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Abstract

Renewable gas integration creates a dual challenge for hard-to-abate industrial consumers con-
nected to gas distribution networks: delivered gas composition may trigger physical retrofit needs,
while RED IIT and EU ETS compliance require contractual procurement of certified renewable
attributes.

This dissertation develops integrated techno-economic framework that operationalises the phys-
ical and contractual dissociation between the gas blend delivered at the industrial site and the
renewable content legally attributed through Guarantee of Origin certification. The framework
is structured into three sequential models: Model 1 evaluates blend properties, interchangeability
criteria, and retrofit triggers; Model 2 translates physical and contractual configurations into an-
nual costs across energy procurement, renewable attributes, and EU ETS compliance; and Model 3
computes NPV, LCDE, CAC, and avoided emissions over a 20-year planning horizon. A Monte
Carlo extension then propagates EU ETS carbon-price uncertainty through the full framework
using 10,000 simulated trajectories. In addition, this research includes a gap analysis of network-
injection perspectives and planning, linking installation-level results with broader renewable gas
deployment constraints.

Applied to a continuous container-glass manufacturing facility connected to a (DSO) in north-
ern Portugal, across three biomethane GO premium scenarios anchored to a national normative
administrative act auction reference. Results demonstrate that the physical retrofit obligation is
modest, a single combustion adaptation of 117 kEUR (thousand euros) triggered in 2037. The
binding constraint is the price level at which certified biomethane becomes available domestically.
The rationality under a determinist approach, threshold for voluntary procurement ranges from
247 EUR/tCO,, under current high prices to 93 EUR/tCO, under the reference level, against an
initial modelled ETS price of 75.36 EUR/tCO,. Voluntary procurement, under stochastic ap-
proach, becomes economically rational between 2028 and 2039 depending on the scenario, with the
probability of positive NPV ranging from 26.6% to 78.6% across scenarios. Carbon-price volatility
is identified as the dominant source of economic uncertainty, exceeding the inter-scenario spread
at the distribution level. Cumulative avoided emissions range from 297 to 1,137 ktCOs at the P50
level across scenarios, quantifying the environmental value of renewable gas market development
for a single connected installation.

An extended scenario compares network-based RFNBO compliance with in-situ hydrogen elec-
trolysis, demonstrating a capital commitment, or CAPEX differential of 56x and identifying a
break-even hydrogen cost decline rate of 4.1%/yr, A framework that is positioned as a proof-of-
concept for a DSO-led industrial decarbonisation advisory tool, transferable to any hard-to-abate
installation connected to a gas distribution network

Keywords: Biomethane; Hydrogen; Hard-to-abate Industry; Guarantees of Origin; Dissocia-
tion; RED IIT; Monte Carlo simulation; Energy Markets.
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Resumo

A integragao de gases renovaveis cria um duplo desafio para consumidores industriais dificeis
de descarbonizar ligados a redes de distribuicao de gés: a composicao do gas entregue pode exigir
retrofit fisico, enquanto o cumprimento da RED IIT e do EU ETS exige a aquisi¢ao contratual de
atributos renovaveis certificados.

Esta dissertagao desenvolve um modelo tecnoeconémico integrado que operacionaliza a dis-
sociacao fisico—contratual entre a mistura gasosa entregue na instalacao industrial e o contetido
renovavel legalmente atribuido através de Garantias de Origem. O modelo é estruturado em trés
componentes sequenciais: o Modelo 1 avalia propriedades da mistura, critérios de intercambiabili-
dade e triggers de retrofit; o Modelo 2 traduz configuracoes fisicas e contratuais em custos anuais de
energia, atributos renovaveis e cumprimento do EU ETS; e o Modelo 3 calcula NPV, LCDE, CAC e
emissoes evitadas ao longo de 20 anos. Uma extensao de Monte Carlo propaga a incerteza do prego
de carbono do EU ETS através de 10,000 trajetérias simuladas. Além disso, a investigagao inclui
uma andlise de lacunas sobre perspetivas e planeamento de inje¢ao na rede, ligando resultados ao
nivel da instalagao com restrigoes mais amplas de implantacao de gases renovaveis.

