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ARTICLE INFO ABSTRACT

Keywords: This study assesses the techno-economic feasibility of deploying biohydrogen with carbon capture and storage
Biohydrogen (HyBECCS) to decarbonise Spain's hydrogen production. The proposed framework replaces natural gas with
ccs biomethane while integrating CO, capture and storage. Fifteen steam methane reforming (SMR) facilities, rep-
;;?’Z:r};drogen resenting 90% of national hydrogen production, are characterised. A geospatial analysis matches each facility

with the nearest CO storage site, estimating transport and storage costs as functions of distance and capacity.
Full substitution of natural gas with biomethane across all facilities requires 28.7 TWh/yr of biomethane and
yields up to 4.6 Mt CO»/yr of negative emissions. Partial substitution across five SMR plants reduces demand to
14.6 TWh/yr of biomethane, achieving net-zero operation. The levelised cost of hydrogen for HyBECCS averages
3.56 €/kg Hp, compared with 2.61 €/kg Hy under current production conditions. These results confirm HyBECCS
as a technically viable and infrastructure-compatible pathway to achieve large-scale hydrogen decarbonisation in

Spain.

1. Introduction

In 2023 global demand for hydrogen climbed to an all-time high of
approximately 97 Mt. However, the supply chain continues to be over-
whelmingly dominated by unabated fossil-derived pathways, with
natural-gas-based production routes accounting for close to two-thirds
of the global output and entrenching the sector's carbon dependency
[1]. At the industrial scale, the main technology remains steam methane
reforming (SMR) of natural gas, which single-handedly furnished 66 %
of worldwide hydrogen volumes in 2023 [1]. The European Hydrogen
Observatory reported that, within the European Union, the share of SMR
was even more pronounced: 91.1 % of the 2023 production was
generated in conventional SMR units, whilst only three facilities
deployed SMR equipped with carbon capture and storage (CCS),
collectively contributing a marginal 0.1 % to the regional supply [2].
Spain is the sixth-largest country in the European Union by hydrogen
production capacity, with a total installed capacity of 758 kt in 2023
(704 kt from SMR, 48 kt from by-products, and 6 kt from electrolysis). In
terms of actual production, Spain ranked fourth in the same year, with
571 kt (531 kt from SMR, 36 kt from by-products, and 4 kt from elec-
trolysis) [1].

SMR is an endothermic, catalytic process operated at 800-1000 °C
and 2-3 MPa over a Ni-based fixed-bed, wherein methane reacts with
process steam to yield a synthesis gas (syngas) predominantly composed
of Hy (=75 %) together with residual CH4 (2-6 %), CO (7-10 %) and CO4
(6-14 %) [3]. The raw syngas is conventionally subjected to a two-stage
water-gas shift (WGS) conversion to maximise the hydrogen fraction
and convert CO into additional CO», according to Equations (1) and (2).
Downstream purification typically by pressure-swing adsorption pro-
duces high-purity hydrogen while venting a CO»-rich tail gas.

CH4+H20—-CO+3H, 1)
CO + Hy0—CO2+Hjy 2)

When fuelled with fossil natural gas and operated without post-
combustion CO; abatement, the resulting product is classified as grey
hydrogen. Owing to both process-intrinsic CO, formation and the firing
of additional methane in the reformer furnace to supply the required
reaction enthalpy, unabated SMR releases on the order of ~9 kg CO5/kg
Hj at a net thermal efficiency of ~75.9 % [4]. Integrating a CCS train
with an overall capture efficiency exceeding 95 % [5] decreases the
cradle-to-gate carbon intensity dramatically, thereby giving rise to
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so-called blue hydrogen. Carbon dioxide can be captured at different
points in the process, and capture location affects overall performance
[6]. In this work, CO- is assumed to be captured from the flue gas using
monoethanolamine (MEA), which yields a CO5 capture efficiency of
90% and an overall energy efficiency of 69.1% [6]. Under these condi-
tions, the reported thermal efficiency without CCS implies that addi-
tional firing in the reformer furnace raises methane consumption to
0.397 kmol of methane per kmol of hydrogen (instead of the 0.25 kmol
derived from Equations (1) and (2)) [7]. That is, 63% of the overall CO4
volume is produced by the reforming (Equation (1)) and water-gas shift
reactions (Equation (2)), and 37% by methane combustion to maintain
the thermal conditions of the reformer. When CCS is incorporated, ef-
ficiency decreases to 69.1 % [7] and methane consumption increases to
0.4367 kmol per kmol of hydrogen, leading to 57.25% of the CO5 vol-
ume coming from reforming and 42.75% from methane combustion [7].

Spain exemplifies the carbon footprint of the incumbent hydrogen
infrastructure: in 2023 the country produced 531 kt Hj, of which 93 %
originated from fifteen SMR installations, collectively emitting 4.7 Mt
CO, [2].

Achieving the EU's climate-neutrality ambition enshrined in the
European Green Deal (December 2019) [8] requires a deep decarbon-
isation of hydrogen production. One promising lever consists in
substituting fossil natural gas with biomethane in the reformer feed,
resulting in what is known as biohydrogen [9]. This biohydrogen is
classified as renewable [10] or green [11], and it could potentially lead
to negative emissions [9]. This phenomenon arises from the fact that
biomethane, obtained from organic waste, retains carbon originally
absorbed from the atmosphere by plants. Eventually, these plants are
transformed into organic waste, with both plants and livestock serving
as intermediary agents in this process. In this sense, the capture might be
denoted as “pre-combustion” technology. If the CO captured during the
SMR process is stored (CCS), negative emissions are achieved because
the CO; is effectively removed from the atmosphere. These negative
emissions might be used by hard-to-abate sectors to offset their un-
avoidable emissions. The hydrogen produced in this way is referred to as
biohydrogen with Carbon Capture and Storage (HyBECCS) [11]. Rosa
et al. [12] estimate CO- emissions from biomethane-based SMR with
CCS in the range —11.6 to —8.84 kg CO2/kg Hy. Their values are derived
from life-cycle analysis of Antonini et al. [13], which accounts for bio-
methane production and management.

