14 respectively, the residual lower heating value of the fuel ( ) and the fuel 𝐿𝐻𝑉𝑅
443 degradation index ( ) are presented for the analyzed cases. In more detail, for the calculation of  and of  the 𝜌 𝐿𝐻𝑉𝑅 𝜌
444 following assumptions have been made: the reference electrical efficiency ( ) is supposed to be equal to 0.55 (i.e. a 𝜂𝑒𝑙,𝑟𝑒𝑓
445 typical combined cycle has been considered as reference generation system) and the LHV of the reference fuel has been set 
446 equal to 50˙000 kJ/kg (natural gas). Furthermore, it must be highlighted that – relating to Case MP2 – the positive contribute 
447 of the expander produced power has not been considered for the indexes calculation, in order to have a comparison 
448 between the cases as much as possible under equal conditions.
449 As it can be seen from the figures, Case MP2 presents the higher values of  and , thus it is confirmed as the most 𝐿𝐻𝑉𝑅 𝜌
450 performing solution between the proposed configurations.
451
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454 Figure 13 – Residual Lower Heating Value ( ) of the analysed cases.𝐿𝐻𝑉𝑅
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457 Figure 14 – Fuel Degradation Index ( ) of the analysed cases.𝜌
458
459

460 6. CONCLUDING REMARKS
461
462 Since in the next years the global energy demand is expected to continuously grow, fossil fuels are predicted to still play an 
463 essential role even if the penetration of renewable energy sources is increasing. In particular, natural gas is the most 
464 promising solution – due to its lower environmental impact than other fossil fuels – and LNG can be considered a viable 
465 solution for vehicular applications thanks to the reduction of volumes. Currently, the main LNG production plants are located 
466 nearby the extraction sites and the LNG is then transported by ship to final users (when no regasification occurs).
467 In this scenario, this paper aims to define a small-scale configuration to produce LNG at refueling station, in order to be 
468 directly used in vehicular sector.
469 With this purpose four different configurations for LNG production have been proposed: in the Case MP1 the liquefaction is 
470 provided by means of a Joule-Thompson valve, while in the Case MP2 by means of a turbo-expander (both these two cases 
471 consider a natural gas grid operating with a pressure equal to 30 bar); on the other hand, Case LP – divided into two 
472 configurations (Case LP1 and Case LP2) depending on the LNG storage pressure – considers the natural gas grid working at 3 
473 bar. The developed liquefaction configurations have been analyzed with an in-house developed software, in order to 
474 determine and compare the processes performance. In particular, various performance indicators have been introduced and 
475 applied. Comparing the four developed configurations, the analysis shows that the Case MP2 seems to be the most promising 
476 solution, due to its lower specific electric energy consumption (equal to about 1400 kJ/kgLNG, a value comparable with large-
477 scale facilities consumption) and its higher LNG residual lower heating value (equal to around 47˙000 kJ/kg). If considering 
478 separately the low pressure cases, instead, the analysis confirms the great influence of the LNG storage pressure on the 
479 whole process consumption and fixes the Case LP1 as preferable configuration for low pressure NG supply grids.
480 Furthermore, the obtained thermodynamic results suggest the need of deep economic analysis which will be the object of 
481 future studies.
482
483
484
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587 APPENDIX A
588
589
590 Table A1 – Physical conditions and mass flow rates in each section of the process – Case 1.

Plant 
Section

Mass Flow Rate 
[kg/s]

Temperature
[°C]

Pressure
[bar]

Quality
[-]

1 1.00 20 30.0 -
2 2.04 25 30.0 -
3 2.04 -5 29.4 -
4 2.04 122 94.5 -
5 2.04 30 92.7 -
6 2.04 118 203.9 -
7 2.04 30 200.0 -
8 2.04 -50 196.0 -
9 2.04 -65 192.2 -
10 2.04 -115 15.0 0.510
11 1.00 -115 15.0 0
12 1.04 -115 15.0 1
13 1.04 -71 14.7 -
14 1.04 -11 14.4 -
15 1.04 22 20.2 -
16 1.04 22 19.7 -
17 1.04 71 30.6 -
18 1.04 30 30.0 -

591
592
593 Table A2 – Physical conditions and mass flow rates in each section of the process – Case 2.

Plant 
Section

Mass Flow Rate 
[kg/s]

Temperature
[°C]

Pressure
[bar]

Quality
[-]

1 1.00 20 30.0 -
2 1.67 24 30.0 -
3 1.67 -5 29.4 -
4 1.67 133 94.5 -
5 1.67 30 92.7 -
6 1.67 125 203.9 -
7 1.67 30 200.0 -
8 1.67 -50 196.0 -
9 1.67 -62 192.2 -
10 1.67 -115 15.0 0.403
11 1.00 -115 15.0 0
12 0.67 -115 15.0 1
13 0.67 -71 14.7 -
14 0.67 2 14.4 -
15 0.67 92 30.6 -
16 0.67 30 30.0 -

594
595
596
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597 Table A3 – Physical conditions and mass flow rates in each section of the process – Case 3a.
Plant 
Section

Mass Flow Rate 
[kg/s]

Temperature
[°C]

Pressure
[bar]

Quality
[-]

1 1.00 20 3.0 -
2 1.99 -3 3.0 -
3 1.99 295 32.2 -
4 1.99 30 31.6 -
5 1.99 275 203.9 -
6 1.99 30 200.0 -
7 1.99 15 196.0 -
8 1.99 -50 192.2 -
9 1.99 -67 188.4 -
10 1.99 -115 15 0.498
11 1.00 -115 15 0
12 0.99 -115 15 1
13 0.99 -136 3.12 -
14 0.99 -76 3.06 -
15 0.99 -26.5 3.0 -

598
599
600
601 Table A4 – Physical conditions and mass flow rates in each section of the process – Case 3b.

Plant 
Section

Mass Flow Rate 
[kg/s]

Temperature
[°C]

Pressure
[bar]

Quality
[-]

1 1.00 20 3.0 -
2 2.50 -8 3.0 -
3 2.50 287 32.2 -
4 2.50 30 31.6 -
5 2.50 275 203.9 -
6 2.50 30 200.0 -
7 2.50 10 196.0 -
8 2.50 -50 192.2 -
9 2.50 -73 188.4 -
10 2.50 -146 3.12 0.601
11 1.00 -146 3.12 0
12 1.50 -146 3.12 1
13 1.50 -79 3.06 -
14 1.50 -26.5 3.0 -

602
603
604
605
606
607
608


