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ABSTRACT

With the increase of global energy demand, the natural gas will play a key role both for energy production and for transports.
Typically, natural gas is extracted and liquefied in large-scale plants to be later transported by ship or, when it is possible, by
pipeline. In this study, a plug & play solution for natural gas liquefaction to be directly installed at the vehicle’s filling stations,
in order to avoid the transport costs of liquefied natural gas, is analyzed. The system analyzed in the paper consists in a single
stage expansion process and the aim of the study is to improve the small-scale liquefaction process efficiency through the use
of a cryogenic expander in replacement of a more common Joule-Thomson valve. A thermodynamic study has been carried out
to optimize the process parameters with the aim of minimizing the energy consumption. This optimization study, starting from
a reference case, allowed to identify an optimal case, which leads to a total energy saving of about 12 % compared to the
reference case. Furthermore, considerations relating to the cryogenic expander, which is a key component of the system, have
been done. This device guarantees a higher thermodynamic efficiency than Joule-Thomson valve and it allows to integrate the
produced shaft power into the process. This study represents a preliminary thermodynamic and parametric investigation on a
low pressure LNG production process. The results of this study are the basis for the realization of a prototype which is actually
under construction. Thus, further investigations by Authors will determinate the techno-economic feasibility of the optimized
system also considering future experimental investigations.

NOMENCLATURE

A pressure losses coefficient [-]

a conversion coefficient [m/ft]

Cp specific heat at constant pressure [kJ/kg]
Cv specific heat at constant volume [kJ/kg]
D characteristic dimension [m]

e total specific electric energy consumption [kJ/kg]
g gravitational acceleration [m/s?]

h enthalpy [kJ/kg]

Hag adiabatic head [m]

k heat capacity ratio [-]

m mass flow rate [kg/s]

N rotational speed [rpm]

P power [kW]

p pressure [bar]

T temperature [°C]

\Y volume flow rate [m®/s]

X quality [-]

Greek Symbols

B pressure ratio [-]

A difference [-]

€ heat exchangers effectiveness [-]
n efficiency [-]

Subscripts and Superscripts
1,...,15 process sections of main interest
C compressor
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chiller  compression chiller
exp expander

is isentropic
p polytropic
s specific
tot total
Acronyms

EER  Energy Efficiency Ratio
HE Heat Exchanger

LNG  Liquefied Natural Gas
MTPA Million Tons Per Annum
NG Natural Gas

TV Throttle Valve

1 INTRODUCTION

The growth of global population and developing countries led to an increasing global energetic demand [1]. In the next
decades, the renewable energy sources will cover only a small portion of this request, which will continue to be satisfied
principally by fossil fuels [1]. With increasingly stringent legislation on environmental pollution, the Natural Gas (NG) will
play a fundamental role [2]. Indeed, it is the most “eco-friendly” energy source among others fossil fuels [3-9]. In this scenario,
where the NG will play a fundamental role, both for energy production and for transports, the Liquefied Natural Gas (LNG)
will be a promising solution.

The liquefaction process significantly increases the NG density; indeed the LNG density is about 600 times higher than that of
NG [10], in this way the storage volumes are reduced, thereby facilitating the transport. With reference to ambient pressure, the
boiling point of NG is about -162°C [11], then liquefaction process requires a cooling of the NG using various cryogenic
processes. The main are:

- cascade cycle: it is a succession of several compression cycles. The fluids used in the cascade process have a decreasing
triple point temperature. This prevents freezing with cryogenic temperatures. This kind of process is relatively simple and
reliable [12-17];

- mixed refrigerant cycle: it consists of a single stage cycle; the refrigerant is typically a mixture of methane, ethane, i-
butane, n-butane and nitrogen [18-24];

- expander cycle: a compressor followed by an expander, which work with a single component gas stream, compose the
refrigeration cycle [24-30].

The processes described above are mostly used in large-scale plants, which have a capacity greater than 5 Million Tons Per
Annum (MTPA) [31]. Typically, the LNG is produced by large-scale liquefaction plants and then transported by the means of
LNG carriers. In Figure 1, the percentage of average capital costs for each step in the LNG value chain are shown [32].