For the development of HyBECCS, the scalability and maturity of the
technology associated to SMR with CCS play a pivotal role. Since 2003,
when Lipman detailed investment costs for several plants of different
scales [3], improvements in SMR with CCS have been notable. Three
plants producing blue hydrogen have been reported by IEA from 2013 to
2020 [14]. Investment costs have substantially decreased, as corre-
sponds with the high technological maturity. Rosa et al. [12] recently
assigned high technology readiness levels (TRL) to SMR (9) and SMR
with CCS (7-8). As an example, a plant of 214,286 kg Hy/day of capacity
would require in 2020 an investment of 308.96 million € [4], while a
similar size plant would have required around 2.46 times more invest-
ment in 2003, reflecting the learning process over nearly two decades
[15].

The production of biogas occurs through anaerobic digestion,
serving as the initial stage in biomethane production. Although this is a
well-established process, typically achieving efficiencies between 72
and 85 % [16], extensive research is still being conducted. For instance,
Nayeri et al. [17] demonstrated that by applying new physical, chemi-
cal, and biological pre-treatment techniques, it is possible to improve the
overall efficiency of the anaerobic digestion system, maximizing
methane yield. Moreover, for distributed production, Zainab B. et al.
[18] conducted a study using a small-scale biogas digester to enhance
biogas production from the anaerobic digestion process. After the biogas
is produced, it is converted into biomethane. This conversion, referred to
as upgrading, involves removing impurities and CO, from the biogas,
resulting in nearly pure methane, indistinguishable from natural gas.
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Fig. 1 schematically summarises the HyBECCS concept: biomethane
flows to existing or greenfield reformers, whose process and combustion
CO4, is captured and routed to permanent geological storage. Because the
captured stream is biogenic, each tonne stored yields a negative-
emissions credit that can offset residual emissions from hard-to-abate
sectors.

Yagiie et al. [15] developed a parametric levelised cost of hydrogen
(LCOH) model for SMR using either natural gas or biomethane, with and
without CCS. The affordability of HyBECCS hinges on (i) sustained ac-
cess to competitively priced biomethane and (ii) proximity to secure CO5
storage reservoirs. Multiple studies converge on a Spanish biomethane
potential ranging from ~44 TWh [19] to 60-90 TWh [20], with a recent
bottom-up assessment projecting 163 TWh by 2030 [21]. Presently
(2024), nine biomethane upgrading facilities inject 0.64 TWh into the
gas grid, and a further 23 plants under construction are expected to lift
the volume by an additional 1.04 TWh [22].

The establishment of a robust CO, value chain constitutes the other
cornerstone of HyBECCS. Recognising this, the European Commission
has articulated a strategy for industrial carbon management encom-
passing capture, compression, transport, utilisation and storage of both
fossil and biogenic CO; streams [23]. Persistent hurdles include
harmonised regulation, cross-border CO, quality standards, and the
paucity of market incentives arising from the absence of explicit remu-
neration for negative emissions within the EU Emissions Trading Sys-
tem. Additionally, a recent report from the Commission [24] highlighted
the need for a transport network to manage captured COq, estimating a
required investment range and recommending storage capacities to be
located in specific regions to reduce costs. Cross-border issues, particu-
larly concerning quality standards for transport and storage, are also
addressed. CO3 capture, along with its use and storage (CCUS) [14], are
key technologies in the global decarbonisation strategy. These technol-
ogies not only allow the reduction of COy emissions from large point
sources but also offer the possibility of reusing captured CO; in various
processes, including the manufacturing of building materials [25]. In
Europe, there is a strong impulse for the development and imple-
mentation of this technology, being considered for incorporation into
the National Energy and Climate Plans [26], with initiatives such as the
European Union's proposal for an annual CO; injection target and the
improvement of permitting procedures for CCUS projects [27]. The
United Kingdom, for example, announced significant investment for the
early deployment of CCUS projects [28]. Additionally, the IEA Green-
house Gas Programme (IEAGHG) report [29] reviews the status of
accelerated mineral carbonation, showing it as a viable option for CO5
management but with limited commercial maturity due to technical,
economic, and environmental challenges.

In order to achieve an appropriate scale of production, guarantee of
origin certificates [30] may be employed to link the distributed gener-
ation of biomethane with centralized SMR production, situated close to
the hydrogen consumer and at an intermediate distance to the CO»
geological storage site or to the industrial applications that utilize it.
Regarding Spain, Sun et al. [31] identified fifteen highly favourable and
feasible geological structures after conducting an analysis to assess the
potential and feasibility of COg storage. Additionally, the Spanish
Geological Survey (IGME) [32] has identified a total of 103 sites with a
combined storage capacity of 21 Gt of CO,. This study includes key
details for each site, such as their storage capacity.

