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Abstract: Preheating is often required to prevent hydrate formation during the pressure reduction
process in a natural gas distribution network’s pressure reduction station. This paper examines an
energy recovery method to avoid the cost and energy consumption of this preheating. The primary
aim is to assess the techno-economic feasibility of an energy recovery system based on the Ranque–
Hilsch vortex tube coupled to a heat exchanger for large-scale application to the gas grid. To this
end, a techno-economic model of the entire energy recovery system was included in an optimisation
procedure. The resulting design minimises the payback period (PP) when the system is applied to the
pressure reduction stations belonging to a particular gas grid. The pressure reduction stations always
operate at an outlet pressure above atmospheric pressure. However, available performance models for
the Ranque–Hilsch vortex tube do not permit prediction at backpressure operation. Therefore, a novel
empirical model of the device is proposed, and a cost function derived from several manufacturer
quotations is introduced for the first time, to evaluate the price of the Ranque–Hilsch vortex tubes.
Finally, a nearly complete set of pressure reduction stations belonging to the Italian natural gas grid
was chosen as a case study using actual operating parameters collected by each station’s grid manager.
The results indicate that the environmental temperature strongly affects the technical and economic
feasibility of the proposed energy recovery system. In general, pressure reduction stations operating
at an ambient temperature above 0 ◦C are economically desirable candidates. In addition, the higher
the energy recovery system convenience, the higher the flow rate and pressure drop managed by
the station. In the Italian case study, 95% of preheating costs could be eliminated with a PP of fewer
than 20 years. A 40% preheating cost saving is still possible if the maximum PP is limited to 10 years,
and a small but non-negligible 3% of preheating costs could be eliminated with a PP of fewer than
4.5 years.

Keywords: natural gas expansion; energy recovery; gas grid; pressure reduction stations; Ranque–
Hilsch vortex tube

1. Introduction

In the transition towards a 100% decarbonised energy system, specific actions should
be scheduled for each system in the energy supply chain, including energy sources, con-
version, transport, storage, and utilisation. Since the progressive substitution of fossil fuel
energy sources with renewable ones will require decades, eliminating unnecessary energy
consumption could reduce CO2 emissions in the medium term. Natural gas (NG) will likely
be the last fossil fuel abandoned because of its low carbon content and wide availability.
Thus, it is worthwhile to pay particular attention to reducing NG consumption, especially
in the distribution network. The operating principle of the NG grid is based on controlled
pressure drops and corresponding multiple expansions, commonly performed by throttling
valves that dissipate the energy previously spent on NG compression. Expansions involve
cooling the gas and possible hydrate formation, potentially compromising the integrity
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of components installed downstream of the pressure reduction stations (PRSs). For this
reason, preheating systems consuming NG in boilers are commonly embedded in a PRS. As
a result, the operation of the gas grid involves simultaneous dissipations and consumptions
of energy, each contributing to CO2 emissions.

This paper aims to recover energy wasted during gas pressure reduction to avoid the
energy consumption imposed by NG preheating and achieve the added benefit of reducing
CO2 emissions. From a thermodynamics viewpoint, the available mechanical energy could
be recovered by converting it into work (e.g., expanders) or heat (e.g., dissipative systems).
The conversion of pressure energy into work is the most rational thermodynamic process
because it wastes the minimum exergy. However, the conversion into work does not
eliminate the NG preheating issue, which is exacerbated by the cooling effects of the work
extraction. In contrast, energy conversion into heat through dissipation could help in
eliminating or reducing the NG preheating issue. Solutions to recover either work or heat
from pressure drops have been suggested previously.

Regarding work recovery, radial turbines were proposed several years ago. Still, only
a few real applications in which the expansion work has been converted into electricity
and either sold to the grid or directly self-consumed in the PRSs have been successful
worldwide [1–4]. As highlighted in [5], the utilisation of radial turbines is generally
convenient only in PRSs with unique operating requirements such as very high flow rates
and pressure drops. Despite the high efficiency of radial turbines, their high cost cannot be
recovered within reasonable periods for small-to-medium size installations. Volumetric
expanders may be a less expensive option; however, they have been proposed only in the
literature, and no real applications to the NG grid have been realised. The complexity of
the entire energy recovery system, the preheating issue, and the regulatory constraints
related to the connection to the electric grid discourage gas grid managers from investing
in expander-based systems.

On the other hand, thermal energy recovery systems based on dissipation processes
have been studied to a limited extent, even though they may overcome the electric con-
nection and preheating issues. Within this category of solutions, Gheselbash et al. [6]
very recently proposed adopting a system based on Ranque–Hilsch vortex tubes (RHVTs)
coupled to geothermal heat exchangers. The RHVT performs dual actions: It reduces gas
pressure and splits the gas flow into two streams having temperatures lower and higher
than the inlet temperature, respectively. Accordingly, the authors suggested integrating
RHVTs into PRSs to expand NG and deliver the cold stream exiting one side of the device
to a geothermal heat exchanger (HE) to absorb heat before merging with the hot stream
exiting the other side of the device. As a result, the total flow entering a PRS could be
expanded to the desired pressure eliminating, or limiting, the need for gas heating. The
authors found that NG preheating could be reduced by approximately 80% even though
the very high costs of geothermal HEs undermine the economic feasibility of the system.

Guo et al. [7] presented a similar idea, placing an RHVT downstream of an ejector,
followed by a HE that heats the NG, thereby exploiting the environment as a heat source.
The expansion of the NG is performed in two stages. The first expansion occurs inside the
ejector, fed by the total gas flow rate plus an additional flow rate and recirculated from the
hot exit of the HE. The second expansion completes the required NG pressure reduction
and occurs inside the RHVT, which delivers its hot exit mass flow fraction to the PRS outlet
and its cold exit mass flow fraction to the HE. This system heats the NG exiting the PRS
to a temperature above the PRS entering temperature. The authors proved the technical
feasibility of the system but did not provide information about costs.

The present paper proposes a system that couples an RHVT with a HE to combine
the advantages of the solutions suggested in [6,7] while avoiding their drawbacks. The
proposed system removes the ejector (and the need for recirculating an NG fraction)
included in the latter solution and substitutes the environment for the geothermal heat
source needed by the former. A techno-economic investigation is conducted to determine if
the limits imposed by the HE costs can be overcome. In particular, a model of the RHVT-HE
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recovery system is embedded in an optimisation procedure, searching for the minimum
payback period (PP) as a function of the PRS requirements.

This work aims to assess the techno-economic feasibility of the system for large-scale
application to an NG grid. Accordingly, this work addresses three significant needs: (i)
reliable models capable of predicting the performance of the system components; (ii)
realistic cost functions of each system component; (iii) real PRS operating parameters.
For item (iii), data collected by NG grid managers on a large sample of PRSs currently
installed in Italy were used to analyse the Italian gas grid as a case study. Regarding
requirements (i) and (ii), their fulfilment required the availability of a techno-economic
model for each system component. Unfortunately, existing mathematical models of the
RHVT are not suitable for the current application (as evinced from the brief overview of
the RHVT presented in the following sub-section), nor are cost functions accounting for
RHVT size available in the literature.

As a result, the first original contribution of this paper is a complete techno-economic
model of the RHVT that includes a new empirical model for performance prediction
and the first cost function presented in the literature based on quotations provided by
manufacturers. The second new contribution concerns the scale of the techno-economic
analysis, which extends to the country level and is based on actual Italian gas grid data.

Review of the Literature on the Ranque–Hilsch Vortex Tube

The RHVT was first proposed in 1922 [8], but a general theory of its physics has
not been formulated and validated [9]. Currently available models attempt to explain
the thermal separation occurring in the RHVT through processes driven by heat transfer,
pressure gradients, or entropy generation. Bilga et al. [10] proposed a heat transfer model
that also accounts for some geometrical parameters. The authors found up to 37% deviation
between predicted and measured thermal separation.

