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ABSTRACT

The aim of this work is to analyse the potential electrical
energy that can be produced from the installation of expanders
in the gas pressure reducing stations of industrial gases networks
(oxygen, nitrogen and hydrogen). This solution is well
established in natural gas grid but not yet implemented in
existing technical gases networks. In the first part, the theoretical
energy recovery potential is investigated by calculating the
isentropic expansion specific power under different expander
inlet temperatures and pressure ratios. Then the evaluation of
adopting radial or axial expander is considered according to
typical operating conditions: in particular, the design of axial
expander is carried out with an open-source code. Eventually the
design and the impact of the gas expanders solution is evaluated
in selected industrial processes for each investigated technical
gas. A discussion on practical issues is proposed. Radial
expander could reach an isentropic efficiency of 89% while
efficiency of 94% is obtained with an axial configuration with
compact machinery. The application of gas expander in possible
scenarios leads to annual energy production up to 19 GWh (O:
expanderin blast furnace) with an utilization factor of 90% and
cost of production ranges from 16 to 37 $/MWh with an avoided
emission up to 1062 tCOjey/y. Results show an interesting
potential for the proposed solution: however, the application
strongly depends on adequate gas flow rate and operating
pressure with a niche market now.
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NOMENCLATURE
Acronyms
CAPEX Capital expensive, $
CEPCI Chemical Engineering Plant Cost Index
EE Electric energy, kW/h
EIGA European Industrial Gases Association
EIT Expander Inlet Temperature, °C
EOT Expander Outlet Temperature, °C
GE Gas Expander
LCOE Levelized Cost of Electricity, $/MWh
NG Natural Gas
OPEX Operative expansive, $/y
POD Point Of Delivery
POU Point of Utilization
SP Size Parameter, m

Roman and Greek letter
C Equipment cost, $

Eco,.eq Avoided emission, tcoz,eq/y

M Mach number, -

MM Molar weight, kg/kmol

P Pressure, bar

R Universal Gas Constant, 8.314 kJ/kmolK
1% Volumetric flow rate, m3/s

|78 Expansion volumetric ratio, -

74 Power, kW

€C0,.eq Specific emission, kgcoz,cf/ MWh
m Mass flow rate, kg/s

Ngt Number of stages, -

u Peripherical speed, m/s
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Ah Specific power, kl/kg

A Degree of reaction, -

B Pressure ratio, -

y Specific heat ratio, -

n Efficiency, -

A Hub-to-tip ratio, -
Subscription

g Generator

in Inlet

is Isentropic

mix Electric generation mix

out Outlet

pol Polytropic

rel Relative

1. INTRODUCTION

In the context of energy recovery, replacing a pressure
reduction valve in natural gas (NG) systems with a gas expander
(GE) ofters a consistent solution for harnessing energy from high
gas flow rates at medium-high pressure. This approach has been
extensively studied in the literature and numerous
turbomachinery companies now offer this technology®. The GE
boasts a less complex design and construction compared to
conventional power cycles and it integrates easily with existing
natural gas distribution networks [1]. Moreover, this concept can
be extended to pipeline networks used for distributing and
transporting industrial gases such as hydrogen (H>), oxygen (O>),
and nitrogen (N,) (Table 1). Since the supply of these gases to
various industry sectors is typically constant and well-
programmed, the machinery isn't subjected to the fluctuations
common in natural gas network systems [2].
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FIGURE 1: INDUSTRIAL GASES (LEFT) AND NATURAL GAS
(RIGHT) DISTRIBUTION NETWORK.

As shown in Figure 1 — left, after the production phase, the
mentioned gases can either be stored at high pressure, liquefied
or sent to the compression station for dispatch to the point of
delivery (POD), where they are expanded to the desired pressure

! Turboden, Atlas Copco, Backer Hughes and Cryostar.

before being utilized in the specific industrial process at the point
of utilization (POU). Typically, the delivery pressure up to 40 bar
for H» and N, and up to 60 bar for O, [3]. This network features
a simpler architecture compared to the natural gas (NG) network
(Figure 1 - right), as only one reduction station is employed.
Oxygen is well known as a gas implemented in the steel industry
for the casting process and other treatments, moreover O finds
application in the glass, cement, paper industries and in the
wastewater treatment. On the contrary, nitrogen is well
established as an inert gas in chemical and food manufacturing
and cooling medium in glass production. Besides being a
potential energy carrier, H> finds applications in chemicals, food
and steal industry.

TABLE 1: PROPERTIES OF THE INVESTIGATED INDUSTRIAL
GASES IN COMPARISON WITH NATURAL GAS (ASSUMED
100% METHANE). DATA FROM NIST DATABASE.

Properties H> 02 N NG
Molecular weight (MM) 2.01 3199 28.01 16.04
Boiling point at ambient
pressure, °C

Density at 25°C and 50
bar, kg/m?