Against this backdrop, the present work evaluates the deployment of
HyBECCS as a lever to decarbonise Spain's incumbent hydrogen supply.
Two transition archetypes are scrutinised: (i) full substitution of natural
gas with biomethane across all SMR assets, thereby achieving net-
negative hydrogen capable of offsetting emissions from other sectors;
and (ii) targeted biomethane use in a subset of plants to attain net-zero
hydrogen, wherein fossil CO, from natural gas SMRs is balanced by the
negative emissions credited to HyBECCS. Both pathways are assessed
with respect to LCOH implications, feedstock availability and spatial-
temporal alignment with Spanish domestic CO, storage capacities. In
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Fig. 1. Biohydrogen with negative emissions (HyBECCS) production stages [15].

doing so, the paper makes three contributions in the Spanish context.
First, rather than assuming CCS retrofits on all SMR units, as is implicitly
done in most roadmaps, an alternative is assessed in which negative
emissions from dedicated HyBECCS plants reduce the number of re-
formers requiring CCS and the amount of CO3 handled on site. Second,
although Spain has a large technical potential for biomethane, its rollout
is slow; this study shows that relying on negative emissions can halve
near-term biomethane needs even if full substitution of natural gas re-
mains a long-term goal. Third, a clear planning gap is addressed: while
Spain's geological CO; storage potential has been estimated, no study
has identified optimal source-sink pairings for hydrogen decarbon-
isation. Here we explicitly match major emission sources to candidate
storage sites, providing a concrete blueprint for implementation.
Although the analysis is tailored to Spain, the methodological frame-
work and the insights on combining negative emissions, biomethane
deployment, and CO, storage planning are transferable to other coun-
tries with similar storage infrastructures.

2. Methods

Decarbonising hydrogen production in Spain requires a precise
characterisation of the current production sources. To achieve this, the
European Hydrogen Observatory database [2], which contains infor-
mation on hydrogen production facilities by country (including capac-
ity, production, and the employed processes) has been utilised. In Spain,
34 facilities have been identified, 15 of which use SMR, and produced
531,497 tons of Hy in 2023, representing approximately 90% of the total
production. Table 1 presents the details of the 15 hydrogen production
facilities in Spain based on the reforming route.

2.1. Feedstock substitution: integration of biomethane into reforming
facilities

A direct and technically viable pathway to advance the decarbon-
isation of hydrogen production consists in replacing the natural gas used
as feedstock with biomethane. This approach enables the utilisation of
existing infrastructure without requiring substantial modifications, thus
reducing investment costs and accelerating the transition towards low-
carbon hydrogen.

As biomethane is a renewable gas derived from organic, agro-
industrial, or municipal waste, its use as feedstock transforms the CO5
emissions from the process into biogenic emissions. The carbon released
during reforming was previously captured from the atmosphere by the
biomass. This biomass is the source of the organic waste which feeds the
digestor, thereby effectively closing the carbon cycle and bringing the
net emission balance close to zero. Consequently, the partial or total
substitution of natural gas with biomethane represents an immediate
decarbonisation measure that complements hydrogen production

Table 1
Details of SMR-based H production facilities in Spain.
Facility End-use Production capacity Output [t/
[t/year] year]

San Roque/Algeciras Refining 17,520 13,688
CEPSA

Huelva Fertiberia Ammonia 71,021 47,584

Huelva/La Rébida Refining 86,262 67,393
CEPSA

Cartagena Repsol Refining 146,000 122,506

Puertollano Fertiberia Ammonia 35,511 21,343

Puertollano Air Refining 42,000 29,976
Liquide

Puertollano Repsol Refining 17,000 11,450

Castellon de la Plana Refining 81,904 63,989
BP

Tarragona Air Refining 52,774 41,231
Products

Tarragona Repsol Refining 26,000 18,479

Sabinanigo Ammonia 1598 1071

Muskiz Repsol Refining 70,000 50,645

La Coruna Air Liquide Refining 24,528 19,163

La Coruna Repsol Refining 24,000 17,110

Aviles Nippon Gases Other 7879 5870
Europe chemicals

TOTAL 703,997 531,497

through renewable electrolysis, while this latter approach is in its
deployment phase.

To implement the substitution of natural gas with biomethane, it is
necessary to determine both the required amount of biomethane and its
available supply potential. To meet the Spanish annual hydrogen pro-
duction (531,497 t Hj), approximately 26.1 TWh of natural gas is
required, assuming a SMR efficiency of 75.9% (20.26 kg H,/MWh-HHV)
[15]. In the case of HyBECCS production, the efficiency drops to 69.1%
due to the inclusion of CCS (18.54 kg Ho/MWh-HHV) [15]. Assuming a
90% carbon capture efficiency [15], the total biomethane demand
would increase to approximately 28.7 TWh. These figures are well
within the Spanish biomethane potential, which has been estimated at
163 TWh per year according to the SEDIGAS report [21]. Other in-
stitutions report different values, from 44 TWh in EBA (2022) [19] to
60-90 TWh in Naturgy (2019) [20]. Nevertheless, the SEDIGAS report
[21] is more recent and offers the highest level of detail by substrate and
region. It includes cover crops, assigning them a potential close to 60
TWh, although their use in Spain is still rare. If cover crops are excluded,
the potential reported by SEDIGAS [21] falls to roughly 100 TWh, close
to the upper end of Naturgy's estimate [20]. Since both sources are
Spanish, this value can be taken as a conservative potential for Spain,
and it is about 3.5 times the biomethane required to fully replace current
natural gas used in hydrogen production. However, current biomethane
production in Spain is only around 64 GWh per year [22], highlighting
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the significant scale-up challenge required to unlock this potential.

Average values of 68.7 €/MWh-HHYV for biomethane and 25 €/MWh-
HHV for natural gas have been used. The chosen natural gas cost cor-
responds to a typical pre-Ukraine-war value, ensuring that the relative
cost of the proposed solutions versus current fossil-based options re-
mains conservative. The CO, tax has been set at 80 €/t CO,, with a
nominal escalation rate of 3.5%.