Uday et al. [11] numerically investigated the temperature and pressure distribution
inside the RHVT at a specific operating condition. They found good agreement between the
thermal separation calculated by computational fluid dynamics (CFDs) and the theoretical
predictions of Albhorn et al. [12]. Those theoretical predictions [12] were one of the earlier
models to predict the performance of the RHVT, based on the transformation of kinetic
energy into heat (with the inclusion of some assumptions derived from experimental data).
A study similar to [11] was made by Cockerill [13], who proposed a theoretical heat transfer
model valid when the tube length to diameter ratio is in the range of 60–64.

Xue et al. [14] investigated the expansion process governing the thermal separation
inside the RHVT, concluding that only an isentropic expansion may occur in the tube,
demonstrating the inconsistency of both Joule–Thomson and free expansions. Bruun
et al. [15] conducted several experiments attempting to show that the thermal separation
performed by the RHVT is mainly due to pressure gradients but found only partial ev-
idence of their hypothesis. Byriuk et al. [16] proposed a mathematical model based on
pressure gradients that matches experimental data only if refined using empirical corre-
lations. Kargaran et al. [17] proposed a hybrid theoretical–empirical model to optimise
the performance of the RHVT with the second law of thermodynamics considered as its
theoretical basis. They found that including entropy generation in the model improves the
predictive capability.

Models based on work transfer have only recently been proposed and seem promising,
although they have not yet been fully validated. In particular, the model by Polinorov,
Liu, and Bej [18–21] obtained quite good predictions for an extensive range of operating
parameters. However, their model requires correction factors for conditions when heat
transfer becomes non-negligible.

Attempts to understand the fluid dynamics of the RHVT from experimental data and
CFD results can also be found in the literature. Xue et al. [22] provided a general description
of the RHVT internal flow by collecting pressure and velocity measurements [23]. They
suggest that (i) the flow is expanded and injected tangentially into the annulus of the RHVT;
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(ii) the rotating fluid moves axially towards the hot exit, while its innermost fraction is
progressively retrieved to the cold side of the tube; (iii) while moving towards the hot end,
the ‘retrieving’ phenomena is reduced until completely depleted; (iv) hot flow internal
recirculations occur from the ‘retrieving’ endpoint to the plug placed at the hot exit of the
RHVT. Their findings were confirmed by other CFD studies [24–28].

Several works characterised RHVT performance by experiments with different work-
ing fluids or at different operating conditions. Subudhi et al. [29], Sankar et al. [30], Liew
et al. [31], and Williams et al. [32] generated performance maps at different inlet pressures
and temperatures. Agrawal et al. [33] and Jafargholinejad et al. [34] tested RHVT operation
with methane, carbon dioxide, and nitrogen as working fluids at a constant pressure expan-
sion ratio. They found that the temperature separation increases as the adiabatic expansion
ratio decreases. The empirical model obtained from experiments by Parker et al. [35] is
governed by the expansion ratio because it was found to be the only parameter having
predictable effects on RHVT performance.

The influence of RHVT geometry on its performance has also been investigated both
numerically and experimentally. Kirmaci et al. [36] and Ylmaz et al. [37] provided a
literature review on the most relevant geometrical parameters to RHVT performance.
Moraveji et al. [38] numerically investigated the effect on temperature separation and
mass flow rate due to the number of inlets, tube length, and diameter of the cold exit
section. They found that an increase in the number of inlets allows for a decrease in
temperature at the cold and hot sides of the tube, whereas an increased tube length (L) and
decreased cold orifice diameter (D) both reduce the mass flow rate. Rafiee et al. [39,40]
conducted a numerical and experimental investigation searching for the optimal L/D ratio.
They considered three hot and cold RHVT layouts, finding that the best performance was
achieved for L/D ratios of 9 (opposite direction of the flows), 10 (same direction), and 11
(opposite direction with additional injection).

Dincer et al. [41] experimentally investigated the effect of the position and diameter of
the regulation plug placed at the hot exit of the RHVT. They found that the best performance
was obtained using a plug diameter of 5 mm with tip angles of 30◦ and 60◦. Valipour
et al. [42] found that tube curvature is always detrimental to RHVT performance. Im
et al. [43] performed a parametric study on the effect of injection area and inlet pressure on
RHVT performance using experimental data. Mohammadi et al. [44] tested several layouts
of tubes having different lengths and nozzle counts. They found that the higher the nozzle
count, the smaller the tube length, maximising the temperature differentiations.

Kumar et al. [45] used the Taguchi statistical method to find a design criterion to
maximise the outlet temperature at the hot exit, while Bazgir et al. [46] used numerical
investigations to find the geometrical parameters to achieve low temperatures at the cold
side exit. Cang [47] used available experimental data to find the most promising RHVT
design to achieve the performance requested in large flow rate applications. Kormkaz
et al. [48] trained an artificial neural network (ANN) with experimental data to generate a
performance prediction model that qualitatively predicts the geometrical feature effects on
RHVT performance. Thakare et al. [49] provide a comprehensive review of the optimisation
criteria proposed in the literature, including those based on ANN.

In summary, many studies have focused on explaining the RHVT working principles
while others provide models to predict the device’s performance accounting for different
geometrical features. Regardless of the particulars of each work, they all consider RHVT
operations expanding the gas to atmospheric pressure. None of them evaluates either the
effective costs of the RHVT or its application to actual cases. Thus, none of the existing
models can be used to study the application of an RHVT to a PRS.

2. Energy Recovery System Based on RHVT

This section describes the working principle of the proposed energy recovery system
with the aid of the sketches provided in Figure 1. Figure 1a summarises the tasks commonly
performed by a gas grid PRS to prevent hydrate formation. A boiler burns a fraction of gas
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to preheat the main gas stream using a heat exchanger upstream of the throttling valve used
to reduce pressure. As a result, the gas cooling due to the expansion is controlled (even
nullified in the limiting case) to ensure the safe operation of components and monitoring
systems installed in the gas line downstream of the PRS.

Figure 1b shows how the same expansion process can be performed by either a
standard throttling valve (on the left) or an RHVT (on the right). The equivalent expansion
process means the same gas stream cooling and preheating requirements. The system
proposed in this paper eliminates the gas consumption for the preheating by exploiting the
environment as a thermal source. This is achieved by pairing an RHVT with a finned tube
HE and placing this system downstream of the throttling valve (which is still required by
the PRS but only as a regulation device), as shown in Figure 1c. In particular, the stream
exiting the cold side of the RHVT can absorb heat—via the HE—from the environment
before being merged with the hot stream exiting the hot side of the RHVT. Thus, NG exits
the PRS at a safe temperature (equal to the pre-expansion temperature in the limiting case),
avoiding NG consumption (and corresponding CO2 emissions) and obtaining consistent
economic savings.
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valve (on the left); (c) isothermal expansion performed by the RHVT + HE system.

3. Models and Data

This section deals with the three major requirements of this study as presented at
the end of the Introduction Section. These requirements are the RHVT techno-economic
models in Section 3.1, the HE in Section 3.2, and the actual gas grid PRS operating data in
Section 3.3.

3.1. RHVT Techno-Economic Model

The RHVT techno-economic model is a new empirical sub-model supported by exper-
imental data and the first law of thermodynamics and tailored to performance prediction
and provides an economic sub-model to predict the cost of the device. The RHVT model
is a ‘black box’ model that expands the gas while splitting the inlet flow into hot and
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cold streams. Accordingly, this empirical sub-model does not provide additional physical
insight into the RHVT, compared with the present state of the art.

