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Unofficial H2 production methods classification

Renewable Hydrogen is defined by reference to the definition of the Proposed
Directive to Amend RED II, e., as hydrogen that (i) derives its energy content from
renewable sources other than biomass; and (ii) achieves a 70% GHG emission
reduction compared to fossil fuels.

Low-Impact Hydrogen Emissions is defined as hydrogen with an energy content that is
derived from non-renewable sources, and that meets a GHG emission reduction
threshold of 70% compared to fossil-based hydrogen.

Official H2 production methods classification

H2 production: definitions



Dedicated budget

> 3.5B EUR of investment on H2-chain and R&D

The National Recovery and Resilience Plan
NextGenerationEU
 REPowerEU Plan's 

> 200B EUR  investments and infrastructures

Hydrogen strategy in Italy



Intensification 

Membrane 
Engineering

Process intensification by membrane engineering



Shell

H2 separation/purification by membrane technology – Inorganic membranes 



Membrane technologies in Hydrogen production, 
separation/purification and chemical storage

HYDROGEN STORAGE
HYDROGEN PRODUCTION & UTILIZATION

HYDROGEN PURIFICATION



Our objectives: H2 targets set by the European Clean Hydrogen Alliance



Embrittlement 
phenomenon

Palladium: dominant membrane 
material in hydrogen 
separation/purification

Metallic membranes for H2 separation/purification



Pd hydride phases: a. P-C-T diagram, b. α-phase, c. α-phase 
and β-phase, d. β-phase and e. supercritical region. Green 

and gray dots are hydrogen and Pd, respectively





Hydrogen permeation through Pd-based membranes

Schematic representation of the hydrogen permeation through 
dense Pd-based membranes via solution/diffusion mechanism; 

Y. Nalbant Atak, C.O. Colpan, A. Iulianelli, A review on mathematical modeling of packed bed 
membrane reactors for hydrogen production from methane, International Journal of Energy 

Research, 45 (2021) 20601-20633

Richardson equation

Hydrogen permeation by 
solution/diffusion mechanism 

(Fick-Sieverts law)

𝐽𝐻2 is the hydrogen permeating flux; 𝐾𝐻2 hydrogen 
permeability; 𝑝𝐻2,𝑟𝑒𝑡 and 𝑝𝐻2,𝑝𝑒𝑟𝑚 are partial 
pressure of hydrogen in the retentate and 
permeate sides; δ is the membrane thickness.

𝐾𝐻2
0 is a pre-exponential membrane permeability

constant, 𝐸𝑎.𝐻2 is the activation energy of hydrogen
permeation, R is the universal gas constant and T is
the absolute temperature
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Membrane Technologies in H2 separation/purification



E X P E R I M E N T A L SET - U P

Bench-scale membrane modules used in Hybrid Membrane Separation Systems

Parameter Hollow Fiber PdAu/α-Al₂O₃

Length 0.25 m 0.25 m

Outer diameter 0.015 m 0.012 m

Material
Polyimide 

(Membrain s.r.o.)
Pd-Au alloy on α-Al₂O₃

Sealing — Graphite gaskets

a) Hollow fiber polyimide-based membrane  module                   b) Pd-Au/α-Al₂O₃ tubular membrane module

H2 separation/purification by membrane technology



E X P E R I M E N T A L  D E S I G N  — D E V E L O P E D  S C H E M E

Case (B)Case (A)

Case (C)

Three Hybrid Configurations Tested

H2 separation/purification by membrane technology

A) B)

C)



S I N G L E - G A S  P E R M E A T I O N

Hollow Fiber Membranes — Permeance at 25 °C

Component
Permeance

(mol s⁻¹ m⁻² Pa⁻¹)

H₂ 4.90×10⁻⁷

CO₂ 1.25×10⁻⁷

CO 6.77×10⁻⁹

N₂ 3.00×10⁻⁹

CH₄ 2.51×10⁻⁹

Molar flux vs. transmembrane pressure difference, single-gas conditions (H₂, CO₂ and  N₂, CH₄, CO)

H2 separation/purification by membrane technology



Hollow Fiber Membranes — Ideal Selectivity

S I N G L E - G A S  P E R M E A T I O N

195

H₂ / CH₄ selectivity

72

H₂ / CO selectivity

4.0

H₂ / CO₂ selectivity

25 °C
Testing temperature

Selectivity governed by the solution-diffusion mechanism: hydrogen's small kinetic
diameter and high diffusivity dominate over CH₄ and CO, while moderate H₂/CO₂
selectivity reflects CO₂'s higher condensability/sorption in the polyimide matrix.

H2 separation/purification by membrane technology

Above Robeson’s upper bound (2008)

Below Robeson’s upper bound (2008)



Pd-Au/α-Al₂O₃ Membrane — Temperature Effect

S I N G L E - G A S  P E R M E A T I O N

10.13
Apparent Eₐ (kJ·mol⁻¹)

No CO₂, CH₄ or CO permeation
detected up to 6×10⁵ Pa —
defect-free, fully H₂-selective Pd
layer.