Specific heat capacity at
25°C and 50 bar, kJ/kgK

-253 -183 -195  -161

394 6644 56.73 3526

14.43 1.0013 1.12 257

According to the European Industrial Gases Association (EIGA)
[4], the global industrial gases market reached a size of €91
billion in 2022, with the USA, EU27, and China collectively
accounting for 65% of the global gas market share. In Europe,
the market has experienced growth of 4.4% over the decade
spanning from 2012 to 2022, reaching a value of €18 billion. The
primary traded gases in Europe are O, (32%), N> (23%), and H»
(13%) [4]. Additionally, EIGA reports that the main consumers
of industrial gases are the chemicals, manufacturing, and
metallurgy industries, with gases supplied 40% via cylinders,
26% via bulk deliveries, and 32% through pipeline or onsite
production.

As example the company SIAD Macchine e Impianti produces
Air Separation Unit (ASU) with a capacity up to 90 kNm?*/h for
0O, and 270 kNm?/h for N, [3], while the Linde Engineering
company realizes ASU of a capacity up to 150 kNm*h for O
and 340 kNm>/h for N, [5]. Meanwhile H» can be produced or
from methane steam reforming with a capacity up to 12 kNm3/h
[6] or from electrolysis where the output is strongly depend on
the size of the stack. As well, the European Hydrogen Backbone
Initiative highlights that, in the energy transition, an H» pipeline
distribution network should be implemented, estimating an
overall length network of 57600 km by 2040 linking all the EU
state members [7]. Examples of industrial gas expanders in
literature are limited. Kong et al. [8] introduced a nitrogen GE,
which utilizes the pressure reduction process from the pipeline.
GE are also utilized in liquefaction processes. In ASU, following
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the main heat exchanger, air undergoes expansion from 5.9 to 1.3
bar to achieve a temperature of approximately -185°C, with the
assistance by an expander [9] [10]. Similarly, in the NG
liquefaction process, cryogenic temperatures (-133°C for N») are
attained using a nitrogen chiller, with energy recovery facilitated
by the adoption of a GE [11]. For the sake of the discussion, it is
worth to mention few examples of such infrastructure with
particular attention to the northern Italian region. The ASU
production site of SIAD, located in Bergamo, supplies N> to few
surrounding chemical manufacturing industries and a biogas
from waste production site where O; is supplied too?. Regarding
steel industry, from the same ASU site, O, is sent to a foundry
located in the city of Brescia area®. An Air Liquide production
site, located in the metropolitan area of Milan, deliveries oxygen
steel industries* and glass one®. Moreover, the same plant
supplies N> to a petroleum refinery located 80 km southwest of
Milan®. Air Liquide operates other oxygen pipelines, including,
as an example, Scotford (1000 tonnes/day), Hamilton (2700
tonnes/day), Quebec (20 km pipeline), and the us gulf coast
(16000 tonnes/day) [12]. Praxair, in collaboration with Air
Liquide, manages a 500 km pipeline system in Europe’s Rhine-
Ruhr area [12]. Linde, present in Europe and expanding
networks in China, offers additional opportunities for oxygen
transportation arrangements [12]. An other example of pipeline
network is reported by Vinson in [10], where 3 ASU plant from
air products company serve almost 50 customers in an industrial
area in the USA.

The aim of this work is to present various aspects of the
innovative concept of GE for industrial gases. Following a
literature review, a preliminary analysis is conducted to estimate
the isentropic efficiency of the expander, considering both radial
and axial designs. For the latter, a mean-line analysis is
performed using a MATLAB open-source code to assess not only
performance but also geometry and velocities under different
conditions. Subsequently, four case studies are presented,
evaluating energy production, cost, and emissions reduction.
Finally, a discussion on practical issues, such as safety and
material compatibility, is undertaken.

2. METHODOLOGY

A scheme of the GE plant is presented in FIGURE 2. The
GE comprises several components, including a distribution valve
and a reduction one for safety precaution, the actual
turbomachinery, an electric generator, and optionally, a heat
exchanger. The addition of a heat exchanger depends on whether
the industrial process offers a low to medium waste heat source
that can be utilized to elevate the inlet temperature of the GE.

2 Relate information: i) N, pipeline SIAD - Bidachem, ii) N, pipeline SIAD
- Corteva and iii) Map of N, and O, pipelines to Montello S.p.A
3 Relate information: O, pipeline SIAD — Fonderie Torbole.
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FIGURE 2: INDUSTRIAL GAS EXPANDER SCHEME

2.1 Gas expander assessment

A preliminary assessment of the potential of the gas
expander is carried out estimating the isentropic specific power
(w;s) produced by the expansion of the different gases as a
function of the pressure ratio (8 = P;,/P,,;) ranges from 2 to 20
(N2 and Hy) or 30 (O2 only). Three expander inlet temperatures
(EIT) are considered based on the potential for preheating the gas
using different levels of low-grade heat recovery available in the
industries (25°C, 50°C, and 100°C). This aligns with the
substantial amount of waste heat potential (300 TWh/year) in
Europe, one-third of which is available at temperatures below
200°C [13]. The software Aspen Plus V14 [14] is used with the
REFPROP V10 [15] database for the calculation of the
thermodynamic properties. As a second step, the isentropic
efficiency (n;) for radial and axial configurations expanders is
evaluated considering a mass flow rate () from 5 to 35 kg/s,
reflecting the standard production scale of a centralized air
separation unit or steam reformer [3] [5] [6]. Concerning the
radial configuration, the performance map presented in the work
of Perdichizzi and Lozza [16] serves as a reference. The
isentropic efficiency (n;), at the optimum specific rotational
speed, is function of volumetric expansion ratio (V,;s) and the
size parameter (SP) which are defined as follows (Eqg. (1) and