The parameters considered as performance indicators include (i) the cooling effect,
i.e., the temperature drop ∆Tc; (ii) the heating effect, i.e., the temperature rise ∆Th; (iii) the
mass flow split ratio x; (iv) the temperature separation performed by the RHVT, i.e., the
temperature separation index Z. These performance indicators are defined as follows:

∆Tc = Tin − Tc (1)

∆Th = Th − Tin (2)

x =

.
mc

.
mc +

.
mh

=

.
mc
.

mtot
(3)

Z =
∆Tc

∆Th
(4)

where Tin (◦C) is the gas inlet temperature,
.

mtot (kg/s) is the mass flow rate entering the
RHVT, and

.
mh(kg/s) and

.
mc (kg/s) are the mass flow rates exiting from the hot and cold

sides of the device, respectively.

3.1.1. Prediction of RHVT Performance for Expansion to Ambient Conditions for Gases
Other Than Air

The method to estimate the performance for expansions of gases to p = pamb is derived
from the experimental data of [50], which reports experimental measurements of RHVT
operation with air as working fluid.

Estimation of the cold-side temperature drop (cooling effect)—the maximum cooling effect
∆Tc,max admitted by an isentropic expansion process depends on the available expansion
ratio re (-) as follows:

∆Tc,max = Tin − Tis = Tin − f (Tin, pin, pout) = Tin − f (Tin, pin, re) (5)

re =
pin
pout

(6)

The cooling efficiency ηc of the RHVT can be defined as

ηc =
∆Tc,exp

∆Tc,max
(7)

where ∆Tc,exp is the experimental temperature drop between the RHVT entrance and the
cold side exit as measured during air expansion to ambient pressure at a specified x. When
the working fluid is changed from air to a gas with a different specific heat ratio, geometry
modifications to the RHVT should be taken into account to achieve high ηc [42]. However,
experimental investigations demonstrate that for a given geometry, the cooling efficiency ηc
seems to be independent of the working fluid type [32]. From this experimental evidence,
the cooling effect for an ideal gas other than air for a particular RHVT device expanding to
ambient pressure is obtained as the product of ∆Tc,max for the specific working fluid and
the ηc for air at the same re. The cold-side performance for methane operation over the
entire range of x is reported in Table A2 in Appendix A (the corresponding data derived
from measurements [50] in air operation are reported in Table A1).

Estimation of the hot-side temperature rise (heating effect)—assuming that the RHVT walls
are adiabatic, from energy conservation across the RHVT control volume, the maximum
heating effect (temperature rise) of an ideal gas on the hot side of the RHVT can be estimated
from

.
mtot·x·(hin − hc) =

.
mtot·(1 − x)·(hin − hh,max) (8)

hh,max = hin −
x·(hin − hc)

(1 − x)
(9)
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∆Th,max = Th,max − Tin = T(hh,max, pout)− Tin (10)

For each x, the heating efficiency of the RHVT can be defined as

ηh =
∆Th,exp

∆Th,max
(11)

where ∆Th,exp is the experimental temperature rise between the RHVT entrance and the
hot side exit as measured during air expansion to ambient pressure. As for the cooling
effect, the heating effect for methane operation can be predicted by calculating the ∆Th,max
using Equations (8)–(10) and assuming the heating efficiencies ηh obtained for air operation.
Table A4 in Appendix A lists the prediction of the hot-side performance under methane
operation (the corresponding data derived from measurements [50] in air operation are
reported in Table A3).

The performance data derived from the experiments for air operation and predicted
for methane operation are summarised in Figure 2, which shows the cooling and heating
effects against re for a range of x (0.2–0.8).
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Figure 2. Heating and cooling effects of the Ranque–Hilsch vortex tube against expansion ratio and
mass flow rate split as obtained from experimental data for (a) air and (b) predicted for methane.

3.1.2. Prediction of RHVT Performance for Gas Expansion to Any Backpressure

The literature has never considered generalising the RHVT performance prediction
for expansions to a pressure level above atmospheric pressure. The empirical method
proposed here is based on the assumption that the temperature separation index Z depends
on the mass flow split ratio x alone for a given re value. This assumption is supported by
Figure 3a, obtained from the experimental data reported in Table A3, where the very slight
dependence of Z on re is apparent for x > 0.2. The same observation applies to the heating
and cooling efficiencies, as shown in Figure 3b. As a result, for a given re, there is a value of
x corresponding to a triad of values (hh, hc, Z) collected in Tables A1 and A3, regardless of
the backpressure level.
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Figure 3. (a) Index Z against expansion ratio for x ranging from 0.2 to 0.8; (b) heating and cooling
efficiencies against expansion ratio for x ranging from 0.2 to 0.8.

The method to calculate RHVT performance for pout > pamb is summarised in the
flow-chart in Figure 4 and described as follows: First, the performance chart for expansion
to atmospheric pressure is derived for the actual working fluid (e.g., the bottom chart in
Figure 2 for methane). This is accomplished using the experimental data for air expansions
(top chart in Figure 2) according to the procedure described in the previous sub-section.
Then, given the RHVT entrance conditions, the specific backpressure pout > pamb and the
corresponding re and ∆Tc,max are calculated using Equation (5). The value of x required to
completely define the RHVT operation corresponds to the only triad (hh, hc, Z) in Figure 3
that satisfies Equation (8) with the values of the performance parameters ∆Tc, ∆Th, and
∆Th,max calculated using Equations (4), (7) and (11), respectively.
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Figure 4. Procedure to calculate the performance of RHVT for pout > pamb.

3.1.3. Validation of the RHVT Performance Sub-Model

This empirical model allows the RHVT performance to be evaluated at any operating
condition with any working fluid. Only a few experimental data are available in the
literature for RHVT operation with pout > pamb. The black markers and corresponding
approximation curves in Figure 5a (taken from [32]) show RHVT experimental data for
air and methane expanded to pout > pamb. The red and green dots in the figure indicate the
performance parameters predicted by the method presented above, labelled with letters E
and F, which refer to methane expansion from 6 bar to 1.5 and 2 bar, respectively. Figure 5b
superimposes the predictions of the model (red dots) on the experimental curve provided
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by [51] for RHVT expansion of air from 7.9 bar to 1.7 bar. A good agreement between
predictions and experimental data is apparent.
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Figure 5. Comparison between experimental and predicted performance for the expansion of (a)
methane and (b) air to pout > pamb.

3.1.4. RHVT Cost Function

The cost function was derived from a large number of quotations provided by RHVT
manufacturers. This cost function accounts for all investment costs, including on-site
installation costs. To a first approximation, RHVT operating and maintenance (O&M) costs
are neglected because they are reasonably low, compared with the initial investment, since
they do not perform combustion processes or include moving parts or electronics.

It was found that the RHVT cost (CRHVT) depends linearly on the inlet volume flow
rate (

.
Vin) according to the following equation:

CRHVT = 331, 953·
.

Vin [EUR ] (12)

It is worth noting that for a given standard volume flow rate,
.

