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The electrochemical hydrogen compressor (EHC) offers an effective solution for hydrogen transport challenges,
enabling simultaneous purification and compression, even when hydrogen is blended with natural gas at low
concentrations. This study investigates the impact of three commercial Nafion® membrane types (Nafion® 117,
Nafion® 115, and Nafion® 212) on the separation efficiency of EHC, examining the influence of temperature,
methane concentration, and hydrogen flow rate, thereby providing a comprehensive evaluation of membrane-
specific performance on the EHC'’s efficiency. Nafion® 212 demonstrated superior energy efficiency due to its
lower thickness and higher ion-exchange capacity. Tests with a 90:10 methane:hydrogen molar ratio revealed an
energy consumption of 2.30 kWh-kg "'H, and hydrogen purity exceeding 99 %. The experimental results were

validated with a mathematical model incorporating key parameters from existing literature, achieving an
average deviation of 2.5 % between the model and experimental data.

1. Introduction

In our modern world, where energy demand is always rising and
worries about climate change are growing [1], the imperative to shift
towards renewable energy sources has never been more urgent.
Renewable energies can drive decarbonization, but efficient storage is
key to ensuring stability and unlocking their full potential for a sus-
tainable future [2]. In this regard, hydrogen seems to be very promising
as energy vector, due to its exceptionally high gravimetric energy den-
sity [3]. However, hydrogen’s industrial utilization is hindered by its
high flammability and low volumetric energy density, which make it
very difficult to store and transport [4].

In recent years, it has been agreed that a possible solution could be
the transport of hydrogen through pipes, as has been the case for natural
gas for decades. This would allow in transport and diffusion of hydrogen
produced in a green manner from large production sites to the entire
supply chain concerned. The hydrogen transported in these pipelines
can be pure or blended with natural gas, so as to exploit the existing
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network. In this regard Europe countries with the European Hydrogen
Strategy (2020) [5] decided to increase the quantity of hydrogen in the
European energy mix, now below 2 %, to 13-14 % by 2050. As a result of
this proposal some states have implemented for the realization of
hydrogen pipelines, the European Hydrogen Backbone targeting 27.000
km of pipelines in 2030 and 53.000 km in 2040 [6].

Pure hydrogen in pipelines can be directly utilized for power gen-
eration, transport, and industrial applications. However, when blended
with natural gas, it poses challenges related to separation, purification,
and storage after grid transport. The separation of hydrogen from
methane is crucial in various industrial applications. In addition to the
above-mentioned specific case of deblending from natural gas pipelines,
this separation is essential in hydrogen production via steam methane
reforming (SMR) and autothermal reforming (ATR) [7,8]. Additionally,
hydrogen purification is required in ammonia and methanol synthesis,
underground hydrogen storage, and emerging methane pyrolysis tech-
nologies [9]. Efficient separation processes are generally key to ensuring
high-purity hydrogen for industrial and energy applications. Usually,
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Table 1
Summary of published articles on electrochemical hydrogen separation from methane-hydrogen mixture.
Catalysts Membrane Gas Diffusion Layer Active area (cm?) Temp. (K) Ref.

Ibeh et al., 2007 Pt/C, Pt-Ru/C Nafion® 115 - 25 293-343 [35]
Onda et al., 2007 — - - 10 - [36]
Perry et al., 2008 Pt/C PBI - 10 433 [28]
Doucet et al., 2009 Pt/C Nafion® 115 - 25 298 [371
Thomassen et al., 2010 — PBI - 3.25 433-453 [38]
Nordio et al., 2019 Pt/C Nafion® 212 - 50 <301 [39]
Jackson et al., 2020 Pt/C, Pt-Ru/C Nafion® 212 Sigracet SGL 28BCE™ 5 308 [34]
Vermaak et al., 2021 Pt/C and Pt-Co/C TPS®-based - 25 373-433 [40]
Jackson et al., 2024 PtRu/C and Pt/C Nafion® 117 Sigracet SGL 29 BCE 25 308 [12]
This work Pt/C Nafion® 117, Nafion® 115, Nafion® 212 Carbon Cloth with MPL - W1S1011 10 293-323 -

the industrial separation of hydrogen is mainly performed using Pres-
sure Swing Adsorption (PSA). Currently, about 85 % of the produced
hydrogen is purified by PSA [10]. However, this technique has a low
hydrogen recovery and, if Hy in the stream is lower than 40 %, it is
economically unfeasible [11]. Indeed, PSA units are ideal for high inlet
concentrations of Hy and for large scale plant. It has reported an energy
consumption of ~3.3 kWh-kg~'H, for the separation of 30 % H, in CH,,
increasing to ~20 kWh- kg’le for 10 % Hy in CHy4 [12]. Besides PSA,
membranes offer an alternative solution, some examples are:
metal-based membrane, particularly Pd-based or Pd alloys [13],
carbon-based membrane [14] and polymeric membranes [15]. Howev-
er, their high capital cost, driven by the large surface area required for
high fluxes due to permeability and pressure constraints, limits their
feasibility [13]. For this reason, it is necessary to study different tech-
nologies that permit the separation of hydrogen from the blended grid.