The proposed model for integrating biomethane into reforming fa-
cilities is based on a decentralised—centralised scheme. In this configu-
ration, biomethane production occurs in a decentralised manner near
sources of organic waste — such as agricultural, livestock, or urban
residues — where anaerobic digestion is performed to generate biogas,
followed by upgrading to biomethane. Once produced, the biomethane
is injected into the existing natural gas grid, with Guarantees of Origin
certifying its renewable origin and ensuring traceability throughout the
gas network, enabling its transport and distribution to SMR plants. At
these centralised facilities, biomethane is used as feedstock for hydrogen
production. This configuration combines the advantages of local
renewable gas generation with the operational efficiency of large-scale
hydrogen production.

Investment and maintenance costs for the facilities have been taken
from Yagiie et al. [15]. Equation (3) gives the investment (INV, €) for an
SMR facility without CCS as a function of its capacity (TPA, tonnes/-
year), whereas Equation (4) gives the corresponding investment with
CCS. In plants without CCS, maintenance costs are 0.096 €/kg Ha,
increasing to 0.148 €/kg when CCS is applied. The weighted average
capital cost is set to 8% and the project lifespan to 25 years.

The previous formulation for investment and maintenance corre-
spond to new assets. In other words, retrofitting of existing plants has
not been considered in the CCS scenarios. This choice yields conserva-
tive cost estimates and avoids the need for detailed information on the
current condition of each facility.

INVyo ccs =56, 884-TPA%713 -

INVcs =56,884-TPA®713 + 8, 347-TPA"85%? @

2.2. Integration of carbon capture and storage (CCS)

The steam reforming process inherently generates CO,-rich streams,
facilitating their separation and subsequent capture through mature
technologies such as amine absorption, adsorption, or membrane sepa-
ration. This feature makes reforming plants particularly suitable can-
didates for the implementation of Carbon Capture and Storage (CCS) or
Carbon Capture, Utilisation and Storage (CCUS) systems.

Within this framework, the proposed model considers the capture of
CO4, from all or part of the existing facilities, followed by its transport to
suitable geological storage sites. Depending on the extent of natural gas
substitution by biomethane, the overall system could achieve net-zero or
even negative emissions. This approach enhances the role of biomethane
as a key energy transition vector while reinforcing the technical and
economic feasibility of hydrogen decarbonisation in the short and me-
dium term.

Life-cycle analysis of hydrogen produced from biomethane-based
SMR with CCS report net negative emissions in the range —11.6 to
—8.84 kg COy/kg Hy when the full value chain is considered [13]. To
avoid this variability, only direct negative emissions from the CCS step
have been considered in this study, set at —8.64 kg CO./kg Hj [7],
consistent with the lowest absolute value reported in Ref. [13].

2.3. Cost optimisation and geospatial assessment

The described process involves additional costs associated with both
the use of biomethane in place of natural gas and the transport and
storage of captured CO,. In the study by Yagiie et al. [15], the levelised
cost of hydrogen (LCOH) for a HYBECCS system was analysed under
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standard assumptions for CO, transport and storage costs. In contrast,
the present work focuses on the specific optimisation of these costs for a
real-case scenario, defined by a set of existing reforming facilities — and
thus CO4 emission sources — in relation to different geological storage
alternatives. To achieve this, a geospatial analysis was carried out to
identify potential CO, storage sites located in proximity to the reforming
plants. Parameters such as transport distance, storage capacity,
geological formation type, and the technical and economic feasibility of
each option were evaluated.

This methodological framework enables the identification of optimal
transport-storage configurations that minimise the total system cost
while maximizing the net emission reduction potential of the HYBECCS
process.

Since the CO, generated during hydrogen production from bio-
methane needs to be captured and transported to the storage site, the
storage facilities closest to the production points were analysed. Fig. 2
shows the location of the SMR production facilities and the storage sites
identified by IGME.

The proposed model considers CO5 capture at reforming facilities,
followed by its transport and storage at selected locations. Transport
costs depend mainly on pipeline length and average annual CO5 mass
flow rate while storage costs depend on the storage site capacity.

To estimate CO transport costs, an open-source tool, supported by
the U.S. Department of Energy's Office of Fossil Energy and Carbon
Management (FECM), known as the FECM/NETL CO, Transport Cost
Model (CO2_T_COM), was employed [33]. The model estimates CO;
pipeline costs as a function of several variables. In the present work,
specific values of pipeline length and average annual CO, mass flow rate
for each pipeline, connecting every H; production facility to its closest
storage site, were used.

For CO4 storage costs, they have been derived from the data provided
by Navigant [34], which reports costs as a function of the total storage
capacity. The study presents reference values for sites with capacities of
200, 66, and 40 Mt CO,, representing different geological formations
and scales of operation (Table 2). Based on these data a relationship
between storage capacity and specific storage cost (€/t CO3) has been
derived.

To incorporate this relationship into the modelling framework,
storage costs were modelled as a function of capacity Q, using reference
values from Ref. [34] (ranging between 200 Mt CO5 and 40 Mt CO»).
This correlation yields Equation (5).

Storage cost [ﬁ] =655.93 x Q[Mt COz]’l‘107 5)

Since reforming facilities are already in place, the economic analysis
focused on identifying the best alternative, namely either prioritising
transport to minimise the distance to the nearest storage site or priori-
tising storage by selecting sites with the highest capacity, even if this
involves greater distances.

3. Results
3.1. Evaluation of alternative CO; storage allocation strategies

To assess the feasibility and cost-effectiveness of different CO, stor-
age configurations, two alternative allocation strategies were evaluated.
The first strategy assigns each reforming facility to the nearest geolog-
ical storage site, thereby minimising transport distance. The second
strategy explores the potential benefits of directing emissions to a
smaller number of higher-quality storage sites with larger capacities.