Vin, the RHVT cost
depends on the inlet pressure. For example, Figure 6 shows the RHVT cost against the inlet
pressure for a standard volume flow rate equal to 100,000 Sm3/h.
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3.2. HE Techno-Economic Model

The finned tube HE heats the cold stream exiting the RHVT using the environment as
a heat source. The ambient air on the shell side is kept in motion only by natural convection
to avoid additional energy consumption by fans. The heat transfer (thermal power) Q (W)
can be calculated as follows:

Q = K·A·∆Tml ·Ft (13)

where K (W/m2K) is the global heat exchange coefficient, A (m2) is heat transfer area, ∆Tml
(K) is the logarithmic mean temperature difference, and Ft (-) is a correction factor (taken
equal to 1). Following the suggestions of manufacturers, the HE performance is computed
by fixing K = 10 W/m2K and calculating ∆Tml as follows:

∆Tml =

(
(Tamb + Tc,in)

2
− Tc,in

)
− (Tamb − Tc,out)

ln


(Tamb + Tc,in)

2
− Tc,in

Tamb − Tc,out


(14)

where Tamb (K) is the ambient temperature while Tc,in (K) and Tc,out (K) are the cold gas inlet
and outlet temperatures. According to Equation (14), the temperature difference on the cold
side of the HE is calculated using the average of Tamb and Tc,in (Figure 7) as the temperature
of the air exiting the HE, rather than Tamb. This assumption leads to a larger heat exchange
surface A. This apparent oversizing has been included in the model to account in a simple
way (consistent with the paper’s goal) for the decrease in HE performance due to icing of its
cold surface and natural convection on the shell side. The absence of forced air circulation
involves an increasing air temperature profile from the HE entrance to the exit.
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Figure 7. Temperature correction of the hot fluid at the ‘cold side’ of the HE to account for possible
ice formation and no forced convection (only natural convection) on the shell side.

The minimum allowed temperature difference ∆Tmin between the hot and cold fluids
is set equal to 7 ◦C.

HE Cost Function

As for the RHVT cost function, the HE cost function was derived from manufacturers’
quotations, taking into account the total investment cost, including on-site installation, and
neglecting O&M costs. Although the absence of combustion processes, moving parts, and
electronics supports ignoring O&M costs for an HE, the cleaning operation is generally a
non-negligible maintenance cost. However, the oversized heat exchange surface discussed
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in the previous sub-section justifies neglecting the cleaning costs. Figure 8 shows the cost
function associated with the heat exchanger.
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3.3. Data from PRSs of the Italian Gas Grid

To study the proposed energy recovery system design and evaluate its techno-economic
feasibility for a given PRS, the availability of the actual annual load curve of the PRS is
mandatory. This requirement limits the opportunity to perform a systematic study of
all existing PRSs in a gas grid because of the practical difficulty in collecting the annual
timesheets for each PRS. A viable alternative is to use data for the mass flow rate processed
by a representative station.

For example, in temperate zones, the processed NG mass flow is mainly affected by
the seasonality of the consumptions alone. Accordingly, the trend of the NG mass flow rate
processed during the year by any PRS belonging to a zonal gas grid is approximately the
same. The annual timesheet of the mass flow processed by a representative PRS of the grid
can be made dimensionless with respect to the average yearly consumption to obtain a
PRS master curve. This PRS master curve can then be used to systematically analyse the
proposed energy recovery system embedded in PRSs having different sizes and operating
conditions. Data for a specific PRS belonging to the set under analysis can be obtained by
simply multiplying the dimensionless trend by its actual average annual consumption.

The PRS master curve used for the present work is shown in Figure 9. This curve
was derived from actual data measured in a PRS installed in Padova (northern Italy). This
station serves a municipality composed of large urban and industrial areas, so it can be
considered to be a reliable example of the annual load distribution of a ‘standard’ PRS.

The curve in Figure 9 was used in conjunction with data made available by the Italian
gas grid utility for inlet/outlet pressures and annually averaged mass flow rates processed
by the PRSs installed in Italy. Figure 10 shows the cumulative percentage distribution
against the processed annually averaged volume flow rate for the 7142 Italian PRSs which
require gas preheating. The data show that about 900 out of 7142 (≈13%) of the PRSs process
more than 1000 Sm3/h, whereas approximately 80% of the Italian PRSs with preheating
systems are relatively small since they process an annual averaged volume flow rate that
is less than 500 Sm3/h. This result was largely expected considering that in national gas
grids a relatively small number of large PRSs reduces the gas pressure of the entire flow
rate consumed in the nation from the maximum level (imposed by the suppliers) to a lower
level. On the other hand, many small PRSs are spread all around the country to serve local
users with a relatively small flow rate.
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4. Methods

This section describes the criteria used to perform the economic evaluations (Section 4.1)
and the optimisation procedure used to search for the RHVT–HE energy recovery system
design that minimises the PP (Section 4.2).

4.1. Economic Evaluations

The economic evaluations are based on the calculation of the PP. Accordingly, the
investment costs and the economic savings derived from eliminating gas consumption for
preheating must be determined. The methods employed to calculate the preheating costs
and the cost of the proposed energy recovery system are described in what follows.

4.1.1. Calculation of the Preheating Costs

The thermal power Qth (kW) needed for the preheating process is calculated taking
into account current legislation (which imposes a temperature of the gas exiting the pressure
reduction section Tout,ph (K) equal to the temperature at the entrance Tin,ph), and using the
following equations:

Qth =

.
mgas·∆hph

ηHE
(15)
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∆hph = hout,ph − hin,ph = f
(

pin, Tout,ph

)
− f

(
pin, Tin,ph

)
(16)

hout,ph = hout = f
(

pout, Tin,ph

)
(17)

where Qth (kW) is the thermal power needed for the preheating process, ∆hph (kJ/kg) is
the enthalpy increase resulting from preheating, pin and pout (bar) are the inlet and outlet
gas pressures, and ηHE is the heat exchanger efficiency (assumed equal to 0.90). Note that
Tin,ph is dependent on the season.

The annual cost C f uel (EUR) of the NG burned in the boilers for preheating is calculated
as

C f uel =
365

∑
t=1

 Qth,t·24 [h]

ηB·10.98
[

kWh
Sm3

]
·0.10

[
EUR
Sm3

]
(18)

where ηB is the boiler efficiency, which is set equal to 0.9. Since preheating is imposed only
when the pressure drop and the PRS inlet pressure are higher than 12 bar, the expansion of
the gas can be performed in a series of stages with and without preheating to minimise the
costs. The methodology employed to define the preheating stages is described in the block
scheme shown in Figure 11.

Energies 2022, 15, x FOR PEER REVIEW 14 of 33 
 

 

expansion of the gas can be performed in a series of stages with and without preheating 

to minimise the costs. The methodology employed to define the preheating stages is de-

scribed in the block scheme shown in Figure 11. 

 

Figure 11. Block scheme of the methodology used to calculate the preheating costs. 

Figure 12 shows the preheating cost curves (at yearly constant inlet pressure) ob-

tained for PRSs processing an averaged volume flow rate of 100,000 Sm3/h for multiple 

combinations of inlet and outlet pressures. For a given inlet pressure, the preheating cost 

increases as the expansion ratio increases according to a step-like trend, in which each cost 

step corresponds to an additional preheating stage. 

It is interesting to evaluate the preheating costs related to the 7142 PRSs with pre-

heating systems installed in Italy today, whose cumulative percentage number distribu-

tion is shown in Figure 10. Figure 13 shows the cumulative percentage distribution of the 

preheating costs against the processed annually averaged volume flow rate. The curve 

trend shows that approximately 80% of the preheating costs are due to medium and large-

sized PRSs processing volume flow rates above 1000 Sm3/h. 

 

Figure 12. Annual preheating cost against outlet pressure for PRSs expanding 100,000 Sm3/h of NG 

for several inlet pressures values. 

pin=75 bar

pin=70 bar

pin=65 bar

pin=60 bar

pin=55 bar

pin=50 bar

pin=45 bar

pin=40 bar

pin=35 bar

pin=30 bar

pin=25 bar
0

20,000

40,000

60,000

80,000

100,000

120,000

140,000

0 10 20 30 40 50 60 70

A
n

n
u

al
 p

re
h

e
at

in
g 

co
st

 [
€

]

pout [bar]

𝑝𝑖𝑛

Figure 11. Block scheme of the methodology used to calculate the preheating costs.