In this work, the Electrochemical Hydrogen Compressor (EHC) is
taken into consideration for the separation of hydrogen in low amount,
down to 10 %, in a methane-hydrogen mixture. In fact, since its first
publication in 1998 by Rohland et al. [16], it has been possible to
appreciate the great potential of this technology, that is to combine
separation and compression of hydrogen in a single device due to the
electrochemical principle on which it is based, namely, the hydrogen
oxidation reaction (HOR) from an impure stream at the anode and the
evolution of pure, high-pressure hydrogen at the cathode (HER:
Hydrogen Evolution Reaction) [17]. Obtaining pure hydrogen at the
outlet requires a minimum electrical work to drive the following
reactions:

Anode : H, » 2H" + 2e~ Eq. 1
Cathode : 2H" + 2e” —H, Eq. 2
whose Nernst equation [18] is:
Ry T, (P2
E:EO 4 gas ln( C;Zhode) Eq. 3
2F pAnode

where E is the cell potential at standard conditions (0.000 V in the case
of above described reactions), Rg,s is the gas constant (8.314 J mol !
K 1) and Fis Faraday’s constant (96485 C mol ™ 1).

According to this equation, a potential differential of only 0.054 V is
enough to increase the hydrogen pressure from 1 (panode) to 70 MPa
(Pcathode) at room temperature [17]. However, this potential value is
strictly connected to an equilibrium condition. When the EHC works, a
higher potential must be applied due to both anodic and cathodic
overpotentials, directly connected with electrode materials, Ohmic los-
ses, mainly due to electrolyte between the two electrodes, and mass
transfer limitations [19]. Thus, Equation (3) becomes:

Hy
Ucet = E + 1y +Ri—E°+Rg23—;Tln(l%) +ngr +Ri Eq. 4

Anode

where U, is the experimental cell potential, 7gy is the sum of both
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anode and cathode Electron Transfer overpotential; R sum up the Ohmic
losses and i is the current.

The core of EHC is the membrane electrode assembly (MEA), that is
based on two gas diffusion electrodes (GDEs) and a proton exchange
membrane (PEM) [16]. The key factor influencing the performance of
EHC systems is the membrane, as it determines both electrical resistance
and proton conductivity. Consequently, a membrane with superior ionic
conductivity is essential to minimize Ohmic losses. Furthermore, the
membrane must exhibit strong mechanical, thermal, and chemical sta-
bility to withstand operational conditions [20,21]. The catalyst layer
also plays a crucial role in lowering the activation energy of electrode
reactions. Platinum is widely recognized for its excellent catalytic ac-
tivity in EHC processes and is frequently referenced in research; how-
ever, its performance can be compromised due to the poisoning of active
sites by impurities, especially CO, CO2, and HS [22]. For this reason and
with the aim of reducing the costly noble metal, other composite ma-
terials have been studied and proposed [23], also to possibly reduce the
environmental impact of their production [24].

Rhandi et al. [19] demonstrated that the EHC has many advantages:
high gas recovery, compatibility of the process with continuous opera-
tion, low energetic cost thanks to the minimal electric work for the
purification, and high purity of hydrogen, even higher than 99.9 % [22].
In addition, the low operating temperatures, comprised between room
temperature and 498 K, are very convenient for the material durability
and sealing system [21]. This system is also compatible with small units
of purification, which render them well-suited for fuel cell vehicles
refilling systems [25]. However, industrial-scale progress has been
limited by issues such as the high mechanical stress from large pressure
differences, particularly affecting the thin PEM structure [19]. Another
limitation of the use of polymer membranes is the possible diffusion of
gases through them. This phenomenon is witnessed by a loss of system
efficiency in the case of hydrogen back-diffusion from high pressure
cathode to low pressure anode, and in a diffusion by permeation of
pollutants from the anode to the cathode, that will affect the purity of
hydrogen [18,26]. Moreover, membrane hydration, water and thermal
management are other important critical issues that must be considered
[27].

In general, EHCs can be classified as low-temperature EHCs, working
with low-temperature PEMs as membranes (e.g. Nafion®, SPEEK: sul-
fonated poly(ether ether ketone)) [21], high-temperature EHCs with
high-temperature PEMs as membranes (e.g. acid-doped PBI: poly-
benzimidazole) [28], and solid oxide EHCs with perovskite-type oxides
as membranes [25]. Indeed, the operating temperature of EHCs is
heavily influenced by the performance of the membranes.

In this study, a low-temperature EHC with Nafion® membrane and
Pt catalyst was investigated and tested in hydrogen separation from
different methane-hydrogen mixtures. In literature, it has been docu-
mented that EHCs can separate Hy from various mixtures with other
compounds, including CO9 [29], CO [30], Ny [31], Ar [32], NH3 [33],
and H,S [34]. Regarding the separation from CHy, a summary of pub-
lished articles on electrochemical hydrogen separation are reported in
Table 1, focusing the attention on the catalysts and membranes used for
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the experimental tests, and also on the working temperature.

