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A B S T R A C T   

Nowadays, the world energy production is still based on the exploitation of fossil fuels, mainly oil, coal, and 
natural gas, responsible for large greenhouse emissions in the environment. According to the measures proposed 
by the European Green Deal to meet the carbon neutrality by 2050, the decarbonisation of the global energy 
production processes represents a top priority. Hydrogen represents a carbon-free energy carrier, useful to drive 
the society toward a decarbonized-economy. The novelty of this work is represented by the experimental gen-
eration of clean hydrogen by a two stages plant constituted of a biogas/biomethane steam reformer and a Pd-Ag 
membrane separator, meanwhile applying on this simple case the methodology of the exergy analysis, identi-
fying the main losses and suggesting improvements. Hence, it deals with the exergy analysis of the whole system 
with the process intensification operated by the membrane separator adopted instead of using several stages to 
separate/purify hydrogen − as conventionally done after the reforming stage (two water gas shift reactors, high 
and low temperature, followed by a pressure swing adsorption stage) − with the objective of recovering dec-
arbonized hydrogen coming from the biogas/biomethane steam reformer, meeting the European targets indi-
cated by the Clean Hydrogen Alliance. This approach allowed to understand the amount of irreversibilities 
present in such a system as well as how the thermal efficiency may be influenced by a number of parameters, 
constituting globally a baseline for the scaling up of this process technology from lab to bench/pilot scale. The 
best results of this work highlight that the utilization of biomethane in the feed stream to generate hydrogen 
resulted to be a better choice than biogas in terms of thermal efficiency (based on the lower heating value) of the 
whole system, equal to 73 % at 773 K, while the highest percentage of exergy destruction was concentrated in the 
condensation stage, with values varying between 76 % and 93 %, depending on the feed stream typology. The 
two stages system was able to meet the “decarbonized hydrogen production target 2027”, with a hydrogen re-
covery of 90 % and a purity of 99.9999 %. Last but not least, the overall exergy destroyed efficiency of the overall 
system in the two analyzed cases was 92 % (biomethane feed stream) and 88 % (biogas feed stream), 
respectively.   

1. Introduction 

At present, the World is facing with an increase in energy con-
sumption that is growing steadily due to factors such as the development 
in the transportation and industry areas as well as the improvement of 
the form of life of the human beings [1]. Still, different human activities 

represent relevant contributors to climate change, as a consequence of 
the increase of greenhouse gases (GHGs) emissions and the environ-
mental pollution as well [2]. During COP21, several Countries adopted 
the so-called Paris Agreement to contrast the climate change, limiting 
the pollutants emission to stop the Earth’s temperature increase to 2 K 
maximum [3]. 

Today, most of the world energy production comes from derived of 
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fossil fuels such as oil, coal, and natural gas, which are responsible for 
huge emissions of GHGs, leading to a rise in the average temperature of 
the planet. Hydrogen is considered as the new, alternative, and envi-
ronmentally friendly energy carrier, constituting an essential alternative 
to substitute the fossil sources dependence, and main subject to lead to 
the “Hydrogen economy” [4]. 

Currently, there are different sources for producing hydrogen: nat-
ural gas, derived of biomass, light hydrocarbons, carbon, nuclear power 
plants and electrolysis. Industrially, most of the global hydrogen output 
comes from the steam reforming of natural gas, and it is called “grey 
hydrogen”, responsible for abundant CO2 emissions in the atmosphere 
[5]. In the last few years, particular attention has been paid on the 
production of hydrogen from renewable biological sources such as 
biogas, wood, or ethanol [6–9]. In particular, biogas is a renewable 
source and represents an ideal candidate to substitute natural gas in the 
production of hydrogen by steam reforming reaction [10]. It is derived 
from biomass and may be produced, for example, by anaerobic 
fermentation of different organic, agro-industrial, and anthropogenic 
residues, contributing to promote the objectives of the Circular Economy 
[11,12]. 

Among the different technologies for converting biogas into 
hydrogen, there are catalytic reactions such as steam and dry reforming, 
combined steam and dry reforming of CO2, auto thermal reforming and 
partial oxidation as well [11–15]. The fundamental process for hydrogen 
production from biogas/biomethane may be represented by a complex 
reaction system as reported below: 

Steam reforming of methane.  

CH4 + H2O → CO + 3H2ΔH = 206.1 kJ/mol                                   (1) 

Water gas shift reaction  

CO + H2O → CO2 + H2ΔH = -41.2 kJ/mol                                      (2) 

Reverse methanation reaction  

CH4 + 2H2O → CO2 + 4H2ΔH = 164.9 kJ/mol                                (3) 

Dry reforming of methane.  

CH4 + CO2 → 2CO + 2H2ΔH = 247.3 kJ/mol                                 (4) 

Decomposition of methane.  

CH4 → C + 2H2ΔH = 74.9 kJ/mol                                                  (5) 

Carbon monoxide reduction  

CO + H2 → C + H2OΔH = -131.3 kJ/mol                                        (6) 

Boudouard reaction  

2CO → C + CO2ΔH = -172.4 kJ/mol                                              (7) 

Carbon dioxide reduction  

CO2 + 2H2 → C + 2H2OΔH = -90.1 kJ/mol                                    (8) 

Conventionally, this complex reaction system takes place in a tem-
perature range between 973 and 1173 K. The products obtained from 
biogas steam reforming (BSR) reaction are a hydrogen-rich gaseous 
mixture, containing also unconverted CH4, CO2, CO and steam [14,15]. 
To produce the so-called blue hydrogen (high grade hydrogen combined 
to the total CO2 capture), useful in industry and in various energy sys-
tems, hydrogen separation/purification plays a relevant role. Pressure 
swing adsorption (PSA) and cryogenic distillation (CD) are currently the 
most adopted conventional processes for hydrogen purification [16,17]. 
Nevertheless, they show several drawbacks as they are expensive, 
energy-demanding, and envelope the use of large-scale plants. In addi-
tion to the aforementioned processes, membrane separation (MS) has 
become an attractive option pursuing the principles of the Process 
Intensification Strategy [18,19]. Among the main features that this 
technology presents, lower energy consumption and operating costs, 
continuous, flexible and environmentally friendly operations, and 
reduced plant size, are the characteristics guaranteed by the membrane 
engineering applied to hydrogen separation and purification [20]. 