):

Vo ..
Vr,is = l;/u_‘t,Ls (N
L

Vout is
SP = - 2
i @

y R ( _(L)>
s =|——)——EIT (1 — y-1

Wis <y - 1) MM g 3)

Where V is the volumetric flow rate and w;, is the isentropic
specific power, that for ideal case can be express as Eg. (3). R
and MM are the gas universal constat and the molecular weight,
while, assuming ideal gas behaviour, y is the specific heat is
equal to 1.4 for all the analysed gases [17]. For axial turbine, n;s
is evaluated with Eq. (5) by calculating the polytropic efficiency
Mpo1 according to the correlation in Eq. (4) proposed in [17].

4 Relate information: O, pipelines Air Liquide — ORI Martin and Air
Liquide — Alfa Acciai.

% Relate information: O, pipeline Air Liquide — Vetrobalsamo

® Relate information : N, pipeline Air Liquide — ENI
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https://www.prefettura.it/FILES/AllegatiPag/1141/PEE_AIR_LIQUIDE_PUBBLICO.pdf

Tpor = 0.94(1 — 0.02668 log?(SP)) ()
y—1
1 _ ﬁ_TnP
Mig = —————1 5)
1- 5 v

After this initial assessment, the analysis focuses on designing
an axial expander using the open-source code AxialOpt: a
MATLAB tool for the mean-line design optimization of axial
turbines [18]. The machinery is evaluated considering an EIT of
50°C, consistent with the value used for NG gas expanders [19],
at various pressure ratios, mass flow rates and numbers of stages.
Additionally, the one-dimensional design of a diffuser is taken
into account to recover part of the kinetic energy at the exit of
the last rotor. The Kacker-Okapuu model [18] is chosen to
calculate the aerodynamic losses in axial turbomachinery. A free
vortex distribution model is employed to avoid non-negative
degrees of reaction at the hub [17]. The main parameters for the
assessment analysis are outlined in TABLE 2 and are sourced
from Lozza et al. [20], while a more detailed description of the
code can be found in [18].

TABLE 2: PARAMETERS AND CONSTRAINS OF THE
AXIAL EXPANDER DESIGN ANALYSIS

Parameter Value

EIT 50°C
Expansion ratio 3-5-10

Mass flow rate 5-10-20-35 kg/s
Number of stages 1-2-3
Hub-to-tip ratio A>0.8
Blade height mean diameter ratio 0.01 <h/Dm<0.25
Hub degree of reaction A>0
Relative Mach number at rotor inlet Mreiin< 0.8
Relative Mach number at rotor outlet Mrelout < 1.4

Blade tip peripheral speed Usip < 400 m/s

2.2 Case studies and economic analysis

Few case studies (Table 3) have been selected to provide a more
comprehensive understanding of the technology potential. For
the implementation of O, GE, three cases have been selected.
Case 1 refers to an oxygen blast furnace as presented by Arasto
et al [22], while Case 2 considers oxy-fuel combustion in two
glass melting furnaces industry for bottle production [23]. Case
3 also originates from the same industry of Case 2, where the O,
is received from the nearby Air Liquide ASU site at 30 bar (see
note 5). In the ASU plant, the gas is compressed in liquid phase
at 60 bar and then evaporated at ambient temperature. A fraction
of O, is directly delivered to a high-pressure pipeline (see note
4), while another fraction is reduced to 30 bar and sent to
mentioned industry. The application of H, and N, GEs can also
be found in the glass industry (Case 4), where flat glass is
produced in an inert atmosphere of Hz and N2 (90%yo N2): the
two gases are mixed and sent to the process at a pressure of
around 3-6 bar [21].

TABLE 3: DATA FOR THE CASE STUDIES

Case Gas Pin Pout Flow
[bar] [bar] [kg/s]
1  Blast furnace 0, 60® 6@ 23.9@
2 Glass melting 0, 300 30 130
furnace
Pressure reduction
(a) (2) (c)
3 inAsU production C: 60 30 13
4 Inert atmosphere N2 40® 4@ 0.7@
in tin bath H, 40® 4@ 0.16®

(a) Data from publications or reports. (b) assumed data. (c) calculated data
from available info.

Data for all investigated cases are reported in [21]; some are
calculated from actual available data (e.g., Case 4 considers a
production of 600 tonnes/day of float glass), while others are
assumed considering a pipeline delivery system. Following the
scheme in Figure 2, the presence of a heat exchanger providing
the necessary heat for increasing the gas temperature is
anticipated in the mentioned high-temperature process
industries. Therefore, the EIT is selected as 50°C, except for
Case 3, while the gas from the pipeline is assumed to be at 15°C.
In Case 3, heat recovery is quite challenging: the air entering the
ASU is intercooler compressed, and the water used as coolant
does not undergo significant temperature increase [9], hence an
EIT of 25°C is assumed.