Nafion® is often preferred over other membranes due to its high
proton conductivity, excellent chemical stability, and proven perfor-
mance in a wide range of electrochemical applications, making it
particularly suitable for processes like electrochemical hydrogen
compression, where reliable and efficient ion conduction is crucial [41].
The main technical challenges that arise from literature studies on this
polymer include degradation under prolonged operation, reduced pro-
ton conductivity at low humidity levels, and variations in mechanical
stability that affect long-term performance [39]. Furthermore, differ-
ences in membrane thickness and equivalent weight significantly impact
hydrogen crossover and energy efficiency [41]. With a focus on three
distinct Nafion® membrane types that are frequently employed for this
class of electrochemical devices — Nafion® 117, Nafion® 115, and
Nafion® 212 — this work carefully examined the impact of membrane
type and its properties on the purifying efficiency by EHC. Additionally,
the effects of temperature, the amount of methane in the mixture, the
flow of hydrogen, and the level of purity obtained were examined. In
contrast to previous studies that focus on a single membrane type, this
work examines a variety of MEAs under identical operational condi-
tions. This approach allows for a true comparison of membrane-specific
behaviours, providing a deeper and more comprehensive understanding
of performance differences across membrane types on the efficiency of
EHC device. In addition, since there are several publications on EHC
computational simulations and mathematical models [39,42-44], but
not all were validated with experimental data, it was decided to validate
the experimental results with a mathematical model. The model uses
data from most of the relevant studies on the topic, focusing on per-
formance evaluation by simulating the state and conditions across the
entire active surface of the cell. Moreover, the model focuses on the
material balance between the two sides of the cell, taking in consider-
ation the permeation of gasses through wet Nafion® from the experi-
mental results for the final purity, as well as the efficiency from the
back-diffusion of hydrogen, the humidification of the membrane and
the water transport. For the current-potential correlation the de-
pendencies on membrane physical and chemical features, temperature,
hydrogen concentration and membrane water content in the working
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Bench scale laboratory plant used for the EHC tests.

conditions were considered.
2. Materials and methods
2.1. Description of the set up

The electrochemical cell utilized in this study consists of two plastic
end plates, two copper current collectors, and two closed bipolar
graphite plates featuring a serpentine flow field. This flow field,
designed with eight parallel channels, facilitates gas diffusion and has a
depth of 0.75 mm and a total length of 30 mm per flow field. The as-
sembly is sealed using PTFE gaskets. At the core of the cell lies the
membrane electrode assembly (MEA), which is a commercially available
5-layer structure with an active area of 10 cm?, supplied by Fuel Cell
Store Company. The MEAs incorporate two Carbon Cloth Gas Diffusion
Layers (GDL), two Pt/C catalyst layers, and a proton exchange mem-
brane. The three tested MEAs differ by the type of membrane: Nafion®
117, Nafion® 115 and Nafion® 212 respectively for MEA 1, MEA 2 and
MEA 3. The catalyst amount and composition were maintained constant
for all the MEAs tested at 0.3 mg cm 2 (20 % Pt) and 0.5 mg cm 2 (60 %
Pt) of loaded Pt/C respectively for the anode and cathode sides.

The cell was inserted in a jacketed thermostated chamber to ensure
stable and controlled operating conditions. The supplied anode inlet gas
is a mixture of methane and hydrogen. The composition of the Hy:CHy
mixture fed to the anodic chamber is prepared by two mass flow con-
trollers (by Brooks), which have a maximum volume flow rate of 100
NmL-min ! and 20 NmL-min ! respectively for methane and hydrogen.
To regulate membrane hydration, the gases were humidified before
entering the anode chamber via a system consisting of a temperature-
controlled flask filled with ultra-pure water through which the gases
are bubbled. Key operating parameters, including pressure, tempera-
ture, and humidity, were monitored using WIKA, TC Direct, and
MICHELL instruments, respectively, for the inlet, outlet, and purge
streams. Flow rates of the purge and outlet streams were measured with
a bubble flowmeter to assess system efficiency and mass balance. An
Elind DC, series HL, power supply with an applicable potential between
0 and 150 V and an applicable current between 0 and 4 A has been used.
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At the end of the plant an Agilent 3000 MicroGC from Agilent Tech-
nologies equipped with PLOT Q and MoleSieve 5A as first and second
column was used for analytical determinations [45]. The general layout
of the plant is schematized in Fig. 1.

2.2. Separation tests

Separation tests have been performed using the following procedure.
At different fixed temperatures and atmospheric pressure, the gas
mixture has been humidified and fed in the cell anodic chamber main-
taining a constant hydrogen inlet flow of 10 NmL-min~". The cell po-
tential (Uce) has been monitored, while current values between 0 and
1.5 A have been applied to the cell, to determine the resistance and the
associated overvoltage of the system. The purity of the output gas has
been checked using the microGC. When the flux of anodic Hj is major or
equal to the relative current, as defined in Equation (5).

_i(Cs™)-60(s min")
~ 2F(Cmol %)

. .1
MH,anodic (or cathodic) (mOI min ) Eq 5

where n yy is the hydrogen flux in anodic chamber, i is the applied
current and F is Faraday’s constant (96485 C mol’l), the consumed Hy
(chemical reaction 1) is equal to the produced one in cathodic chamber
(chemical reaction 2). When H, flux in anodic chamber is less than the
applied current, the hydrogen production flux in cathodic chamber is
still defined by Equation (5), but a cathodic parasitic reaction is present
to sustain the current: the water oxidation.

2H20 + 2e” — Hz + 20H™ Eq 6

This reaction not only modifies E® of Equation (3), thus modifying E,
but also dehydrates cationic membrane thus increasing the Uc.y;, leading
to an electrolytic process with an almost 100 % current efficiency, but
with an increase of the energy consumption, due to the increase of Uce.