Selective membranes for separating hydrogen may be manufactured 
according to various materials typologies, such as polymeric [19,20], 

Nomenclature 

Ch4− in Inlet methane molar flow rates (mol/s) 
Ch4− out Outlet methane molar flow rates (mol/s) 
Ėin Inlet exergy destruction (W) 
Ėout Outlet exergy destruction (W) 
ĖXi

W Exergy flows related to work (W) 
ĖXi

Q Exergy flows related to heat exchange (W) 
ĖXi

ṀIn Exergy flow related to the inlet streams (W) 
ĖXi

ṀOut Exergy flow related to the outlet streams (W) 
ĖXd Destruction exergy (W) 
H2− permeate Hydrogen molar flow rates in the permeate side (mol/s) 
H2− retentate Hydrogen molar flow rates in retentate side (mol/s) 
hi Values of enthalpy of the species i (KJ kmol− 1) 
hio Values of enthalpy of the species i in the reference state (KJ 

kmol− 1) 
Jh2 Hydrogen permeating flux (mol m− 2 s− 1) 
Po Reference pressure (Pa) 
Ti Temperature of the external source (K) 
To Reference temperature (K) 
Qpermeate Total molar flow rate of the permeate stream (mol/s) 
Qi Net heat through a system (W) 
Si Values specific entropy of the species i (KJ kmol− 1 K− 1) 
Sio Values specific entropy of the species i in the reference 

state (KJ kmol− 1 K− 1) 

R Ideal gas constant (KJ kmol− 1 K− 1) 
W Work that is potentially recoverable by the system (W) 
Wrev Effective work through reversible processes (W) 

List of greek letters 
Δph2 Hydrogen partial pressure difference between retentate 

and permeate sides (Pa) 
α Selectivity (− ) 
τi Carnot factor (− ) 
Ψph Physical exergy (W) 
Ψch Chemical exergy (W) 
ηex Exergy efficiency (− ) 
ηH2 Thermal efficiency (− ) 

List of subscripts 
BSR Biogas steam reforming 
CD Cryogenic distillation 
GC Gas chromatograph 
GHGs greenhouse gases 
LHV Lower heating value 
MS Membrane separation 
MFCs Mass flow controllers 
PSA Pressure swing adsorption 
S/C Steam-carbon ratio 
TR Fixed bed reactor  
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porous and non-porous inorganic [21–27]. The dominant membrane 
material for high grade hydrogen separation is represented by palladium 
and its alloys [18,22]. In particular, Pd-alloys possess the ability of 
dissociating and dissolving hydrogen [28], presenting good thermal and 
mechanical stability [29], increased resistance to surface poisoning [5] 
and high hydrogen perm-selectivity with respect to all of the other gases 
[6,30]. 

Regarding to the hydrogen production, worth of investigation is the 
analysis of this process from an energy conservation point of view, useful 
to evaluate if it is able to save energy and, in the meantime, to reduce the 
overall energy costs [31–35]. Indeed, thermodynamic studies consider 
the energy contribution in terms of energy conservation only, which 
alone is insufficient as it does not consider the irreversible nature of the 
involved processes due to their entropic nature [36]. Therefore, the 
performance improvement of every energy process requires the reduc-
tion of these irreversibilities [37]. In this regard, exergy is defined as the 
maximum reversible work that can be obtained bringing a system in 
equilibrium with its environment. Since exergy is destroyed any time an 
irreversible process takes place, the exergy analysis may be employed to 
identify the process unit in which the most significant losses in energy 
quality take place [34–36]. On one hand, the calculation of the energy 
efficiency indicates the amount of energy stored in a system; on the other 
hand, the exergy efficiency indicates the convertibility of that energy 
into useful work [38]. 

In this study, a fully hydrogen perm-selective self-supported Pd-Ag 
membrane separator is adopted instead of the conventional high and 
low temperature water gas shift reactors followed by a PSA unit to purify 
a hydrogen rich stream coming out from a fixed bed reformer, in which 
the steam reforming of synthetic biogas or biomethane streams are 
carried out. In this regard, evaluating if the two stages plant better 
perform starting from using biogas instead of biomethane to meet the 
strict European targets contained in the Strategic Research and Inno-
vation Agenda 2024–2030 set by the EU Clean Hydrogen Agency [38] is 
of high interest as biogas utilization would allow of avoiding a pre- 
treatment stage to obtain biomethane, with advantages in terms of en-
ergy and cost saving. A few works are present in the open literature 
about the energy and exergy analyses involving membrane technology, 
but all of them focus on membrane reactors [37,39–41] or on conven-
tional reformers used to generate hydrogen from different sources [42]. 
Even though this work deals with a specific-case study in which a 
number of variables (membrane area, space velocity, sweeg gas flow 
rate) affecting the whole hydrogen production/purification process 
have been excluded by the investigation, the novelty is represented by 
the analysis from both 1st and 2nd principles of thermodynamics, which 

integrates energy and entropy balances in an overall exergy evaluation, 
carried out on a two stages system constituted of a fixed bed reactor and 
a Pd-Ag membrane separator. In particular, the energy efficiency and 
exergy analyses have been carried out on the former and on the ancillary 
(boiler, mixer, condenser) devices to evaluate the percentage distribu-
tion of the irreversibilities present in the proposed two stages system. 
Hence, the energy and exergy analyses, coupled to the robust experi-
mental campaign proposed in this work, may constitute an important 
contribution in the scaling up of this process technology from lab to 
bench/pilot dimension. To the best of our knowledge, no studies focus 
on the aforementioned approach and the latter may constitute a first 
contribution in this field. 

2. Experimental 

2.1. Reformer + membrane separator system 

The schematic of the two stages integrated system of this work is 
shown in Fig. 1. In the first stage, a conventional tubular fixed bed 
reactor (TR) (15 cm in length and 1 cm of outer diameter) is adopted to 
carry out the steam reforming of synthetic biogas or biomethane over a 
Ni-based catalyst, Fig. 2a. 

A hydrogen-rich stream (TR reformate) coming out from the TR is fed 
to the second stage process of the overall system, in which a hydrogen 
membrane separator (Fig. 2B) houses a self-supported Pd-Ag membrane 
(Fig. 2C), which allows the hydrogen separation/purification. The dec-
arbonized hydrogen stream is collected in the permeate stream of Stage 
II, whereas the retentate represents the stream unpermeated through the 
Pd-Ag membrane. 

According to the schematic of the entire flow-sheet (Fig. 1) 
(including the TR and the auxiliary devices) of Stage I, the steam 
reforming reaction takes place in the TR, which is packed with 3 g of a 
Ni-based catalyst. 