H₂ flux vs. Δp at 300 / 350 / 400 °C  Arrhenius plot (ln P vs. 1/T)

H2 separation/purification by membrane technology



F I R S T - S T A G E  S E P A R A T I O N

Hollow Fiber Membrane Performance 

a) Two HF membranes in series, Configuration (i)— 25 °C         b) Single HF membrane, Configuration (ii) — 25 °C

Coke Oven Gas, Feed
H₂ = 60 %

CH₄ = 30 %
CO = 10 %

96.1% 95.8%
Purity (i)                     max. recovery (i)

H₂ 

H₂ 

90.0% 92.3%
Purity (ii)                     max. recovery (ii)

H2 separation/purification by membrane technology

b)

a)



S E C O N D - S T A G E  S E P A R A T I O N

Configuration (B): HF-Series Permeate → Pd-Au Membrane

FIGURE 9 Feed from HF-series permeate at 
a) 4×10⁵  b) 5×10⁵                                                             c) 6×10⁵ Pa

94.7%

Best global H₂ recovery — Case B (meets the 2030 
Clean Hydrogen Alliance target)

~ 600 h under operation

Case Δp, Stage 1 Δp, Stage 2 Recovery Stage 1 Recovery Stage 2 Global Recovery Purity

A 4×10⁵ Pa 5×10⁵ Pa 87.8 % 96.2 % 84.5 % >99.99 %

B 5×10⁵ Pa 3×10⁵ Pa 95.8 % 98.8 % 94.7 % >99.99 %

C 6×10⁵ Pa 3×10⁵ Pa 90.2 % 98.9 % 89.3 % >99.99 %

Stage-wise and overall H₂ recovery, Configuration (i)

H2 separation/purification by membrane technology



B E N C H M A R K I N G  — C L E A N  H Y D R O G E N  A L L I A N C E

Configuration (i): Global H₂ Recovery vs Clean Hydrogen Alliance Targets

94.7%
Case B — nearly meets 2030 target (95%)

89.3%
Case C — exceeds 2024 target (80%)

84.5%
Case A — exceeds 2024 target (80%)

All three cases surpass the 2024
target; Case B approaches the
2030 target while keeping a
single ultrapure H₂ stream
(>99.99%).

H2 separation/purification by membrane technology



Membrane Technologies in decarbonized H2 production



PLUG-IN project: Process for Low-carbon blUe/hydrogen Generation via Intensified electrified 
reforming of biogas/natural gas; Project budget: 1.8 MEuros 



Ringraziamenti   Operational Plan for H2 Research

Operational Plan for H2 Research



Integrated reformer + Pd-membrane-separation system
to recover decarbonised H2 from biogas reforming



Images of bare (a – c) coated (d – f) 40PPI SIC foam 

after calcination step (by CNR-ITAE)

Foam structured 
membrane reactor

   Foam structured membrane reactor

a) schematic view of the foam structured membrane reformer; b) Pd-Ag tubular membrane; 

c) Ni-Ru foam structured catalyst inserted in the lumen of the Pd-Ag membrane



Energy Efficiency

~ 70%

H2 purity

> 99.99%

    Foam structured membrane reactor



• Study of generation and simultaneous H2 purification of H2 from biogas as bio-
alternative to natural gas by Pd/Pd-alloys membranes housed in membrane reformers

• Electrification of the membrane reformer with the renewable energy surplus of the grid
to generate decarbonized H2

Electrification of a foam structured membrane reformer to generate pure H2



Electrically assisted foam 
structured membrane reactor

(a) Preliminary Joule-heating tests on cylindrical POCS samples at about 

800°C, evidencing the absence of T gradients; (b) Schematic 

representation of the assembling steps of the electrically heated POCS-

based MR and flow directions; (c) scheme of the final integrated MR; (d) 

photograph of the electrified MR used for the experiments.

a

b

c

d

Electrification of the foam structured membrane reactor



Electrically assisted foam 
structured membrane reactor

Comparison of hydrogen yields recorded at 500°C (left) and 550°C (right) as a function of 

space velocity between the electrically assisted foam structured membrane reactor and the 

equilibrium value of the equivalent conventional reactor 

Effect of temperature (left), space velocity (middle) and pressure (right) on the hydrogen 

permeation flux through the Pd-Ag membrane

Electrification of the foam structured membrane reactor



Membrane Technologies in H2 chemical storage



Hydrogen chemical storage through the CO2 valorisation to e-methane generation

Expected outcomes 
(thermo-chemical)
CO2 conversion to a bioCH4 grade stream:                             
(xCH4 ≥ 97%; xCO2 < 2%)
Energy efficiency > 70%; 
Exergy efficiency > 90%
CO2 conversion > 80%



First stage: methanation reactor

Hydrogen chemical storage: CO2 valorisation for e-methane generation – First stage process 



Hydrogen chemical storage: CO2 valorisation for e-methane generation – Reactor downstream



Sustainable polymeric membrane gas separation – Bio-polymeric membranes

Advantages of biopolymer membrane
➢ Biodegradability
➢ Biocompatibility
➢ Low Environmental impact

PLA dense and porous membranes



The interest in the use
of biopolymers for
membrane preparation
is steadily increasing, as
demonstrated by the
trend in the number of
publications over the
last 10 years.