Aplicado a uma instalagao de produgao continua de vidro de embalagem ligada a um DSO no
norte de Portugal, em trés cendrios de prémio de GO de biometano ancorados numa referéncia
administrativa nacional de leilao, os resultados mostram que a obrigagao fisica de retrofit é mod-
esta: uma tunica adaptacdo de combustao de 117 kKEUR (milhares euros), ativada em 2037. A
restricao principal é o prego a que o biometano certificado se torna disponivel domesticamente.
Numa abordagem deterministica, o limiar de racionalidade para aquisicao voluntaria varia entre
247 EUR/tCO,, sob precos elevados, e 93 EUR/tCO,, no nivel de referéncia, face a um preco
inicial modelado do EU ETS de 75.36 EUR/tCO,. Numa abordagem estocastica, a probabilidade
de NPV positivo varia entre 26.6% e 78.6% entre cenarios. A volatilidade do prego de carbono é
identificada como a principal fonte de incerteza econdmica, superando a diferenca entre cenarios
ao nivel da distribuicao. As emissces acumuladas evitadas variam entre 297 e 1,137 ktCOs no
percentil P50.

Um cendrio alargado compara o cumprimento da certificaggo do RFENBO através da rede com
eletrdlise do hidrogénio in-situ, demonstrando um diferencial de CAPEX de 56x e identificando
uma taxa de reducao do custo do hidrogénio de 4.1%/ano como ponto de equilibrio. O modelo é
posicionado como prova de conceito para uma ferramenta de apoio a decisao liderada pelo DSO,
transferivel para outras instalacoes dificeis de descarbonizar ligadas a redes de distribuicao de
gas.

Palavras-chave: Biometano; Hidrogénio; Industrias pesadas; Garantias de Origem; Disso-
ciacao; RED III; Simulagao de Monte Carlo; Mercados de Energia.
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Chapter 1

Introduction

1.1 Context and Motivation

Over the last decade, European climate strategy has undergone a fundamental transformation.
What was once largely framed as aspirational target-setting has progressively been replaced by
binding, sector-specific obligations linked to enforceable timelines. Through the Fit for 55 pack-
age, adopted in 2021, the European Union (EU) defined a pathway towards climate neutrality
by 2050 [1]. The 2022 energy crisis, triggered by Russia’s invasion of Ukraine, accelerated this
transition. Although long-term climate objectives remained unchanged, Europe’s dependence on
imported fossil fuels became increasingly visible as a structural vulnerability, turning energy secu-
rity from a long-term planning concern into an immediate political priority [1].

REPowerEU (COM/2022/230) was introduced as a direct policy response. It mobilised close to
300 billion euros and positioned renewable gases, particularly biomethane and green hydrogen, as
strategic energy carriers for industrial decarbonisation rather than short-term substitute fuels [2].
This policy direction was subsequently consolidated through binding provisions in the recast of the
late Renewable Energy Directive III (RED III), translating political ambition into obligations that
also apply to the industrial sector [3].

Against this regulatory backdrop, the most demanding decarbonisation challenge falls on hard-
to-abate industries. Ceramics, glass, cement, and primary metals are particularly relevant, not only
because they require very high process temperatures, but also because heat must be supplied with
a specific thermodynamic grade and combustion profile. Kilns, furnaces, and high-temperature
reactors often require tightly controlled radiative flame behaviour, defined combustion atmospheres,
and high-exergy heat inputs, which direct electrification cannot provide without major equipment-
level process modifications [4-6].