The TR is housed in an electric furnace and the synthetic biogas and 
biomethane streams and hydrogen (the latter to reduce the catalyst) are 
fed to the TR via dedicated pipelines, connected to pure gas cylinders 
(CO2, CO, CH4, H2) and a mixer, by Brooks Instruments mass flow 
controllers (MFCs), controlled by a MFCs station with a dedicated Excel 
macro, operated by Lira (Italy) software. Deionized water is delivered 
through an HPLC model P680 DIONEX pump, which is preheated 
(vaporized) and mixed with the synthetic biogas/biomethane streams, 
respectively, before entering the TR. A cold trap containing a condenser 
immersed in an ice bath is placed on the reformate stream coming out 
from the TR in order to condensate the steam and supply the hydrogen- 

Fig. 1. Schematic of the two stages system for decarbonized hydrogen generation by biogas/biomethane steam reforming. Stage I: traditional reformer; Stage II: Pd- 
Ag membrane separator. 
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rich stream to the membrane separator under dry conditions. 
Stage II consists of a tubular stainless-steel membrane separator 

module (Fig. 2B), with a length of 14 cm and an internal diameter of 2 
cm, housing a tubular, dense, self-supported Pd-Ag membrane (Fig. 2C), 
showing a length of 10 cm, an outer diameter of 1.0 cm, and a thickness 
of 150 µm. The Pd-Ag membrane is blocked to the MS flange by two 
carbon gaskets useful to prevent the permeate and retentate streams 
mixing. Fig. 1 illustrates also the schematic of the MS, where the 
permeate stream collects the decarbonized hydrogen, whereas the 
retentate stream contains the unpermeated gases through the Pd-Ag 
membrane. 

An inert sweep gas (N2) is flowed in the permeate side of the MS in 
order to favor the hydrogen permeation driving force across the mem-
brane, decreasing as much as possible the hydrogen partial pressure in 
the permeate side. Nevertheless, N2 has been adopted as sweep gas for 
easy lab-scale operations, but under real operations it may be 
substituted by steam in order to recover pure hydrogen in the permeate 
side for condensation of the steam. Both permeate and retentate streams 
are hence analyzed by GC. 

2.2. Experimental details and performance parameters 

3 g of a Ni-based catalyst has been packed inside the TR. It has been 
produced by combustion method and, before starting the reaction tests, 
it has been reduced by flowing pure hydrogen (15 mL/min) for 2 h at 
873 K and atmospheric pressure. 

Being out of the scopes of this work to analyze the effect of 
byproducts (<1%vol) present in both real biogas and biomethane 
streams, we adopted a synthetic biogas mixture fed to the TR, consti-
tuted of CH4 and CO2 with molar compositions equal to 60/40 (ac-
cording to most of the biogas compositions obtained by anaerobic 
digestion [10]),as well as a synthetic biomethane stream equal to 98/2 
(respecting the maximum limit of 2 %vol of CO2 permitted in bio-
methane streams as indicated by the International Energy Agency). 
Experimental catalytic tests have been carried out in the TR at 873 K and 
1 bar, varying the H2O/CH4 feed molar ratio (S/C) from 2/1 to 4/1. The 
feed stream compositions based on both synthetic biogas and bio-
methane mixtures are reported in Table 1 and Table 2 as a function of 
the S/C ratio. 

The MS has been heated up to 673 K flowing N2 as an inert gas. Single 
gas permeation tests (H2 and N2) have been carried out to establish the 
reference ideal H2/N2 perm-selectivity (αH2/N2), and the hydrogen 
permeating flux (JH2) through the membrane has been measured as a 

function of the hydrogen permeation driving force across the membrane, 
expressed in terms of hydrogen partial pressure difference between 
retentate and permeate sides (ΔpH2). 

A HP model type 6890 Series GC System has been used to analyze all 
the TR and MS outlet gas compositions. It is equipped with three packed 
columns: Porapack R 50/80 (8 ft 1/8 in) in series with a Carboxen, 1000 
(15 ft 1/8 in), and a molecular sieve 5 ◦A (6 ft 1/8 in), using Ar as the 
carrier gas. The GC is controlled by a software useful to calculate the 
streams compositions by the Standard Gas Method procedure (He is used 
as Standard Gas, 25 mL/min). 

Process parameters studied in this work to analyze the performance 
of the TR and MS include: methane conversion, hydrogen yield, 
hydrogen recovery and purity. They are reported below: 

Conversion of CH4(%) =
CH4− IN − CH4− OUT

CH4− IN
⋅100 (9)  

where CH4− IN and CH4− OUT are the inlet and oulet methane molar flow 
rates, respectively. 

H2 yield (%) =
H2− out

4*CH4− IN
(10)  

where 4⋅CH4− IN = nH2,max represents the maximum theoretical 
hydrogen producible by steam reforming of methane (1). 

H2 recovery (%) =
H2− permeate

H2− permeate + H2− retentate
⋅100 (11)  

where H2− permeate and H2− retentate represent the hydrogen molar flow 
rates in the permeate and retentate sides of the MS, respectively. 

H2 permeate purity (%) =
H2− permeate

Qpermeate
⋅100 (12)  

where Qpermeate indicates the total molar flow rate of the permeate 
stream in the MS. 

3. Methodology 

The overall exergy performance analysis of the two-stages system 
(reformer and membrane separator) allows to assess the efficiency of the 
different stages involved in the decarbonized hydrogen production, 
making possible the identification of any critical point of the overall 
system and optimizing the whole process performance. According to the 

Fig. 2. A) traditional reformer; B) Pd-Ag membrane separator; C) dense self-supported Pd-Ag membrane.  

Table 1 
Feed compositions (based on the synthetic biogas mixture) as a function of S/C 
feed ratio.  

S/C [-] xCH4 [% mol.] xCO2[% mol.] XH2O[% mol.] 

2  27.3  18.2  54.5 
3  21.4  14.3  64.3 
4  17.6  11.8  70.6  

Table 2 
Feed compositions (based on the synthetic biomethane mixture) as a function of 
S/C feed ratio.  

S/C [-] xCH4 [% mol.] xCO2[% mol.] XH2O[% mol.] 