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

With technological improvements in recent years, small-scale plants become very interesting. A liquefaction plant is
considered small-scale if it produces less than 1 MTPA of LNG [33]. This kind of plants are used for reasons that vary from
limited space available for the installation to areas with low energy demand [34]. In small-scale NG liquefaction plants, single
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mixed-refrigerant (SMR) [35] and N, expander cycle [36] are the most widespread liquefaction processes. The SMR process
efficiency strongly depends on the optimization of mixed refrigerant composition and on the ambient conditions [35], the
power consumption of this process is usually lower than the N, expander cycle. On the other hand, the efficiency of the latter is
almost independent of feed gas condition. Moreover, nitrogen is a nonreactive refrigerant, then the safety is greater [37]. Yuan
et al. have studied a small-scale NG liquefaction process adopting single nitrogen expansion with the aim of minimizing the
unit energy consumption. They demonstrate that the system is compact, reliable and it shows a good adaptability to the feed
gas condition [38]. He and Ju presented a novel NG liquefaction process that allows to liquefy, without energy consumption,
part of NG employing the pressure exergy of the pipeline. The system efficiency depends on the pipeline pressure, if it is too
low the process may not work [39]. Kim et al. proposed a LNG supply chain using liquid nitrogen for the NG liquefaction.
This system allows to avoid related costs to regasification by an efficiently use of cold energy of both LNG and liquefied
nitrogen. A key parameter of this process is the distance between the LNG and liquefied nitrogen production sites [37]. Jokinen
et al. presented a mathematical model to optimize a small-scale LNG supply chain [40]. Differently from the above-mentioned
works, the study presented in this paper is an optimization of small-scale LNG production plant, which is mainly focused on
the device and parameters concerning the NG side. In particular, this solution is designed to be directly installed at the
vehicle’s filling stations, in this way the costs relative to the transport of LNG are avoided. With reference to Figure 1, it must
be highlighted that the transport costs are not negligible, then their avoidance implies a considerable economic saving. This
paper is the development of Authors’ preliminary works [41,42], thus the results earlier obtained have been considered for the
analysis carried out in this study. The peculiarity of the system described in this paper is the presence of a two-phase cryogenic
expander, which replaces the more common Joule-Thomson valve in the lamination process. This configuration, how it will be
demonstrated in the following paragraphs, leads to a lower energy consumption of the process. LNG cryogenic two-phase
expander is a well-established technology in large-scale plants [43]; nevertheless, to the Authors’ knowledge, this solution is a
novelty for a small-scale plant. In this paper a thermodynamic analysis has been carried out in order to find an optimal
configuration of the system in terms of energy consumption. The Authors will assess the economic aspects in future studies
because of the novelty of the process, referring to the small-scale LNG production, but mostly to the lack of information about
the two-phase cryogenic expander, both in literature and in the market.

The paper is structured as follows: section 2 presents the process description; section 3 illustrates the hypothesis made and the
studied parameters; section 4 describes the parametric analysis results, starting from a reference case, moreover it is present a
follow-up study about the cryogenic expander; finally, section 6 highlights concluding remarks.

2 PROCESS DESCRIPTION

The layout of the liquefaction process analyzed in this paper is shown in Figure 2. The natural gas, coming from the grid
(section 1), is mixed with the gaseous stream extracted from the flash tank (12-15). The resulted stream (2) is compressed by a
compression train (2-6). The compression is inter-cooled (3-4) and after-cooled (5-6) by air cooled heat exchangers. After the
compression, the NG stream is firstly pre-cooled by heat exchanger HE-1 (6-7), by means of the stream coming from the flash
tank as cold source. Afterwards, NG is cooled by a compression chiller (8) HE-2. Finally, the stream passes through HE-3,
reaching the physical state (9). Thus, the NG stream crosses a two-phase cryogenic expander where its pressure and its
enthalpy decrease (10). It should be highlighted that at the inlet of the expander (9) the NG stream is in the physical conditions
of supercritical state, while at the outlet (10) it is in two-phase conditions. Passed the expander, the stream reaches a flash tank
where the liquefied natural gas (11) is extracted to be stored, while the vapor fraction is used in the heat exchangers to cool
down the main NG stream, with which it is finally mixed, as described above. It should be highlighted that valve TV, between
sections (12) and (13), has been introduced for the parametric analysis that will be discussed in the following paragraphs. The
valve is only required where the storage pressure (p1o) and the NG feeding grid pressure (p,) are different (unless the pressure
losses).
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Figure 2 - Layout of natural gas liquefaction process.