For these industrial users, electrification is therefore not always a practical near-term route
under current regulatory timelines. Process temperatures commonly exceed 900 °C, plants are
often designed for continuous operation, and product quality may depend directly on combustion-
atmosphere composition. As a result, direct electrification can be technically constrained or eco-
nomically disruptive in the short to medium term [5, 6].
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Figure 1.1: Representative hard-to-abate industrial sectors and typical process temperatures [7][6] [8] [9]
[10] [11]

Renewable gases therefore occupy a central role in the decarbonisation of these sectors, mainly
because they provide a technically continuous pathway that can operate within existing infrastruc-
ture constraints while responding to increasingly stringent regulatory timelines [12]. Biomethane is
produced from organic residues and, once upgraded to grid-quality standards, can be injected into
existing natural gas networks as a near drop-in substitute [7]. In practice, this allows combustion
behaviour to remain largely compatible while reducing fuel carbon intensity [13]. Green hydrogen,
produced through electrolysis using renewable electricity, can further reduce fossil carbon content
in the delivered fuel, particularly as blending shares increase [14].

From this perspective, the natural gas distribution system, progressively supplied with renew-
able gases, becomes a practical decarbonisation pathway. It can support thermal process continu-
ity while aligning with RED III requirements of the European Union Emissions Trading System
(EU ETS) trajectory.[3, 15].

The set of conditions under which this gas-based pathway can remain technically admissi-
ble, regulatorily compliant, and economically viable for a hard-to-abate installation is defined
in this thesis as the Industrial Decarbonisation Trilemma. This concept is based on three
simultaneous constraints, none of which can be fully offset by overperformance in another di-
mension. Regulatory compliance requires progressive alignment with RED III renewable gas
certification requirements while also accounting for rising carbon costs as EU ETS free allocations
decline. Physical continuity requires injected blends to remain within admissible interchange-
ability boundaries, once these limits are exceeded, retrofits, operational changes, or equipment
replacement may become unavoidable. Economic competitiveness requires total decarbonisa-
tion costs to remain compatible with prevailing market conditions, ensuring that compliance and
fuel switching do not undermine the industrial site’s ability to compete.[10]
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Figure 1.2: Conceptual representation of the Industrial Decarbonisation Trilemma.

Given the interdependence of these constraints, addressing them in isolation or sequentially is
inadequate. To the best of the author’s knowledge, existing literature does not provide a pub-
lished model that explicitly captures these interactions at the level of an individual industrial
site connected to a gas distribution network. Consequently, this study develops an integrated
techno-economic framework that extends beyond cost estimation to offer a structured analytical
basis for assessing industrial decarbonisation under concurrent physical, regulatory, and economic
constraints.

The proposed methodology assesses the transition by initially identifying physical gas inter-
changeability limits that may necessitate equipment modifications. Subsequently, it estimates
total decarbonisation costs over a specified time horizon, incorporating regulatory objectives and
market uncertainties. In addition, a stochastic simulation framework is introduced to represent
the uncertain evolution of key economic and regulatory drivers, thereby capturing the spectrum of
future conditions that industrial operators and network planners must consider when making
current investment decisions.

The methodology is subsequently applied to a case study within a distribution system operator
(DSO) network, with a focus on hard-to-abate industrial gas consumers. Under RED III obliga-
tions and projected EU ETS carbon price trajectories, the framework offers practical guidance for
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industrial decision-making and facilitates coordination between site-level decarbonisation strategies
and long-term energy distributor planning.

1.1.1 RED III Framework

The Renewable Energy Directive IIT (RED III), established by Directive (EU 2023/2413), de-
fines the revised European legal framework for accelerating renewable energy deployment across
the Union. It raises the binding EU-wide renewable energy target to at least 42.5% of gross final
energy consumption by 2030, with an indicative ambition of reaching 45%. RED III also intro-
duces sector-specific provisions for key end-use sectors, including industry, heating and cooling,
transport, and renewable fuels of non-biological origin (RFNBOs) [3].