The investigation begins with assessing the feasibility of
adopting either radial or axial expanders, followed by an analysis
consistent with the presented methodology. Subsequently, the
study proceeds to calculate the annual electrical energy
production, estimate the avoided emissions and determine the
Levelized Cost of Electricity (LCOE). The annual electrical
energy production (EE) and the avoided emissions (E¢g, ¢q) are
computed as follows in Eq. (6) and (8):

EE = 8760UF - W (6)

W = ngnis(mwis) (7
EE

Ecoyeq = ——€co,eq (8)

mix

Where UF is the utilization factor equal to 90%, while W in Eq.
(7) is the electric power generated from the GE. g4, equal to
96%, is the efficiency of generator and gearbox (necessary to
match the electric grid frequency). The ratio varies from 1.5 to
200 depending on type of gear and it is possible to obtain
significant performance even with elevated ratio [24]. ecq, ¢q 18
referring to the average European emission for power generation
equal to 250 kgcoze/MWh [25], while 71,,;, is the average
electric generation efficiency for the European mix and it is
assumed equal to 45%.

For the initial estimation of the LCOE, equipment cost
assumptions are derived from [26][27] (Table 4), while operation
and maintenance (OPEX) assumptions are based on [28]. The
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cost data in [26] (for the expander only) and [27] are related to
power cycle components retrofitted, as determined by an
extensive review. These data serve as a suitable basis for
preliminary assessment. For specific formula coefficients, please
refer to [26] and [27]. The LCOE is calculate according to the

Eq. (9):
CAPEX2023 : CRF + 0PEX2023

LCOE = 9
5B )

The cost correlations are presented in Table 4: UA in KW/K, W
in MW in expander correlation and kW in generator one. The
term ng, is the stages number, while a is a pressure-dependent
factor. The UA is computed considering a counter current heat
exchanger where the temperatures of the hot side are 80°C (inlet)
and 25°C (outlet).

TABLE 4: COST CORRELATIONS. 2014 DATA.

Component Cost correlation
UAN\"?
Heat Exchanger C=C (—)
g \va,) ¢
. . SP 1.06
Expander c=c,W)*” +q (ﬁ) nl1s
0
W 0.67
Generator C=Cy|\——
Wo
Gearbox 40% of generator cost

The equipment costs are actualized by using the Chemical
Engineering Plant Cost (CEPCI) index as reported in TABLE 5
[29]. The capital expensive (CAPEX) are the sum of the
equipment total cost and cost of balance of plant. For the
economic analysis, a capital recovery factor (CRF) of 6.4% has
been used in Eq. (9), considering a lifetime of 25 years and an
interest rate of 4%.

TABLE 5: DATA FOR THE LCOE ANALY SIS

Parameter Value
CEP612023)

CEPClyp14

40% of equipment total cost
0.01 $/kWh

Cost equipment Cr023 = Czo14<

Balance of plant
Specific OPEX
Gas temperatures® 15°C (from pipe) / 50°C (EIT)
Hot side heat exchanger® 80°C (inlet) / 25°C (outlet)
CRF 6.4%

CEPCI 2023/2014 798.7/567.5

(a) For Case 4 EIT = 25°C. (b) No heat exchanger in Case 4.

3. RESULTS

3.1 Gas expander potential energy recovery

Figure 3 and Figure 4 illustrates the ideal specific power
produced by the GE at various operating conditions for the three
investigated industrial gases. Generally, an increase in the EIT
and the pressure ratio positively impacts the specific work.

However, differences in results among the gases depend on their
thermophysical properties. Despite oxygen and nitrogen having
different inlet pressures (60 bar for O, and 40 bar for N,), they
exhibit similar outcomes. Examining the ideal specific power
expressed in Eq. (3), the lower MM of the N; results in higher
values at the same pressure ratio. Specifically, the O, GE can
achieve an ideal specific work of 206.6 kJ/kg, while the N, GE
reaches a maximum work of 221.1 kJ/kg. These closely aligned
values stem from the fact that, in the ideal case, w;; depends on
the pressure ratio and the molar weight [17]. On one hand, an
increase in P;, raises the [ at equal P, favoring the O,
expander. On the other hand, a lower molar mass corresponds to
higher specific work, benefiting N, (see Table 1). Thanks to the
lowest MM, the H, GE (Figure 4) shows the highest specific
work even at low pressure ratio, reaching value up to 3100 kJ/kg.
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FIGURE 3: IDEAL SPECIFIC WORK FOR NITROGEN AND

OXYGEN. Pin=40 BAR AND Pn=60 BAR FOR Oz. DOT POINTS

REFER TO THE CONDITIONS WHERE THE EXPANSION
OCCURS BELOW 0°C.