2  33.1  0.6  66.3 
3  24.8  0.5  74.7 
4  19.9  0.4  79.7  
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definition of exergy [44], also reported previously, it is possible to define 
the following statement:  

- Reference environment: it refers to the part of the environment 
surrounding the system in which the various intensive properties are 
unaffected by any process involving the equipment and its immedi-
ate surroundings. Therefore, the reference environment is considered 
free of irreversibility and uniform in terms of pressure (Po = 1 bar 
and To = 298 K) [44].  

- Dead state: this is considered when a system is in a different state to 
the environmental condition, which allows work to be developed. 
During the dead state, the environment and the system possess en-
ergy, but the exergy is equal to zero [43,44].  

- Steady-state: under steady-state conditions, the total energy of a 
system is constant and when the change of this energy in the system 
is equal to zero. Therefore, the amount of energy entering a control 
volume (heat, mass, and work) must be equal to the amount of en-
ergy leaving the system. The energy balance can be defined as in the 
following equation [44]: 

Ėin − Ėout =
dĖsyst

dt
= 0 (13)   

Exergy balance directly derives from the coupling of energy and 
entropy balances [44]  

dĖx

dt
=

∑

i
Ėxi

W +
∑

i
Ėxi

Q +
∑

i
Ėxi

ṁin −
∑

i
Ėxi

ṁout + Ėxd (14) 

Ėxi
W and Ėxi

Q are the exergy flows related to work and heat exchange 
with the environment. Ėxi

ṁin and Ėxi
ṁout are the exergy flows related to 

the inlet and oulet streams, Ėxd the destruction exergy.  

- Exergy associated to work: the analogy between work-related energy 
and exergy can be defined as follows [45]: 

∑

i
Ėxi

W =
∑

i
Ẇi (15)    

- Exergy associated to heat: the heat transfer at a specific temperature 
is calculated as [44,46]: 

∑

i
Ėxi

Q =
∑

i

˙Qiτi (16) 

where τi is called Carnot factor, which is related to the heat exchange 
between the system and the external source [44,46]: 

τi =

(

1 −
To
Ti

)

(17) 

where To is the reference temperature, Ti the temperature of the 
external source and Qi net heat through a system; it is positive when it 
enters the system and negative when it leaves the system.  

- Exergy associated to mass flow: The exergy analysis consists of 4 
different contributions: physical, chemical, potential and kinetics 
exergies [45,47,48]: 

∑

i
Ėxi

ṁ =
∑

i

˙mi
(
ψph + ψch + ψpot + ψkin

)
(18)    

- Physical exergy (ψph): to calculate this factor, the values of enthalpy 
(hi − hio) and specific entropy (si − sio) of each compound need to be 
available, but also the mass flow (yi), at both operational and envi-
ronmental temperature and pressure [44,47]. 

ψph = yi(hi − hio) − To(si − sio) (19)    

- Chemical exergy (ψch): it is associated with the starting chemical 
composition of a system from its chemical equilibrium state 
[35,44,47]. 

ψch =
∑

i

(
yiexch,i

)
+ToR

∑

i
yiLn(yi) (20) 

where R is the ideal gas constant, and exch,i the specific chemical 
exergy of the compound.  

- Exergy destruction ˙(Exd) : the difference that exists between the 
work that is potentially recoverable by the system (W) and effective 
work through reversible processes (Wrev) can be defined as exergy 
destruction [44,47,49,50]: 

˙Exd = W − Wrev = ToSgen (21)    

- Exergy efficiency: it is defined as the exergy destroyed due to the 
internal and external losses caused by irreversible processes [51]: 

ηex =

∑
outĖxout

∑
inĖxin

(22)  

The exergy analysis conducted on the process system of Stage I refers to 
several interconnected systems, according to the schematic sketched in 
Fig. 3: a mixing chamber to obtain the synthetic biogas and biomethane 
streams, a pump for water transport, the kettle to generate steam, the 
TR, in which the steam reforming reaction of biogas/biomethane is 
carried out, and last but not least the water vapor condenser, in which it 
is possible recovering heat. 

In the Stage II, the exergy analysis deals with the membrane sepa-
ration process (Fig. 1). 

Table 3 shows the exergy rate balance equations of all components in 
the whole system under a controlled volume, which have been devel-
oped based on the careful exergy analysis developed in [45]. Some as-
sumptions were made to carry out the exergy analysis: 

Fig. 3. Steam reforming of a synthetic biogas stream: methane conversion and 
H2 yield vs S/C feed ratio at 873 K and 1 bar. 
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• The pressure drop across the traditional reformer and membrane 
separator is assumed zero.  

• The reforming process and membrane separation are kept at constant 
temperatures by an external heat supply.  

• Dead state: the temperature (T0) = 273.15 K and pressure (P0) = 1 
bar.  

• Kinetic and potential exergies are negligible.  
• The thermophysical properties of each species (water, methane, CO2, 

CO, hydrogen, nitrogen) involved in the process such as specific 
enthalpy, specific entropy, specific flow exergy, etc. at set tempera-
ture and pressure are derived from thermodynamic and physical 
properties data extracted from [52].  

• The specific chemical exergy is taken for each species from 
[46,53,54]. 

4. Results and discussion 

4.1. Stage I: Steam reforming of synthetic biogas/biomethane 

The experimental campaign started heating up the TR up to a tem-
perature of 873 K, kept constant in the whole set of the reaction tests. At 
ambient pressure, the steam reforming of the synthetic biogas stream 
(Table 1) has been carried out, and the influence of S/C ratio has been 
analyzed. Fig. 3 shows the variation of methane conversion and 
hydrogen yield as a function of S/C ratio, evidencing that an increase of 
steam is responsible for a slight increment of conversion from 37 % at S/ 
C = 2/1 to 40 % at S/C = 4/1. On the other hand, hydrogen yield is 
enhanced from 47 % at S/C = 2/1 to 52 % at S/C = 4/1. The modest 
improvement of conversion and hydrogen yield is mainly due to two 
effects: the presence of a reaction product such as CO2 in the feed, which 
acted against the thermodynamic of methane steam reforming, and the 
limited operating temperature. Nevertheless, this temperature has been 
selected to limit the huge energy inputs required to carry out the reac-
tion in the TR at higher temperatures (>873 K). 