RED III is particularly relevant for industrial applications because it links renewable energy
deployment to both general industrial decarbonisation objectives and RENBO-specific compliance
requirements. One of the articles requires Member States to seek an indicative average annual
increase of 1.6 percentage points in the share of renewable sources used for final energy and non-
energy purposes in industry [3]. This provision establishes a regulatory basis for modelling a
progressive renewable energy trajectory in industrial energy use, rather than treating renewable
gas integration as a purely voluntary procurement decision [1]. Such a regulatory shift is especially
important for hard-to-abate industries that rely predominantly on natural gas for high-temperature
process heat, since compliance increasingly requires the integration, certification, or procurement
of renewable energy carriers within industrial energy supply.

Beyond the broader industrial renewable energy trajectory, RED III introduces a specific sub-
target for RFNBOs associated with hydrogen use in industry. Member States are required to
ensure that RFNBOs account for at least 42% of hydrogen used for final energy and non-
energy purposes in industry by 2030, increasing to 60% by 2035 [3]. This obligation applies
exclusively to hydrogen and is examined further in Section 1.1.2. It refers to the energy content
of eligible hydrogen use, rather than to total industrial energy demand or overall natural gas

consumption.

The denominator of this obligation excludes specific hydrogen streams, including hydrogen used
as an intermediate product in the production of conventional transport fuels and biofuels, hydrogen
generated from the decarbonisation of industrial residual gases when substituting those gases, and
hydrogen produced as a by-product or derived from by-products in industrial installations [3]. This
distinction is particularly relevant for sectors such as fertiliser production and other agricultural
value chains, where hydrogen already serves as a feedstock, as well as for hard-to-abate industries
that may increasingly use hydrogen as an energy carrier to decarbonise high-temperature industrial
processes [16].

This distinction is one of the central to the modelling framework adopted in this study, explicited
later. Hydrogen contained in a distribution-network blend is first treated as a physical component of
the gas mixture, affecting lower and higher heating values, specific gravity, Wobbe Index, volumetric
flow requirements, combustion behaviour, and retrofit needs [7, 17]. Separately, where hydrogen is
considered eligible under RED III accounting rules, the RFNBO requirement is represented as a
regulatory constraint applied to the eligible hydrogen energy content. Therefore, physical hydrogen
blending and RFNBO compliance are not assumed to be equivalent.

Table 1.1 summarises the RED III provisions most relevant to the proposed analytical frame-
work.
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Table 1.1: RED III provisions relevant to industrial renewable-gas compliance.

Provision Legal basis Requirement Timeline
EU-wide renewable Art. 3 42.5% of gross final energy consumption 2030
target

Indicative EU ambi- Art. 3 45% of gross final energy consumption 2030

tion

Industrial renewable Art. 22a +1.6 pp/year in industrial renewable use 2021-2030
ramp-up

RFNBO hydrogen  Art. 22a 42% of eligible industrial Ha use 2030
sub-target

RFNBO hydrogen  Art. 22a 60% of eligible industrial Hy use 2035
sub-target

Guarantees of Origin  Art. 19 Certification of renewable energy attributes -

At the time of writing, Portugal had not yet completed the full transposition of RED III into
national law. The modelling framework therefore treats RED III as the European regulatory
reference and assumes that the relevant industrial renewable-energy and RFNBO provisions will
be implemented through national compliance, certification, procurement, and traceability mecha-
nisms [3, 18].

This assumption is necessary to establish the regulatory baselines adopted in the case study.
However, final allocation rules for network-blended renewable gases may depend on the Portuguese
transposition process and on future regulatory guidance. Similarly, potential penalties or en-
forcement mechanisms are treated as sources of national regulatory uncertainty rather than fixed
modelling inputs, since their design may only be defined through future legislation or regulatory
decisions.

1.1.2 Guarantees of Origin

Building on the certification and traceability framework established under earlier EU renewable
energy directives, RED III further reinforces the role of Guarantees of Origin (GOs) in renew-
able energy accounting, as a viable option to decarbonization these type of industries. GOs are
standardised and tradable electronic certificates, each representing one megawatt-hour (MWh) of
energy produced from renewable sources. Sustainability and greenhouse-gas saving criteria serve
a distinct function, determining whether renewable fuels are eligible to contribute towards the
renewable energy targets established under the Directive [3].