Figure 12 shows the preheating cost curves (at yearly constant inlet pressure) obtained
for PRSs processing an averaged volume flow rate of 100,000 Sm3/h for multiple combina-
tions of inlet and outlet pressures. For a given inlet pressure, the preheating cost increases
as the expansion ratio increases according to a step-like trend, in which each cost step
corresponds to an additional preheating stage.
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Figure 12. Annual preheating cost against outlet pressure for PRSs expanding 100,000 Sm3/h of NG
for several inlet pressures values.
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It is interesting to evaluate the preheating costs related to the 7142 PRSs with preheat-
ing systems installed in Italy today, whose cumulative percentage number distribution is
shown in Figure 10. Figure 13 shows the cumulative percentage distribution of the pre-
heating costs against the processed annually averaged volume flow rate. The curve trend
shows that approximately 80% of the preheating costs are due to medium and large-sized
PRSs processing volume flow rates above 1000 Sm3/h.
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Figure 13. Cumulative percentage distribution of preheating costs associated with the operation of
7142 PRSs installed in Italy against the annual averaged volume flow rate of gas processed.

4.1.2. Calculation of the Energy Recovery System Cost

The investment costs of the proposed energy recovery system depend on its size. The
size parameters associated with the RHVT and HE are the inlet volume rate

( .
Vin

)
and

surface area (A), respectively. The system is sized considering the most demanding PRS
conditions, i.e., those maximising the size and costs. These conditions correspond to the
maximum flow rate

.
min,peak (kg/s) and minimum ambient temperature Tamb. The inlet

volume flow rate
.

Vin(m3/s) is calculated as follows:

.
Vin =

.
min,peak

ρin
(19)

ρin = f (pin, Tin) (20)

where ρin (kg/m3) is the gas mass density at the PRS entrance.
The size of the heat exchanger is defined by its exchange surface A (m2), derived from

Equations (13) and (14).

A =
Q

K·∆Tml ·Ft
=

.
min,peak·x·(Tc,out − Tc,in)

K·∆Tml ·Ft
(21)

The previous equation can be solved once Tc,out and Tamb are known. The former is
found considering that the goal of the process is to avoid gas cooling due to adiabatic
expansion (i.e., Tin = Tout). Thus, Tc,out can be calculated with the following equations:

hc,out =
hout − (1 − x)·hh

x
(22)

Tc,out = f (hc,out, pout) (23)

hout = f (Tin, pout) (24)
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where hout (kJ/kg) is the PRS exit enthalpy after the hot and cold streams are merged, and
hh (kJ/kg) is the enthalpy of the stream exiting the RHVT hot side.

Once the RHVT and HE sizes are known, the cost functions presented in Sections 3.1.4
and 3.2 allow the cost of the energy recovery system to be calculated.

4.2. Design Optimisation Procedure for the RHVT–HE System

The system design criterion minimises the PP with the constraint of achieving an
isothermal process between the inlet and the outlet of the pressure reduction section
to eliminate the need for preheating. The proposed system can obtain the same NG
temperature downstream of the pressure reduction section by several RHVT flow split
ratios and inlet pressure combinations. Accordingly, an optimisation is required to find the
values that minimise the PP, which is calculated as

PP

∑
year=1

F(year)·(1 + k)−year − F0 = 0 (25)

where F(year) is the cash flow in the year being considered, k (=0.015) is the discount rate,
and F0 is the investment cost. The cash flow represents the savings derived from not using
preheating systems. Figure 14 visualises the optimisation procedure using a flowchart.
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The optimisation procedure algorithm was implemented using a visual basic script
and the ESS® software.

5. Application of the Design Optimisation Procedure

The design optimisation procedure just presented was applied in a first example to
perform a general investigation of the impact of PRS operating parameters on the proposed
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energy recovery system’s economic convenience and technical feasibility. In a second
example, its economic convenience was evaluated on a real large-scale application.

For the first example, the techno-economic feasibility of the proposed system was
investigated considering a 240 PRS sample generated from all possible combinations of
inlet pressure, outlet pressure, and annually averaged mass flow rates, listed in Table 1.
This PRS sample resembles a set of PRSs that could be employed by a national gas grid in
Europe. The maximum and minimum inlet pressure of the sample (75 bar and 5 bar) were
selected according to the common operating ranges of the PRSs, while the three annual
averaged volumetric flow rates correspond to three possible stations sizes (small, medium,
and large).

Table 1. Combined operating parameters to generate the general sample.

pin[bar] 75 70 65 60 55 50 45 40 35 30 25 20

pout [bar] 60 55 50 45 40 35 30 25 20 15 10 5
.

Vavg

[
Sm3

h

]
100 5000 100,000

The combinations of inlet and outlet pressures characterised by pressure drops below
15 bar were discarded because they did not require preheating. Accordingly, the final
sample was reduced to 234 PRSs. The maximum mass flow rate occurring during the
year, which is required to size the proposed RHVT–HE energy recovery system, was
obtained by multiplying the annual trend gas consumption peak values in Figure 9 by the
annual averaged volumetric flow rates from Table 1. According to Figure 9, the largest
consumptions of NG occur in January, i.e., during the coldest month of the year in the
Northern Hemisphere. In addition, five different ambient temperatures (−10, −5, 0, 5,
and 10 ◦C) were considered since they can strongly vary between different geographical
locations belonging to a gas grid.

In the second example application, the optimisation procedure was applied to the
entire Italian gas grid as an example of a real case study.

6. Results

The presentation of the results is organised in two sub-sections, each focusing on one
of the two example applications described in the previous sub-section.

6.1. Impact of PRS Operating Conditions on the Economic Feasibility of the System

The complete results of this general analysis are provided in Appendix B. A summary
of these results, which should assist grid managers in choosing PRSs for which the proposed
system is best suited, is given as follows:

• The PP decreases by increasing the PRS inlet pressure and the expansion ratio;
• The PP reaches a maximum at expansion ratios in the range between 2.5 and 3.5.

This behaviour is due to the peak in the RHVT flow split, which is responsible for
the HE size. As shown in Figure A1, the maximum PP always occurs at expansion
ratios between 2.5 and 3.5 and increases as the inlet pressure increases. Analogous
confirmation derives from the cost trends shown in Figures A7, A10 and A11;

• A decrease in the size of the PRS tends to increase the overall PP of the system;
• A decrease in the design ambient temperature leads to an increase in PP, regardless of

the PRS size and inlet/outlet pressures. In general, the space of feasible solutions is
reduced as the ambient temperature decreases. This statement summarises the results
shown in Figure 15, where the technically feasible (blue markers) and unfeasible (red
markers) PRS inlet/outlet pressure pairs are reported for ambient temperatures equal
to −5 ◦C in Figure 15a, and −10 ◦C in Figure 15b. For ambient temperatures above
−5 ◦C, the RHVT–HE system is always technically feasible, regardless of the PRS
entrance and exit pressures.
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Figure 15. Technically feasible (blue) and unfeasible (red) inlet/outlet pressure pairs at ambient
temperatures of (a) −5 ◦C and (b) −10 ◦C.

6.2. Potential Application of the RHVT–HE System to the Italian Gas Grid

Figure 16a–e show the PP (the black markers and the secondary y axis), the percentage
of PRSs with preheating systems installed in Italy (blue curve), and the corresponding
preheating cost savings (red curve) as a function of the averaged volume flow rate processed
by the PRS (x axis). In particular, Figure 16a–e refers to the PRS energy recovery systems
optimised for 10, 5, 0, −5, and −10 ◦C ambient temperature operation, respectively. As
expected from the general results presented previously, an ambient temperature decrease
results in decreased applicability of the proposed RHVT–HE system and the corresponding
preheating cost savings. The proposed system does not reach 100% adoption even at a
10 ◦C ambient temperature. This is because the operating parameters of some PRSs in the
Italian grid are not compatible with technically feasible solutions allowed by the considered
ambient temperature.
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Figure 16. PP, percentage of PRSs with preheating systems, and preheating cost savings of the
proposed system vs. annual averaged volume flow rate of the PRSs. Ambient temperature equal to
(a) 10 ◦C, (b) 5 ◦C, (c) 0 ◦C, (d) −5 ◦C, and (e) −10 ◦C.

