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Green hydrogen (Hy) produced via water electrolysis and renewable electricity is promising to defossilize energy-
intensive sectors. Options to deliver Hy to consumers include Hy pipelines as well as co-transport in existing
natural gas (NG) pipelines. Ho/NG co-transport requires subsequent separation and compression, as Hy con-
sumers require high-purity Hy at elevated pressures. Electrochemical Hydrogen Compression (EHC) is an
emerging technology for both separation and compression. We conduct a cradle-to-gate Life Cycle Assessment of
H3/NG co-transport in NG pipelines with EHC. We compare Hy/NG co-transport with EHC against co-transport
with Pressure Swing Adsorption, pure Hy pipelines, and fossil Hp, among others, with respect to 16 environ-
mental impact categories. Hy/NG co-transport with EHC can achieve similar greenhouse gas (GHG) emissions as
pure Hj pipelines, and can reduce GHG emissions by up to 91% compared to fossil Hj if the supply chain is
powered by wind electricity. However, if the GWI of electricity exceeds ~260 gco2.eq/kWhe, all green Hj
transport routes have higher GHG emissions than fossil Hp. Furthermore, these GHG emission reductions are

accompanied by increased environmental impacts in at least 9 categories.

1. Introduction

The mitigation of climate change requires the defossilization of
energy-intensive sectors, such as chemicals, steel and mobility. In many
cases, direct electrification using renewable electricity sources (RES) is a
viable option [1,2]. However, direct electrification poses challenges for
some energy-intensive sectors because they require energy carriers with
high gravimetric energy densities [3]. One promising energy carrier is
green hydrogen (Hj), produced via water electrolysis and renewable
electricity [4]. Since green Hjy is often not produced where it is
consumed, an infrastructure is needed to transport Hy [5]. One of the
main challenges for storage and transport is hydrogen's low volumetric
density [6].

Pipelines are considered a promising Hy transport option due to low
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emissions compared to other options [7]. The infrastructure for pipe-
lines exists in many countries for transport of natural gas (NG) [8], e.g.,
500,000 km in Germany [9,10]. The existing NG pipeline infrastructure
can be retrofitted to either co-transport Hy with NG, or to transport Hy in
dedicated pure Hj pipelines [11,12]. Consequently, both pure Hy pipe-
lines and co-transport in NG pipelines are part of Hy distribution stra-
tegies of some countries, such as Australia [13] and Germany [9,10].
Co-transporting Hy in NG pipelines requires subsequent separation
and compression of Hy since most Hp consumers, e.g., Hy refueling
stations, require high-purity Hy at elevated pressures [14,15]. Pressure
Swing Adsorption (PSA) is a well-established technology for Hy sepa-
ration from high-concentration feeds in industrial processes such as
Steam Methane Reforming (SMR) [16]. However, PSA has not been used
for separating Hj from feeds with relatively low concentrations of Hy,
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such as up to 20 vol.-% in Hy/NG co-transport [16-20]. Furthermore,
additional mechanical compressors are needed in PSA systems, which
can be energy-intensive [17]. A promising emerging alternative is
Electrochemical Hydrogen Compression (EHC), which can both separate
and compress Hj in a single device [18,21]. Theoretically, EHC has the
potential to achieve purities greater than 99.97 % [18] at up to 900 bar
[22] with Hy recovery rates up to 100 % [20]. Currently, practical
challenges such as high energy demands up to 16 kWh/kgy [15] due to
high ohmic losses and back-diffusion of Hy lower the overall perfor-
mance of EHC [20,23].

For Hy/NG co-transport including subsequent separation and
compression via EHC to be a viable transport option, its economic
feasibility and environmental impacts should be favorable over those of
Hy/NG co-transport with PSA as well as alternative pure Hy transport
routes. While economic feasibility drives technology adoption, green Hy
is deployed to meet environmental sustainability targets, and therefore
the environmental impacts of Hy/NG co-transport with EHC need to be
comparable to or lower than those of alternative Hy supply routes.
However, these environmental impacts have not been comprehensively
assessed, making it unclear whether Hy/NG co-transport with EHC can
enable Hy supply at low environmental impacts.

Neacsa et al. [24] calculated the Global Warming Impact (GWI) of
combusting Ho/NG mixtures, while Cappello et al. [25] and Di Lullo
et al. [26] determined the GWI during transport and combustion of
Ho/NG mixtures. Davis et al. [27] assessed the GWI mitigation potential
and cost effectiveness of Ho/NG mixtures across an economy. Bellocchi
et al. [28] determined the environmental impacts of Ho/NG mixtures
across multiple scenarios, while considering blended end-use. None of
the mentioned studies considered the subsequent separation and
compression of Hy from NG and in particular, none assessed EHC as an
alternative separation and compression technology from an environ-
mental perspective. Further, the mentioned studies did not compare the
environmental impacts of Hy supply via NG pipelines to other Hy
transport routes. Aminov et al. [29] compared Hy/NG co-transport to
other Hj transport routes from an economic perspective while consid-
ering membranes for Hy separation. Di Lullo et al. [30] compared the
greenhouse gas (GHG) emissions of Hy/NG co-transport to other Hy
transport routes while considering PSA for Hy separation. The study
demonstrated that the lowest costs and GHG emissions are achieved
through Hy/NG co-transport and pure Hj pipelines [30].

In summary, studies assessing the environmental impacts of Hyo/NG
co-transport remain limited. In particular, no study determined the
environmental impacts of Hy separation and compression via EHC. Thus,
the environmental potential of Hy/NG co-transport with subsequent
separation and compression via EHC, as well as its comparison to
alternative Hj supply routes, remains an open research gap.

Our study closes the identified research gaps by conducting a cradle-
to-gate Life Cycle Assessment (LCA) of H; separation and compression
via EHC, as well as Hy/NG co-transport in NG pipelines with EHC to
enable Hy supply. For Hy separation, we include PSA as alternative
technology in our assessment. We further compare the environmental
impacts of Ho/NG co-transport to other promising Hy transport options,
i.e., transport in new pure Hj pipelines, transport of liquid Hy in fuel-cell
electric trucks, and the transport of electricity with Hy production at
consumer-site. Fossil H, from SMR serves as benchmark. We also assess
the risk of environmental burden-shift by evaluating 16 environmental
impact categories, as recommended by the Joint Research Center (JRC)
of the European Commission [31]. Furthermore, we perform in-depth
parameter variations covering various pipeline assumptions, mixture
conditions, transport distances and GHG emissions for the electricity
used in the supply chain to obtain potential environmental trade-offs
with other Hj transport options. Ultimately, the aim of this study is to
assess the environmental potential of supplying Hy through the existing
NG infrastructure using EHC.
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2. Life Cycle Assessment (LCA)

The environmental assessment is conducted through an LCA as
defined in the ISO 14040/44 standards [32]. An LCA study is conducted
in four steps: 1) Goal and scope definition, 2) Life Cycle Inventory (LCI),
3) Life Cycle Impact Assessment (LCIA) and 4) Interpretation [32].

2.1. Goal & scope definition

The goal of this study is to assess the cradle-to-gate environmental
impacts of co-transporting green hydrogen (Hz) and natural gas (NG) in
existing NG pipelines with subsequent H; separation and compression
via Electrochemical Hydrogen Compression (EHC). The environmental
impacts of Hyo/NG co-transport with EHC are compared to other prom-
ising Hy transport options. To ensure a consistent comparison across all
transport options, all environmental impacts are expressed relative to
the so-called Functional Unit (FU). The FU is defined as “1 kg high-purity
hydrogen at end pressure penq” for all Hy supply options.

Hj; end pressure levels penq of 16 bar (only separation), 100 bar, 300
bar and 700 bar are considered to examine how EHC performs for
different compression ratios. The end pressure levels of 100 bar and 300
bar are representative for requirements from industrial consumers [33],
whereas 700 bar is the pressure level for Hy refueling stations [34].
Furthermore, various volume percentages of Hs during Hy/NG
co-transport are considered, i.e., xg2 =5, 10, 15, 20 and 50 vol.-%. Since
EHC is not a mature technology yet, a base and optimistic case are
modeled: The base case corresponds to operating conditions, which are
reachable in the near future, whereas the optimistic case reflects target
conditions for future development.

Fig. 1 gives an overview of the Hy/NG co-transport routes. In all co-
transport routes, it is assumed that the Ho/NG mixture is transported
from the production to the consumer site via a primary pipeline at
operating pressure pop. Afterwards, Hy is separated from NG with one of
the following two separation technologies: EHC and Pressure Swing
Adsorption (PSA). While EHC includes compression of separated Hj in a
single device, PSA requires subsequent mechanical compression. We
assume a Hy purity after separation of at least 99.97 %, making it suit-
able for Hy refueling stations [35].

The NG stream after the separation unit still contains a fraction of Hy
due to incomplete recovery. The NG stream including unrecovered Hy is
fed into a secondary pipeline at the operating pressure ps... Depending
on the separation unit and the pressure of the secondary pipeline pse,
further compression of the unrecovered stream might be required,
which can result in increased energy demands [30].