3 METHODOLOGY

For the thermodynamic analysis of the liquefaction process, an in-house developed software has been realized. This software
allows to simulate the entire process by calculating all the parameters useful to its characterization. The computation is based
on iterative resolution of mass and energy balances calculated on each component of the system by the use of a trial-and-error
procedure.

In this software, a database of fluids [44] has been implemented. This allows to determinate the physical state of the fluid in
each section of the process. The simulation is a steady-state analysis.

The inputs required by the software for the computation are:

e characteristic of NG stream (pressure, temperature...) coming from the grid (section 1);

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

e polytropic (n,) efficiency of compressors;

e isentropic (n;s) efficiency of the expander;

e the inter-cooling and after-cooling temperatures (T, and Tg);

o the effectiveness (¢) of heat exchangers HE-1 and HE-3;

e the outlet temperature of compression chiller (Tg);

e the EER - Energy Efficiency Ratio of the compression chiller;

o the refrigeration fluid of the compression chiller;

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

e  pressure of the storage tank (p1o);

e the LNG mass flow rate at the outlet of the flash tank (rh_ng, Section 11);

With these inputs the following parameters can be determined:

e temperature, pressure, enthalpy, quality and mass flow rate in each section;
e heat transfers;

e specific electric energy consumption of the compressors (ec);

o specific electric energy consumption of the compression chiller (echiyer);

o specific electric energy production of the expander (€exp);

e total specific electric energy consumption of the system (ey).

In detail

€tot = €C T €chiller ~ €exp Q

where:

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

P;
MLNG

@

e =

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

- mye [kg/s] is the mass flow rate of LNG at the outlet of the flash tank (section 11). In the parametric analysis, m, ng iS Set
to 1 kg/s to have a unit value. Moreover, this value assures to come under the category of small-scale plants (LNG
production lower than 1 MTPA, which corresponds to a value close to 30 kg/s) [33].

3.1 Hypothesis
For the analysis presented in this paper several assumptions have been made. All the hypothesis are summarized in Table 1.
The NG composition is assumed to be 100% CH,4 Therefore, percentages of different substances such as CO,, N, or other
hydrocarbons, have not been taken into account. Anyway, the resulting error in this assumption is negligible because Authors
in a preliminary study [41] proved that the presence of these components does not significantly change the results. The same
pressure drops are considered for each heat exchanger. The compression process is thought to be divided in two sections. This
allows to reduce the energy consumption by using inter-cooling and after-cooling HE. To distribute the total compression ratio
between the two compressors, an optimization criterion to minimize the specific compression work has been developed in [41].
This criterion takes into account the pressure drops through the heat exchangers. Thus for the first compressor of the
compression train the design pressure ratio can be estimated as:

np

f=() g ®

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

Lk
k-1

pr=" tot/p, @)

where:

- Pt IS the total compression ratio (pe/p2) [-];
- T is the temperature expressed in Kelvin [K];
-, is the polytropic efficiency of the compressors [-];

- kis the heat capacity ratio (c,/c,) for CH,;
- Alis acoefficient introduced to consider the pressure drops through the inter-cooler and the after-cooler. This coefficient is
defined as:

A= P = P, ©)
A detailed analytical demonstration of the above-written equation is presented in [41].

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

Input variable symbol | unit of measurement | value
NG composition - [-] 100% CH,
Feed temperature of NG stream (section 1) T. [°C] 20
Feed pressure of NG stream (section 1) p1 [bar] 3.0
Polytropic efficiency of the compressors n, [] 0.565
Maximum pressure of the cycle (section 6) Ps [bar] 200
Pressure drops in heat exchangers Ap [%] 2
Inter-cooling and after-cooling exit temperature | T4=Ts [°C] 30
Heat exchange efficiency of HE-1 and HE-3 € [%] 70
Outlet temperature of the chiller (section 8) Tg [°C] -50
Energy Efficiency Ratio of the chiller EER [-] 11
Isentropic efficiency of the expander N [-] 0.7
Mass flow rate of LNG (section 11) My NG [ka/s] 1
Storage pressure (section 10) P1o [bar] 31
Electro-mechanical efficiency of the compressors | M__ [] 0.95
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3.2 Parametric analysis