Considering the expander outlet temperature (EOT), a value
below 0°C is obtained already a low 8 between 1.3 and 3 for all
the investigated gases because the heat capacity ratio does not
significantly change. That leads to the conclusion that for a wide
range of pressure ratio, the EOT is always below 0°C and EOT
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reaches values in the range of -115 and -160°C, exploiting the
maximum pressure ratio possible.

As final comparison, typically a NG GE (assuming 100%
methane) is employed in the high to medium pressure station and
has a P;,, equal to 50 bar and it is expanded until P,,; of 5 bar.
That leads to an isentropic specific work that varies from 265 to
360 kJ/kg depending on EIT (from 25°C to 100°C) reaching a
maximum value of 420 kJ/kg at EIT equal to 100°C and g equal
to 25. Meanwhile a EOT below 0°C is obtained at g of 1.4, 2.05
and 3.6 at EIT equal to 25, 50 and 100°C respectively.

3500 1

H,—P;, =40 bar
3000 4 2 in
=5 2500 4
-
x
=
= 2000 A
1]
=
2
o 1500 >
=
E Legend
@ 1000 1 — @r-x¢
. -=- ET=50C
500 1 — - EIT=100°C
H ®  for-oc
0

12 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20

Pressure ratio[-]

FIGURE 4: IDEAL SPECIFIC WORK FOR HYDROGEN. DOT
POINTS REFER TO THE CONDITIONS WHERE THE EXPANSION
OCCURS BELOW 0°C.

3.2 Preliminary analysis on radial and axial expander
Figure 5 illustrates the isentropic efficiency of the
turbomachinery in both radial and axial configurations. As a
general rule, the efficiency of a radial expander tends to be lower
than that of an axial one due to higher aerodynamic and friction
losses, as well as secondary flow effects that penalize the overall
performance of the machine [17].
In terms of radial design, the resulting efficiency varies from
86% to 89%. It is noteworthy that the map presented by
Perdichizzi and Lozza [16] indicates a rapid change in efficiency
for SP values ranging from 0.01 to 0.04 m and V,. ;s up to 9. The
trend of the iso-efficiency line suggests that operating conditions
where SP is above 0.04 m exhibit limited variation in 7;, and it
is possible to achieve isentropic efficiency higher than 86%
while maintaining modest V,. ;;. The authors attribute this
phenomenon mostly to the stator's extremely short blade height
and the extremely low volume flow rate at the rotor inlet
compared to that at the rotor exit. The isentropic outlet
volumetric flow for N> and O; ranges from 0.6 to 2.15 m’/s
(depending on V, ;5), while the radial GE for H, achieves an
efficiency in the range of 88-89%, even with a small mass flow.
In fact, the isentropic outlet volumetric flow ranges from 2.11 to
4.91 m¥/s, and the wy is one order of magnitude higher. Due to
the imposed boundary conditions, all gases exhibit almost the

same V, ;5. For a pressure ratio of 3, V. ;5 is equal to 2.1, while at
a pressure ratio of 10, V, ;s is 5. On the other hand, the SP
increases with the increase in w;g and mass flow rate, indicating
that H» GE and high mass flow rate GEs exhibit the best
performance within the family of radial expanders. The O, GE
with a [ value of 10 and m of 5 kg/s achieves the lowest
efficiency (approximately 86%), while an 1;5 of 89% is achieved
for H, at a § value of 3 and a mass flow rate of 35 kg/s.

Moving to axial gas expander, the correlation in EQ. (4)
expresses the polytropic efficiency considering the size of the
turbomachinery. The efficiency ranges from 89% to almost 95%
depending on SP and f. As the value of SP increases, the
efficiency increases accordingly due to the minor efficiency
losses presented in larger machinery. Axial GEs for N, and O»
exhibit efficiency ranging from 89.5% to 94%, while H»
machineries are characterized by efficiency ranging from 91.5%
to 94.8%.
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FIGURE 5: PRELIMINARY ISENTROPIC EFFICIENCIES FOR
THE GAS EXPANDER IN RADIAL (UPPER) AND AXIAL
(LOWER) CONFIGURATION. LABELS CORRESPOND TO ISO
EFICIENCY LINES.

Under the same conditions, the adoption of an axial expander
generally results in a performance increase of 2% in small
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turbomachinery and 5% in larger ones. The recovered shaft
power varies widely, ranging from 250 kW to 5 MW for O, and
N2 gas expanders, while for hydrogen, the range shifts to 5 MW
to 75 MW. This preliminary analysis indicates that achieving
large outputs requires high-consumption industries such as steel
mills; however, even small consumers can benefit from gas
expanders. Nonetheless, a detailed design of the turbomachinery
is necessary to identify critical issues and actual performance.

3.3 Design of an axial expander

For the analysis, the code AxialOpt has been used to
extrapolate not only the isentropic efficiency but also other
conventional quantities for turbine such as the velocity triangles,
blade profiles, chassis dimensions and the thermodynamic
results from each stage. Referring to TABLE 2, the limit on the
Hub-to-tip ratio is enforced, while the other restrictions are
verified in the post-process. Additionally, the diffuser inlet Mach
number must not exceed 0.95, while the rotational speed is
treated as a degree of freedom in the analysis. As a general
observation, all fluids exhibit similar behaviour across different
expansion ratios, numbers of stages, and mass flows.