The system reaches a flux limited condition, thus evidencing a flux
limited current, ig:

2.F(Cmol ) s, anodic (mol min ")
60 (smin ")

e, = Eq. 7

Firstly, the membranes were tested with pure hydrogen to study the
influence of its flowrate. Then, the three different Nafion® membranes
were tested and their performance in presence of hydrogen and
methane-hydrogen mixtures were investigated, comparing the resis-
tance and the energy consumptions.

A more detailed study was done on the Nafion® 212 membrane. The
influence of the quantity of Pt in the anode side catalyst was evaluated.
In a second phase, the separation of hydrogen from a mixture was
studied with different methane:hydrogen molar ratios, ranging from
10:90 to 90:10, evaluating the efficiency of the system and the purity of
the hydrogen obtained. Since it is known that the ionic conductivity of
Nafion® increases with temperatures up to a maximum of around 333 K
[46], the influence of this parameter was also evaluated. The two mix-
tures with the higher quantity of methane, namely 70:30 and 80:20
methane:hydrogen molar ratio, were investigated changing the tem-
perature from 293 to 323 K. Finally, a stack of two and three cells was
assembled and investigated, to explore the effects of numbering up the
process. In this configuration, the single units are placed electrically in
series and in parallel with respect to the gas flow.

2.3. Permeation tests

To evaluate the permeation of the impurities, particularly methane,
through the Nafion® membrane, specific permeation tests were per-
formed. In detail, the permeability of dry and wet Nafion® 212 was
studied using a 90:10 methane:hydrogen mixture as the inlet gas, to
mimic the worst conditions under which the separation experiments can
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Fig. 2. Polarization curves at different hydrogen inner flowrates. The calcu-
lated ig, for each hydrogen flow (red vertical line) are: 66, 132 and 263 mA
ecm ™2, Process conditions: ambient pressure for both cathode and anode,
298.15 K, hydrogen inner flow 5, 10 and 20 NmL-min~}, humidity of the gas
constant at 100 %. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

be carried out. 100 NmL-min ! of this mixture was flowed inside a cell
containing a membrane with an active area of 2.83 cm?. The inlet
pressure was set at 2 barg, while the other side at 0 barg. The permeate
flow was evaluated using a GC (Agilent 7890) in line equipped with a
TCD detector. A minimum flow of Ng, namely 2 NmL-min’l, was
continuously fed into the permeate side as sweep gas to allow the

permeate to reach the analytical instrument.

3. Results and discussion
3.1. Influence of hydrogen inner flow

To evaluate the influence of Hy anodic flowrate on the electro-
chemical cell behaviour, in term of U, pure Hy was fed to the anodic
chamber, and the amount of purified hydrogen (cathodic chamber) was
sampled to verify that the production rate was as described in Equation
(5). Indeed, this equation permits to calculate the theoretical moles of
hydrogen that pass through the cell per minute, depending on the
selected current, as previously described. To investigate the variation of
U.enn with Hy anodic flux, three different hydrogen inner flowrates were
tested, namely 5, 10 and 20 NmL-min~!, and the associated polarization
curves are reported in Fig. 2.

As described by Equation (4) the total cell potential is a sum of
different parameters. Depending on the current density, one of these
limitations dominates. At low current density, charge-transfer limita-
tions, specifically activation overpotential, predominate. In the inter-
mediate region, the cell internal resistance becomes the dominant
factor, and it is primarily attributable to the non-infinite conductivity of
the proton-exchange membrane and electrode materials (e.g., current
collectors, bipolar plates, GDLs, etc.) and contact resistance related to
the interfaces between the various layers. Since the membrane typically
has the greatest influence on R, it is frequently the only loss that is
considered in the literature [21]. In the region of high current density,
the depletion of reactants, limits the overall cell reaction rate [39].
These kinetics limitations increase when the current density increases,
which means that the energetic efficiency of an EHC decreases when its
productivity, namely quantity of H purified, increases [19]. In this case,
three different values of flux limited current were reached, see Fig. 2,
corresponding to the moment when anodic Hj flux is less than applied
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Fig. 3. a) Polarization curves for the tested MEAs with pure hydrogen. b) Nafion®’s electrical resistance obtained from polarization curves (see Fig. S1). Process
conditions: atmospheric pressure for cathodic and anodic chambers; 298.15 K; hydrogen inner flow 10 NmLmin~!; humidity of the gas 100 %.

Table 2
Comparison of the characteristics of the three Nafion® membranes used for the tests
[47,48].

Nafion® 212 Nafion® 115 Nafion® 117

Thickness, pm 50.8 127 183

Basis weight, g m™2 100 250 360
Equivalent weight, kg mol ! 1.0 £ 0.5 1.1 1.1

Dry membrane density, kg m~> 1970 1980 1980

Water content, % 5.0 5.0 5.0

Water uptake, % 50.0 + 5.0 38 38
Ion-exchange capacity, meq g~ ! 0.92 0.90 0.90

current, as defined in Equation (7). In Fig. 2 the theoretical flux limited
currents corresponding to the relevant flowrate are reported. The
calculated ip;, from Equation (7), using the 5, 10 and 20 NmL-min~!
anodic gas flow rates, are: 66, 132 and 263 mA cm 2.