Most used green solvents in mebrane 
preparation

Polarclean®

CyreneTMEthyl lactate

Methyl lactate

Dimethyl isosorbide

Proportion of articles addressing different 
classes of green solvents.
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Sustainable polymeric membrane gas separation – Bio-polymeric membranes preparation by 
green solvent

A. Figoli, T. Marino, S. Simone, E. Di Nicolò,  X.-M. Li,T. He, S. Tornaghi, E. Drioli, Towards non-

toxic solvents for membrane preparation: a review, Green Chem., 16 (2014) 4034



PLA membranes performance in CO2/CH4 separation

Biogas products 
Concentration 

[%] 
Farm biogas plant        

[%] 
Sewage digester        

[%] 
Landfill              

[%] 

CH4 40 - 75 55 - 58 57.8 47 - 57 

CO2  25 - 55 37 - 38 38.6 37 - 41 

H2S 0.005 - 0.5  0.0032 - 0.0169 0.00629 0.0036 - 0.0115  

NH3 0 - 1  - - - 

H2O  0 - 10 4 - 7 4 - 7 4 - 7 

N2  0 - 5 2 3.7 1 

O2  0 - 2 1 0 1 

H2  0 - 1 - - - 

 

 



Hydrogen chemical storage: CO2 valorisation for e-methane generation – Second stage process

Second stage: bio-polymeric membrane methanation reactor downstream treatment



Hydrogen chemical storage: CO2 valorisation for e-methane generation – exergy efficiency 

A. Iulianelli, H.B. Trujillo Ruales, J. Veres, F. Russo, F. Galiano, A. Figoli, CO2 capture and valorization into synthetic

methane production through an integrated CO2-methanation reactor combined with a bio-polymeric membrane

separation system: an experimental study, with exergy and cost analyses, Energy Conversion and Management,
365 (2026) 121798

CO2 methanation reactor 

T (°C) P (bar) Reactor (W) 𝜂𝑒𝑥   (%) Condenser (W) 𝜂𝑒𝑥  (%) 

 

300 

2 2.04·106 86.0 4.03·105 94.08 

3 7.54·105 89.9 7.59·105 89.29 

4 4.22·105 94.4 9.11·105 82.85 

 1 

Membrane Gas Separation Modules  

T 
(°C) 

P 
(bar) 

MS-1 
(W) 

𝜂𝑒𝑥   

(%) 

MS-2 
(W) 

𝜂𝑒𝑥   

(%) 

MS-3 
(W) 

𝜂𝑒𝑥   

(%) 

MS-4 
(W) 

𝜂𝑒𝑥   

(%) 

MS-G 
(W) 

𝜂𝑒𝑥   (%) 

 

 

25 

2 2.11 78.08 2.859 70.34 3.164 67.28 3.482 63.68  

 

9.15 

 

 

94.90 

4 1.96 79.71 2.857 70.36 3.163 67.19 3.481 63.89 

6 1.89 80.43 2.856 70.38 3.163 67.19 3.480 63.90 

8 1.86 80.66 2.852 70.41 3.162 67.20 3.479 63.91 

10 1.81 81.25 - - 3.157 67.25 - - 

 1 

69%

31%

0%

E_d REACTOR

E_d CONDENSER

E_d MEMBRANE
SEPARATOR



Hydrogen chemical storage: CO2 valorisation for e-methane generation – CO2 captured and 
synthetic methane production cost

A. Iulianelli, H.B. Trujillo Ruales, J. Veres, F. Russo, F. Galiano, A. Figoli, CO2 capture and valorization into synthetic

methane production through an integrated CO2-methanation reactor combined with a bio-polymeric membrane

separation system: an experimental study, with exergy and cost analyses, Energy Conversion and Management, 365
(2026) 121798



Perspectives in the hydrogen chemical storage: : electrification of the CO2 conversion 
reactor to e-fuel production

Expected Outcomes (electrically-assisted)
(Electrically-driven FBR + biopolymeric membrane separation):
CO2 conversion to a bioCH4 grade stream (xCH4 ≥ 97%; xCO2 < 2%)
Energy efficiency > 90%; 
Exergy efficiency > 90%
CO2 conversion > 90%



CNR-ITM in the first ranke Projects 

“Industrial Innovation INDUSTRY2015” 
“MICROGEN30 - Medium-small Microcogeneration System based on 

Fuel Cells for Residential Applications” (Italian Economic 

Development Ministry, D.M. 5 March 2008)

Microgen30

ICI Caldaie 
S.p.A.

Enea 
(Frascati)

Politecnico 
di Milano

CNR-ITM

SCAME 
Sistemi

SAATI  
S.p.A.

WTK S.r.l.

SIRAM 
S.p.A.

SIEL S.p.A.

IRS S.r.l.

Project budget =  15 M€

Then (2015)

100 kg/day of pure hydrogen from biogas

Now (2025/26)



H2 research and decarbonisation: a new economy?

Special issue: Global Perspectives on Hydrogen Technologies: 
Innovations, Challenges, and Pathways to a Hydrogen Economy
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