Table 3 presents the results of the first strategy, matching of
reforming facilities to the nearest geological storage sites. The table
reports the selected storage location, the distance from each project to
that site, and the number of years of storage capacity the reservoir would
provide if required to store all the CO, emitted by the identified facil-
ities. This strategy results in an average transport and storage cost of
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Fig. 2. On the left, SMR hydrogen production facilities [2]; on the right, geological storage sites [32].

Table 2

Reference values for CO, storage cost reported by Navigant [34].
Storage Capacity (Mt CO2) 200.0 66.0 40.0
Storage cost (€/t CO2) 2 €/t COy 5 €/t COy 13 €/t CO,

17.5 €/t COa.

Table 4 examines the same facilities under the second strategy as-
sumptions, where CO; is transported to one of four higher-quality,
larger-capacity storage sites rather than to the closest storage site.
This strategy results in a very similar average cost (18.2 €/t COy).

Since the costs of both scenarios are very similar, non-economic
feasibility criteria must be used to select the preferred option. These
include social acceptance, permitting and equity. Optimising storage
reduces the number of sites to characterise, permit and monitor, but
concentrates activity at fewer hubs that may face stronger opposition or
legal limits on onshore storage. Optimising transport can shorten pipe-
lines but may require more storage sites and widen right-of-way nego-
tiations. Equity issues also differ: pipelines spread local impacts across
regions, whereas storage hubs concentrate perceived risks, so benefit-
sharing mechanisms may be needed in both cases to balance local bur-
dens and system-wide decarbonisation gains.

Given these trade-offs, the latter scenario is considered more viable
because it reduces the number of required storage sites. Geological COy

Table 3

storage—particularly onshore—can face high social acceptance risks
and permitting complexity, as local communities may perceive storage
as a long-term environmental liability (e.g., concerns about leakage,
induced seismicity, and groundwater impacts) and may question the
fairness of concentrating perceived risks in a single “host” region. For
this reason, an infrastructure design that reduces the number of storage
locations, even at the expense of additional pipeline length, can be ad-
vantageous in practice: it limits the number of communities directly
exposed to storage-related concerns, reduces the number of site-
characterisation and storage-permit processes that must be success-
fully completed, and may therefore lower schedule risk. Thus, the
storage-optimisation scenario is chosen as the basis for the following
sections. Fig. 3 shows both alternatives in terms of storage sites.

3.2. Calculation of LCOH

The LCOH of each of the 15 SMR hydrogen production facilities have
been determined based on the previously calculated costs and the LCOH
framework of Yagiie [15]. Whereas that analysis used generic transport
and storage costs, the calculations presented here consider the specific
distances between each facility, the mass flow rate of the CO, emissions
and the available geological storage sites, allowing for a more tailored
and precise estimation of the LCOH.

The analysis assesses the technical and economic feasibility of
hydrogen decarbonisation in Spain. The initial step is to estimate the

Assignment of reforming facilities to nearest geological CO, storage sites: selected location, transport distance, and estimated years of storage capacity assuming all

CO, from the identified facilities is injected.

Facility SMR facilities Storage Transport
H, production CO,, emissions Storage Capacity [Mt Reserves Storage Cost [€/t Distance Trans. Cost [€/t
[t] [kt] CO,] [years] CO,] [km] CO3]
San Roque/Algeciras 13,688 119.63 BG-GF-02 11.91 100 42.25 22 8,83
CEPSA
Huelva Fertiberia 47,584 415.88 BG-GF-01 216.81 216 1.70 34 3,98
Huelva/La Rabida 67,393 589.01 3,21
CEPSA
Cartagena Repsol 122,506 1070.7 BG-GE-08 413.48 386 0.83 50 2,84
Puertollano Fertiberia 21,343 186.54 BG-GE- 57.02 104 7.46 142 25,63
Puertollano Air Liquide 29,976 261.99 10C 18,41
Puertollano Repsol 11,450 100.07 45,11
Castellén de la Plana BP 63,989 559.27 IT-GF-04 86.08 154 4.73 70 6,04
Tarragona Air Products 41,231 360.36 PE-GF-04 21.32 41 22.18 11 1,98
Tarragona Repsol 18,479 161.50 4,67
Sabinanigo 1071 9.36 PE-GE-13 318.6 34.05 1.11 67 239,38
Muskiz Repsol 50,645 442.64 CD-GE-03 47.25 107 9.19 69 7,07
La Coruna Air Liquide 19,163 167.48 CD-GF-03 139.97 380 2.76 248 44,13
La Coruna Repsol 17,110 149.54 248 49,94
Aviles Nippon Gases 5870 51.30 91 61,61
Europe
TOTAL 531,497 4645
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Table 4
Assignment of reforming facilities to one of the four strategically located geological storage sites of higher quality and capacity.
Facility SMR facilities Storage Transport
H, production CO,, emissions Storage Location Capacity [Mt Reserves Storage Cost Distance Trans. Cost
[t] [kt] CO2] [years] [€/t CO2] [km] [€/t CO2]
San Roque/Algeciras 13,688 119.63 BG-GF- Almonte 216.81 193 1.70 156 40,81
CEPSA 01
Huelva Fertiberia 47,584 415.88 34 3,98
Huelva/La Rébida 67,393 589.01 3,21
CEPSA
Cartagena Repsol 122,506 1070.70 BG-GE- Murcia B-1 413.48 368 0.83 50 2,84
Puertollano 21,343 186.54 08 193 33,42
Fertiberia 24,35
Puertollano Air 29,976 261.99 59,12
Liquide
Puertollano Repsol 11,450 100.07
Castellon de la Plana 63,989 559.27 PE-GE- Zona Enlace - 1212.5 1078 0.25 70 6,04
BP 06 Bunt
Tarragona Air 41,231 360.36 170 17,24
Products 33,60
Tarragona Repsol 18,479 161.50
Sabinanigo 1071 9.36 250 745,50
Muskiz Repsol 50,645 442.64 CD-GF- Bonar 139.97 124 2.76 207 19,31
La Coruna Air 19,163 167.48 03 248 44,13
Liquide 49,94
La Coruna Repsol 17,110 149.54
Aviles Nippon Gases 5870 51.30 91 61,61
Europe
TOTAL 531,497 4645
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Fig. 3. On the left, storage sites selected for transport optimisation; on the right, sites selected for storage optimisation.
levelised cost of hydrogen (LCOH) for unabated grey hydrogen and 0
S . . ; 5.
compare it with the HyBECCS option. As outlined in the Methods sec-
tion, HyBECCS accounts for the price premium of biomethane over 4.5
natural gas and all CO, capture, transport and storage costs. 4.0
Fig. 4 shows the breakdown of the average LCOH for grey hydrogen, .
weighted by the production of each facility, while Fig. 5 shows the
: : : : W 3.0
corresponding breakdown for biohydrogen production with CO5 capture < - 5ei
and storage, also weighted by facility output. The results reveal a clear T 25
cost difference between grey hydrogen and biohydrogen with CO, 8 20
capture and storage. The main driver is the higher cost of biomethane . 1.23
relative to natural gas, only partially offset by the carbon credits '
received, compared to the CO5 emission costs associated with grey 1.0
hydrogen. Tables Al and A2 in the Annex collect the data for each 0.5 s 0.10
facilty. NN .
CAPEX OPEX OPEX OPEX CO, LCOH
o&M feedstock tax