On the contrary, using the synthetic biomethane stream, the per-
formance of the TR in terms of methane conversion and hydrogen yield 
resulted to be superior to those obtained using the synthetic biogas 
stream. In particular, methane conversion was improved from 50 % at S/ 
C = 2/1 to 60 % at S/C = 4/1, while the hydrogen yield was enhanced 
from 45 % at S/C = 2/1 to 53 % at S/C = 4/1, Fig. 4. The better per-
formance shown in the latter figure have been due to the lower presence 
of CO2 in the feed, which did not affect significantly the thermodynamic 
of the methane steam reforming reaction, but also to the higher methane 
content in the biomethane stream, which involved a higher hydrogen 
production than the case of the biogas stream utilization. 

In both cases, the carbon balance between the TR inlet and outlet 
streams evidenced no coke formation because it was closed with a 
maximum error lower than 2 %. Furthermore, feeding oxygen in the 
catalytic bed of the TR after each reaction test at a selected S/C feed 
ratio, the formation of CO2 would have been expected in case of coke 
formed and deposited on the catalytic bed. Nevertheless, no CO2 has 
been observed by GC, confirming further the absence of coke formation 
during the catalytic tests. 

It is also interesting to observe the products distribution in the 
reformed stream coming out from the TR at the different S/C feed ration 
studied in this work. Table 4 reports the molar fraction (dry basis) of the 
reformed stream in case of synthetic biogas utilization in the feed. As 
expected, the higher the S/C ratio the higher the hydrogen molar frac-
tion in the reformed stream, whereas CO and CO2 molar fractions exhibit 
oscillating values. It is worth of mentioning that this may happen when 
there is massive production of the desired product (hydrogen). 
Furthermore, a further reason may be found in the role of the reverse dry 
reforming of CO2 reaction (4), which slows the consumption of CH4 in 
the presence of high amounts of CO and hydrogen. Nevertheless, 
considering the progressive decrease of CH4 molar fraction in the 
reformed stream, it is possible to affirm that the water gas shift (WGS) 
reaction (2) acted greatly. Therefore, the oscillation of CO2 molar frac-
tion value may be due to the combined influence of the reverse of DR 
and WGS reactions. 

On the other hand, Table 5 shows the products distribution (dry 
basis) of the reformed stream in case of synthetic biomethane utilization 
in the feed. The reported values indicate that, although a slight 
decreasing trend of hydrogen molar fraction is noticeable when S/C feed 
ratio increases, both hydrogen yield and CH4 conversion are increased. 
Hence, there is a contribution of another component, in the meantime 
produced with hydrogen. Table 5 confirms that this component is CO2, 
whose concentration increases as S/C feed ratio rises. However, it is 
necessary to state that the production of hydrogen during the experi-
mental phase was not slowed down, but only that this has been 
accompanied by other components production in the syngas stream 
coming out from the TR. In this case, CO2 molar fraction increases 
monotonically and this may be attributable to the low weight of the DR 
reaction because methane is consumed during the SR reaction with 
steam. On the contrary, CO values oscillation may be due to the 

Table 3 
The equations of equilibrium exergy rate of all components in the two stages 
system under a controlled volume.  

Component Exergy Balance 

Mix-1 Ėx1 + Ėx2 − Ėx3 + ĖQ + ĖW + Ėxd = 0 
Pump of Water Ėx4 − Ėx5 + ĖQ + ĖWpump + Ėxd = 0 
Boiler Ėx5 − Ėx6 + ĖQboiler − ĖW + Ėxd = 0 
Mix-2 Ėx6 + Ėx3 − Ėx7 + ĖQ − ĖW + Ėxd = 0 
Traditional Reformer Ėx7 − Ėx8 + ĖQreactor + ĖW + Ėxd = 0 
Condenser Ėx8 − Ėx9 − Ėx10 − ĖQcond + ĖW + Ėxd = 0 
Membrane separator Ėx9 − Ėx11 − Ėx12 + ĖQMS + ĖW + Ėxd = 0  

Fig. 4. Steam reforming of a synthetic biomethane stream: methane conversion 
and H2 yield vs S/C feed ratio at 873 K and 1 bar. 

Table 4 
Reformed stream composition in the TR exercised at 873 K and 1 bar (biogas 
stream in the feed).  

S/C[-] xCH4 [% mol.] xH2 [% mol.] xCO2[% mol.] xCO [% mol.] 

2  11.4  40.7  25.1  22.9 
3  9.8  44.7  22.5  23.0 
4  9.2  47.2  30.9  12.8  
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combined effect of the SR and WGS reactions: the former produces it, 
while the latter consumes it. 

4.2. Stage II: Separation/purification of the H2 rich-reformed stream 

Prior to starting the experimental campaign foreseen in this study, 
the Pd-Ag membrane has been tested to single gas permeation tests to 
establish its hydrogen perm-selective performance. The tests have been 
realized using hydrogen and N2 pure gases, varying the temperature 
from 673 K to 773 K and the total pressure between 1.5 (abs.) and 3.5 
bar (abs). Fig. 5a shows the hydrogen flux permeating through the 
membrane as a function of the hydrogen permeation driving force across 
the membrane, which has been expressed in this case as the hydrogen 
partial pressure square root difference between the retentate and 
permeate sides. As illustrated in this figure, the hydrogenpermeating 
flux increases linearly with the hydrogen permeation driving force as 
confirmed by the linear regression factor (R2) superior to 99 % at each 
temperature investigated in this work. Furthermore, only hydrogen 
permeates through the membrane, confirming its full hydrogen perm- 
selective behavior. According to the aforementioned results, it is 
possible to state that the hydrogen permeation through the Pd-Ag 
membrane follows the Sieverts-Fick law, in which the hydrogen 
permeation limiting step is represented by the atomic hydrogendiffusion 
through the membrane bulk (23). 

JH2 = Pe(p0.5
H2− retentate − p0.5

H2− permeate)Sieverts − Fick law (23)  

where JH2 represents the hydrogen flux permeating through the mem-
branes, Pe is the hydrogen permeance (equal to the ratio between the 
hydrogen permeability, PH2, and the Pd-Ag membrane thickness, L), pH2- 

retentate and pH2-permeate are the hydrogen partial pressures in the reten-
tate and permeate sides, respectively. 

Fig. 5b illustrates the hydrogen permeability (PH2) variation as a 
function of the reverse of temperature, in which it is evident that the 
higher the temperature the higher the permeability, confirming that the 
hydrogen permeability may be described with an Arrhenius-like equa-
tion (24). 

PH2 = PH2 .0exp(−
EA
RT) (24)  

where PH2,0 is the pre-exponential factor (calculated by the graphical 
assessment of the hydrogen permeability logarithm vs 1000/T of 
Fig. 7b), EA the apparent activation energy, R the universal gas constant, 
and T the temperature. 