When H; and NG are co-transported, a fraction of the pipeline ca-
pacity is used to transport Ho. We distinguish between two cases how
this fraction of the pipeline capacity was used before transporting Hj:

1. No excess capacity: All available NG pipelines are fully used to
transport NG. The fraction of the pipeline capacity now used to
transport Hy was previously used to transport NG. Hence, H; replaces
NG which needs to be transported otherwise to still ensure that the
NG demand is satisfied. We assume that a new pipeline segment
needs to be built to transport the replaced NG, and corresponding
environmental impacts from pipeline construction are considered.

2. Excess capacity: In this case, a fraction of the pipeline capacity is
unused due to gradual phase-out of NG to reach defossilization tar-
gets. This unused pipeline capacity is now used to co-transport Hy
with NG. No new pipeline needs to be built.

For the comparison of the two separation and compression tech-
nologies (EHC vs. PSA incl. mechanical compression), we first consider a
gate-to-gate system boundary for separation and compression of Hy from
the Hy/NG mixture (see Fig. 2). This narrow system boundary allows to
understand the detailed energy demands and gate-to-gate GHG
emissions.
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Fig. 1. Overview of hydrogen (H) and natural gas (NG) co-transport including the separation unit and H, consumer. The Hy/NG mixture is transported in the
primary pipeline, which operates at operating pressure p,,. Then, the separation unit separates H, from the Hy/NG mixture such that the desired H, product at the
desired end pressure level p.nq exits the separation unit. As basis for comparison, we define a Functional Unit of 1 kg of high-purity H, at p.nq4. Since the separation
units have incomplete H, recovery, the unrecovered H,, together with the NG builds the unrecovered Ho/NG mixture, which is fed into a secondary pipeline
operating at ps... EHC: Electrochemical Hydrogen Compression, PSA: Pressure Swing Adsorption including subsequent mechanical compression.
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Fig. 2. Cradle-to-gate system boundary of the hydrogen (H,) supply options. H>-NG-EHC-base and Ho-NG-EHC-opt are transport routes where Hj is co-transported in
natural gas (NG) pipelines and then separated via Electrochemical Hydrogen Compression (EHC). Base and opt refer to the base and optimistic case of the EHC. Hy-
NG-PSA describes Hy/NG co-transport with subsequent H, separation via Pressure Swing Adsorption (PSA). For the Hy/NG co-transport routes, we also define an
alternative gate-to-gate system boundary to compare the two technologies for separation and compression. Hy-P describes H; transport in new pure Hy pipelines, Ha-
Road describes the transport of liquid H, in fuel-cell electric trucks and H-Loc describes the transport of electricity with subsequent decentralized H, production at
the consumer site. Ho-Fos is the fossil benchmark where H, is produced via Steam Methane Reforming (SMR) and transported via H, pipelines. SMR: Steam Methane
Reforming. peng: End pressure of final Hy product.

Since this study aims to assess several Hy supply options, a second end-of-life. This study primarily assesses the environmental impacts of
system boundary is chosen considering cradle-to-gate (see Fig. 2), which Hy/NG co-transport with EHC. To assess the environmental potential of
includes Hj production and transport but excludes the use-phase and EHC, a base model of EHC (H,-NG-EHC-base) and an optimistic model
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of EHC (H2-NG-EHC-opt) are considered. As alternative technology for
Hj; separation, PSA is included (H-NG-PSA). To evaluate whether Hy/
NG co-transport is a promising option for Hy supply, its environmental
impacts are compared to four pure Hy transport routes (see Fig. 2). These
include green H; transport in new pure H; pipelines (Ho-P), transport of
liquid Hj, via fuel cell electric-trucks (Ha-Road), transport of electricity,
the decentral local production of green H at the consumer-site (Ha-Loc)
and the fossil production of Hy via SMR and transport via Hy pipelines
(Ha-Fos).

As default, this study assumes a fixed transport distance of 1000 km
and wind electricity from a representative wind farm in Northern Ger-
many (see Section 2.1 in Supporting Information for details) as elec-
tricity source in the entire supply chain. This setup roughly represents
transporting the renewable electricity from Northern Germany via Hy to
Southern Germany. Pure wind electricity as power supply is a best-case
assumption, leading to the lowest possible impacts. For an electricity
supply that is fully based on wind electricity, the environmental impacts
are higher, as further components, such as storages are required for a
reliable electricity supply [36].

An overview of all the considered parameter variations is given in
Table 1.

2.2. Life Cycle Inventory

The Life Cycle Inventory (LCI) comprises a foreground and back-
ground system. The foreground system consists of all modeled processes
such as Hy production and transport, while the background system
covers all supporting processes such as raw material supply. All back-
ground processes are modeled using ecoinvent v3.9.1 [38]. In the
following, the main parts of the foreground system are described, while
a detailed overview of the data used can be found in the Supporting
Information (SI).

2.2.1. Hydrogen production

Green Hy production is modeled via Proton Exchange Membrane
(PEM) electrolysis, where water is split into Hyo and oxygen using
renewable electricity. An energetic efficiency of 70 % is assumed, based
on literature data [39-42]. For the materials consumed in the con-
struction of the electrolyzer, the near-future inventory from Bareif et al.
[40] and Sharma et al. [41] is adopted. As a benchmark, fossil Hy pro-
duction via SMR, based on the LCI from Antonini et al. [43] is assumed.
The full LCI data for fossil and green Hy production can be found in
Table 6-10 of the SI.

2.2.2. Hydrogen liquefaction

Liquefying Hj is energy-intensive and a current field of research. The
specific energy consumption ranges from 6 to 15 kWh/kgy, [44-46],
and thus, the average of 10.5 kWh/kgys is assumed. The construction of
the liquefaction plant is modeled using the LCI data from Stolzenburg
and Mubbala [47] with a plant lifetime of 30 years and a production
capacity of 50 tyo/d. The full LCI data can be found in Table 13 of the SI.

2.2.3. Mechanical hydrogen compression

For the construction of the Hy compressor, the LCI data provided by
Kanz et al. [48] for a 12 MW piston compressor with a lifetime of 50
years is assumed. As stated by Tahan [49], 0.5 % of H; is assumed to be
lost during compression. The energy demands and the nominal power
are calculated according to Khan et al. [50] (see Section 1.2 in the SI).
The supply chain requires Hy compressors in the pipelines, after the
pipelines and between the electrolyzer and the pipelines. For the
different compressor powers, the LCI from Kanz et al. [48] is scaled
linearly. The full LCI data can be found in Tables 11 and 12 of the SL

2.2.4. Pipeline transport
Hy can be transported through existing NG pipelines with varying
volume percentages of Hy. The Hy/NG mixture in the pipeline is
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Table 1

Overview of all considered parameter variations. Ho: Hydrogen, NG: natural gas,
xpg2: Volume percentage of Hy in Ho/NG mixture, pnq: End pressure of final Hy
product, p,p: Operating pressure of primary pipeline (see Fig. 1), ps.: Operating
pressure of secondary pipeline (see Fig. 1), Note a: Only separation.

Parameter Type Range/ Relevance Default
Values Value(s)

End pressure Discrete 162, 100, 100 and 300 bar 16 and 700
of Hy Pend 300 and 700  are representative bar

bar for industrial
consumers, while
700 bar is
representative for
H, refueling
stations.

Volume Discrete 5,10, 15, Up to 20 vol.-% 20 vol.-%
percentage 20, 50 vol.- possible today in
of Hy in % German gas grids
Hy/NG [37]. 50 vol.-%
mixture included as future
X2 reference.

Transport Continuous ~ 0-5000 km Captures 1000 km
distance environmental

trade-offs for
varying transport
distances.

Global Continuous 0-450 gcoz/ Captures Wind
Warming kWhg; environmental electricity
Impact of trade-offs for (15 gcoz/
electricity various electricity =~ kWhy, see
source in impacts Section 1.1
the supply in SI)
chain

Excess Discrete Yes and no Defines whether Yes
capacity the fraction of the

existing pipeline
capacity used to
transport Ha
during Hp/NG co-
transport was
previously
utilized for pure
NG transport or
was available as
excess capacity
(see Section 2.1
and 2.2.4).

EHC model Discrete Base and Included to reflect ~ Both models
Optimistic development included in
model targets as the EHC  transport
(compare is not a mature routes (see
Section technology yet Fig. 2)
2.2.8)

Operating Discrete 1and 16 bar  Injection of the Dsec = 16 bar

pressure of unrecovered Hy/
secondary NG mixture of the
pipeline separation unit
Psec into mid- (1 bar)
or high-pressure
(16 bar)
distribution
pipelines.

Operating Discrete 16 and 100 Transport of the Pop = 16 bar
pressure of bar H,/NG mixture or
primary pure H; in high-
pipeline p,, pressure

distribution (16
bar) or long-
distance transport
pipelines (100
bar).

modeled as an ideal gas mixture. As Hy and NG are co-transported, the
joint environmental impacts of co-transport need to be allocated to Hj
individually. To allocate the environmental impacts of Hy/NG co-
transport, a consequential approach is applied.
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In the consequential approach, the additional environmental impacts
of co-transport of Hy relative to transporting only NG are quantified.
Through mixing Hy with NG, the leakage rate, recompression energy and
required maintenance during transport increase for the Hy/NG mixture
compared to pure NG. These additional environmental impacts are
attributed to Hy transport during Hy/NG co-transport.