3.3. Cost for decarbonisation of Hz production in Spain

Decarbonising hydrogen production in Spain requires a compre-
hensive assessment of both the technical pathways and their associated
economic implications. This section evaluates the cost impacts of
substituting natural gas with biomethane and applying carbon capture
and storage (CCS) to achieve low-carbon or net-zero hydrogen.

Fig. 4. Breakdown of average LCOH for grey hydrogen, weighted by facil-
ity production.

Building on the estimated hydrogen production levels, the corre-
sponding CO5 emissions are quantified to determine the mitigation po-
tential of each pathway. Two scenarios have been compared: (A) full
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Fig. 5. Breakdown of average LCOH for biohydrogen with CO, capture and
storage, weighted by facility production.

replacement of natural gas with biomethane, and (B) partial replace-
ment, enough to achieve net zero hydrogen production. In both sce-
narios, the analysis includes CO; transport and storage costs for the
selected site, investment costs scaled to facility size, and feedstock prices
for biomethane and natural gas.

The average LCOH obtained in scenario A was previously shown in
Fig. 5, with a total annual cost of 1889 M€ (about 500 M€ above current
grey hydrogen production). Fig. 6 presents the CO; tax required to keep
the LCOH of grey hydrogen unchanged, which is 157.23 €/t CO,. The
resulting negative emissions offset for unabated sectors amount to
—4.59 Mt, which can be readily stored in the four previously mentioned
storage sites, whose combined capacity is 1982 Mt CO». The biomethane
required reaches 28.7 TWh, a value consistent with Spain's long-term
production potential. Table A3 in the Annex provides facility-level
details.

In scenario B, only five production facilities switch to biomethane
and are retrofitted with CCS, which is enough to achieve net-zero
hydrogen production. These five facilities are selected on the basis of
their lowest LCOH once CO4 transport and storage costs are included. i.e.
those where substitution with biomethane and CCS is most economically
viable. Under this criterion, only two geological storage sites are
required: Almonte (BG-GF-01) and Murcia B-1 (BG-GE-08), which
together provide a total storage capacity of 630 Mt CO. This configu-
ration enables a net-zero solution (in fact, a negative emission of —52 kt
COy). The average LCOH for the selected facilities is 3.44 €/kg,
compared with 2.58 €/kg for their current grey hydrogen. Their total
annual cost therefore raises from a current value of 698 M€ to 928 ME.
Table A4 in the Annex gives facility-level details.

5.0
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Fig. 6. Breakdown of average LCOH weighted by production facility in sce-
nario A if CO, tax reaches 157.23 €/t CO,.
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Scenario B is technically feasible but requires enabling policy to
prevent asymmetric cost incidence across producers. In liberalised
markets, early adopters of HyBECCS may face a first-mover disadvan-
tage if competing grey producers remain at lower costs; a COy price
alone may therefore be insufficient to ensure implementation. Scenario
B is instead conceived as a policy-enabled pathway in which the incre-
mental cost is socialised (e.g., via a low-carbon hydrogen obligation and
a levy-funded settlement mechanism or “contract for difference” (CfD)-
style premium), ensuring that the overcost is spread across hydrogen
consumers rather than borne only by the plants that decarbonise first.
Fig. 7 shows the required incentive to maintain the current LCOH at the
selected facilities where HyBECCS would be produced. This premium
corresponds to 69.91 €/t CO,, implying an equivalent CO5 tax of 149.91
€/t COa.