In this paper, starting from the reference case of liquefaction process, described in the previous paragraph, a parametric
analysis has been carried out. This analysis has the aim to find out the configuration of the system that leads to a minimum
energy consumption. In particular, the influence of maximum cycle pressure (pg), storage pressure (pig), compression chiller
outlet temperature (Tg) and isentropic efficiency of the expander (n;s) has been analyzed. Considering the ease of the proposed
system, these are the main parameters that can be evaluated, through a complete thermodynamic analysis, to find an optimal
configuration of the process. In details:

- maximum pressure of the process (ps) varies from 200 to 300 bar®;

- storage pressure (pio) varies from 3 to 15 bar’;

- outlet temperature of the compression chiller (Tg) varies from -15 to -50 °Cy;

- isentropic efficiency of the expander (n;s) varies from 0 % (the expander is replaced with a Joule-Thomson valve) to 100
% (ideal case).

The trends of the influence of the studied parameters on the system performances are predictable. Since, a parametric analysis
is suitable to find an optimal solution.

In the analysis, these parameters have been varied one by one, while the others remain unchanged, in order to see the
consequences related to the changes of each parameter.

4 RESULTS

In the following paragraphs, the results of the carried out parametric analysis are shown. Starting from the reference case, the
thermodynamic state in each section of the process, the energy consumption and the heat exchanges are calculated. Afterwards,
the results related to the optimal case, identified through the parametric analysis, are described.

4.1 Reference case results

The reference case layout is shown in Figure 2, while the relative thermodynamic diagram Log p-h is represented in Figure 3.
In the reference case, the TV valve between section (12) and (13) has been ignored. This because the storage pressure (p1o) is
almost the same of the feed pressure of NG stream (p,). To be more precise, the storage pressure is 3.1 bar, a value slightly
higher than the pressure in section 1, evidently due to the pressure losses between the storage tank and the mixer. This allows
the vapor fraction, extracted by the flash tank, to overcome the pressure drops in the heat exchangers HE-3 and HE-1, reaching
the same pressure of the feed NG stream. The results of the simulation are reported in Table 2, where the values of pressure,
temperature, mass flow rate and quality, in each section, are indicated. Since a steady-state analysis has been considered, it can
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
the value of m g is set to 1 kg/s, as specified in the hypothesis of the previous paragraph. Table 3 shows the energy results in
terms of specific electric energy consumption and heat transfer.

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

S Pressure UBmpsleili Mass Flow Rate | Quality

[bar] [°C] [kg/s] [

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 -

! The proposed ranges are in line with the components available on the market.

6
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Table 3 - Energy results for the reference case.

Electric Energy Electric Energy Thermal
Components Consumption Production Exchange
[kJ/kgLne] [kI/kgLne] [kJ/kginc]
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

LogP [bar]

100 -

10 +

]

1000 ======"7""
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Figure 3 - Thermodynamic diagram Log p-h of natural gas liquefaction process for the reference case.

The vapor fraction sharply depends by the value of the quality at the outlet of the expander, (section 10). Since the produced
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
the heat exchangers work with a lower mass flow rate, then the total electric energy consumption decreases. The proposed
process involves the use of a two-phase cryogenic expander, instead of the more common layouts that use a Joule-Thomson
valve. The use of an expander has several key features:

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

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

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

The position of heat exchangers in the plant ensures that the inlet temperature of the compression train (section 2) keeps higher
than the minimum permitted temperature for the integrity of compressors. Based on manufacturer’s information, this minimum
value is close to -10 °C.