To evaluate the influence of Pt amount in the Pt/C electrode, MEA 3
was also compared with a membrane electrode assembly that presents
less amount of precious noble metal in the anode catalyst, namely 13 %
instead of 20 %. The obtained polarization curves with both MEAs are
comparable (see Supplementary Materials S1) and the lower amount of
Pt in the catalysts layer does not significantly affect the cell perfor-
mance. This suggests the possibility of further reduce the amount of
noble metal in the MEA, thus lowering system costs without compro-
mising cell performance and energy efficiency. However, it is important
to acknowledge that the influence of platinum content on cell perfor-
mance depends on multiple factors, including charge transfer resistance
and catalyst particle dispersion. Therefore, any further reduction in the
amount of precious metal should be preceded by a comprehensive study
to assess its impact on overall system performance.

Table 3
Cell potential, efficiency and energy consumption for the three MEAs. Condition:
100 mA cm 2, 80:20 methane-hydrogen molar ratio.

Ucenr Denerg Borod Energy consumption
(mV) (%) (%) (kWh-kg™'Hy)
MEA1 214 9.67 99.4 5.72
MEA2 194 10.7 99.2 5.19
MEA3 715 29.0 98.0 1.94
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3.2. Comparison between MEA 1, MEA 2, MEA 3

Three MEAs, prepared using three different Nafion®, were tested at
298 K with 10 NmL-min~! H, flowrate, saturated with water and the
obtained polarization curves are shown in Fig. 3a.

At the same conditions, Nafion® 212 presents the less Ohmic resis-
tance, mainly due to its thickness, higher ion-exchange capacity and
water uptake (see Table 2). Indeed, the resistance of the membrane can
be calculated using the following equation:

1 L (cm)

Fenl) =5 cm 1) Aem?)

Eq. 8

where ¢ is the specific conductivity of the membrane and L and A are
respectively the thickness and the area of the membrane.

Moreover, the electrochemical separation of hydrogen was evaluated
using two anodic mixtures with a high quantity of methane, namely
70:30 and 80:20 methane:hydrogen molar ratio. These tests were per-
formed maintaining a constant inner flow of hydrogen of 10 NmLmin !
and increasing the quantity of methane from 0 to 40 NmLmin~'. The
calculated resistances are presented in Fig. 3b and they are obtained
from the slopes of polarization curves (see Supplementary Material
Fig. S2).

Besides the impact of the membrane type, the resistance increases
with the increase of methane amount in the anodic stream. This effect is
attributed to the gradual depletion of hydrogen along the active area,
driven by its migration to the cathode chamber. This depletion results in
a non-uniform distribution of reactants, which subsequently induces
localized mass transport limitations. This phenomenon results in an
increased overpotential, and consequently Uce].

After having verified that the current efficiency was also around 100
%, checking the cathodic gas outlet flow rate, the energy efficiency, the
production efficiency and the energy consumption were calculated by
means of equations (9) and (10), respectively:

2FE E

_ _ Eq. 9
(penerg 2F Ucell Ucell d

B 2F (Cmol ™) Ueen (V)
" Porod - MMz (kg-mol ) - 3600 (sh ')

W (Wh-kg™") Eq. 10

where ¢4 represents the production efficiency, calculated by
comparing the experimental output flow to the theoretical value. In this
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Fig. 4. Polarization curves of MEA 3 at different methane:hydrogen molar
ratio. Process conditions: ambient pressure for cathode and anode; 298.15 K;
hydrogen inner flow 10 NmL-min~'; humidity of the gas constant at 100 %.

way, the energy consumption values account for the back-diffusion of
hydrogen from the cathodic to the anodic chamber. This phenomenon is
driven by the hydrogen permeability in the Nafion membrane and the
Appy between the two chambers. It is worth noting that while Nafion®
212 shows a lower resistance and energy consumption, its back diffusion
is higher than Nafion® 117, as discussed later [18].

Table 3 reports Ucell, Penerg> Pproa and energy consumption for the
three different MEAs, investigated at 298.15 K with a 100 mA cm ™2
density current, using an 80:20 gas mixture ratio of methane:hydrogen.
It is clear the higher energy efficiency for MEA 3, which corresponds to a
lower energy consumption, due to lower resistance of the Nafion® 212.

In conclusion, the key factors influencing the system’s efficiency are
membrane thickness, conductivity, and water content. By analysing
three similar membrane types, it was possible to identify thickness as the
most critical parameter in this specific case. Under the same water
content and process conditions, the N-212 membrane exhibits the lowest
energy consumption compared to the other two. This can be attributed
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to its reduced thickness of 50.8 pm, in contrast to 127 pm and 183 pm for
the N-115 and N-117 membranes, respectively.

3.3. Influence of methane-hydrogen molar ratio

Using the best performing MEA, MEA 3, the influence of anodic gas
mixture ratio on the cell performance was investigated. Hydrogen:
methane gas mixtures, whose molar ratios ranged from 100:0 to 10:90,
were fed to the anodic chamber maintaining a hydrogen inner flow of 10
NmL-min~! and the polarization curves are presented in Fig. 4.

It is evident that, as the amount of methane in the anodic stream
increases, so does the system’s resistance, as indicated by the increasing
slope of the polarization curve. Notably, the U at zero current
(equilibrium condition) is equal to E, defined in Equation (3).