Figs. 4 and 5 show that feedstock price and the CO, tax strongly
influence the LCOH. To quantify this effect, a sensitivity analysis has
been carried out. The average LCOH, weighted by the hydrogen pro-
duction of each facility, has been assessed for different feedstock costs
(both biomethane and natural gas) and CO; tax levels. Transport dis-
tance and capture efficiency have not been varied as their contribution
to the LCOH is very small. Fig. 8 summarises the result of this analysis.
For HyBECCS, the LCOH increases by 0.54 €/kg for each 10 €/MWh-
HHYV increase in biomethane cost, and decreases by 0.12 €/kg for each
10 €/t CO; increase in the CO; tax. For grey hydrogen, LCOH rises by
0.49 €/kg for each 10 €/MWh-HHYV increase in natural gas cost and by
0.12 €/kg for each 10 €/t CO5 increase in the CO; tax.

4. Conclusions

The analysis demonstrates the potential of biohydrogen production
from biomethane combined with CO; capture and storage as a techni-
cally and economically viable pathway for decarbonising the current
grey hydrogen production in Spain. This approach takes advantage of
the existing natural gas infrastructure for the transport of biomethane to
reforming plants, while enabling significant reductions in COy emis-
sions. From a technical and resource feasibility perspective, the required
amount of biomethane to support this transition lies well within Spain's
renewable gas potential; however, it remains well above current pro-
duction levels, which underlines the need to accelerate biomethane
deployment rather than posing a resource constraint.

Two alternative scenarios were evaluated to assess the scale and
impact of this transition. In Scenario A, all natural gas used in current
reforming facilities is replaced by biomethane (28.7 TWh/year),
assuming the retrofit of all existing plants to incorporate CCS and the
transport and injection of 4.59 Mt COy/year into geological storage. In
Scenario B, only five reforming facilities are retrofitted to include CCS
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4.0
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-0.98
3.0 ‘
0.07 0.01 2.58
2.5 | e—

2.0

LCOH [€/kg]
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CAPEX OPEX OPEX OPEXCO, CfDCO, OPEXCO, OPEXCO, LCOH
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Fig. 7. Breakdown of average LCOH in selected facilities to produce HyBECCS
in scenario B (policy-enabled), including the incentive to maintain the current
grey hydrogen cost.
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Fig. 8. Sensitivity analysis of LCOH to feedstock cost and CO, tax.

and operate with biomethane —sufficient to achieve net-zero hydrogen
production across the system. This second configuration requires 14.6
TWh/year of biomethane and involves the transport and injection of
2.34 Mt COy/year into just two geological storage sites, substantially
reducing the CCS infrastructure required.

Technically, Scenario B is preferred because it reaches climate
neutrality with fewer retrofitted plants and a smaller CCS network,
thereby reducing infrastructure complexity and exposure to permitting
and social acceptance constraints associated with multiple storage
locations.

Regarding economic competitiveness, Scenario B entails an incre-
mental cost of 0.43 €/kg Hy, (230 million € per year), corresponding to a
17% increase over current production costs (1388 million €/year) while
delivering negative emissions of 52 kt COo/year. These results indicate
that HyBECCS can be economically plausible under the assumptions
applied, but its competitiveness remains sensitive to biomethane avail-
ability and pricing, as well as to the monetisation of avoided/negative
emissions. Transportation distance and capture efficiency have not been
included in the sensitivity analysis; however, these limitations do not
alter the general conclusions.

The investment and maintenance costs considered for the CCS-
equipped facilities correspond to new assets and therefore yield a con-
servative cost estimate. Future work should consider the specific char-
acteristics of each facility, including layout constraints, age and other
site-specific restrictions, in order to better represent real-world imple-
mentation conditions.

The analysis of CO;, transport costs further shows that pipelines
operating at very low flow rates are penalised by high specific transport
costs. To mitigate this effect, emitters should be clustered and connected
through shared pipelines and hubs, favouring trunk-line configurations

Annex.

Table Al
Breakdown of the LCOH by facility for grey hydrogen production.
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over many small, under-utilised pipelines. In practice, this means that
both the selection of storage sites and the grouping of emitting plants
into transport corridors are key design levers for improving the overall
cost-effectiveness of HyBECCS.

Finally, the deployment of this pathway is policy- and regulation-
dependent. CCS remains at an early stage of development in Spain,
with no dedicated regulatory framework yet established to facilitate its
large-scale implementation. At present, negative emissions are not
credited for compliance under the EU ETS. However, EU policy is
evolving through the adoption of the CRCF Regulation (EU) 2024/3012
[35] on how negative emissions could potentially be accounted for
under emissions trading; therefore, the carbon-credit term in our sce-
nario analysis should be read as a forward-looking policy case.

Overall, the findings confirm the technical soundness and economic
plausibility of HyBECCS as a complementary route for the decarbon-
isation of hydrogen production in Spain, provided that biomethane
deployment and CO, infrastructure planning advance in parallel. They
also highlight the need for regulatory development, coordinated plan-
ning of CO; transport and storage networks (including emitter clus-
tering), and targeted policy support to unlock the full potential of this
approach within Spain's broader energy transition strategy. The meth-
odological framework developed here can be readily adapted to other
countries with suitable biomethane potential, existing gas infrastructure
and geological storage options, offering a transferable tool for compar-
ative assessment of national HyBECCS pathways.
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SMR facilities LCOH [€/kg Hj]

Facility Hj production [t] OPEX feedstock (Natural gas) OPEX O&M CAPEX OPEX CO, tax TOTAL
San Roque/Algeciras CEPSA 13,688 1.23 0.10 0.41 0.99 2.73
Huelva Fertiberia 47,584 0.32 2.64
Huelva/La Rabida CEPSA 67,393 0.26 2.57
Cartagena Repsol 122,506 0.21 2.52
Puertollano Fertiberia 21,343 0.44 2.75
Puertollano Air Liquide 29,976 0.35 2.66

(continued on next page)
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Table A1 (continued)

SMR facilities LCOH [€/kg Ha]

Puertollano Repsol 11,450 0.48 2.80
Castellon de la Plana BP 63,989 0.27 2.58
Tarragona Air Products 41,231 0.30 2.61
Tarragona Repsol 18,479 0.41 2.72
Sabinanigo 1071 0.96 3.27
Muskiz Repsol 50,645 0.30 2.61
La Coruna Air Liquide 19,163 0.37 2.69
La Coruna Repsol 17,110 0.41 2.73
Aviles Nippon Gases Europe 5870 0.54 2.86
TOTAL 531,497 2.61%

" The value corresponds to the weighted average of the LCOH and hydrogen production of the different facilities.