In the case of a single-stage GE, increasing the pressure ratio
penalizes efficiency due to the rise in the relative Mach number
at the rotor outlet, which violates the imposed limit (Myer,out < 1.4)
under expansion ratio conditions of 10 for all mass flow
conditions. Indeed, in a single-stage turbine, the enthalpy drop
cannot be distributed across multiple stages. Consequently, at
significant 3, the relative flow acceleration is substantial,
resulting in supersonic Mach numbers. This penalty is expressed
by the Kacker-Okapuu loss model [18], wherein the profile loss
formula is determined by the Mei,ou across various contributions.
Specifically, the profile loss incorporates a factor that
encompasses losses associated with supersonic flows at the blade
trailing edge, along with an additional term that addresses
relatively weak shock waves that may occur at the leading edge
of a cascade due to flow acceleration. Moreover, in one stage
GE, the strong stream acceleration leads to a tip peripheral speed
closed to the imposed limit (usp < 400 m/s).

The degree of reaction is around 0.48 and 0.52 at the mean
line guaranteeing a A > 0 at hub radius for all the investigated
cases. Looking to Figure 6, the efficiency ranges from 89% to
94.5% with a good agreement with the preliminary results
obtained with Eq. (4) and Eq. (5) presented in Figure 5, where
the only mismatch in the trend (the 7, rise with the 8 increase)
occurs with single stage GE.

Therefore, a detailed examination into the geometry is necessary
to evaluate the design feasibility of the axial GE. These
machineries show a compact design with a blade height for the
rotor from 10 to 60 mm and a tip radius from 30 to 350 mm: H
GE are characterized by larger dimensions due to the higher
volumetric flow. Turbomachinery that are characterized by small
dimensions are not uncommon and they can be found in power
cycle too. As described by Salah et al. [30], a 100 kW carbon
dioxide turbine can reach a blade height up to 1.5-2 mm and a
diameter up to 80-100 mm, depending on different boundary

conditions. For instance, few examples of small turbine are
presented in Organic Rankine Cycle.
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FIGURE 6: ISENTROPIC EFFICIENCY FOR THE AXIAL GE.

UPPER: ONE STAGE, MIDDLE: TWO STAGES, LOWER: THREE
STAGES.
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Macchi and Astolfi [31] reported a rotor diameter for axial
turbine up to 80 mm for V,. ;s from 1.2 to 20 at optimum specific
speed and SP equal to 0.05 m. The authors presented also a 500
kW R125 and Hexane turbines with a diameter of 80 mm and
180 mm with an SP comparable with the investigated cases in
this work [31]. On the contrary, in an N closed Brayton cycle
proposed by Park et al. [32], the two stages turbine has a
maximum diameter of 2100 mm (mass flow of 4956 kg/s and
mechanical power of 636 MW). Implementing innovative
manufacturing processes to construct small machinery presents
achallenge. However, it's notable that the recommended pipeline
diameter, as per EIGA guidelines (which propose a velocity of 7
m/s in the range of 40-60 bar), ranges from 100 to 400 mm,
aligning well with the dimensions of the gas expander.

The three stage design of the GE may be deemed suitable for N2
and O, applications, whereas the H, GE demonstrates a Uip
exceeding the imposed limit. Regarding the increase of the
stages number, it is possible to notice in Figure 7 (H. GE with a
mass flow rate of 35 kg/s) that the us, of the last rotor, decreases
and reaches a peripheral speed below the imposed limit where
the total stages number is between 12 and 22 depending on
pressure ratio while the n;; remains in the range presented in
Figure 6.
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1400 | Legend .
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FIGURE 7: TREND OF THE LAST ROTOR Urp BY
INCREASING THE TOTAL STAGES NUMBER FOR
HYDROGEN WITH A MASS FLOW RATE OF 35 KG/S.

Similar results on stages number can be found also in the works
of Hudson [33] and No et al [34]. Hudson investigated a H»
turbine for space power system resulting an expander with 14
stage at § equal to 5, while No et al proposed a turbine in nuclear
reactor adopting helium (a gas comparable with H,) with 6 stages
at § equal to 1.87. Besides the fact that the inlet expander
condition and mass flow in [33] and [34] are different comparing
the ones in this work, it is important to observe that when high
w;s occurs is necessary to increase the number of stages as
happens for steam turbine.