Considering that a design ambient temperature of 0 ◦C is a reasonable assumption
for the entire Italian grid, Figure 16c shows that 96% of the cumulative preheating costs
could be avoided by applying the system to 62% of the available stations. Moreover, 80%
of NG preheating costs in Italy could be avoided by installing the proposed system in just
6% of the 7412 Italian PRSs if a PP of 16 years or less is acceptable. About 60% of national
preheating costs could be avoided by installing the systems into just 2% of PRSs if the
maximum PP is 12 years. If a PP shorter than 10 years is required, 40% of preheating costs
could still be avoided by installing the system in only 0.6% of PRSs. On the other hand,
if an even smaller PP of 8 years or less is expected, only 20% of preheating costs can be
saved by installing the system in 0.2% of available PRSs. All of the results just discussed
are summarised in Table 2.
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Table 2. Percentage of the total preheating consumptions avoidable (%PH), percentage of the total
PRS of the sample using the RHVT–HE system (%PRS), and maximum acceptable PP versus design
ambient temperature.

Tamb 10 ◦C 5 ◦C 0 ◦C −5 ◦C −10 ◦C

%PH %PRS PP %PH %PRS PP %PH %PRS PP %PH %PRS PP %PH %PRS PP

98.4 91.1 <20 98.3 85.4 <20 96.5 62.1 <20 33.3 23.1 <20 11.6 6.7 <20

78.7 8.6 <9 78.7 8.6 <11 77.2 7.8 <16 26.6 2.8 <19 9.3 0.6 <16

59 2.2 <8 59 2.2 <10 57.9 2 <12 20 1 <18 7 0.21 <16

39.4 0.74 <7 39.4 0.74 <9 38.6 0.7 <10 13.3 0.37 <16 4.6 0.08 <16

19.7 0.24 <6 19.7 0.24 <7 19.3 0.22 <8 6.7 0.11 <16 2.32 0.04 <16

7. Conclusions

This paper investigated the techno-economic feasibility of a novel system to expand
NG in the pressure reduction stations of a gas grid. In contrast to the commonly used
throttling valves that only reduce the gas pressure, the proposed system is based on
coupling an RHVT and an HE to exploit the energy available in the expansion, avoiding
NG cooling due to the Joule–Thomson effect. Thus, the economic and environmental costs
associated with gas consumption for preheating are saved. First, a techno-economic analysis
was conducted to investigate the economic sensitivity of the system to PRS operating
parameters. A sample of 240 PRSs was generated to accomplish this, considering an
extensive range of operating parameters. A novel empirical model was proposed to predict
the performance of the RHVT for the specific application to a PRS, in conjunction with a
cost function derived from manufacturers quotations, introduced to evaluate the RHVT
cost as a function of its size. The system’s design was optimised for each PRS using a
procedure that minimises its overall costs. The results of this analysis led to the following
observations:

• It is most convenient to install the system in PRSs working at inlet pressures above
55 bar;

• Expansion ratios lower than 2 penalise the economic feasibility of the system;
• In general, the lower the PRS inlet pressure, the higher the penalty due to low expan-

sion ratios;
• PRSs having an annual averaged volumetric flow rate below 100 Sm3/h are not

economically feasible applications;
• If the design ambient temperature is below 0 ◦C, the system becomes technically

unfeasible for many PRSs.

The design optimisation procedure was also applied to a real case study considering
the 7142 PRSs with preheating systems currently installed in Italy. These results led to the
following observations:

• It is possible to avoid up to 95% of preheating costs by installing economically feasible
systems (PP < 20 years) at a design ambient temperature of 0 ◦C. If the ambient temper-
ature is reduced to −5 ◦C and −10 ◦C, the preheating costs savings are dramatically
reduced to 33% and 23%, respectively;

• The system must be installed in locations that impose a design ambient temperature
of at least 0 ◦C to achieve PPs less than 10 years. In particular, an ambient temperature
equal to 0 ◦C allows savings of up to 40% of the preheating costs. The preheating cost
savings rise to 80% if the design ambient temperature is at least 5 ◦C;

• PPs commonly accepted for investment by the industrial sector (on the order of 3.5–4.5
years) can be achieved. For such short PPs, only 25%, 16%, and 3% of the overall
preheating costs can be saved at design ambient temperatures of 10 ◦C, 5 ◦C, and 0 ◦C,
respectively.
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The results of this work definitively demonstrate that the proposed system can dras-
tically reduce NG consumption (and corresponding CO2 emissions) associated with PRS
gas preheating in gas grids. In locations with cold climates, the environmental conditions
can limit both the economic and technical feasibility of this system. However, accepting
medium-to-long PPs (< 10 years), the system can be successfully installed in many PRSs
and locations. Moreover, it should be considered that the price of methane (normally used
for preheating) is constantly changing and could rise markedly at any time, making the
proposed system much more economically attractive. Energy policies are moving towards
requiring higher shares of renewable energy, and additional taxes on fossil fuel consump-
tion could soon be adopted. Although the PPs found in this analysis are not always aligned
with the standards of industrial investments, the system’s simplicity is a fundamental
advantage for its attractiveness, given that it has no moving parts, no electronics, and does
not require any electrical connections.
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Nomenclature

Acronyms x - Flow split ratio, -
PRS Pressure Reduction Station re Expansion ratio, -
NG Natural Gas k Actualisation factor, -
PP Payback period Greek symbols
RHVT Ranque–Hilsch Vortex Tube η Efficiency
CFD Computational Fluid Dynamics ρ Density, kg/m3

PH Preheating ∆ Difference
HE Heat Exchanger Subscripts and superscripts
Symbols in Inlet
p Gauge Pressure, bar out Outlet
V Volumetric flow rate, m3/s avg Averaged
C Cost, EUR c Cold
Ft Correction factor, - h Hot
Q Thermal power, W is Isentropic
m Mass flow rate, kg/s exp Experimental
A Surface area, m2 max Maximum
T Temperature, ◦C ph Pre-heating
h Enthalpy, kJ/kg ml Logarithmic mean temperature
Z Temperature separation factor, - amb ambient
K Heat transfer coefficient, W/m2K fuel fuel
F0 Investment cost, EUR peak peak

Appendix A

The performance parameters of the RHVT working with air and methane for expan-
sions to atmospheric pressure are listed in the following tables.
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Table A1. Experimental cooling effect and corresponding cooling efficiency for RHVT operation with
air at various expansion and mass flow split ratios (data from [50]).