Table A2
Breakdown of the LCOH by facility for biohydrogen production with CO; capture and storage.

SMR facilities LCOH [€/kg Ha]
Facility Hj production [t] OPEX feedstock (Biomethane) OPEX O&M CAPEX OPEX CO, tax OPEX OPEX TOTAL
CO; Transport CO,, Storage

San Roque/Algeciras CEPSA 13,688 3.70 0.15 0.67 —0.98 0.35 0.015 3.91
Huelva Fertiberia 47,584 0.57 0.03 0.015 3.49
Huelva/La Rabida CEPSA 67,393 0.47 0.03 0.015 3.38
Cartagena Repsol 122,506 0.39 0.02 0.007 3.29
Puertollano Fertiberia 21,343 0.74 0.29 0.007 3.91
Puertollano Air Liquide 29,976 0.60 0.21 0.007 3.69
Puertollano Repsol 11,450 0.78 0.51 0.007 4.17
Castellon de la Plana BP 63,989 0.47 0.05 0.002 3.40
Tarragona Air Products 41,231 0.52 0.15 0.002 3.55
Tarragona Repsol 18,479 0.67 0.29 0.002 3.84
Sabinanigo 1071 1.37 6.44 0.002 10.69
Muskiz Repsol 50,645 0.53 0.17 0.024 3.59
La Coruna Air Liquide 19,163 0.62 0.38 0.024 3.90
La Coruna Repsol 17,110 0.68 0.43 0.024 4.01
Aviles Nippon Gases Europe 5870 0.84 0.53 0.024 4.28
TOTAL 531,497 3.56*
" The value corresponds to the weighted average of the LCOH and hydrogen production of the different facilities.

Table A3

Current Hj production, emissions and cost compared to scenario A (fully full replacement of natural gas by biomethane).
Facility Fossil hydrogen (current situation) HyBECCS (Scenario A)

H; production [t] Natural gas [GWh-HHV] CO,, emissions [kt] Cost [M€] Biomethane [GWh- CO,, emissions [kt] Cost [M€]
HHV]

San Roque/Algeciras CEPSA 13,688 672 119.63 37.27 738 —118.26 53.50
Huelva Fertiberia 47,584 2335 415.88 125.26 2565 —411.13 166.03
Huelva/La Rabida CEPSA 67,393 3308 589.01 173.30 3633 —582.28 227.89
Cartagena Repsol 122,506 6012 1070.70 308.63 6604 —1058.45 403.21
Puertollano Fertiberia 21,343 1048 186.54 58.66 1151 —184.40 83.40
Puertollano Air Liquide 29,976 1471 261.99 79.79 1616 —259.00 110.60
Puertollano Repsol 11,450 562 100.07 31.98 617 —98.93 47.76
Castellon de la Plana BP 63,989 3141 559.27 164.80 3450 —552.87 217.49
Tarragona Air Products 41,231 2024 360.36 107.65 2223 —356.23 146.13
Tarragona Repsol 18,479 907 161.50 50.18 996 —159.66 70.89
Sabinanigo 1071 53 9.36 3.50 58 -9.25 11.44
Muskiz Repsol 50,645 2486 442.64 132.17 2730 —437.57 181.85
La Coruna Air Liquide 19,163 941 167.48 51.45 1033 —165.57 74.68
La Coruna Repsol 17,110 840 149.54 46.60 922 —147.83 68.60
Aviles Nippon Gases Europe 5870 288 51.30 16.76 316 —50.72 25.08
TOTAL 531,497 26,085 4645 1388 28,652 —4592 1889

Table A4

H, production, emissions and cost in the scenario B (partial replacement of natural gas by biomethane).
Facility Hy production [t] Natural gas [GWh-HHV] Biomethane [GWh-HHV] CO, emissions [kt] Cost [M€]
San Roque/Algeciras CEPSA 13,688 672 119.63 37.27
Huelva Fertiberia 47,584 2565 —411.13 166,03
Huelva/La Rabida CEPSA 67,393 3633 —582.28 227,89
Cartagena Repsol 122,506 6604 —1058.45 403.21
Puertollano Fertiberia 21,343 1151 —184.40 83.40

(continued on next page)
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Table A4 (continued)
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Facility Hp production [t] Natural gas [GWh-HHV] Biomethane [GWh-HHV] CO; emissions [kt] Cost [M€]
Puertollano Air Liquide 29,976 1471 261.99 79.79
Puertollano Repsol 11,450 617 —98.93 47.76
Castellén de la Plana BP 63,989 3141 559.27 164.80
Tarragona Air Products 41,231 2024 360.36 107.65
Tarragona Repsol 18,479 907 161.50 50.18
Sabinanigo 1071 53 9.36 3.50
Muskiz Repsol 50,645 2486 442.64 132.17
La Coruna Air Liquide 19,163 941 167.48 51.45
La Coruna Repsol 17,110 840 149.54 46.60
Aviles Nippon Gases Europe 5870 288 51.30 16.76
TOTAL 531,497 12,821 13,953 -52.1 1606
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