3.4 Case studies

In this section, the results concerning the case studies are
presented. In Case I (Figure 8), adopting the code AxialOpt, a
maximum in the efficiency is obtained at 3 stages with a 7
equal to 93.1% leading to a generated power of 2425 kW, an EOT
of -99.4°C and a thermal request for gas heating of 848.1 kW.
Since the mass flow rate is significant (23.9 kg/s) the rotor blade
height range from 1.4 cm in the first rotor to 2.4 c¢cm in the third
one, while the tip radius is 12.7 cm at GE outlet. Rotational speed
is attested at 18.42 kRPM keeping however the tip peripheral
speed (244.5 m/s at last stage) and the relative Mach number
below the imposed limits. In Case 2, the maximum isentropic
efficiency is found at 93.09% with a three stage GE, resulting
into a power production of 1615.5 kW, a thermal demand of
461.3 kW and an EOT of -99.77°C. Three stage allows to have a
relative Mach number in the order of 0.6 and 0.9, while the tip
peripheral speed is 236 m/s in the first rotor and 244 m/s in the
third one. Rotational speed is attested at 17.77 kRPM and the
dimensions are still compact: the maximum radius tip is 13.1 cm,
while the blade height is 23 mm.
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The pressure ratio equal to 2, in Case 3, suggests the use of a
single stage GE and that leads to an isentropic efficiency of
89.91%. The generated power is 523.3 kW and, since the gas is
not preheated, the EOT has a value of -25.71°C. The rotational
speed is 34.99 kPRM, but the rotor height blade is rather small
(13.5 mm), while the tip radius is 5.3 cm leading to un tip
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peripheral speed of 242 m/s. The low mass flow rate, in Case 4,
suggests the unfeasibility of axial turbine, since the tip radius
will be below 6 cm and leading to difficulties on the
manufacturing: so radial GE are implemented. The V. ;5 is 5.03
for nitrogen and 4.92 for hydrogen, while the size parameter is
0.015 m for N> and 0.013 m H,. According to the map in Figure
5, the isentropic efficiency for both GEs is roughly 83% leading
to a generated power of 88.8 kW for nitrogen and 287.5 kW for
hydrogen while the thermal demand for gas heating is 27.7 kW
and 81 kW respectively. Table 6 summarizes the annual energy
production, avoided emissions and the preliminary LCOE that
ranges from 16 to 37 $/MWh.

TABLE 6: ANNUAL ELECTRIC ENERGY, AVOIDED
EMISSION AND LCOE FOR EACH CASE.

Case 1 2 3 4
GE efficiency, 93.1 93.09 89.9 83

% (both GE)
Heat demand, 848 461.2 0 107.8
kW (total)
Energy, 19116 12737 4126 2267
MWh/y (total)
Avoided emission 1062 708 229 165
tCO2,eqly (total)
LCOE, 16 22 37 18
$/MWh (average)

Checking over the costs (Figure 9), GE accounts for 56 to 93%
of the total equipment cost while the share of the heat exchanger
does not exceed the 4% and the costs of generator and gearbox
are direct consequence of the generated power.
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FIGURE 9: SHARE OF THE COST OF EQUIPMENT. LABEL
INDICATES THE BARE COST IN K$. FOR CASE 3, THE HEAT
EXCHANGER IS ABSENT.

Comparing to the produced power, the GE in Case 3 is rather
high. The first term in the expander correlation (Table 4) is a
function of the gross power and represents a constant cost that is
independent of the axial and radial dimensions, while the second
term accounts for all the expenses of the stages design and
manufacturing. Considering the GE inlet conditions, the specific
power is approximately 46.5 kJ/kg leading to a size parameter
equal to 1.73 m and so increases the bare cost of the component.
On the other hand, in Case 3 and Case 4 the effect of SP is less
evident (0.08 m versus 0.49 m), but the higher power generated
in Case 3 leads to a lower GE cost. Finally in Case 4 the low SP
and generated power grants a bare cost of 36.8 k$ for the nitrogen
expander and 103.8 k$ for the hydrogen one. According to the
data presented by the International Renewable Energy Agency
[35], the LCOE for offshore wind is 80 $/MWh, 50 $/MWh for
photovoltaic solar and 70 $/MWh for geothermal. The obtained
LCOE is competitive with conventional renewable energy
sources and common power cycles, thanks to the reduced plant
complexity. These cases, drawn from both literature and
industry, demonstrate scenarios where industrial GE can be
adopted under various boundary conditions. However, they also
emphasize the necessity for a case-by-case design approach.

3.5 Discussion on practical issue

Following the previous discussion, three different concerns
can be identified for the GE implementation in real industrial
environment: i) EOT < 0°C, ii) material compatibility at EOT <
0°C and iii) safety issues.

The first issue addressed is the presence of iced particles in
the stream post-expansion, particularly when the EOT falls
below 0°C. In the NG distribution network, regulations such as
the Italian UNI 9167 mandate an EOT above 5°C to prevent
methane hydrate formation [19]. Therefore, preheating the
stream becomes necessary to prevent such issues, albeit at the
expense of consuming more natural gas. While this method could
potentially increase turbomachinery work due to higher EIT the
investigated gases, known for their high purity (up to 99.9999%),
shouldn't typically form iced particles. Moreover, the boiling
temperature is lower than the isentropic EOT discussed, ensuring
no fluid condensation. In industrial applications is common the
presence of a low-medium heat recovery source (above 100°C)
could facilitate preheating. Even if EOT falls below 0°C, it's
crucial to note that the POD doesn't necessarily coincide with the
POU (Figure 1). Thus, cryogenic gas presence in the industrial
process can be avoided, with any ice formation occurring
externally around the tubes. Restoring ambient temperature can
be easily achieved through pipeline natural convection.