4.2 Parametric analysis results

In this paragraph, the results of the parametric analysis are shown, with reference to the layout represented in Figure 2. The
throttle valve, introduced between sections (12) and (13), allows to adjust the pressure set in the flash tank, to the one of the
feeding grid. Starting from the study of the influence of the maximum cycle pressure (6) and of the compression chiller outlet
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temperature (8), with storage pressure set to 3.1 bar (10), in Errore. L'origine riferimento non ¢ stata trovata. is shown the
total specific electric energy consumption of the system. In Figure Al of Appendix A are respectively shown: a) specific
electric energy consumption of the compressors, b) specific electric energy consumption of the chiller, ¢) specific electric
energy produced by the expander, d) total specific electric energy consumption of the system. The specific electric
consumption/production are referred to the mass of LNG produced. It can be seen that, the higher is the maximum pressure, the
higher is the total electric consumption (Figure 4). Anyway, the energy consumption/production in the case with ps = 300 bar
it is only slightly higher than that in the case with ps = 200 bar. Therefore, the maximum pressure of the cycle does not
significantly influence the system performances in terms of energy consumption. Contrarily, the outlet temperature of the
compression chiller (Tg) has a key role. Indeed, especially for the electric energy consumption of the compressors, from Figure
Ala it can be noticed that the lower is the Tg, the lower is the electric energy consumption. For the reference case, considering
a value of Tg = -15 °C, the electric energy consumption of the compressors is slightly less than 3800 kW. On the other hand,
with Tg=-50 °C, a decrease up to less than 2800 kW is observed. This behavior is a consequence of the quality reduction at the
outlet of the expander, caused by the decrease of the outlet temperature of the compression chiller showed in Figure 5 that will
be hereunder examined. Figure Alb shows the electric consumption of the chiller. Obviously, the lower is the outlet
temperature, the higher is the chiller consumption. From Figure Alc, it can be seen that the energy produced by the expander
decreases with the reduction of the outlet temperature of the chiller. It should be emphasized that the energy
consumption/production of the chiller and of the expander, if compared to the one of the compressor (Figure Ala), are of an
order of magnitude lower.

TheErrore. L'origine riferimento non ¢ stata trovata. Figure 5 shows the trend of the quality at the outlet of the expander
(10). As it can be seen the value of the quality decreases with the increase of maximum pressure and with the decrease of the
outlet temperature of the chiller. A lower quality leads to a lower mass flow rate to be elaborated by compressors. Then, this
would mean an energy saving. Conversely, the total energy consumption, necessary to reach higher pressure, and consequently
to decrease the value of the quality, is greater than the benefits caused by a quality reduction. Indeed, as shown in Errore.
L'origine riferimento non ¢ stata trovata., the minimum of total energy consumption is achieved with a maximum pressure
of 200 bar.

3800
Pressure 6
200 bar : : :

225 bar /
250 bar
3600 - =—— 275 bar B

3700 -

3500

3400

Specific electric consumption [kJ/kgLNG]

3300

3200

3100

3000 | | | | | |
-50 -45 -40 -35 -30 -25 -20 -15
T out chiller [°C]

Figure 4 - Total specific electric energy consumption of the system as function of the outlet temperature of the chiller (Tsg) for
several values of maximum pressure pe, with a set value of storage pressure p;o= 3.1 bar.
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Figure 5 - Quality at the outlet of the expander (section 10) as function of the outlet temperature of the chiller (Tg) for several
values of maximum pressure pg, With a set value of storage pressure p;o= 3.1 bar.