Furthermore, it is distinguished between two cases depending on
how the fraction of the pipeline capacity was used prior to transporting
Hpy during Hy/NG co-transport (see Fig. 3). In the no excess capacity case,
it is assumed that the fraction of the pipeline capacity, which transports
Hy during Hy/NG co-transport was previously used to transport NG.
Since the total NG supply to end users should remain constant even upon
co-transporting H, with NG, a new pipeline segment needs to be built to
transport that portion of NG that is replaced by Hy. The environmental
impacts of constructing the new pipeline segment are included in our
assessment (see Fig. 3 and Section 2.4 of the SI). In contrast, in the excess
capacity case, it is assumed that the part of the pipeline capacity used to
transport Hy was previously unused due to ongoing defossilization and
thus declining NG demand. In this case, the unused pipeline capacity
transports Hp, while the NG demand is still fulfilled during Ho/NG co-
transport. Consequently, no additional infrastructure is required, and
only the aforementioned increased operational impacts resulting from
H2/NG co-transport are considered.

In addition to the consequential approach, an energy-based alloca-
tion of infrastructure impacts is analyzed in Section 2.4 of the SI. Both
approaches yield similar results for all considered scenarios (see Fig. S8
in Section 3.2 of the SI), as the operational impacts are identical in both
approaches and only the allocation of pipeline construction impacts
differs.

The construction of new Hj pipelines is modeled by accounting for
the required amount of steel and the H; flow rate, in accordance to two
technical reports of the JRC [38,51,52]. The lifetime of the new Hy and
H2/NG co-transport pipelines is assumed to be 40 years, as modeled in

Natural gas

a) No excess capacity

NG pipeline at full capacity:

MNG Co

————

MNG,Co ML

MNG not—Co
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the ecoinvent dataset for NG pipelines [38].

The leakage rate for Hy in the co-transported pipelines is assumed to
be the same as in the pure Hj pipelines, i.e., 0.5 % per 1000 km [48]. For
H2/NG co-transport, this leakage rate represents a conservative upper
bound for the Hs-attributable leakage. The leakage rate of a Hy/NG
mixture is lower than that of pure Hy due to the lower leakage rate of
NG. Thus, only the H; fraction of the leaked gas would be attributed to
H, transport, resulting in a lower bound for Hj losses in the
co-transported pipeline. However, the higher diffusivity of Hy leads to
preferential leakage through seals, enriching the leaked gas in Hj rela-
tive to the Hy/NG composition in the co-transported pipeline. The real
Hp-attributable leakage therefore lies between the allocated mixture
leakage and the pure Hj leakage rate assumed in our study. Additionally,
it is accounted for an increase in pipeline maintenance equivalent to 2%
of the natural gas pipeline's construction impacts due to the co-transport
of Hy [53,54]. For the pure Hj pipelines, a 2% maintenance factor is
applied to the H; pipeline construction [48,54,55].

Furthermore, for the pure Hy transport and Hy/NG co-transport, the
transport in two primary pipelines with different operating pressures p,,
are considered (see Table 1). Recompression stations are required every
100 km along the Hy pipelines to maintain operation. For the distribu-
tion pipelines, the compression from 11 to 16 bar requires 0.179 kWh/
(100 km - kgyo) [50]. The full LCI data for Hy/NG co-transport can be
found in Tables 14-34, while the full LCI data for pure Hy pipeline
transport can be found in Tables 35-36 of the SI.

2.2.5. Electricity transport

Alternatively, to supply Hp, electricity could be transported in high-
voltage alternating current (HVAC) transmission lines with the decentral
production of Hy at the consumer-site. The environmental impacts
during the construction of the HVAC transmission lines are included in
this study. The produced electricity from wind turbines is at high
voltage, thus it is assumed that no additional transformers are needed.

H,/NG Co-transported pipeline:

MNG,Co
—
Muy2,co
——— =

New pipeline segment with NG:

mNG,notcog MNG,not—Co

MNG,co

Mu2,co

b) Excess capacity

NG pipeline with unused capacity:

00 e, S

MyG,co

NG pipeline with unused capacity:

MyG,co

MNG,Co

MHy2,co MH2,co

Fig. 3. System boundaries of hydrogen (H,) and natural gas (NG) Co-transport in the a) No excess capacity and b) Excess capacity case. mygnot—co: NG mass
transported in the fraction of the pipeline capacity used to transport Hy in the Hy/NG co-transported pipeline, myg co: NG mass transported with Hy in the Hy/NG co-

transported pipeline, mys ¢o: Hy mass transported during Ho/NG co-transport.
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Losses of 1 %/100 km are assumed for the transmission [56]. The full
LCI data is given in Table 37 of the SI.

2.2.6. Road transport

We choose 40 ton fuel-cell electric trucks for transporting the liquid
H, via road. To model the truck construction, the LCI for fuel-cell
electric trucks from Sacchi et al. [57] is modified such that the trucks
transport liquid Hy instead of compressed Hj to achieve higher volu-
metric densities. To model the liquid H; tank, a ratio of 14.56
kgtank/kgru2 with the corresponding material demands from Weiszflog
et al. [58] is assumed. The trucks have a lifespan of 710,000 km and an
average load factor of 29 % [57]. The boil-off is assumed to be 0.1 %/d
[58], while the trucks have an average truck speed of 80 km/h, with the
truck travelling 800 km daily [57]. The full LCI data is given in Table 38
of the SL.

2.2.7. Hydrogen regasification & pumping

In contrast to the liquefaction of Hy, the regasification requires
limited effort. Liquid Hy is usually heated with ambient air or seawater,
which results in exergy losses [59]. While technical options for recov-
ering this exergy exist, they are not yet implemented [59]. Prior to
heating, a cryopump pumps H to the desired end pressure pepg, which
reduces the energy demand compared to compressing gaseous Hy [46,
59]. Hy, losses of 0.5 % are assumed [49] and for the construction, the
same nominal power and LCI as for the H, compressors is assumed. The
full LCI data is given in Table 39 of the SI.

2.2.8. Hydrogen separation

For the Hy/NG co-transport routes (see Fig. 1), the inlet pressure for
both separation units is 16 bar, which corresponds to the outlet pressure
of the high-pressure distribution pipeline. We assume that the secondary
pipeline can either be a high- or mid-pressure distribution pipeline. The
mid-pressure distribution pipeline has an inlet pressure of 1 bar. For
both separation units, it is assumed that 0.1 % of the Hy is lost during the
process for handling Ha [52].

2.2.8.1. Electrochemical hydrogen compression. EHC consists of electro-
chemical cells, where Hy and NG enter a flow-channel at the anode.

H,0 @
n ©
co, §
CH, ‘%.

co @

H,S ‘0

ANODE
H,/NG mixture

~
&® Yq

H, — 2H* + 2¢-

International Journal of Hydrogen Energy 234 (2026) 154957

Upon applying a voltage to the EHC, Hj reacts to H+ ions and electrons
at the anode, whereas NG is inert in the reaction at anode (see Fig. 4).
The H+ ions migrate through the membrane to the cathode, where they
recombine to molecular Hy leading to a product stream with high Hp
concentration. Through pressurization of the cathode, the Hy product
has high pressures. Theoretically, high efficiencies at high pressures are
reachable with EHC, however, cell irreversibilities, such as ohmic losses
and H» back diffusion due to pressure gradients between cathode and
anode lower the efficiencies in practice [14,18].

The overall energy demand of EHC consists of an electric energy
demand needed for the electrochemical reactions, membrane and the
theoretical minimum work of separation, of a heating demand required
to heat the gases to stack temperature, and of a cooling demand to
maintain the stack temperature [14,60]. The energy demands are ob-
tained from a 1D simulation model in Modelica using the Software
Dymola 2023x and the model library Hydrogen Energy Systems 3.14.0
(see Section 1.3 of SI). Due to the low maturity of EHC, a base case,
which corresponds to near-future conditions and an optimistic case,
which refers to future target conditions, is modeled. In the base case,
voltage and faradaic efficiencies are calculated within the simulation
model, accounting for ohmic, activation and Hy back-diffusion losses. In
both the base and optimistic case, EHC operates at a cell temperature of
40 °C with a cell area of 50 cm?. The base case represents the simulation
data of EHC with an operating current density of 1 A/cm? with Hy re-
covery rates between 68 and 80 %. The optimistic case assumes that
higher current densities of 2 A/cm? with recovery rates between 90 and
98 % can be reached, depending on the volume percentage of Hy in the
Hy/NG mixture [61] (see Table 2 and Section 1.3 of SI for details).

In the base case, it is assumed that the low-temperature heating
demand above 40 °C is covered through a water-air heat pump powered
by grid electricity. For the cooling demand, the use of cooling water
from an unspecified natural origin is assumed, which is modeled as
biosphere flow.