Within European gas networks, it is not possible to trace a specific renewable gas molecule from
its injection point to an individual industrial consumer. The book-and-claim GO system illustrated
in Figure 1.3 addresses this limitation by legally separating the physical gas flowing through the
network from its associated renewable attributes. An industrial installation may therefore consume
a mixed gas blend at the burner while purchasing GOs to certify that an equivalent share of its
energy demand is covered by renewable energy attributes [3, 19].
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Figure 1.3: Illustration of the GO certification book-and-claim type system [19].

Beyond their accounting function, GOs can also operate through a registry-based market infras-
tructure that enables the issuance, transfer, import, export, and cancellation of renewable energy
attributes. Within the European context, this creates an internal market for renewable attributes
in which certified biomethane or renewable gas production in one location can be contractually
allocated to a consumer in another location, subject to the rules of the relevant issuing body,
registry, sustainability certification scheme, and national implementation framework [20].

This market-based transfer mechanism is essential for gas networks, since it allows industrial
consumers to procure renewable gas attributes without requiring a direct physical connection to
the specific production site. However, the credibility of such claims depends on robust certificate
tracking, avoidance of double counting, and the cancellation of the GO once the renewable attribute
has been claimed [20].

The treatment of guarantees of origin also draws on the more mature experience of the electricity
sector, where renewable generation was integrated earlier and certificate-based accounting systems
are already more established [21, 22].

However, the transfer of this logic from electricity to renewable gases is not straightforward.
Electricity is physically indistinguishable once injected into the grid, and individual electrons can-
not be traced from a specific generation asset to a final consumer. GOs therefore operate entirely as
a contractual accounting mechanism that allocates renewable generation attributes independently
of the physical electricity consumed [23].

Renewable gases differ fundamentally because they retain measurable physical properties after
injection, including chemical composition, calorific value, density, and combustion behaviour. Their
certification must therefore interact not only with registry, transfer, cancellation, and disclosure
procedures, but also with fuel composition, sustainability criteria, network injection, mass-balance
rules, gas-quality requirements, and carbon-accounting obligations [21]. As a result, the electricity
GO model provides an important institutional precedent, but it cannot be transferred directly to
biomethane or renewable hydrogen without additional technical and regulatory safeguards.

The application of certificate-based accounting to renewable hydrogen requires a separate qual-
ification. Renewable hydrogen may be traced through different chain-of-custody approaches, in-
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cluding physical segregation, mass balance, and book-and-claim systems [23]. Under physical
segregation, renewable hydrogen remains separated from non-renewable hydrogen throughout the
supply chain. Under mass-balance accounting, certified and non-certified hydrogen may be physi-
cally mixed, provided that the corresponding renewable quantities and attributes are consistently
tracked across the relevant system boundary. Book-and-claim approaches allow the renewable
attribute to be transferred independently of the physical hydrogen molecule [23].

In other side, a hydrogen guarantee of origin may provide evidence of renewable production,
but it does not automatically demonstrate compliance with all RFNBO eligibility requirements
under RED III. RFNBO recognition may also depend on additional criteria related to renewable
electricity sourcing, temporal and geographical correlation, additionality, greenhouse-gas savings,
and the applicable national implementation framework [3, 24].

The hydrogen fraction physically delivered through the gas network is treated as a component
of the fuel blend and determines thermophysical properties, combustion behaviour, and equipment
compatibility. By contrast, the renewable status attributed to that hydrogen is treated contractu-
ally through the applicable certification and RFNBO accounting requirements [24] Physical hy-
drogen blending, hydrogen guarantees of origin, and RFNBO compliance are therefore
non-equivalent dimensions.

In conclusion, although renewable gas certification is more complex than electricity-based ac-
counting, physical delivery and contractual attribution can still be separated through appropriate
traceability and accounting mechanisms. For biomethane, book-and-claim systems allow renewable
attributes to be allocated independently of the gas physically supplied to the industrial consumer.
Renewable hydrogen may follow a similar approach, although recognition for compliance purposes
depends on the applicable chain-of-custody method and on fulfilment of the additional RENBO
eligibility criteria.