The sensitivity analysis on storage pressure influence shows that this parameter strongly affects the system performances. In
this analysis the outlet temperature of compression chiller (Tg) is set to the value of -50 °C. Figure 6 and Figure 7 respectively
show the trend of the total specific electric energy consumption of the system and of the quality at the outlet of the expander
(section 10), as function of the cycle maximum pressure (pe), for several values of the storage pressure (pig). Relatively to
Figure 7, it can be noticed that, the higher is the storage pressure (pio), the lower is the quality at the outlet of the expander.
This behavior can be explained analyzing the Log p-h diagram (Figure 3). The positive slope of the liquid saturation curve
means that, considering two points with the same enthalpy, but at different pressures, inside the two-phase field, the one at
higher pressure has a lower quality. The Figure 6 A2, in Appendix A, shows that an increase of the storage pressure leads to a
lower energy consumption/production of the components. In detail, as it can be seen from Figure 6, the higher is the storage
pressure, the lower is the total energy consumption of the system. Moreover, as stated above, it can be emphasized that the
total energy consumption is relatively unaffected by maximum pressure of the cycle. Since the LNG mass flow rate is fixed to
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
rate extracted by the flash tank. Therefore, the compressors, working with a lower mass flow rate, consume less energy. The
trend of the mass flow rate through the expander is shown in Figure 8. As mentioned above, an increase of the cycle maximum
pressure and of the storage pressure leads to lower value of the mass flow rate through the compressor and thus also through
the expander. This implies a lower energy production by the expander. On the other hand, considering that the compression
train is the device which weight more in terms of system energy consumption, it is advantageous to have a lower mass flow
rate rather than favour the expander energy production.
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295 Figure 7 - Quality at the outlet of the expander (section 10) as function of maximum pressure pg for several values of storage
296 pressure pio and a set value of Tg = -50 °C.
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The trend of the total specific electric energy consumption of the system and of the quality at the outlet of the expander, as
function of the outlet temperature of the chiller (Ts), for several values of the storage pressure (pyo) are respectively shown in
Figure 9 and Figure 10. (In Figure A3 of Appendix A are shown the trends of the specific electric energy
consumption/production of the various devices of the system). In this case too, it can be noticed that the lower is the Tgand the
higher is pe, the lower will be the total electric energy consumption. The same reasoning applies to the trend of the quality
(Figure 10).
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Figure 9 - Total specific electric energy consumption of the system as function of outlet temperature of the chiller Tg, for
several values of storage pressure pjo and a set value of maximum pressure pg = 200 bar.

11



309

310
311

312
313
314
315
316
317

318

0,65 1 1
= Pressurep_ !
2 10
= 3bar : : : :
> H H H H H
© 060 | Gbar ... R S s
——9bar | : : : ‘
12 bar :
055 [l T 7 A
0,50 —
0,45 —
e R S
035 | | | | | |

-50 -45 -40 -35 -30 -25 -20 -15
T out chiller [°C]

Figure 10 - Quality at the outlet of the expander (section 10) as function of outlet temperature of the chiller Tg, for several
values of storage pressure pyo and a set value of maximum pressure ps = 200 bar.

As a result of the carried out parametric analysis, it has been identified an optimal system configuration, in terms of energy
consumption. The optimal solution has been identified through the analysis of Figure 11 which represents the trend of the total
specific electric energy consumption as function of the maximum pressure of the cycle (ps) and the storage pressure (pyo), for
several values of the chiller outlet temperature (Tg). It can be noticed that this solution is achieved by working with a
maximum cycle pressure of 200 bar, a storage pressure of 15 bar and with a compression chiller outlet temperature of -50 °C.
The results related to the optimum case are summarized in
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Table 4 - Thermodynamic state in each section for the optimum case.

) Pressure Temperature Mass Flow Rate | Quality
Section [bar] [°C] [k/s] [-]
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 -
Table 5 - Energy results for the optimum case.
Electric Energy Electric Energy Thermal
Components Consumption Production Exchange
[kJ/kgine] [kJ/kgine] [kJ/kgine]
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

Comparing the results for the reference case and the optimum case, it can be noticed that the most influenced parameter is the
electric consumption of the compressors. Contrarily, the electric energy consumption of the compression chiller and the energy

produced by the expander slightly decrease. Comparing
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333

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

334 mass flow rate. In Table 6 the comparison of the different case results is shown.
335 Table 6 — Comparison between reference and optimum cases.
Reference Optimum Percentage
case case variation
[kI/kgine] [kJ/kgine] [%]
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
337  The total electric consumption of the optimum case is reduced down to 12 % compared to the reference case. This is
338 principally due to the decrease of the mass flow rate elaborated by the compressors, which decreases his value from 1.927 kg/s,
339  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
340  case is shown and compared with the reference case.
% [ AN
-] . .
= 100 . -
10 Al
W
1 ol
"""""" £
341 «==: Referencecase === Optimum case h [k} kgl
342 Figure 12 - Thermodynamic diagram of the process obtained for the optimum case (in green) and comparison with the
343 reference case cycle (dotted red line).
344

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

345  main differences start from point 9; in the reference case is at temperature of -67 °C, lower compared with the optimum case in
346  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,
347 where the storage pressure is set to 3.1 bar. Furthermore, in the optimum case, it can be seen the lamination process carried out
348 by the valve installed between sections (12) and (13).