Feeding the anodic chamber with a gas mixture of 90:10 methane:
hydrogen molar ratio results in a slight increase in energy consumption.
At ambient pressure for cathode and anode, 298.15 K, hydrogen inner
flow 10 NmL-min~}, humidity of the gas constant at 100 % and current
density equal to 100 mA cm ™2, the energy consumption calculated in-
creases from 1.20 kWh-kgH3 ! for pure hydrogen inner flow to 2.30 kWh
kgHz! when the hydrogen is purified from a gas mixture of 90:10
methane:hydrogen molar ratio. This value is consistent with those re-
ported in the literature and significantly less than those tabulated for
PSA, which is about 20 kWh kgHy Tri21.

For each test, the hydrogen purity in the cathodic chamber was
quantified to evaluate the effect of increasing the methane amount in the
anodic gas mixture. The study highlighted the increase of methane
quantity in the purified hydrogen cathodic stream, up to a maximum
percentage of 0.55 % when methane:hydrogen ratio of 90:10 was used,
confirming the good separation efficiency of the system. However, this
value is not enough to meet the regulatory values for fuel cells, which
ask for a CHy content of less than 100 ppm [49]. Methane can cross the
cationic membrane due to its permeability in Nafion® [50]. In literature
are presented some studies related to this phenomenon [26,51,52].
However, they present only the permeability coefficients in dry
Nafion®, which are not in accordance with the methane permeation
experimentally observed. For this reason, a study on dry and wet
Nafion® was conducted. Regarding hydrogen, a permeability coefficient
of 10.08 barrer and 195.2 barrer were calculated for dry and wet
Nafion® respectively. Similarly, a value of 0.72 barrer and 51.8 barrer
were obtained for methane, confirming the enhanced permeability due
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>
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>
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Fig. 5. Polarization curves at different temperature: a) maintaining the same temperature for the cell and the humidifier, b) setting the humidifier 10 K above the cell

operating temperature. Process conditions: ambient pressure for cathodic and anodic chambers; hydrogen inner flow 10 NmL-min

ratio 80:20.
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Table 4
Resistances obtained from the polarization curves at different temperatures and
H,:CH,4 molar ratio.

H,:CH,4 molar ratio Temperature (K) Resistance (Q cm)

100:0 293.15 87.6 + 2.0
303.15 742+ 1.8
313.15 71.8 +1.4
323.15 66.8 + 2.6

30:70 293.15 124.6 + 1.2
303.15 105.2 + 1.6
313.15 101.4 £ 2.5
323.15 93.6 + 2.9

20:80 293.15 130.9 + 2.3
303.15 1259 +3.1
313.15 109.9 £ 0.7
323.15 90.8 + 2.2

to the presence of water in the membrane. It is also important to
consider that the operating current density is relatively low. Higher
current densities would enhance hydrogen flow, the permeation of
methane would remain unchanged, as it is not influenced by the current
(Equation (11)), increasing the purity.
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A

Eq. 11
I q

fijp = 3.35-107"3 kp- AP
where kp; is the permeability coefficient (barrer), AP; is the partial
pressure difference between the two chambers (bar), A is the area of the
membrane (cm?), and L is the thickness of the membrane (cm).

According to this equation using a thicker membrane, like Nafion®
117 can also allow a better separation due to the dependence of methane
permeation from the membrane thickness. Another possibility could be
working with a membrane that isn’t totally wet, indeed the permeation
in dry Nafion® is two orders of magnitude lower than that in wet
Nafion®. However, both methods would reduce the energy efficiency of
the system. An evaluation to quantify how membrane thickness, hu-
midity and current density can reduce methane content to achieve the
<100 ppm specification and their impact on energy efficiency was
carried out. Among these parameters, membrane humidity appears to
have the most significant influence on overall efficiency, as can be seen
in Fig. S3 (see Supplementary Material Fig. S3).

3.4. Influence of the temperature

Since it is known that the ionic conductivity of Nafion® increases
with temperature, up to a maximum around 333 K [46], the effect of

Table 5
Equations used in the mathematical model.
Parameter Equation Ref.
Potential calculation
Cell potential Ucell = E+ NeT anode + MET cathode + RI Eq. 4 [53]
Nernst potential E—Fp+ RgasTln(Pa" "X, an ) Eq. 3 [18]
nF PeatXn, cat
Butler Volmer” — ‘anFy anfy, Eq. 12 [18]
P od, an | _ _ cat
Resolution by egs. 13 and 14 J=JoCu, {exp( RgasT ) exp( RgasT )]
Anodic current” i+ /].2 N 4‘j;2'CH2 Eq. 13 —
Jan = f
Anodic Overpotential’ ] _ RgasT ( Jan ) Eq. 14 -
ET anode — —
anf o\ e
Ohmic resistance 1L, Eq. 8 [21]
R=—-—i
cA
Membrane specific conductivity 6 = oo max(fu — 0.06, 0)1-5 Eq. 15 [54]
Water volume fraction in the membrane fu = AV Eq. 16 [54]
Y WV + Vi
Membrane equivalent volume - ﬂ Eq. 17 [55]
" Pary
Reference membrane conductivity 1 Eq. 18 [21]
00(T) = 00(296 K) €XP 20615 T
Current density L i Eq. 19 [53]
72
Material balance
Surface H, molar fraction at the anode % —x i Rgas T Eq. 20 [39]
Hoan = X bk~ g = W OF
Hydrogen converted . i Eq. 5 [18]
NH,i =%
nF
. ) A .
Gas permeation Tiep = 3435'10713'kPi'Api 2 Eq. 11 [18]
Water transport . - i Pary Eq. 21 [55]
| 0 = EODp Do
Water diffusi fficient” 1 1 Eq. 22 55
ater diffusive coetticen Diyo = (514 — 0.6622 + 0.052% — 0.0137%)-10°5 exp [2416(ﬁ - T)] d (5]
Membrane water content 0.043 +17.81a, — 39.85a§, i 36a§, C0<ay <1 Eq. 23 [56]
i = 14+ 1.4(ay — 1) il<a,<3
16.8 @y >3
Gas water saturation a, — Pn,0 Eq. 24 [18]
YR
H,0
Water vapour pressure Eq. 25 [57]1