Since ohmic resistances dominate the voltage losses, a membrane
with higher conductivity is assumed in the optimistic case leading to
lower ohmic resistance (see Section 1.3 of SI). Additionally, the faradaic
efficiency is set to 100 % in the optimistic case, assuming that no Hy
back-diffusion or incomplete reactions occur. The heating and cooling

CATHODE
e Pure H,
¢ © ¢
% © ©
5 © e Q’,
Py ‘@ ®
¢ e © © ©
© ¢
¢ © ©
— ¢ ©
Panode Pcathode

2H*+2¢ — H,

Fig. 4. Operation principle of Electrochemical Hydrogen Compression (EHC), adapted from Ref. [18]. The Ho/NG mixture is fed to the anode, where H, reacts to H+
ions. The H+ ions migrate through the proton-conducting membrane, while the components in NG are blocked. At the pressurized cathode, H+ ions recombine with
electrons to form pure and compressed H,. Hy: Hydrogen, NG: Natural gas, H,O: Water, CO,: Carbon dioxide, CH4: Methane, N»: Nitrogen, CO: Carbon monoxide,

H,S: Hydrogen sulfide, p.qhode: Cathode pressure, pgnoqe: Anode pressure.
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Table 2
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Main LCI data for Electrochemical Hydrogen Compression (EHC) with a feed gas containing 20 vol.-% H, for different H, end pressure levels p,,4. The data for the other
volume percentages are summarized in the SI. we gnc: Electric energy demand of EHC, wyp gc: Heating demand of EHC, Weeorgrc: Cooling demand of EHC. Ha:

Hydrogen.
Parameter Base Optimistic ~ Sources
Lifetime [a] 7 10 [40,41]
A 1 2 ti
Current density {—2} own assumption
cm
H, recovery rate [%] 68.5 92 own assumption, based on [61]
Only Wel EHC 11.38 6.24 Values obtained from 1D simulation model. In optimistic case, the model is adapted for novel membrane material and no
Separation [kwh} faradaic losses (see Section 1.3 in SI).
g,
Wih EHC 1.69 1.69 Values obtained from 1D simulation model
[kwh}
gz
Weool EHC 12.05 12.05 Values obtained from 1D simulation model
[kwh}
gz
100 bar Wel EFHC 12.18 6.9 Values obtained from 1D simulation model. In optimistic case, the model is adapted for novel membrane material and no
[kWh} faradaic losses (see Section 1.3 in SI).
gz
Wih EHC 1.53 1.53 Values obtained from 1D simulation model
[kwh}
Kgyp
Weool EHC 1256 12.56 Values obtained from 1D simulation model
[kwh}
gz
300 bar WelEHC 12.73 7.29 Values obtained from 1D simulation model. In optimistic case, the model is adapted for novel membrane material and no
[kwh} faradaic losses (see Section 1.3 in SI).
gz
Wih EHC 1.44 1.44 Values obtained from 1D simulation model
[kWh}
gz
Weool EHC 13.12 13.12 Values obtained from 1D simulation model
[kwh}
gz
700 bar WelEHC 13.38 7.6 Values obtained from 1D simulation model. In optimistic case, the model is adapted for novel membrane material and no
[kwh} faradaic losses (see Section 1.3 in SI).
gz
Wih EHC 1.47 1.47 Values obtained from 1D simulation model
[kwh}
gz
Weool EHC 13.77 13.77 Values obtained from 1D simulation model
[kwh}
gz

demands are assumed to be the same as in the base case. However, the
heating demand is covered by available waste heat, thereby assuming no
additional environmental burdens for heat supply. The cooling demand
is met with cooling water, modeled the same as in the base case.

For the material demands of the EHC, the same materials as for a
PEM electrolyzer are assumed with the only exception that the anode
catalyst is platinum for EHC instead of iridium for PEM. The same in-
ventory as Sharma et al. [41] and Bareip al. [40] is assumed as they
provide a base and optimistic case for the material demands of the PEM
electrolyzer. The LCI data is summarized in Table 2Table 40-Table 45 of
the SI of the SI.

2.2.8.2. Pressure Swing Adsorption. PSA is an established technology for
Hj separation from reforming gases and is currently used in the chemical
and petroleum refining industry [17,62]. Typically, the feed consists of
high volumetric concentration of Hy (>70 vol.-%) [16], thus using PSA
for the separation of Hy from NG at low concentrations is not conven-
tional. In the PSA, methane and other heavy gases in NG are adsorbed in
the column so that a purified Hy stream passes through the column. In
this work, a PSA process in accordance to Dehdari et al. [16] is assumed,
which consists of six columns and twelve steps in each cycle. A higher
number of columns is necessary to facilitate the pressure equalization
steps, which increase the Hy recovery for lower H, concentrations in the
feed stream [16].

The choice of the adsorbents in the PSA system are crucial for the

operational performance. In accordance to Dehdari et al. [63], a
pre-layer of silica gel to adsorb heavy hydrocarbons and CO,, activated
carbon to adsorb methane and zeolite in a post-layer to adsorb nitrogen
is chosen.

One challenge for PSA systems is to maximize both Hj recovery and
purity [16,63,64]. Typically, PSA can achieve H; purities in the range of
98-99.999 %, with a Hy recovery rate between 70 and 90 % [64,65],
with recent work suggesting high recoveries of >80% for high purity Ha
(>99%) [16]. The recovery rates are taken from Dehdari et al. [16], who
provide recovery rates for 5-30 vol.-% H,. However, two adjustments
are made: First, it is assumed that the purity requirements for fuel cells
of >99.97 % are met in each case and second, since the authors do not
provide values for 50 vol.-%, it is assumed that the recovery rate ach-
ieved for 30 vol.-% Hj can also be achieved for 50 vol.-%.

The energy demand for the PSA includes the compression of the Hy
product stream to the desired end pressure p.nq and of the unrecovered
H/NG mixture to the operating pressure of the secondary pipeline pge,
(see Fig. 1). Since the desorption pressure of the PSA is 1 bar, the un-
recovered Hy/NG mixture could be directly fed into a mid-pressure
distribution pipeline operating at ps,c = 1 bar. Otherwise, if the unre-
covered Hy/NG mixture is fed back into the high-pressure distribution
pipeline with pg.. = 16 bar, the unrecovered mixture stream needs to be
compressed as well, leading to higher energy demands (see Section 1.2
of SI). Both cases for the unrecovered Hy/NG mixture are considered in
this analysis.
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For the construction of the PSA, the demand of stainless steel for the
valves and columns and the material demands of the adsorbents are
included. All material demands for the PSA system are taken from
Dehdari et al. [63]. Selected LCI parameters for the PSA are summarized
in Table 3, while the full LCI data can be found in Table 51 of the SI.

2.3. Life Cycle Impact Assessment

We use Environmental Footprint (EF) v3.1 [31] to translate the
biosphere flows into environmental impacts. As recommended by the
Joint Research Center (JRC) of the European Commission, we include 16
different environmental impact categories in our analysis to assess the
risk of environmental burden-shifting [31]. However, according to EF
v3.1, the GWP100 characterization factor of Hy is 0, whereas recent
studies show that Hy could form methane or other greenhouse gases in
the atmosphere and is therefore also associated with a characterization
factor [66]. Studies show that the characterization factor of Hy for
GWP100 ranges from 5 to 12 [66-69]. We follow the results of Sand
et al. and assume a GWP100 characterization factor of 11.6 for Hy [66].

3. Results

This section is divided into three subsections. In the first subsection,
we focus on detailed analyses of the environmental impacts of Hy sep-
aration and compression (see Fig. 2). In the second subsection, we
compare the cradle-to-gate environmental impacts of Hy/NG co-
transport with subsequent H; separation and compression to the alter-
native pure Hj transport routes (see Fig. 2). In the third subsection, we
discuss our findings.

3.1. Analysis of hydrogen separation and compression

In Section 3.1.1, we analyze the electricity demand and Global
Warming Impact (GWI) of Hy separation and compression via EHC and
PSA, but without considering the other supply chain steps (gate-to-gate
system boundary in Fig. 2). In Section 3.1.2, we analyze the cradle-to-
gate GWI of Hy/NG co-transport with Hy separation and compression
for various volume percentages of Hy in the Hy/NG mixture.

3.1.1. Electricity demand and Global Warming Impact of hydrogen
separation and compression

For 20 vol.-% H,, the base model of EHC consumes 11.4-13.4 kWh/
kgua (see Fig. 5a). Changing the membrane material such that EHC has
lower ohmic and Hy back-diffusion losses (see Section 1.3 of SI) halves
the electricity demand in the optimistic case compared to the base case.
The electricity demand of PSA depends on the pipeline into which the
unrecovered Hy and NG are fed. If the unrecovered Hy/NG mixture

Table 3

Main LCI data for Pressure Swing Adsorption with a feed gas containing 20 vol.-
% H, for Hy end pressure levels pe,q. Ha: Hydrogen. ps.: Pressure level of the
unrecovered H, and natural gas mixture (see Fig. 1).