Such mechanisms are particularly relevant under RED III, since dedicated renewable gas in-
frastructure for each industrial off-taker is unlikely to be feasible within European decarbonisation
timelines. [19, 25].

Asymmetric Treatment of Biomethane and Hydrogen RFNBOs

As evidenced, biomethane and renewable hydrogen cannot be treated as equivalent renewable
gas options under RED III. Although both may contribute to industrial decarbonisation, their
certification, allocation, physical effects, and compliance functions differ substantially [3]. This
asymmetry is particularly relevant for industrial facilities connected to gas distribution networks,
where the physical composition of the delivered gas may not coincide directly with the renewable
attributes recognised for compliance purposes.

For biomethane, certified renewable attributes may be allocated to downstream consumers
through recognised chain-of-custody mechanisms, including guarantees of origin and mass-balance
accounting, subject to the applicable national rules. Since biomethane is chemically equivalent to
pure methane once it satisfies the relevant gas-quality requirements, its decarbonisation value is
primarily established through certified origin and lifecycle greenhouse-gas accounting rather than
through a distinguishable change in local combustion chemistry [26].

Renewable hydrogen requires a more restrictive treatment, since when injected into intercon-
nected gas infrastructure may be traced through a mass-balance system, provided that the ap-
plicable certification and allocation requirements are satisfied. However, the sustainability and
greenhouse-gas saving characteristics of RFNBO hydrogen cannot simply be reassigned to the nat-
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ural gas fraction consumed by an industrial installation. Moreover, a hydrogen guarantee of origin
does not, by itself, demonstrate compliance with all RFENBO eligibility requirements [24].

The distinction also extends to combustion. Biomethane and fossil methane produce similar
combustion products at the point of use, although their lifecycle greenhouse-gas impacts differ
according to feedstock, production, and certification conditions. Hydrogen combustion does not
generate direct carbon dioxide emissions, but its renewable contribution depends on whether the
hydrogen satisfies the applicable RENBO production, certification, and accounting criteria [24,
26).

Consequently three RFNBO supply pathways may therefore be considered for industrial con-
sumers [24, 27]:

e On-site renewable hydrogen production. Hydrogen is produced and consumed within
the industrial site, establishing a direct connection between certified renewable production
and final use.

e Dedicated hydrogen supply. Hydrogen is supplied through dedicated infrastructure con-
nected to an eligible RFNBO producer, preserving a clearly identifiable physical hydrogen
stream.

¢ Blended network hydrogen with certified accounting. Renewable hydrogen is injected
into an interconnected gas network and delivered as part of a blended gas stream. Its recog-
nition for compliance purposes depends on the applicable mass-balance, certification, and
allocation rules, rather than solely on the presence of hydrogen within the physical blend
[23].

The blended-network pathway is particularly relevant to this analysis because the hydrogen
physically present in the gas supplied to an industrial consumer may not be fully recognised as
RFNBO consumption. Therefore treating physical hydrogen blending and regulatory compliance
separately, distinguishing the hydrogen fraction that can affect fuel properties and equipment op-
eration from the certified renewable hydrogen considered for RED IIT compliance and procurement
costs.

1.1.3 Carbon Market Dynamics

The European Union Emissions Trading System (EU ETS) is based on a cap-and-trade frame-
work, which establishes an aggregate emissions ceiling for regulated installations. Allowances are
allocated through a combination of free allocation and auctioning. Energy-intensive industries
generally face high carbon-abatement costs and act as structural price takers in the allowance
market [15]. The 2023 reform of the EU ETS, implemented through Directive (EU) 2023/959,
strengthens the system by introducing an annual linear reduction factor of 4.3% until 2027 and
4.4% from 2028 to 2030. The reform aims to achieve a 65% reduction in covered emissions by 2030
relative to 2005 levels [28-30].