x 0.2 0.3 0.4 0.5

re
∆Tc,exp

[◦C]
∆Tc,max

[◦C] ηc
∆Tc,exp

[◦C]
∆Tc,max

[◦C] ηc
∆Tc,exp

[◦C]
∆Tc,max

[◦C] ηc
∆Tc,exp

[◦C]
∆Tc,max

[◦C] ηc

2.4 34.4 61.7 0.557 33.3 61.7 0.539 31.1 61.7 0.504 28.3 61.7 0.458

3 40.9 75.2 0.544 39.6 75.2 0.527 37.1 75.2 0.493 33.8 75.2 0.449

4 50.4 91.3 0.552 48.7 91.3 0.533 45.7 91.3 0.501 41.6 91.3 0.456

5 56.9 103.0 0.553 54.7 103.0 0.531 50.9 103.0 0.494 46.1 103.0 0.448

6 61.6 111.9 0.550 59 111.9 0.527 54.8 111.9 0.490 49.4 111.9 0.441

7 65.4 119.2 0.549 62.7 119.2 0.526 58.2 119.2 0.488 52.7 119.2 0.442

8 68.6 125.2 0.548 65.8 125.2 0.526 61.4 125.2 0.490 55.7 125.2 0.445

9 71.1 130.3 0.546 68.2 130.3 0.523 63.8 130.3 0.490 57.3 130.3 0.440

0.6 0.7 0.8

2.4 24.4 61.7 0.395 20 61.7 0.324 15.6 61.7 0.253

3 29.2 75.2 0.388 24 75.2 0.319 18.1 75.2 0.241

4 36 91.3 0.394 29.7 91.3 0.325 21.9 91.3 0.240

5 40 103.0 0.389 32.9 103.0 0.320 25.1 103.0 0.244

6 43 111.9 0.384 35.8 111.9 0.320 26.9 111.9 0.240

7 45.6 119.2 0.383 37.6 119.2 0.315 28.6 119.2 0.240

8 48 125.2 0.383 39.6 125.2 0.316 30 125.2 0.240

9 50 130.3 0.384 40.8 130.3 0.313 30.4 130.3 0.233

Table A2. Cooling effect and corresponding cooling efficiency for RHVT operation with methane at
various expansion and mass flow split ratios.

x 0.2 0.3 0.4 0.5

re
∆Tc,exp

[◦C]
∆Tc,max

[◦C] ηc
∆Tc,exp

[◦C]
∆Tc,max

[◦C] ηc
∆Tc,exp

[◦C]
∆Tc,max

[◦C] ηc
∆Tc,exp

[◦C]
∆Tc,max

[◦C] ηc

2.4 29.7 53.4 0.557 28.8 53.4 0.539 26.9 53.4 0.504 24.5 53.4 0.458

3 35.6 65.5 0.544 34.5 65.5 0.527 32.3 65.5 0.493 29.4 65.5 0.449

4 44.3 80.3 0.552 42.8 80.3 0.533 40.2 80.3 0.501 36.6 80.3 0.456

5 50.4 91.1 0.553 48.4 91.1 0.531 45.0 91.1 0.494 40.8 91.1 0.448

6 54.8 99.6 0.550 52.5 99.6 0.527 48.8 99.6 0.490 44.0 99.6 0.441

7 58.4 106.5 0.549 56.0 106.5 0.526 52.0 106.5 0.488 47.1 106.5 0.442

8 61.5 112.2 0.548 59.0 112.2 0.526 55.0 112.2 0.490 49.9 112.2 0.445

9 64.0 117.2 0.546 61.3 117.2 0.523 57.4 117.2 0.490 51.5 117.2 0.440

0.6 0.7 0.8

2.4 21.1 53.4 0.395 17.3 53.4 0.324 13.5 53.4 0.253

3 25.4 65.5 0.388 20.9 65.5 0.319 15.8 65.5 0.241

4 31.7 80.3 0.394 26.1 80.3 0.325 19.3 80.3 0.240

5 35.4 91.1 0.389 29.1 91.1 0.320 22.2 91.1 0.244

6 38.3 99.6 0.384 31.9 99.6 0.320 23.9 99.6 0.240

7 40.7 106.5 0.383 33.6 106.5 0.315 25.6 106.5 0.240

8 43.0 112.2 0.383 35.5 112.2 0.316 26.9 112.2 0.240

9 45.0 117.2 0.384 36.7 117.2 0.313 27.3 117.2 0.233
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Table A3. Experimental heating effect, heating efficiency, and index Z for RHVT operation with air at
various expansion and mass flow split ratios (data from [50]).

x 0.2 0.3 0.4 0.5

re
∆Th,exp

[◦C]
∆Th,max

[◦C] ηh Z
∆Th,exp

[◦C]
∆Th,max

[◦C] ηh Z
∆Th,exp

[◦C]
∆Th,max

[◦C] ηh Z
∆Th,exp

[◦C]
∆Th,max

[◦C] ηh Z

2.4 8.3 8.7 0.953 4.1 13.9 14.6 0.954 2.4 20.0 21.2 0.944 1.5 28.3 29.0 0.978 1
3 9.8 10.4 0.946 4.2 16.4 17.4 0.943 2.4 24.0 25.3 0.949 1.5 33.3 34.6 0.962 1
4 12.0 12.3 0.979 4.2 19.9 20.7 0.963 2.4 29.6 30.1 0.982 1.5 40.3 41.3 0.977 1
5 13.2 13.5 0.976 4.3 21.9 22.9 0.955 2.5 32.4 33.5 0.967 1.6 43.9 45.9 0.956 1
6 13.7 14.4 0.949 4.5 23.3 24.6 0.948 2.5 34.2 36.0 0.950 1.6 46.5 49.4 0.942 1.1
7 14.1 15.1 0.933 4.6 24.3 25.9 0.940 2.6 35.8 37.9 0.944 1.6 48.6 52.1 0.933 1.1
8 14.4 15.6 0.923 4.8 25.1 26.8 0.935 2.6 37.3 39.5 0.945 1.6 50.2 54.2 0.926 1.1
9 14.4 16.0 0.900 4.9 25.4 27.6 0.919 2.7 38.1 40.7 0.936 1.7 51.8 56.0 0.925 1.1

0.6 0.7 0.8
2.4 35.6 37.6 0.947 0.68 46.1 48.1 0.958 0.43 59.4 62.2 0.956 0.26
3 42.6 45.0 0.948 0.68 54.6 57.5 0.950 0.44 69.5 74.2 0.936 0.26
4 52.3 53.6 0.976 0.69 66.5 68.5 0.971 0.45 83.5 88.4 0.945 0.26
5 57.1 59.7 0.957 0.70 72.5 76.2 0.951 0.45 91.2 98.2 0.929 0.27
6 60.9 64.2 0.949 0.71 77.2 82.0 0.942 0.46 97.1 105.4 0.921 0.28
7 63.9 67.7 0.944 0.71 81.0 86.5 0.937 0.46 102.1 111.1 0.919 0.28
8 66.3 70.5 0.940 0.72 84.2 90.0 0.935 0.47 106.3 115.5 0.920 0.28
9 67.9 72.8 0.933 0.74 86.1 93.0 0.926 0.47 107.9 119.1 0.906 0.28

Table A4. Heating effect, heating efficiency, and index Z for RHVT operation with methane at various
expansion and mass flow split ratios.

x 0.2 0.3 0.4 0.5

re
∆Th,exp

[◦C]
∆Th,max

[◦C] ηh Z
∆Th,exp

[◦C]
∆Th,max

[◦C] ηh Z
∆Th,exp

[◦C]
∆Th,max

[◦C] ηh Z
∆Th,exp

[◦C]
∆Th,max

[◦C] ηh Z

2.4 6.7 7.0 0.953 4.4 11.4 12.0 0.954 2.5 16.6 17.5 0.944 1.6 23.5 24.0 0.978 1.0
3 7.8 8.3 0.946 4.6 13.4 14.2 0.943 2.6 19.8 20.8 0.949 1.6 27.5 28.6 0.962 1.1
4 9.4 9.6 0.979 4.7 16.1 16.7 0.963 2.7 24.2 24.6 0.982 1.7 33.1 33.8 0.977 1.1
5 10.1 10.4 0.976 5.0 17.5 18.3 0.955 2.8 26.3 27.2 0.967 1.7 35.8 37.4 0.956 1.1
6 10.3 10.9 0.949 5.3 18.4 19.4 0.948 2.9 27.5 28.9 0.950 1.8 37.6 39.9 0.942 1.2
7 10.4 11.2 0.933 5.6 19.0 20.2 0.940 3.0 28.5 30.2 0.944 1.8 39.0 41.8 0.933 1.2
8 10.4 11.3 0.923 5.9 19.4 20.7 0.935 3.0 29.5 31.2 0.945 1.9 40.0 43.2 0.926 1.2
9 10.2 11.3 0.900 6.3 19.4 21.1 0.919 3.2 29.8 31.9 0.936 1.9 40.9 44.3 0.925 1.3