Substituting Eq. (24) in Eq. (23), the flux of hydrogen permeating 
through the Pd-Ag membrane may be expressed also according to the 
Richardson equation (Eq. (25): 

J
H2=

PH2,0exp(− EΛ/RT )
(P0.5

H2retentate − p0.5
H2permeate)

L

(25)  

The separation/purification of the hydrogen-rich reformed stream 
coming out from the TR of Stage I has been performed in the MS oper-
ated at different temperatures, from 673 K (this minimum temperature 
has been set in order to limit the possible detrimental effect due to CO 
adsorption on the Pd-Ag membrane surface, particularly intensive below 
this temperature) to 773 K (maximum temperature limit set by the 
membrane producer, Johnson Matthey), and pressures, from 1.5 bar to 
3.5 bar, keeping constant membrane area, syngas and sweep-gas flow 
rates, hence representing a specific case-study. In this regard, Fig. 6 
shows the MS performance in terms of hydrogen recovery obtained at 
different MS temperatures and pressures during the separation/purifi-
cation of the reformed stream coming out from the TR, obtained car-
rying out the steam reforming of the synthetic biogas stream. In this 
figure, the targets of hydrogen recovery expected by the Clean Hydrogen 
Alliance have been also reported in order to compare the performance 
obtained in the MS with respect to those expected by the EU Agency. As 
shown in this figure, the higher the pressure the higher the hydrogen 
recovery. Indeed, a higher pressure determines a higher hydrogen 
permeation driving force across the Pd-Ag membrane, allowing to 
remove more hydrogen from the retentate side toward the permeate 
side, globally enhancing the recovery. The improvement of hydrogen 
recovery is much more evident at higher temperature as it determines an 
increase of hydrogen permeability. Hence, at 723 K, the hydrogen re-
covery varied from 50 % at Δp = 1 bar to 72 % at Δp = 1.8 bar, but it was 
always lower than the ‘target 2024 (80 %)’, while it was overcome at 
773 K and Δp = 1.8 bar, reaching the value of 88 %. Higher trans-
membrane pressure did not determine significant improvement of the 
hydrogen recovery, achieving a plateau value. 

Fig. 7 sketches the hydrogen recovery of the MS acting on the 
reformed stream coming out from the TR of Stage I, in which the steam 
reforming of synthetic biomethane is carried out. As observed in the 
former case, hydrogen recovery increases by rising both temperature 

Table 5 
Reformed stream composition in the TR exercised at 873 K and 1 bar (bio-
methane stream in the feed).  

S/C[-] xCH4 [% mol.] xH2 [% mol.] xCO2[% mol.] xCO [% mol.] 

2  21.5  65.3  5.9  7.3 
3  20.4  64.8  9.7  5.2 
4  18.8  63.5  10.2  7.6  

Fig. 5. A) h2 permeating flux vs H2 permeation driving force at different temperatures; b) H2 permeability vs 1000/T.  
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and transmembrane pressure. In particular, according to Eq. (24) the 
higher the temperature the higher the hydrogen permeability, which 
allows that a higher quantity of hydrogen may permeate through the 
membrane, consequently enhancing the hydrogen recovery. On the 
other hand, the higher the pressure the higher the hydrogen partial 
pressure in the feed side, which is responsible for the consequent in-
crease of the hydrogen partial pressure difference across the membrane 
(Eq. (23) and the H2 permeability as well, globally contributing to 
improve the hydrogen recovery. Nevertheless, operating at 773 K and 
Δp = 2.5 bar, the MS has been able to overcome the ‘hydrogen recovery 
target 2024′ set by the Clean Hydrogen Alliance and reach the ‘target 
2027′ equal to 90 %. No higher temperatures have been investigated due 

to the maximum allowed operating temperature (773 K) of the Pd-Ag 
membrane used in this work. Higher pressures have been not adopted 
because of the pressure limit imposed by the mechanical resistance of 
the membrane. 

In the experimental data reported in Fig. 6,7, the deviations from the 
‘hydrogen recovery Target 2030′ were due to the relatively low 
hydrogen permeability of the Pd-Ag membrane caused by its tick 
metallic layer (150 μm), which was responsible for lower hydrogen re-
covery in the permeate side of the MS. On the other hand, the thick 
metallic layer of the Pd-Ag membrane allowed to reach a purity of the 
hydrogen recovered in the MS permeate side superior to 99.999 %, 
overcoming the ‘hydrogen purity target 2030 (99.99 %)’ set by the 
aforementioned EU Agency. 

4.3. Energy efficiency and exergy analysis 

The performance of the overall system (TR + MS) is mainly affected 
by temperature and pressure operating conditions. 

The temperature is crucial during the processes since the chemical 
species involved in the chemical reactions inside the TR and the 
hydrogen flux passing through the membrane (MS) depend on it. 
Therefore, the overall energy efficiency of hydrogen production and 
separation is shown in Fig. 8 as a function of temperature and depending 
on the feed stream used in the first stage (biogas and biomethane). En-
ergy efficiency is greatly improved when the process temperature is 
increased. Feeding biomethane to the TR, it is possible to observe a 
significant increase in energy efficiency from ̴ 42 % at 673 K to ̴ 72 % at 
773 K, representing a substantial improvement. The same trend 
occurred feeding biogas to the TR, even though the improvement of the 
energy efficiency ranges from ̴ 40 % at 723 K to 60 % at 773 K. The 
results show that the two stages process working with biomethane as 
feed stream involves higher thermal efficiency based on the lower 
heating value (LHV) than biogas, with a significant increase passing 
from 673 K to 773 K. This is demonstrated by considering the chemical 
composition and thermal properties of the species participating in the 
process. Since methane is the main component for producing hydrogen 
by steam reforming reaction, the higher methane concentration in the 
feed stream (biomethane) leads to a higher energy efficiency in the 
whole process of hydrogen production and separation. The increase of 
the thermal efficiency with the temperature can be explained in terms of 

Fig. 6. Stage II – Pd-Ag membrane separator − H2 separation/purification of 
the reformed stream coming out from the TR of Stage I (steam reforming of 
synthetic biogas): H2 recovery at different temperatures and pressures 
compared to the EU Clean Hydrogen Alliance Targets. 