Free allowances for industrial installations will be gradually phased out between 2026 and
2034. Installations that previously operated under extensive free-allocation protection now face a
narrowing transition period in which verified emissions may exceed allocated entitlements, turning
carbon exposure into direct financial expenditure. Even installations currently receiving sufficient
free allocation may experience implicit carbon costs, since surrendering allowances entails the
opportunity cost of using tradeable assets [15]. The planned phase-out trajectory is shown in
Figure 1.4.



Chapter 1. Introduction

Free ETS ETS Price

Allowances (Indicative)
€/tCOze

100% % 130-500 -___1 500
or more*

I 400

300
50%

I 200

0%

2023 2026 2030 2035 2040 2045 2050
. . . . .
2026 2030 2034 2040 2050

Start of free allowance EU ETS target: Free allowances EU climate target: EU climate neutrality
phase-out for -62% emissions phase-out -90% emissions. target
industrial sectors vs 2005 complete vs 2005 (net-zero emissions)
(all sectors) (all sectors)

Figure 1.4: Scheduled phase-out trajectory of EU ETS free allowances for energy-intensive industries
[28-30].

Total Number of Allowances in Circulation (TNAC) determines the effective market volume,
including both free allocations and auctioned allowances. The Market Stability Reserve (MSR)
was introduced to address structural oversupply in the EU ETS. If TNAC exceeds 833 million
allowances, 24% of the surplus is transferred to the reserve. If TNAC falls below 400 million
allowances, 100 million allowances are released back into the auction pool. Since 2023, any MSR
volume exceeding the previous year’s auction volume has been permanently invalidated [28]. This
mechanism prevents the MSR from acting as a long-term storage buffer and ensures that accelerated
decarbonisation does not generate excess allowances capable of weakening market prices [30].

The interaction between MSR, dynamics and industrial decarbonisation trajectories may pro-
duce complex effects on carbon prices. As renewable gas integration reduces fossil gas consumption
and, consequently, industrial demand for EU ETS allowances, a temporary surplus of EU allowances
(EUAs) may emerge. Without corrective mechanisms, this surplus could exert downward pressure
on carbon prices through the so-called “waterbed effect”, whereby emissions reductions in one area
release allowances that can be used elsewhere [15]. The MSR partially mitigates this effect by
absorbing surplus allowances, while permanent invalidation reinforces scarcity and supports the
long-term credibility of carbon pricing [15, 30].

Additionaly, Carbon Border Adjustment Mechanism (CBAM) introduces an extra competitive-
ness dimension. While EU producers internalise EU ETS costs, non-EU competitors may not face
equivalent carbon constraints. CBAM seeks to equalise the carbon-cost burden on selected imports
and reduce the risk of carbon leakage in import-intensive sectors [31, 32]. For hard-to-abate indus-
trial installations, including, for now, sectors like ceramics, iron and fertilisers, the combined effects
of the EU ETS free-allocation phase-out, MSR-enforced scarcity, and CBAM create a structural
and escalating component of total industrial expenditure. As shown in Figure 1.4, the gradual
phase-out of free allowances defines a strategic trajectory for industrial operators, indicating that
carbon compliance will become an increasingly significant and unavoidable cost over time. Car-
bon compliance costs are therefore treated as a permanent, policy-driven factor shaping long-term
industrial investment decisions [15].
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1.2 Case Study Selection and Justification

The glass industry provides a representative case for evaluating the techno-economic implica-
tions of renewable gas integration in hard-to-abate industrial sectors. Container glass and related
production lines are highly dependent on gaseous fuels, with approximately 80% of their energy
demand supplied by natural gas [6, 33]. This reliance makes the sector a relevant testbed for
assessing compliance pathways under the RED III framework introduced in Section 1.1.1.