1435264
o 10<4-6543 T764,84S)
H0 —

@ Solved independently for each electrode.

b As solved by Sdanghi et al. [55] by integrating between the X calculated at anode and cathode conditions.
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temperature on cell performance was also investigated. Three anodic gas
mixtures, namely 0:100, 70:30 and 80:20 methane:hydrogen molar ra-
tios, were tested changing the temperature of the cell and the inner gas
from 293 to 323 K.

The initial results were unsatisfactory, as no decrease in Ohmic
resistance was observed with increasing temperature, contrary to ex-
pectations (Fig. 5a). This behaviour could be explained considering that
in the membrane-based systems a raise of their temperature can have
several negative effects, most notably on the membrane’s ability to
retain water [27].

To address this issue, the humidifier temperature was set 10 K above
the operating temperature of the cell. This modification ensured a higher
water content in the gas supplied to the anode chamber, ensuring a
constant membrane hydration. Using this configuration, the slope of the
polarization curves, and consequently the system’s resistance, decreases
with an increase in this parameter (Fig. 5b). To better illustrate the
temperature effect, the obtained resistances are reported in Table 4.

3.5. Stack configuration of the EHC system

The use of a stack configuration, with more than one cell working,
can significantly increase the efficiency and the productivity of the
system. The single units are placed electrically in series and in parallel
with respect to the gas flow in order to process the required volume flow
rate and obtain the desired pressure. So, in a preliminary study pre-
sented in this section, a stack of two and three cells was investigated by
adding at the electrochemical system bipolar plates and using three
MEAs that presents the same characteristics and behaviour of MEA 3.

In this system, where the same current flows through each cell, the
total stack resistance is equal to the sum of the single cell resistances, so
the stack cell potential, Ust,ck, is the sum of the voltages of the single
cells. Indeed, the obtained resistance, equal to 158.2 Q cm, of the two-
cell stack is doubled with respect to the single cell device (87.6 Q cm),
as well as the three-cell stack showed a resistance of 246.5 Q cm, three
times higher than the single cell (see Supplementary Materials Fig. S4).
At the same current given to the system, it is possible to purify double or
triple quantity of hydrogen, this results in a comparable value of energy
consumption per mole of hydrogen. The use of a stack configuration also
allows to lower the capital costs and the equipment volume.

4. EHC model
4.1. Model development

A theoretical steady-state model has been developed for the repre-
sentation of the phenomena involved in the EHC, starting from theo-
retical and empirical equations that describe the fundamental theory of
electrochemical cell processes. It represents an elaboration and appli-
cation of existing models already present in the literature [39,42-44].
The main goal was to validate the obtained experimental results and to
foresee the behaviour of the system described in this work in terms of set
up, performance and hydrogen production related to Hy purity inlet and
working conditions. Language C++ was used for the application of the
model.

To have a good representation of the internal conditions of the cell,
which change significantly in the serpentine of the polar plate, the total
area has been divided into portions simulated to calculate the current
passing at the potential applied to the cell. Once all the portions are
simulated, the total current is obtained as a sum of the single
contributions.

Each portion was resolved using an iterative calculation because,
even though the potential is the constant parameter throughout the
entire cell, it was not possible to calculate the current as a function of it
but only the contrary. Starting from a test current, the mass balance
between anode and cathode was performed, then the potential was
obtained from the anode input and the cathode output conditions. The
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Table 6

Parameters of the mathematical model (w.k. = well known value, Exp = specific
or obtained during our experiments, Regressed = regressed through our exper-
imental data).

Parameter Symbol  UOM Value Source
Standard potential E° A 0.000 w.k.
Electrons transferred for n - 2 w.k.
each H,
Faraday’s constant F C mol ™! 96485 w.k.
Universal gas constant Rgas Jmol™! 8.314 w.k.
K1
Electron transfer a,a - 0.5 [56]
symmetry coefficient
Exchange current density  jy . Acm? 10 [56]
at the anode
Exchange current density ~ jo - Acm~? 11 [56]
at the cathode
Nafion conductivity at 00(296 K) Sem? 0.072 Regressed
296.15 K
Water molar volume Vw m® 1.8107° w.k.
mol !
Mass transfer coefficient hm Ls! 0.1 Regressed
for the GDL em 2
Electro-osmotic drag EOD - 0.9 [56]
coefficient
Permeability coefficient kp Barrer Different Exp (see
value Section 3.3)
Thickness of the L cm Different
Table 2
membrane value
Area of the membrane A cm? 10 Exp
Equivalent weight of the EwW kg mol™!  Different
Table 2
membrane value
Dry membrane density Pary kg m~3 Different Table 2
value

potential calculated was compared with a target potential: if the
calculated one is higher, the current should be lower and vice versa. The
calculation is then repeated from the new test current. The illustrative
diagram for modelling of electrochemical hydrogen compressor is
shown in detail in Fig. S5 (see Supplementary Materials).