Parameter [unit] Value Sources
Lifetime [a] 40 [63]
H, recovery rate [%] 80.84 [16]
Parameter [unit] Dsec = 1 bar Dsec = 16 bar
Lifetime [a] 40 40 [63]
H, recovery rate [%] 80.84 80.84 [16]
[kWh} . 0 7.22 [50]
We |7—|, only separation
kg,
kWh 0.975 8.195 50
Wel [ﬂ} , 100 bar 150]
Kgo
. . 50
wel[k h},BOObar 1.63 8.85 [50]
kg,
kWh 2. .61 50
Wel [ﬂ} , 700 bar 39 9.6 (50]
8H2

International Journal of Hydrogen Energy 234 (2026) 154957

remains at the desorption pressure of 1 bar, the unrecovered Hy/NG
mixture can be fed into a mid-pressure distribution pipeline without
additional compression. In this case, both the base and optimistic model
of EHC consume more electricity than PSA (see Fig. 5a, psec = 1 bar). On
the other hand, if the unrecovered Hy/NG mixture is fed into a high-
pressure distribution pipeline, the unrecovered Ho/NG mixture needs
to be compressed from 1 to 16 bar. In this case, electricity demand of the
PSA ranges from 7.2 to 9.6 kWh/kgy, and is higher than the optimistic
model of EHC (see Fig. 5a, psc = 16 bar). For EHC, no compression of the
unrecovered Hy/NG mixture is needed as it exits EHC at inlet pressure, i.
e., 16 bar.

To validate our results, we compare our modeled EHC energy de-
mands to literature. For Hy compression with atmospheric inlet pres-
sure, Lipp achieves energy demands of 3-12 kWh/kgys for compression
up to 207 bar and 20 kWh/kgys for compression up to 81.6 MPa [14,70].
Prokopou et al. [21] report energy demands of 11.7-17.2 kWh/kgy, for
compression to 10-700 bar at 1 A/cm?. For H, separation, Jackson et al.
[71] report 3.5-12.5 kWh/kgy, at 0.2 A/cmz, while Nordio et al. [72]
report 3.72 kWh/kgys for Hy separation at 6 bar inlet pressure. Mrusek
et al. [60] determine a thermal energy demand of 5.6-7.0 kWh/kgy for
gas heating and humidification, consistent with the heating demands in
our model (see Table 5 of SI). Our base model has an electricity demand
of 11.4-13.4 kWh/kgys, which is comparable with these studies. Lower
energy demands in our study compared to Prokopou et al. [21] mainly
result from the higher inlet pressure in our system, which reduces the
compression ratio. Our optimistic model (5.7-8.1 kWh/kgyy) is com-
parable to Dale et al., who report an energy demand of 7.5 kWh/kgys for
compression up to 138 bar [73]. The assumed improved membrane
properties in our optimistic EHC model are supported by experimental
demonstrations of Giner ELX Inc. who used a modified membrane with
low Hjy back-diffusion to achieve an energy consumption of 2.0
kWh/kgys at 350 bar end pressure [14,74].

For 20 vol.-% Hy, the gate-to-gate GWI of EHC-opt ranges from 0.1 to
0.12 Kkgco2-eq/kgn2, Which is lower than that of the PSA (0.13-0.21
kgco2-eq/kgno) for all considered end pressures if the unrecovered Hy/
NG mixture is compressed to 16 bar (see Fig. 5b). If the unrecovered Hy/
NG mixture remains at 1 bar, EHC-opt has a higher GWI than PSA (0.03-
0.11 kgco2-eq/kgn2) for all considered end pressures. The GWI of EHC-
base ranges from 0.29 to 0.31 kgcoz.eq/kgu2, Which is higher than that
of PSA in all end pressure cases because of the high energy demand
during separation and compression. For only separation (penq = 16 bar),
the material impacts of EHC-base are twice as high as those of PSA. For
higher compression ratios, the material impacts of EHC-base and PSA
are similar because the PSA system requires an additional compressor
for the Hy product, which is not needed in the case of only separation.

For lower volume percentages of Hs in the Hy/NG mixture and pge. =
16 bar (see Fig. S3 in SI), the amount of NG in the unrecovered Ho/NG
mixture of PSA increases, leading to an increased electricity demand for
compression (32.7-35.1 kWh/kgy, for 5 vol.-% H, and 16.4-18.8 kWh/
kgpy for 10 vol.-% Hy) and an increased GWI (0.47-0.55 kgco2-eq/kgH2
for 5 vol.-% Hy and 0.25-0.33 kWh/kgys for 10 vol.-% Hs). Conse-
quently, for 5 and 10 vol.-% Hj, the GWI of both EHC-base (0.43-0.45
kgco2-eq/kgn2 for 5 vol.-% Hj and 0.33-0.35 kWh/kgy» for 10 vol.-% Hy)
and EHC-opt (0.11-0.13 kgco2.eq/kgn2 for 5 vol.-% H, and 0.1-0.12
kWh/kgys for 10 vol.-% Hy) is lower or comparable to that of PSA.

3.1.2. Global Warming Impact of hydrogen and natural gas co-transport
including hydrogen separation and compression

In Fig. 6, we depict the cradle-to-gate GWI for Hy/NG co-transport
with subsequent separation via PSA and EHC, including Hy produc-
tion; using different volume percentages of Hy in the Hy/NG mixture and
default values for variable parameters (see Table 1). The results for the
long distance (p,, = 100 bar) yield similar results as high-pressure dis-
tribution pipelines (p,p = 16 bar) and are therefore included in Fig. S4 of
the SIL.

With increasing volume percentage xg» of Ho, the cradle-to-gate GWI
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Fig. 5. Overview of the gate-to-gate electricity demands and Global Warming Impact (GWI) for separation and compression via the Electrochemical Hydrogen
Compression (EHC) and Pressure Swing Adsorption (PSA) combined with mechanical compression. The transport distance is O km. The volume percentage of Hy Xg2
is 20 vol.-%. ps.: Pressure level of the unrecovered hydrogen and natural gas mixture (see Fig. 1). peng: End pressure of the Hp product. In H>-NG-EHC-base and Ha-
NG-EHC-opt, H; is separated via EHC. Base and opt refer to the base and optimistic case of EHC. In Ho-NG-PSA, H, is separated via PSA. Hy: Hydrogen.

decreases in all cases (see Fig. 6). The decreasing GWI with increasing
volume percentage xy2 for Hy/NG co-transport with EHC-base is caused
by decreasing electricity and heating demands. For Hy/NG co-transport
with EHC-opt, the changes in the GWI are minor as the heating demands
are met through available waste heat. As discussed in Section 3.1.1, a
lower volume percentage xp, increases the GWI of the PSA if the unre-
covered Hy/NG mixture is compressed to 16 bar. Hy/NG co-transport
with EHC-opt has a lower or similar GWI as PSA for all considered
cases. EHC-opt is more favorable than PSA for H, separation and
compression to 700 bar (pepg = 700 bar) than for only separation (peng =
16 bar), as the PSA operates at 16 bar and no additional mechanical
compressor is required for the Hy product. EHC can separate and
compress Hp in one device, making it more favorable for higher
compression ratios.

Furthermore, we distinguish whether the portion of the existing
pipeline used to transport Hy during Hy/NG co-transport was previously
utilized for pure NG transport or was available as excess capacity (see
Section 2.1 and 2.2.4). An excess capacity in the original NG pipeline
results in lower GWI due to lower construction impacts, while the
overall trend in the GWI across the considered separation technologies
and H; volume percentages remains consistent in both cases (see Fig. 54
of the SI).

While Hy/NG co-transport with PSA can achieve low GWI under
ideal conditions (ps,. = 1 bar), this setup assumes that the unrecovered
Ho/NG mixture does not require recompression, which is typically
incompatible with pipeline injection requirements of higher pressures
for safe and efficient Hy transport. As a result, the recompression of the
unrecovered Hy/NG mixture of the PSA is necessary (psee = 16 bar),
increasing electricity demand and GWI, particularly at low Hy volume
percentages. In contrast, EHC offers greater flexibility: It can achieve
low GWI at all H, volume percentages xy2 and it can operate at high inlet
pressures, eliminating the need for additional compression of the

unrecovered Hy/NG mixture. While both EHC and PSA show competi-
tive GWI for H; separation and compression, EHC offers greater inte-
gration flexibility into existing pipeline systems and has the potential of
achieving lower GWI than the PSA system (see Figs. 5 and Fig. 6).

3.2. Comparison of hydrogen and natural gas co-transport to other
hydrogen transport routes

In this subsection, we compare Hy/NG co-transport with EHC to the
alternative pure Hy transport routes (see Fig. 2). We first present a
contribution analysis of the GWI in Section 3.2.1, followed by an anal-
ysis of environmental burden-shift in Section 3.2.2. In Section 3.2.3, we
conduct a sensitivity analysis of the GWI for the electricity in the supply
chain and the transport distance.

3.2.1. Contribution analysis

H2/NG co-transport with EHC has the potential to achieve a GWI that
is lower than or equal to all other Hy transport routes despite the
additional energy-intensive separation and compression of H, (see
Fig. 7).