Fig. 7. Stage II – Pd-Ag membrane separator − H2 separation/purification of the reformed stream coming out from the TR of Stage I (steam reforming of synthetic 
biomethane): H2 recovery at different temperatures and pressures compared to the EU Clean Hydrogen Alliance Targets. 
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the benefits due to an increase of temperature on the kinetics of the 
chemical reactions involved in the steam reforming process in the TR. 

The various equations governing the overall process system are 
presented in Table 3, and the exergy analysis has been conducted 
following the procedure of thermodynamic analysis. Afterwards, the 
exergy fluxes have been determined for the specified control volumes, 
illustrating the exergy efficiency of the different processes carried out in 
Stage I and Stage II. Table 6 shows the derived values of the exergy 
analysis applied to each component of the overall system, distinguished 
into the steam reforming of biogas and biomethane in the TR of Stage I to 
take into account further the impact of the feed stream composition and 
process operating conditions on the overall exergy efficiency. In 
particular, exergy analysis has been based on this additional assumption 
regarding the mixing chamber. It enables the generation of synthetic 
biogas and biomethane streams, maintaining the following conditions: 
constant temperature and pressures, absence of chemical reactions 
within the chamber, and no interactions between the molecules. 
Consequently, during the process of the synthetic streams preparation, 
the exergy values of methane and carbon dioxide are transferred to the 
output stream of the system, resulting in no loss or reduction of the 
available work potential within the system. 

The exergy analysis of the water pump for both processes yields 
practically identical values even though the water flow rate changes a 
bit as a consequence of the different CH4 concentration of the two feeds. 
Regarding to the boiler, in order to respect the S/C ratio for the different 
CH4 concentration of the biogas and biomethane streams, a higher 
exergy destruction (2.2⋅10-4 W) has been calculated for the biomethane 
stream, with a consequent lower exergy efficiency (90.4 %) than the case 
of biogas stream (91.2 %). 

The exergy analysis applied to the TR in the Stage I, adopted to carry 

out the steam reforming of synthetic biogas, reveals an exergy destruc-
tion of 1.5 W, with an efficiency of 87.5 %. On the other hand, if syn-
thetic biomethane steam reforming is carried out in the TR, the exergy 
destruction value is equal to 0.9 W and the exergy efficiency is 92.3 %. 
Comparing the two exergy analyses regarding the TR, it is evident that 
the utilization of biomethane (with higher methane content) is respon-
sible for a relatively higher exergy efficiency compared to biogas. This 
indicates that the TR solution adopting biomethane as feed stream 
combined to steam experiences lower energy losses and allows higher 
system efficiency to be achieved. 

The exergy analysis conducted at the condenser reveals an exergy 
destruction of 6.5 W, in case of biogas adoption, and 14.2 W in case of 
biomethane adoption. This is due to a higher amount of steam to be 
condensed in the case of biomethane stream adoption. Hence, higher 
values of exergy destruction may be attributed to the heat recovered 
from the process that can be taken back in the form of heat, useful for 
example in the water vaporization step. Consequently, the process effi-
ciencies are determined to be for this device equal to 93.4 % in case of 
biogas steam reforming carried out in the TR and 94.8 % in case of 
biomethane steam reforming. 

The exergy analysis applied to the hydrogen membrane separation 
step (Stage II) shows that its exergy destruction is equal to 0.5 W if the 
reformed stream coming out from Stage I is generated by steam 
reforming of biogas, whereas it is equal to 0.2 W if generated by steam 
reforming of biomethane. The analysis highlighted further that the 
hydrogen separation/purification at Stage II is more efficient (93.8 %) if 
its feed is constituted of a syngas coming from Stage I generated by 
steam reforming of biomethane, instead of a syngas generated by steam 
reforming of biogas (efficiency equal to 91.7 %). Indeed, according to 
Table 5, the reformed stream coming out from the TR (which represents 
the MS feed stream) is richer in hydrogen (around 64–65 %, varying the 
S/C ratio) if biomethane is used in the TR feed stream instead of biogas 
(hydrogen concentration between 41 and 47 % varying the S/C ratio, 
Table 4). This is the reason why the hydrogen permeation driving force 
across the membrane (based on the hydrogen partial pressure difference 
between feed and permeate side of the MS) is larger in the case of bio-
methane than biogas adoption, making, much more efficient the 
hydrogen separation. At 773 K, due to the larger hydrogen permeation 
driving force related to biomethane adoption in the TR feed stream, the 
MS was able to meet the ‘standard 2027′ of hydrogen recovery and pu-
rity is realized at higher transmembrane pressure (2.5 bar) than the 
second case of biogas adoption, in which the maximum transmembrane 
pressure adopted was equal to 1.8 bar. In particular, biomethane 
adoption in the TR feed stream is responsible for higher transmembrane 
pressure, which involves higher hydrogen permeation driving force, 
with a consequent increase of hydrogen permeation through the mem-
brane, which reduces losses of available helpful energy and, conse-
quently, the exergy destruction. On the other hand, using biogas, 
involves MS operations at lower hydrogen transmembrane partial 
pressure, which determines lower hydrogen permeation across the 
membrane and lower hydrogen recovery as well. Hence, to achieve the 
same MS performance in terms of hydrogen recovery obtained if bio-
methane is adopted in the TR feed stream, in the case of biogas adoption 
higher temperatures favoring higher hydrogen permeability through the 
Pd-Ag membrane (Eq. (23) are required, which necessarily involve 
higher energy consumption (exergy associated with heat to be supplied 
to the MS), consequently increasing the exergy destruction and 

Fig. 8. Thermal efficiency based on LHV for biogas and biomethane.  

Table 6 
Results of Exergy Destruction (EXd) Analysis for the processes of Stage I and Stage II, distinguished into Biogas and Biomethane steam reforming carried out at 873 K 
and 1 bar.   

Pump Boiler TR Condenser MS 
Feed EXd (W) ηex(%) EXd (W) ηex(%) EXd (W) ηex(%) EXd (W) ηex(%) EXd (W) ηex(%) 

Biogas  1.8⋅10-5  91.7  2.0⋅10-4  91.2  1.5  87.5  6.5  93.4  0.5  91.7 
Biomethane  1.8⋅10-5  91.7  2.2⋅10-4  90.4  0.9  92.3  14.2  94.8  0.2  93.8  
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decreasing the MS efficiency (ηex = 91.7 % in case of biogas with respect 
to ηex = 93.8 % in case of biomethane). 