The model for a single area portion has been developed from the
equations listed in Table 5 and the parameters in Table 6.

The simulated results of this work were obtained considering the cell
divided in 1000 equal portions. This resolution was chosen since, at this
level of discretization, the results could be considered independent of
the number of sections used.

4.2. Results and discussion

Thanks to the portioning of the area, it was possible also to evaluate
the flux limited current, as well as the corresponding overpotentials,
without inserting an equation to describe them.

The electrochemical behaviour of investigated MEA 1, 2 and 3 was
well fitted by the model (Fig. 6a), and the model was also able to well
represent the polarization curves of the cell used with different
composition of anodic gas mixtures (Fig. 6b), starting from the equi-
librium potential in agreement with the experimentally measured at
OCP, to the change in slope due to flux limitations in the region near the
flux limited current, already discussed in Section 3.1.

The rise in U resulting from hydrogen depletion along the
serpentine flow field, previously presented in Section 3.3, was examined
in greater detail. This investigation focused on the interplay between
reactant distribution and electrochemical performance, highlighting
how the progressive consumption of hydrogen along the flow path leads
to localized increases in overpotential. The variation in current density
across 1000 simulated active areas revealed a clear correlation with the
reduction in hydrogen flow caused by its gradual transport to the
cathode chamber (see Supplementary Materials Fig. S6). This effect is
more pronounced at higher current densities (see Supplementary Ma-
terials Figs. S7-59), where the hydrogen depletion is greater, leading to
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Fig. 6. Comparison between simulated and experimental results for a) different membranes, b) different hydrogen-methane concentrations and c) different

temperatures.

a more significant increase in U in these regions. The localized vari-
ation of current density at lower hydrogen concentrations is caused by
the balance between the increase of the equilibrium potential (E) and the
decrease of the Ohmic overpotential (iR).

Finally, the U temperature dependence was simulated reproduc-
ing some polarization curves at different temperature. Also in this case a
good correlation was obtained as can be seen in Fig. 6¢. The experi-
mental variation is greater than the simulated one, but this result could
be explained by the fact that the membrane humidification control is
difficult at high temperatures, and this could lead to higher Ohmic
overpotentials [27].

In conclusion, the model was able to fit the experimental data and
could be used to make reliable previsions on the electrochemical per-
formances of the EHC with an average deviation from all the experi-
mental data of 2.51 %, calculated using Equation (26). In Table S1 (see
Supplementary Materials) are reported all the average deviations be-
tween experimental and simulated data for every simulation set.

6= ‘Ucell. exp — UYcell, sim|/Ucell, exp Eq 26
where Ucel exp is the experimental value of cell potential and Ucel sim is
the simulated one at the same conditions. In addition thanks to the
collected data regarding the membrane permeation of methane and
hydrogen, it was possible to add to the model the calculation of the
hydrogen purity and system efficiency, which were in accordance to the
values experimentally obtained.

5. Conclusion

The purification of hydrogen from a methane-hydrogen mixture was
studied to evaluate a possible procedure to separate this energy carrier
from the natural gas pipelines. Electrochemical Hydrogen Compressor
(EHC) can be considered a suitable system for hydrogen separation from
methane, especially in the case of small units of separation. Since what
affects the efficiency of this device is the Ohmic resistance of the system,
which can be mainly attributed to the cationic membrane, three
different Nafion® membranes were studied. From the energy efficiency
point of view the best membrane is Nafion® 212 which presents the
lowest thickness and the higher ion-exchange capacity. On this mem-
brane, the influence on the cell performance of different concentration
of methane, fed to the anodic chamber and temperature were evaluated.
Results highlight that, when hydrogen is purified from a stream with a
90:10 methane:hydrogen molar ratio, the energy consumption only
slightly increases from 1.20 kWh-kgHs !, when there is only hydrogen in
the stream, to 2.30 kWh- kgHy I In addition, only a weak increase of
Ohmic resistance of the system was revealed, due to diffusional limita-
tion. The purity of the hydrogen obtained from a 90:10 methane:
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hydrogen mixture can reach very high values, up to 99.45 %, but not
enough to meet the regulatory values for fuel cells, which ask for a CHy
content of less than 100 ppm. Using higher current density, a thicker
membrane, like Nafion® 117, or working with a membrane that isn’t
totally wet are three ways to get around this issue, although the last two
methods will reduce energy efficiency. It has also been shown how the
increase of the temperature allows a slight lowering of the resistance
thanks to the increase of conductivity of the membrane. However, it
should be mentioned that raising the system’s temperature can have
negative effects, most notably on the water management of the mem-
brane and an increase in the total energy consumption of the system due
to the heating system. The results also demonstrated the feasibility of
reducing the amount of the precious Pt in the anode without compro-
mising cell performance in terms of both potential and separation effi-
ciency. All the experimental results were validated with a mathematical,
achieving an average deviation of 2.5 % between the model and
experimental data.
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