If only separation is considered (pe,q = 16 bar), all Ho/NG co-
transport routes have higher impacts from separation and compression
than pure Hj transport routes as these do not require additional sepa-
ration. Thus, if peng = 16 bar, pure Hy pipelines have the lowest GWI,
followed by Hy/NG co-transport with EHC-opt (see Fig. 7a). If separation
and compression to 700 bar is considered (peng = 700 bar), Ho/NG co-
transport with EHC-base or PSA have higher impacts from separation
and compression than pure Hj transport routes. For Hy/NG co-transport
with EHC-opt, these impacts are comparable or even lower than in the
pure Hy transport routes due to improvements in material usage and
energetic efficiency of EHC. Thus, for pe,,g = 700 bar, Hy/NG co-
transport with EHC-opt has the lowest GWI, followed by pure Hpy
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Fig. 6. Sensitivity analysis of the Global Warming Impact (GWI) with respect to the volume percentage of hydrogen (Hz) xpu2. The transport distance is 1000 km. We
assume that the fraction of the pipeline capacity used to transport Hy during Ho/NG co-transport was previously unused and available as excess capacity (see
Table 1). pse : Operating pressure of the secondary pipeline (see Fig. 1). p,,: Operating pressure of the primary pipeline (see Fig. 1). pe,q: Final pressure of the Hy
product. The subplot a) shows only separation at 16 bar, whereas the subplot b) shows the case of separation and compression to 700 bar. Ho-NG-EHC-base and H,-
NG-EHC-opt are transport routes where H is co-transported with natural gas (NG) in NG pipelines and then separated via Electrochemical Hydrogen Compression
(EHCQ). Base and opt refer to the base and optimistic case of the EHC. In H>-NG-PSA, H, is co-transported with NG but subsequently separated via Pressure Swing

Adsorption (PSA).

pipelines (see Fig. 7b). In both end pressure cases, the GWI of Hy/NG co-
transport with EHC-opt is lower than that with PSA. Hy/NG co-transport
with EHC-base has a higher GWI than with PSA but similar GWI as local
Ha production and a lower GWI than transport of liquid Hy via trucks.
If the original NG pipeline had an excess capacity for Hy co-transport,
the infrastructure impacts are lower than for pure hydrogen pipelines
because no new pipeline segment is necessary. If the existing NG pipe-
line had no excess capacity for Hy co-transport, a new pipeline segment
needs to be built to transport the amount of NG that is replaced by Hj. In
this case, the infrastructure impacts of Hy/NG co-transport and pure
hydrogen pipelines are comparable, and the ranking between these
routes depends primarily on the separation and compression impacts.
Under both assumptions, Ho/NG co-transport with EHC-opt has a lower
GWI than pure H; pipelines at p.;,q = 700 bar. At pepqg = 16 bar, pure Hy
pipelines have a lower GWI than Hy/NG co-transport under both as-
sumptions, as no additional separation and compression is required for
pure Hj pipelines. For EHC-base, the excess capacity assumption can
change the ranking relative to electricity transport and local Hj

production (Hz-Loc): without excess capacity, EHC-base has a higher
GWI than Hj-Loc at pepg = 16 bar, while at pepg = 700 bar, EHC-base has
a lower GWI. With excess capacity, EHC-base achieves a lower GWI than
Hy-Loc at both end pressures (see Fig. 7).

To validate our LCA results, we compare our results to published
values for known Hj transport routes. For pure Hj pipeline transport,
Waulf et al. [S5] determine a GWI of 1.5-1.7 kgco2.eq/kgn2 at 700 bar end
pressure over distances up to 400 km, Akhtar et al. [7] obtain 1.57
kgcoz-eq/kgn2 for a 300 km pipeline and 700 bar end pressure, and De
Kleijne et al. [39] find that pipeline transport alone adds 1.5
kgco2-eq/kgno for a distance of 1000 km and an end pressure of 80 bar.
While the results of Wulf et al. [55] and Akhtar et al. [7] are comparable
to our results (see Fig. 7), De Kleijne et al. [39] find that the GWI during
pipeline transport is higher than our cradle-to-gate GWI including pro-
duction. This large difference arises because they assume that the elec-
tricity they use for recompression has a GWI of 37gc02.eq/kWh, which is
more than twice as high as compared to wind electricity in our study. For
liquid Hj transport via trucks, Akhtar et al. [7] obtain 2.08 kgco2-eq/kgH2
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Fig. 7. Contribution analysis comparing the GWI of hydrogen (H;) and natural gas (NG) co-transport in high-pressure distribution pipelines to the alternative H,
transport routes for 20 vol.-% Hj and ps. = 16 bar. The transport distance is 1000 km. Ho-NG-EHC-base and H,-NG-EHC-opt are transport routes where Hj is co-
transported with NG and then separated via Electrochemical Hydrogen Compression (EHC). Base and opt refer to the base and optimistic case of the EHC. In Hpo-NG-
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describes the transport of electricity with subsequent decentral H, production at the consumer-site and Hp-Road describes the transport of liquid Hs in fuel-cell
electricic trucks. GWI: Global Warming Impact. p.nq: Final pressure of the Hy product, ps.. : Operating pressure of the secondary pipeline (see Fig. 1).

for truck transport over 400 km. For Hy/NG co-transport with PSA, Di
Lullo et al. [30] determine substantially higher values, with hydrogen
separation alone adding 4.6-8.2 kgco2-eq/kgu2. This large difference is
mainly due to their use of fossil Hy and carbon-intensive grid electricity,
compared to green Hy with wind electricity in our study. Overall, our
results are comparable to the existing literature, while remaining dif-
ferences are attributable to differing electricity assumptions and impact
assessment methods.

Our results show that Hy/NG co-transport with EHC-opt maintains a
lower GWI than most other transport options, including pure Hy pipe-
lines for compression up to 700 bar. Even if only separation is consid-
ered, Hy/NG co-transport with EHC-opt has a comparable GWI as pure
hydrogen pipelines. However, wind electricity is assumed as electricity
source, which leads to low electricity impacts despite high electricity
demands for the separation and compression. A variation of the GWI for
the electricity used in the supply chain is shown in Section 3.2.3. A
contribution analysis for other volume percentages of Hy in the Hy/NG
mixture is given in Figs. S5-S7 of the SI.
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3.2.2. Analysis of environmental burden-shift

While the green H; transport routes can reduce the GWI compared to
fossil Hy, it is essential to assess whether these GWI reductions come at
the cost of increased impacts in other environmental categories.
Therefore, fossil Hy serves as baseline to quantify this environmental
burden-shift. All considered Hy transport routes have lower impacts than
the fossil reference in four to seven environmental categories (see
Fig. 8). Ha/NG co-transport with EHC-opt or PSA and transport in pure
H; pipelines reduce the environmental impacts in the categories climate
change, resource depletion of energy resources (RDe), ozone depletion
(OD), photochemical oxidant formation (PCOF), eutrophication of
terrestrial (Ey), acidification (A¢,y) and eutrophication marine (Ep,)
compared to the fossil reference. Among those seven environmental
impact categories, Hao/NG co-transport with EHC-base, the local pro-
duction of Hy (Ha-Loc) and liquid Hj transport via trucks (Hp-Road) have
higher impacts than the fossil reference in Ay and Ep,, while Hy-Road
also exceeds the impacts in E;. Our results therefore show that the green
Hj transport routes have higher impacts than the fossil reference in at
least nine out of sixteen environmental categories. Consequently,
compared to the fossil reference, the environmental impacts in the
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Fig. 8. Relative environmental impact of the green hydrogen (H;) transport routes compared to the fossil reference (H,-Fos) in all 16 impact categories for psc = 16
bar and 20 vol.-% Hj. The final pressure of Hj is p.nq = 700 bar. The transport distance is 1000 km. We assume that the fraction of the existing pipeline capacity used
to transport Hy during Hy/NG co-transport was previously unused and available as excess capacity (see Table 1). peng: Final pressure of the Hy product, pse :
Operating pressure of the secondary pipeline (see Fig. 1). Ay Acidification, GWI: Global Warming Impact, ETy,: Ecotoxicity of freshwater, RD: Resource depletion
of energy resources, Eg,: Eutrophication of freshwater, E;,: Eutrophication of marine, E;: Eutrophication of terrestrial, HT.: Human toxicity carcinogenic, HT:
Human toxicity non-carcinogenic, IR: Ionizing radiation, LU: Land use, RDy,,: Resource depletion of metals and minerals, OD: Ozone depletion, PM: Particulate
matter formation, PCOF: Photochemical oxidant formation, WS: Water use. Ho-NG-EHC-base and H,-NG-EHC-opt are transport routes where H, is co-transported
with natural gas (NG) and then separated via Electrochemical Hydrogen Compression (EHC). Base and opt refer to the base and optimistic case of the EHC. In
Hy-NG-PSA, H; is co-transported with NG but subsequently separated via Pressure Swing Adsorption (PSA). Ho—P describes H, transport in pure H; pipelines, Hy-Loc
describes the transport of electricity with subsequent decentral H, production at the consumer-site and Hp-Road describes the transport of liquid Hs in fuel-cell
electricic trucks. Hy-Fos is the fossil benchmark where Hs is produced via Steam Methane Reforming (SMR) and transported via Hy pipelines. (For interpretation
of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

category climate change are decreased through green Hy transport
routes, however, the environmental impacts in other categories are
increased, so-called environmental burden-shift.