0.6 0.7 0.8
2.4 29.5 31.2 0.947 0.7 38.0 39.7 0.958 0.5 47.9 50.1 0.956 0.3
3 35.2 37.1 0.948 0.68 44.8 47.2 0.950 0.5 56.4 60.2 0.936 0.3
4 42.8 43.9 0.976 0.69 54.2 55.8 0.971 0.5 67.0 70.9 0.945 0.3
5 46.4 48.5 0.957 0.70 58.6 61.6 0.951 0.5 72.6 78.1 0.929 0.3
6 49.2 51.8 0.949 0.71 61.9 65.7 0.942 0.5 76.5 83.0 0.921 0.3
7 51.2 54.3 0.944 0.71 64.4 68.7 0.937 0.5 79.6 86.6 0.919 0.3
8 52.7 56.1 0.940 0.72 66.4 71.0 0.935 0.5 82.1 89.2 0.920 0.3
9 53.6 57.5 0.933 0.74 67.3 72.7 0.926 0.5 82.5 91.1 0.906 0.3

Appendix B

The complete results of the techno-economic analysis conducted on the 240 PRS sample
are collected in two sub-sections. The first sub-section considers PRSs operating at different
inlet pressures and pressure ratios at a fixed ambient temperature. In contrast, the second
sub-section focuses on the sensitivity of the results to the ambient temperature.

Appendix B.1. PP for PRSs at Different Inlet Pressure and Pressure Ratios and 10 ◦C
Ambient Temperature

Figure A1 compares the PP for different inlet and outlet pressures for a large PRS
processing an annual averaged volume flow rate equal to 100,000 Sm3/h at a 10 ◦C ambient
temperature. Each curve in Figure A1 refers to a fixed value of the inlet pressure.
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Figure A1. PP vs. outlet pressure for various inlet pressures. Average volume flow rate of 100,000
Sm3/h and ambient temperature of 10 ◦C.

The PP ranges between 4 and 10 years at high inlet pressure operation (pin = 75 bar)
and between 16 and 18 years at low inlet pressure operation (pin = 30 bar). Inlet pressures
below 30 bar were not considered because the corresponding PPs are more than 20 years
and are deemed economically unfeasible. PPs below 6 years can be achieved for inlet
pressures ranging from 45 to 75 bar and for exit pressures between 5 and 30 bar. In general,
the PP of the RHVT–HE system tends to increase as the inlet pressure decreases. Notably,
the PP peaks between re = 2.5 and re = 3.5 for each inlet pressure. This can be understood
by examining the preheating cost trends (Figure 12) and overall system costs shown in
Figure A2. Figure A2 shows that the cost decreases slightly as the inlet pressure decreases
from pin = 75 bar to pin = 50 bar. This cost decrease occurs because the optimal temperature
difference (i.e., the temperature difference minimising the size of the system) requires
increasing flow split ratios as the inlet pressure increases (Figure A3). Accordingly, the size
of the HE also increases. Figure A2 also shows that the cost of the system increases at inlet
pressures below 50 bar, reflecting the RHVT cost trend (Figure 6).
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Figure A2. Cost of RHVT + HE vs. outlet pressure for different inlet pressures.
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Figure A3. Flow rate split ratio vs. outlet pressure for different inlet pressures.

Figures A4 and A5 permit quantification of the sensitivity of the previous findings on
the PRS size by comparing the PP (Figure A4) and RHVT–HE system cost (Figure A5) of
PRSs with annual averaged volume flow rates of 5000 and 100 Sm3/h.
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Figure A4. PP vs. outlet pressure for different inlet pressures. Averaged volume flow rate of (a) 5000
and (b) 100 Sm3/h and ambient temperature of 10 ◦C.

Figure A4a indicates that for a medium-size PRS (5000 Sm3/h), the PP follows the
overall trend found for larger PRSs (Figure A1), although the PPs are longer. In particular,
the minimum PP is 6 years and can be achieved for inlet pressures ranging from 65 to
75 bar and outlet pressures between 5 and 20 bar. Figure A4b confirms that the PP also
decreases as the inlet pressure decreases for a very small PRS (100 Sm3/h). However, below
pin = 55 bar, many inlet/outlet pressure combinations involve economically unfeasible
solutions (PP > 20 years).
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Figure A5. Cost of RHVT + HE vs. outlet pressure for different inlet pressures. Averaged volume
flow rate of (a) 5000 Sm3/h and (b) 100 Sm3/h.

Figure A5 shows that for a medium and small PRS the costs always tend to increase
as the inlet pressure increases (particularly for the smaller system). The cost peaks move
towards lower outlet pressures as the RHVT–HE system size decreases.

Appendix B.2. Sensitivity to Ambient Temperature

Figures A6 and A7 extend the scenario considered in Figures A1 and A2 to cases with
different ambient temperatures. It can be noted that the PP tends to increase as the ambient
temperature decreases because of increasing heat exchanger costs. An increasing number
of operating conditions become economically or technically unfeasible as the ambient
temperature is reduced. The difference between economic and technical unfeasibility is
that in the former, the system is achievable, but the costs do not allow the investment to
be recovered in less than 20 years. In the letter, the RHVT cannot reduce the cold-side
temperature to the level needed to avoid preheating the NG. The technically unfeasible
conditions are those showing null costs in Figure A7. In particular, it is apparent from
Figure A7d that for very low ambient temperatures (−10 ◦C), the technically feasible
solutions exist only for low inlet and outlet pressures.
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Figure A6. PP vs. outlet pressure for different inlet pressures. Averaged volume flow rate of 100,000
Sm3/h and ambient temperature of (a) 5 ◦C, (b) 0 ◦C, (c) −5 ◦C, and (d) −10 ◦C.
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Figure A7. Cost of RHVT + HE vs. outlet pressure for different inlet pressures. Large size PRS
(100,000 Sm3/h) and ambient temperature of (a) 5 ◦C, (b) 0 ◦C, (c) −5 ◦C, and (d) −10 ◦C.

PPs and costs of the system for the medium (5000 Sm3/h) and small (100 Sm3/h) PRSs
for decreasing ambient temperatures are presented in Figures A8–A11, respectively. In
general, the reduction in the PRS size and the ambient temperature increases the PP of
the system. An interesting finding derived from the comparison of Figures A7d, A10d
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and A11d is that technical unfeasibility correlates with ambient temperature but not with
the system size. As a result, the technically unfeasible inlet/outlet pressure pairs can be
plotted as a function of the ambient temperature alone (Figure 15).
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Figure A8. PP vs. outlet pressure for different inlet pressures. Averaged volume flow rate of 5000
Sm3/h and ambient temperature of (a) 5 ◦C, (b) 0 ◦C, (c) −5 ◦C, and (d) −10 ◦C.
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Figure A9. PP vs. outlet pressure for different inlet pressure. Averaged volume flow rate of 100
Sm3/h and ambient temperature of (a) 5 ◦C, (b) 0 ◦C, (c) −5 ◦C, and (d) −10 ◦C.
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Figure A10. Cost of RHVT + HE vs. outlet pressure for different inlet pressures. Medium size PRS
(5000 Sm3/h) and ambient temperature (a) 5 ◦C, (b) 0 ◦C, (c) −5 ◦C, and (d) −10 ◦C.
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