Fig. 9,10 show the distribution of exergy destruction among the main 
components of the process: traditional reformer, membrane separator, 
and condenser. The condensation stage shows the highest values of 
irreversibility, independently of the feed stream (biogas or biomethane) 
at the first stage (TR). However, we observed that, feeding biomethane 
to the TR, determines a higher irreversibility in the condensation stage 
being a purer current (rich in methane), then responsible for making the 
conversion process less challenging than the case in which biogas is fed 
to the TR, because it contains less methane. (SEE Fig. 10.). 

To be a less demanding process, the syngas current coming out from 
the TR includes a certain amount of stored energy, since it is not fully 
used during the steam reforming process. Then, during the condensation 
phase, some of this energy is dissipated/lost, contributing to an increase 
in the irreversibility of the process. However, in both cases, the 
condensation process represents a significant source of irreversibility, 
which can be reduced through optimization and heat recovery 
techniques. 

Feeding biomethane to the TR induces also lower irreversibility 
percentages in the TR and in the MS than in the case of biogas utilization 
as feed stream. Also in this case, it can be explained by the higher purity 
of biomethane that, during the reforming process, requires work, 
reducing the irreversibility of both TR and MS processes. In addition, the 
reformed stream is richer in hydrogen if the TR feeding stream is 
constituted of biomethane and, going to the MS, this higher percentage 
of hydrogen requires less energy to be separated and purified from the 
other by-products. However, according to Nalbant Atak et al. [45], the 
remaining irreversibility is due to the chemical reactions and kinetics of 
the reactions inside the TR. 

Table 7 shows the overall exergy destructions of the overall system, 
which have been calculated by Eq. (22) for the two feeding mixture 
cases. In particular, the overall values have taken into account: a) Ėxin, 
which represents the input exergy values provided by biogas or bio-
methane stream (physical and chemical exergy of CH4, CO, CO2 and H2) 
plus the steam exergy; b) Ėxout, which represents the output exergy of 
both MS permeate and retentate streams; c) ĖWi, which is the exergy 
associated to the work; and d) ĖQi, which is the exergy associated to the 
heat supplied to the overall system (steam reformer + membrane 
separator) minus the heat recovered from the condenser. 

In particular, it is possible to observe that the overall exergy 
destruction is equal to 92 % and 88 % in case biomethane or biogas are 

fed to the first stage of the overall system, respectively. 

5. Conclusion 

This work showed the effectiveness of the steam reforming process 
combined to a membrane separation stage to generate decarbonized 
hydrogen from biogas and/or biomethane, meeting the targets of the 
European Clean Hydrogen Alliance, further investigating the thermal 
efficiency and exergy destruction of the two stages system. 

As a specific case-study realized keeping constant the space velocity 
and reaction temperature of the TR (first stage) as well as the membrane 
area, syngas and sweep-gas flow rates of the MS (second stage), the first 
stage, constituted of a TR used to carry out the steam reforming process, 
showed a maximum conversion of methane equal to 60 % and hydrogen 
yield equal to 53 % at 873 K, 1 bar and S/C = 4/1, using biomethane as 
feed stream, whereas 40 % of methane conversion and 52 % of hydrogen 
yield were reached at the same conditions, adopting biogas as feed 
stream. In the second stage process, the Pd-Ag membrane separator 
allowed to meet the ‘decarbonized hydrogen targets 2027′ set by the 
Clean Hydrogen Alliance agency, purifying the reformed stream coming 
out from the TR at 773 K and Δp = 2.5 bar, reaching a hydrogen re-
covery equal to 90 % with a purity of 99.9999 %, if biomethane was used 
as feed stream. Otherwise, the MS allowed only to overcome the ‘dec-
arbonized hydrogen targets 2024′, with a hydrogen recovery equal to 88 
% and a purity equal to 99.9999 %, in case biogas was used as feed 
stream at the first stage of the whole system. 

Another important contribution obtained in this work was related to 
the exergy analysis carried out on the two stages system, investigating 
the impact of the feed stream composition and process operating con-
ditions on the overall exergy efficiency. The exergy analysis highlighted 
that, feeding biomethane at the first stage, induces lower irreversibility 
percentages in the TR and in the MS than feeding biogas. This happened 
because the higher methane concentration in the biomethane stream 
required work during the reforming process, reducing the irreversibility 
at both TR and MS stages. As a consequence of the biomethane feed 
stream adoption, the reformed stream was richer in hydrogen and its 
higher percentage involved less energy in the MS to realize its high grade 
separation/purification from the other by-products. Furthermore, 
independently of the feed stream composition, the condensation stage 
represented the most significant source of irreversibility of the overall 
system (93 % of irreversibility in case of biomethane adoption, 73 % in 
case of biogas adoption), to be reduced necessarily by means of an Fig. 9. Global values of exergy destruction rate (W) of each component ac-

cording to the operating temperature of the integrate systems for biogas. 

Fig. 10. Global values of exergy destruction rate (W) of each component ac-
cording to the operating temperature of the integrate systems for biogas. 
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optimization and the heat recovery technologies in future studies. Last 
but not least, further results of this work showed that the overall system 
adopting biomethane as feed stream involves higher thermal efficiency, 
based on the LHV, than the adoption of biogas, as well as higher global 
values of exergy destruction, reaching the maximum value of around 72 
% and 92 % (at 773 K), respectively. 

The energy efficiency and exergy analyses carried out on the two 
stages system reported in this work constituted an important contribu-
tion useful to orientate future efforts in its technological development, 
encouraging further solutions for producing clean and sustainable 
hydrogen, thus contributing to the reduction of the greenhouse gas 
emissions. As a perspective of this study, considering that most of the 
irreversibilities present in the two stages system comes from the 
condensation stage, further studies should be oriented to the thermal 
optimization, particularly of the TR, trying to develop highly active 
catalysts to improve the steam reforming performance working at stoi-
chiometric condition in order to avoid larger amount of unconverted 
and excess of water to be condensed. A further development of this work 
could be constituted of a much more intensified solution, such as a 
membrane reactor, in which the steam reforming of biogas/biomethane 
may be carried out at lower temperature (below 500 ◦C) than the con-
ventional reformers, exploiting the membrane reactor advantages 
dealing with the simultaneous H2 production and separation/purifica-
tion realized in only one device, both in terms of better performance 
(higher methane conversion and H2 yield than an equivalent TR) and 
energy efficiency (lower energy input due to lower MR operating tem-
peratures), and operating, at least, under stoichiometric conditions (or 
under defect of steam) to reduce the irreversibilities due to the 
condensation stage. 
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