The nine impact categories, in which the green Hj transport routes
exceed the fossil reference are: Ecotoxicity (ETgy), eutrophication
freshwater (Eg,), human toxicity carcinogenic (HT.), human toxicity
non-carcinogenic (HTy,), ionizing radiation (IR), land use (LU), resource
depletion of metals and minerals (RDp,,), particulate matter formation
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(PM) and water use (WS). The increase in all mentioned environmental
impact categories except Efy and WS are mainly influenced by the
increased electricity demand for green compared to fossil Hy production.
The main driver for the increase in Ef, and WS is the high demand of
deionized water for electrolytic Hy production. The high demand for
deionized water also contributes to the increase in the environmental
impacts of ETg, and IR. Besides the increased electricity demand, the
material demands for the stack and BoPs of the electrolyzer and EHC
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also increase the environmental impact in RDp,;, and A¢gy. For Ha-Loc,
the construction of the transmission networks significantly increases the
impacts in LU. For Hy-Road, the environmental impacts are the highest
because of the high material requirements for vehicle production, in
particular the production of liquid Hy tanks.

Overall, the extent of environmental burden-shift varies among the
green Hj transport routes, with Hy/NG co-transport with EHC-opt and
pure Hj pipelines showing lower impacts than the fossil reference in
seven out of sixteen categories. Hy/NG co-transport with EHC-opt ach-
ieves comparable or lower impacts than PSA in all categories, as the
avoided mechanical compression reduces material and energy demands.

H2-NG-PSA
— HEp

= H2-NG-EHC-base
H2-NG-EHC-opt

a) Peng = 16 bar
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However, our results show that the reduction of climate change impact
through the employment of green Hy transport routes shifts environ-
mental burdens to other impact categories.

3.2.3. Sensitivity analysis of the Global Warming Impact of the electricity
source and transport distance

In this section, the GWI of electricity supply as well as the transport
distance are varied within a sensitivity analysis. In Fig. 9, the GWI of Hy
transport routes are shown in dependence of the GWI of electricity
supply. The fossil benchmark is basically independent from electricity
supply and thus shows an almost horizontal line. In contrast, the green
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Fig. 9. Sensitivity analysis of the total Global Warming Impact (GWI) with respect to the GWI for the electricity source used in the H, supply chain for 20 vol.-% Hy
and ps.c = 16 bar. The transport distance is 1000 km. We assume that the fraction of the existing pipeline capacity used to transport Hy during Hy/NG co-transport
was previously unused and available as excess capacity (see Table 1). Hy-NG-EHC-base and Hp-NG-EHC-opt are transport routes where Hy is co-transported with
natural gas (NG) and then separated via Electrochemical Hydrogen Compression (EHC). Base and opt refer to the base and optimistic case of the EHC. In H,-NG-PSA,
H, is co-transported with NG but subsequently separated via a Pressure Swing Adsorption (PSA). Ho-P describes H, transport in pure H, pipelines, Ho-Loc describes
the transport of electricity with subsequent decentral H, production at the consumer-site and Hp-Road describes the transport of liquid H, in fuel-cell electricic trucks.
H,-Fos is the fossil benchmark where Hj is produced via Steam Methane Reforming (SMR) and transported via H, pipelines. p.ng: Final pressure of the H, product, psec
: Operating pressure of the secondary pipeline (see Fig. 1). DE: Germany, EU: Europe.
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H, transport routes depend heavily on the GWI of electricity supply: the
steep slopes of the green H; transport routes indicate that due to a large
electricity demand within the supply chain, the GWI of electricity supply
dominates the overall GWI of Hj supply. Differences among the green Hy
transport options have a much smaller effect. The overall GWI of the
green Hy transport routes can even exceed that of fossil Hy. For example,
powering the supply chain with German grid electricity would lead to
GWI more than twice as high as fossil Hy. For most of the transport
routes, even the GWI of the current European grid mix would not be
sufficient to achieve a lower GWI than fossil Hy. However, increasing the
share of renewable energy sources leads to a lower GWI than fossil Hj.
For example, using the 2030 European grid mix (80 gcoz.eq/kwhey) re-
sults in more than 50 % reduction in GWI compared to fossil H; for all
green Hj transport routes. The usage of PV- or wind-electricity leads to
an even higher reduction. Therefore, we emphasize that it is essential to
power the entire Hy supply chain with as much renewable electricity as
possible.

Fig. S9 in SI shows a zoomed-in view of Fig. 9, which highlights that
Hy/NG co-transport with EHC-opt or PSA can achieve a lower GWI than
pure Hy pipelines for both end pressure cases. Hy/NG co-transport with

a) Pena = 16 bar

Electricity GWI in geos_oq /KWhy

0 1000 2000

International Journal of Hydrogen Energy 234 (2026) 154957

EHC-opt has a lower GWI than with PSA, while Ho/NG co-transport with
EHC-base has a higher GWI than with PSA for both end pressure cases
and regardless of the GWI for electricity in the supply chain.

The influence of the transport distance is shown in Fig. 10, together
with a variation of the GWI of electricity. In a heat map, the most
favorable transport route is identified for each combination of transport
distance and GWI of electricity supply. With respect to both parameters,
pure Hj pipelines and Hy/NG co-transport with EHC-opt achieve the
lowest GWI as they cover the largest areas in Fig. 10. In accordance to
the results in Fig. 9, as long as the electricity has a GWI above ~260
gco2-eq/kwhe, fossil Hy has a lower GWI than all green Hy transport
routes.

As Fig. 10 shows, the area where Hy/NG co-transport with EHC-opt is
preferred increases with rising transport distances and for pep,g = 700
bar. The shift in the preferred transport route with increasing transport
distance is driven by the growing difference in transport impacts be-
tween pure H, pipelines and Hy/NG co-transport with EHC-opt
(compare Section 3.2.1). For peng = 700 bar, pure Hy pipelines require
an additional compression of the Hy product, which is not required for
Pend = 16 bar as the pipeline operating pressure is 16 bar. Therefore, for
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Fig. 10. Heat map depicting the most favorable transport route and its overall Global Warming Impact (GWI) with respect to the transport distance and the GWI for
the electricity source used in the hydrogen supply chain for 20 vol.-% hydrogen and ps.c = 16 bar. We assume that the fraction of the existing pipeline capacity used to
transport Hy during Ho/NG co-transport was previously unused and available as excess capacity (see Table 1). penq: Final pressure of the Hy product, ps,. : Operating
pressure of the secondary pipeline (see Fig. 1). Ho-NG-EHC-opt are transport routes where hydrogen is co-transported with natural gas (NG) and then separated via
Electrochemical Hydrogen Compression (EHC). Base and opt refer to the base and optimistic case of the EHC. Ho—P describes hydrogen transport in pure hydrogen
pipelines, Hy-Loc describes the transport of electricity with subsequent decentral hydrogen production at the consumer-site. Ho-Fos is the fossil benchmark where
hydrogen is produced via Steam Methane Reforming (SMR) and transported via hydrogen pipelines. pepq: Final pressure of the hydrogen product.
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Dend = 16 bar, the lower transport impacts for Hy/NG co-transport with
EHC-opt need to offset the additional impacts associated with separation
and compression.

Figs. S15-524 in Section 3.3 of the SI includes the heatmap in Fig. 10
for all the other cases (see Table 1). For electricity with low GWI and
long transport distances, Ho/NG co-transport with EHC-opt is the
optimal transport route in every considered case. If the unrecovered Hp/
NG mixture of the PSA can be fed into a pipeline operating at desorption
pressure of 1 bar (pg. = 1 bar), Hy/NG co-transport with PSA can also
achieve the lowest GWL If the fraction of the existing pipeline capacity
used to transport Hp during Ha/NG co-transport was previously used to
transport NG (no excess capacity), the preferred area for pure Hy pipe-
lines increases as the transport impacts for the Hy/NG co-transport
routes increase.

The sensitivity analyses allow us to make robust conclusions across
all considered parameter variations: First, all green Hy transport routes
achieve lower GWI than fossil Hy production if the GWI of electricity
remains below the ~260 gco2-eq/kwhej threshold identified in Fig. 9, and
second, Hy/NG co-transport with EHC consistently has a lower GWI than
liquid Hy transport via trucks, regardless of the considered EHC model
and electricity GWI. However, the ranking between Hy/NG co-transport
with EHC, PSA and pure H; pipelines is conditional and depends on the
transport distance, end pressure, secondary pipeline pressure and the
EHC model. The range between the base and optimistic EHC models can
thus be interpreted as the uncertainty range in EHC performance at this
stage of development.

In summary, Hy/NG co-transport with subsequent separation and
compression via EHC has the potential to achieve similar or lower GWI
as Hy pipelines and Hy/NG co-transport with PSA, especially for long
transport distances and high compression ratios, provided that the as-
sumptions of the optimistic model need to be met.