TABLE 7: SUMMARY OF THE DISCUSSION ON PRACTICAL

ISSUE

Gas Safety issue Recommended GE metal
N> Simple asphyxiant Stainless steel (i.e. 316)
0, Combustion agent Nickel-based alloys

H, Fuel Carbon steel
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Ensuring safety in operations with an expected EOT below 0°C
requires careful material selection to prevent centrifugal stress.
In power generation, stainless steels are commonly used for low-
temperature applications, while Inconel is preferred for high-
temperature ones [36]. This discussion highlights the importance
of matching fluids with metals, particularly focusing on O, and
H; due to their high risk. Hurlich's work [37] illustrates the low-
temperature resistance of various metals (Figure 10), with Table
7 summarizes the analysis.
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FIGURE 10: MATERIALS RESISTANT TO EXTREMELY LOW
TEMPERATURES. DATA RETRIVED FROM [37].
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Nitrogen, often considered harmless because it's nontoxic and
inert, can actually pose a risk by displacing oxygen, causing
asphyxiation. According to a survey by the German Aerospace
Centre [38] nitrogen can be safely used with stainless and ferritic
steel, aluminium and copper.

Ensuring safety in high-pressure oxygen systems is crucial due
to the reactive nature of oxygen. Materials that are inert in
regular atmospheres can combust violently in oxygen, leading to
a higher accident rate. Metals are selected based on their ignition
susceptibility, often relying on a protective oxide coating. Nickel
alloys, especially pure nickel and nickel-based alloys like
Inconel 718, are considered excellent choices for combustion
support at high pressures [39]. Monel alloys, such as Monel 400
and K-500, are recognized as the least ignitable, even at high
oxygen pressures. Certain Hastelloy alloys, like C-22 and C-276,
exhibit higher ignition resistance than stainless steels and
Inconel 718 [39]. Stainless steels are widely used due to their
superior ignition and burn resistance compared to titanium and
aluminium alloys. Burn-resistant metallic alloys are chosen
based on recommendations from associations like the
Compressed Gas Association and EIGA [40] [41]. Nickel-based
alloys, known for their heightened burn resistance, have an
exemption pressure approximately six times higher than stainless
steels [42]. Despite this, stainless steels remain preferred for
oxygen service pipelines in various industries due to their
favourable properties, availability, manufacturability, corrosion
resistance, shorter lead times, and cost-effectiveness [43].
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Nickel-based alloys, however, could be considered for expander
manufacturing due to the considerable gas velocity through
them.

The challenges posed by hydrogen exposure in equipment arise
from its absorption and permeation through metals. The
Technical Reference for Hydrogen Compatibility of Materials
[44] provides insights into material considerations but lacks
specific guidance on material selection based on operating
conditions. The focus in this context is on the proposed H, GE,
operating from slightly above ambient to cryogenic
temperatures. Hydrogen embrittlement, resulting in decreased
ductility despite unaltered strength, is a significant concern.
Campari et al. [45] reveal temperature dependence in hydrogen-
induced crack propagation, with austenitic stainless steels
exhibiting maximum embrittlement susceptibility between 70
and 20°C. Other works indicate that the risk of hydrogen stress
cracking in steels is highest around 20°C [45], decreasing with
rising temperatures, and has a peak around -100°C for certain
alloys [46]. High-Manganese steel demonstrates enhanced
resistance in the -150 to 25°C range, aligning with the proposed
GE temperature range. High-strength materials, like Alloy
Inconel 625, show superior resistance to hydrogen compared to
others [47]. Titanium alloys, suitable for rotating parts, may be
susceptible to hydrogen embrittlement, with beta alloys showing
more resistance [48]. For hydrogen compressor components,
recommended materials include carbon steel, UNS G43400 for
shafts, and UNS S17400 or UNS S15500 for impellers. Standard
abradable or rub-tolerant seal materials like mica-filled PTFE,
PEEK, or PAI are suggested for shaft seals [49]. The same
considerations about hydrogen compressors could be extended
also for the hydrogen expanders as intended in this work.

4. CONCLUSION

In this paper, the potential for energy recovery in industrial gas
distribution networks is proposed. The replacement of the
expansion valve with a gas expander emerges as a viable
solution, particularly in energy-intensive industrial sectors such
as steel and glass production. The gas expander can ensure an
isentropic efficiency ranging from 85% to 94%, depending on
machinery design, mass flow rate, and thermodynamic operating
conditions. Application of this technology in real-world
scenarios demonstrates an intriguing solution with low cost and
environmental impact. Furthermore, with careful system design,
it is possible to address issues related to material compatibility
and safety precautions. However, a potential bottleneck for this
application lies in the limited availability of data concerning the
extension of the distribution network, as well as characteristics
and final utilizations. Therefore, while technical analysis
demonstrates the feasibility of this solution, a more detailed
market analysis will aid in the widespread adoption of this
promising technology.
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