349  Since a peculiarity of this paper is represented by the two-phase cryogenic expander, a detailed study for this component has
350 been carried out. The using of this device has been considered to enhance the process efficiency.

351 During the last decades, studies on cryogenic LNG expander have led to a development in the design and performance of this
352  component. However, application for a two-phase expansion, such as the one described in this paper, is generally employed in
353 large-scale plants, where vertical axis turbines are the most utilized [43]. For a small-scale case, in literature there are not many
354  data about this component. Wang et al. [45], conducted a study to evaluate the performance of a cryogenic liquid turbine
355  expander for liquefied nitrogen, which then works only in the liquid phase. The expander is a radial turbine consisting of an
356  asymmetrical volute, variable stager vane nozzle ring, impeller and diffuser duct. The study considers a pressure ratio of the
357 expander lower than 2 and a volume flow rate of 30 m*/h. Varying the flow rate, the maximum value of isentropic efficiency of
358

the expander (n;s) is 78.8 %. In addition, M. Kanoglu [46] analyzes thermodynamic aspects of a radial inflow reaction
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cryogenic turbine, which works with LNG. The results show that the value of n; varies from 60 to 78 %, respectively for
volume flow rate through the expander of 865.8 m*h and 985.7 mh. In the study of A. I. Prilutskii [47], a reciprocating piston
expander for NG is analyzed. For mass flow rate of 3000 kg/h, the value of isentropic efficiency is 85 %. G. Habets and H.
Kimmel [48] describe a method to estimate n;s knowing parameters like volumetric flow and rotational speed.

In this paper, to evaluate the influence of the isentropic efficiency of the expander on the system performances, a parametric
analysis has been carried out. In detail, the value of n; varies from 0 to 100 %, while the other parameters are set as in the
optimum case, analyzed in the preceding paragraph. Then, maximum cycle pressure is 200 bar, storage pressure is 15 bar and
compression chiller outlet temperature is —50 °C. In Figure 13 and Figure 14, the trend of specific electric consumption and of
the quality, as function of the isentropic efficiency of the expander (n;s), are shown. In more detail, the borderline case of n;s =
0%, is representative of a system configuration where the expander is replaced by a Joule-Thomson valve, that leads to an
isenthalpic expansion. Therefore, the expander energy production is equal to zero. While, when n;; = 100%, an ideal isentropic
expansion is considered. Analyzing Figure 13 and Figure 14, it can be noticed that, as predictable, an increase of the
isentropic efficiency leads to lower energy consumption, to a greater energy production of the expander and to lower values of
the quality. These aspects are obviously tied, indeed, as already mentioned, a decrease of the quality involves a smaller system
energy consumption. Furthermore, it can be pointed out that the power produced by the expander is significantly lower than the
power requested by the compressors.
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Figure 13 - Specific electric consumption/production as function of the isentropic efficiency of the expander.
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Figure 14 - Quality at the outlet of the expander as function of the isentropic efficiency of the expander.

Considering the difficulties to identify an existing machine that can perform a two-phase expansion with small mass flow, a
compressor, modified to work in reverse as an expander, could represent a solution. The diagram represented in Figure 15
(also known as Balje diagram) is helpful for a preliminary selection of the expander [49]. In this diagram the specific speed Ng
and specific diameter Ds are introduced. They are defined as follows:

N-vV3 _
Ng = H d0.75'a 078 (6)
a
D-H 0.25
DS — ad . a0.25 (7)
vV3

where:

- N is the rotational speed [rpm];

- D s the characteristic dimension of the expander [m] (e.g. the piston diameter in a piston expander);
- V;is volume flow rate at the outlet of the expander [m?/s];

- aisaconversion factor, its value is 0.3048 [m/ft];

- Hqgis the adiabatic head [m]. This parameter can be expressed as:

Hyqg=— (8)

where:
- Ahgis the isentropic enthalpy difference between inlet and outlet section of the expander [J/kg];
- gisthe gravitational acceleration [m/s].

The curves in the diagram represent iso-efficiency lines for the different machine types (reciprocating expander, axial turbine,
etc.).
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Figure 15 - Ng-Ds turbine chart [48].