3.3. Discussion

Our work assesses the environmental potential of Electrochemical
Hydrogen Compression (EHC). We develop a base and optimistic model
of EHC based on a 1D simulation model with several simplifications: The
feed gas is assumed to consist of methane and Hj, neglecting other
components within NG that could affect the performance of the EHC. In
the optimistic case, we use literature data to model a membrane with
higher conductivity leading to lower ohmic resistances. We further as-
sume a faradaic efficiency of 100 %, which implies that neither Hy back-
diffusion losses nor incomplete reactions occur, even for high
compression ratios. This assumption is rather optimistic and we
emphasize that further research is needed to reach these conditions. In
contrast, the base model accounts for these losses and represents current
EHC performance, such that both models capture the uncertainty range
in EHC efficiency. Nonetheless, EHC is already commercially available
and high compression ratios have been shown to be reachable. For
example, the Dutch startup HyET managed to develop an EHC stack,
which can achieve Hy pressures up to 900 bar in a single-stage
compression [22].

Most important, our environmental assessment highlights that it is
essential to power the green Hj routes with renewable electricity. For
most countries, using grid electricity with the current environmental
impacts leads to a GWI higher than that of fossil Hy production. This is
especially relevant for Hy/NG co-transport with EHC since the subse-
quent electrochemical separation and compression causes additional
energy demands compared to the other Hy transport routes. Conse-
quently, the environmental performance of EHC is particularly sensitive
to the GWI of electricity supply, and the favorable results in this study
rely on the use of electricity with low GWL

While the considered green H, transport routes reduce the green-
house gas (GHG) emissions compared to fossil Hy production, the GHG
emission reductions are accompanied by increased impacts in 9-11 out
of 16 environmental categories. Consequently, there is an
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environmental burden-shift. Further investigation is required to assess
the severity of the environmental burden-shift, e.g., by performing an
absolute environmental sustainability assessment [75]. Although we
assume wind electricity as the electricity source, the environmental
burden associated with electricity use are significant due to the material
demands in the wind power supply chain. For EHC specifically, the
increased electricity demand as well as the material demands for the
membrane and catalyst contribute to increased impacts in several cat-
egories. Besides reducing the overall electricity demand of EHC through
improved energetic efficiency, the development of novel membrane
materials with higher conductivity and reduced use of precious metal
catalysts such as platinum are needed to reduce the environmental im-
pacts. Improved material circularity through recycling and circular
design of electrochemical components can further reduce environmental
burden. Future work should include a prospective LCA of the material
supply chain to account for expected changes in material production.

Our work shows that the integration of EHC into high-pressure NG
distribution pipelines enables H; supply to Hy consumers with low GHG
emissions. Besides EHC, we consider PSA as separation unit in NG
pipelines. The environmental impacts of PSA depend on which NG
pipelines are available near the Hy consumer. If the Hy consumer is only
connected to high-pressure distribution pipelines, additional energy for
the PSA setup is needed to compress the unrecovered Hyo/NG mixture.
This energy demand increases for low volume percentages of Hy, since
the amount of NG in the unrecovered Ho/NG mixture increases. In that
case, PSA has higher environmental impacts than the optimistic model
of EHC, and at 5 vol.-% H; even higher than those of the base model of
EHC. If the consumer is connected to low- or mid pressure distribution
pipelines, the integration of PSA leads to similar environmental impacts
as the optimistic model of the EHC. Therefore, the comparison of EHC
with PSA shows that EHC can achieve lower environmental impacts than
PSA in most cases and offers higher design flexibility. Thus, if future
development targets of the optimistic EHC model are met, it can enable
H, supply via existing NG pipelines with lower environmental impacts
than PSA. However, further assessment regarding economic feasibility
and technical scale-up considerations is needed to fully evaluate
whether EHC is more suitable for large-scale deployment.

According to the German association for gas and water (DVGW),
German gas grids are ready to transport up to 20 vol.-% of Hy [37]. If
renewable electricity powers the entire supply chain, the co-transport of
20 vol.-% Hjy with subsequent separation and compression via EHC can
lead to a lower GWI than transport in Hy pipelines, especially for long
transport distances and high compression ratios. Compared to the fossil
H, production, all considered green Hj transport routes can achieve a
GWI reduction of at least 84 %, while Hy/NG co-transport with 20 vol.-%
H, and subsequent separation and compression via the optimistic model
of EHC can achieve a GWI reduction of up to 91 % if wind electricity is
used to power the entire supply chain. Accordingly, Hyo/NG co-transport
is a promising Hy transport option but should be regarded as comple-
mentary and not a substitute to pure Hy pipelines. In particular, Hy/NG
co-transport could serve as an interim solution to supply Hy consumers
that are not yet connected to a dedicated Hy pipeline network. Within
Hy/NG co-transport, EHC has the potential to be an essential technology
for the distribution of high-purity and compressed H using existing NG
infrastructure, provided that future development targets are met.

4. Conclusions

We conducted a cradle-to-gate LCA to compare the environmental
impacts of hydrogen (Hs) and natural gas (NG) co-transport in existing
NG pipelines with subsequent separation and compression via EHC to
other green Hj transport options in 16 environmental impact categories.
To capture the uncertainty range of EHC, we developed a base and
optimistic case of EHC.

Hy/NG co-transport in existing NG pipelines with subsequent sepa-
ration and compression via EHC has the potential to achieve lower
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environmental impacts than transport via Hy pipelines, especially for
high Hy end pressures and long transport distances. By relying on
existing infrastructure, environmental impacts of Hy transport can be
reduced during Hy/NG co-transport. The optimistic EHC model has the
potential to also achieve lower environmental impacts than Pressure
Swing Adsorption (PSA), while the base model has a higher GWI than
PSA, highlighting the importance of EHC efficiency improvements. All
considered green Hy transport routes can achieve greenhouse gas (GHG)
emission reductions of at least 84 % compared to the fossil production,
while Ho/NG co-transport with 20 vol.-% Hy with EHC can reach GHG
emission reductions of up to 91 % if wind power is used to power the
supply chain. The GHG emissions of the electricity powering the supply
chain is the dominant driver of the overall GHG emissions of green Hy
supply. If the GWI of the electricity exceeds ~260 gcoz.eq/kWhej, the
GHG emissions of green Hy supply options can even exceed those of
fossil Hy. The deployment of green Hj transport routes causes environ-
mental burden-shift in at least 9 impact categories.

Hy/NG co-transport represents a promising complementary option to
new pure Hj pipelines. In particular, Hy/NG co-transport can be utilized
to supply Hy consumers in regions where NG infrastructure is available
but no dedicated Hy pipeline exists. EHC is a promising technology for
large-scale H; distribution, as EHC enables the use of the extensive NG
infrastructure for high-purity Hy supply with low GHG emissions.
However, efficiency improvements through novel membrane and cata-
lyst materials for EHC are necessary to reach the environmental per-
formance of the optimistic model in this work. Future work should also
focus on investigating environmental burden-shift through absolute
sustainability assessments and advancements of EHC by researching
novel membrane and catalyst materials to improve efficiency and ma-
terial circularity. As economic feasibility of EHC will ultimately drive its
adoption, future work should integrate our environmental assessment
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Abbreviations
RES Renewable electricity sources
Hy Hydrogen
NG Natural gas
PSA Pressure Swing Adsorption
EHC Electrochemical Hydrogen Compression
SMR Steam Methane Reforming
GHG Greenhouse gas
GWI Global Warming Impact
JRC Joint Research Center of the European Commission
LCA Life Cycle Assessment
FU Functional Unit

Hy-NG-EHC-base
Hy-NG-EHC-opt

Hydrogen and natural gas co-transport with subsequent separation and compression via base model of EHC
Hydrogen and natural gas co-transport with subsequent separation and compression via optimistic model of EHC
Hydrogen and natural gas co-transport with subsequent separation and compression via PSA

Fossil benchmark where hydrogen is produced via Steam Methane Reforming (SMR) and transported via hydrogen pipelines

Hy-NG-PSA

H,-P Hydrogen transport in pure hydrogen pipelines

Hy-Road Transport of liquid hydrogen in fuel-cell electricic trucks
Ha-Loc Transport of electricity with subsequent decentral hydrogen production at the consumer-site
Hy-Fos

Pend Final pressure of the hydrogen product

Pop Operating pressure of the primary pipeline

Psec Operating pressure of the secondary pipeline

PEM Proton exchange membrane

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment

HVAC High-voltage alternating current

EF Environmental footprint
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Mathematical symbols
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NG mass transported in the fraction of the pipeline capacity used to transport Hy in the Hy/NG co-transported pipeline

X2 Molar fraction of hydrogen in the Hy/NG mixture

Wrot EHC Total energy demand of EHC

Wel EHC Electric energy demand of EHC

Wih EHC Heating demand of EHC

Weool EHC Cooling demand of EHC

MNG not—Co

MyG.co NG mass transported with Hy in the Hy/NG co-transported pipeline
M2.co Hj mass transported during Hy/NG co-transport
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