The Ns-Dg diagram can be used during a preliminary design phase to choose the most suitable expander for an application or
also, knowing the type of expander and the operating conditions, for determining its performances.

For example, knowing the operating conditions of the expander and either the reference length or the rotational speed, it is
possible to determine Ns or Ds. At this point, the curve corresponding to the expander can be detected. Then, knowing Ns or
Ds and the expander curve, the value of Dg or Ns can be find on the diagram. Finally, from this value it is possible to determine
the rotational speed or the characteristic dimension of the expander.

For the system analyzed in this paper, making use of Baljé diagram, some consideration on the choice of the most suitable
typology of expander for this application can be done. As example, considering a LNG mass flow rate of 0.5 kg/s, assuming
the employment of a piston expander with an efficiency of 80 % and a specific speed (Ns) of 0.1, the value of rotational speed
results about 400 rpm, while the value of the piston diameter is about 155 mm. On the other hand, to employ an axial expander
much higher rotational speed values are required. Assuming an efficiency of the expander of 80 % and Ng = 300 (unite of
measure are in line with the diagram), it results a rotational speed of about 10° rpm and a characteristic dimension close to 10
mm. Then, it can be noticed that the axial expanders require very low characteristic dimension and very high rotational speed
that imply a complexity of the machine not reasonable for low mass flow rate such as the one of the system studied in this
paper.

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

5 CONCLUSIONS

The aim of this study is the optimization of a small-scale plant for the liquefaction process of natural gas. This system is
designed for plug & play application, in order to be used for the refueling of vehicles. Direct installation at filling stations
would avoid the costs related to the liquefied natural gas transport.

The peculiarity of the system proposed in this paper is the presence of a cryogenic expander instead of a more common Joule-
Thomson valve. This device allows to enhance the system efficiency, ensuring a higher liquid fraction at the end of expansion,
if compared to a lamination valve. Moreover, it is possible to integrate into the process the produced shaft power. Starting from
a reference case, a parametric analysis has been carried out. The key parameter considered for the optimization study is the
total energy consumption of the system. Varying the maximum pressure of the cycle, the outlet temperature of the compression
chiller and the storage pressure, an optimal configuration was found. The corresponding values of these parameters in the
optimum case are the following: maximum pressure is 200 bar, outlet temperature of the chiller is -50 °C and storage pressure
is 15 bar. The analysis points out the limited influence of the maximum pressure on the system performances. Contrarily, the
outlet temperature of the chiller and the storage pressure are more influential parameters. Indeed, it can be noticed that the
lower is the outlet temperature of the chiller, the lower is the quality at the outlet of the expander. The same effect on the
quality can be obtained with the increase of the storage pressure. A lower quality leads to a lower vapor fraction extracted by
the flash tank, which means a lower compression work, then an energy saving.
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The optimum case results in a specific total electric energy consumption of 2690 kJ/kg.ng, lower if compared to the value
obtained in the reference case that is 3044 kJ/kg, ne. Therefore, the energy saving is about 12 %. It has also been analyzed the
influence of the isentropic efficiency of the expander on the system performances. As expected, the greater is the isentropic
efficiency, the lower is total energy consumption. The lack of information in literature about application of two-phase
cryogenic expander, such as the one analyzed in this paper, allows only a qualitative evaluation about the influence of the
isentropic efficiency of the expander on the system performance. For this reason, the Baljé diagram has been introduced. This
diagram is useful for a preliminary study, indeed it allows to assess what is the most suited typology of expander for the
examined system.
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550  APPENDIX A
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552 Figure Al - Specific electric energy consumption/production of the components as function of the outlet temperature of the
553 chiller (Tg) for several values of maximum pressure pg, with a set value of storage pressure p;o= 3.1 bar.
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556 Figure A2 - Specific electric energy consumption/production of the components as function of maximum pressure pe, for
557 several values of storage pressure p;o and a set value of Tg = -50 °C.
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559 Figure A3 - Specific electric energy consumption/production of the components as function of outlet temperature of the chiller
560 Tg, for several values of storage pressure p1g and a set value of maximum pressure ps = 200 bar.
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