Glass production is continuous and operates at high temperatures, with melting furnaces typi-
cally functioning between 1350 and 1650 °C, supported by feeders and annealing lehrs. The tech-
nical constraints inherent to these processes limit the feasibility of near-term electrification [6, 34].
In addition, the energy-intensive nature of glass furnaces increases the influence of fuel composi-
tion on operational safety, heat transfer, emissions, and product quality [6]. Figure 1.5 presents
historical trends in specific energy consumption and crown temperatures in European container
glass furnaces, illustrating efficiency improvements over the past century while reaffirming the
predominant role of natural gas.

Examining the transition towards biomethane and green hydrogen injection through the ex-
isting distribution network allows for a systematic evaluation of compliance strategies, including
guarantees of origin or GOs procurement, while maintaining uninterrupted industrial operation.
Operational evidence from HyGlass and related projects [35, 36] indicates that hydrogen blending
affects flame dynamics, NOy formation, heat transfer, and product quality. The following sec-
tions review these technical implications, which are directly relevant for assessing the feasibility of
renewable gas integration in hard-to-abate industrial processes.

Selected facility ranks among the largest industrial gas consumers connected to the DSO net-
work, ensuring that the modelling exercise reflects economic and regulatory implications of renew-
able gas deployment at network level. Although glass products are not currently included within
CBAM sectoral scope, this industry sector remains exposed to increasing carbon-cost pressure,
progressive decarbonisation requirements, and industrial competitiveness concerns, since it is al-
ready covered by the EU ETS/CELE framework. Therefore it is a representive of a wider group
of energy-intensive industries that must decarbonise before a fully protective border-adjustment
framework is available for their products.

10
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Figure 1.5: Evolution of specific energy consumption and crown temperatures in European container
glass furnaces over the last century [35].

1.3 REN-Portgas

This research was conducted in collaboration with REN-Portgéas, the DSO responsible for de-
livering natural gas and renewable gases in northern and coastal Portugal. REN-Portgas is a
subsidiary of Redes Energéticas Nacionais (REN), which manages the national electricity trans-
mission system and the national gas transmission network. The REN Group connects energy
producers, particularly in the renewable energy sector, to consumption centres and ensures secu-
rity of supply [37].

REN-Portgas plays a central role in renewable gas deployment by operating the distribution
infrastructure through which biomethane and hydrogen-blended gas may progressively reach in-
dustrial end-consumers [37]. Distribution system operators therefore act not only as infrastructure
operators but also as coordination agents. Their role is to ensure that renewable gas integration
pathways remain compatible with network constraints and with the technical and operational re-
quirements of industries that continue to rely predominantly on natural gas as an energy vector
for production [37].

Initiated by REN in the first half of 2026, the H2 Braga pilot project represents the first
operational test of hydrogen blending in Portugal. In this thesis, the project provides the empirical
reference for the network phase scenarios analysed in the case study [38].

The collaboration facilitated access to operational and technical data on gas quality, network
composition, and industrial consumption profiles. These data support the case study presented
in Chapter 4, where the techno-economic model is applied to a representative hard-to-abate in-
dustrial installation and assessed for transferability to comparable contexts. Beyond its academic
contribution, the analysis enables REN-Portgas to anticipate potential operational and economic
impacts on industrial customers, increasing transparency and supporting stakeholder confidence
under more stringent renewable gas targets and progressively stricter EU ETS obligations.

11
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1.4 Research Objectives

Fundamentally, this dissertation aims to addresse the economic implications arising from the
physical and contractual dissociation of renewable gas distribution, a dimension that remains insuf-
ficiently quantified in the existing literature. Industrial consumers supplied through gas distribu-
tion networks receive a physical gas blend at the meter, whereas the renewable content associated
with their consumption may be legally attributed through (GOs), RENBO certification, or other
recognised accounting mechanisms. This creates a decoupling between physical delivery, con-
tractual procurement, and regulatory recognition, which is not adequately represented in current
techno-economic assessments.

This research is guided by three specific objectives:

e To develop an integrated techno-economic framework that links the thermophysical inter-
changeability constraints of biomethane and hydrogen blends to retrofit capital expenditure
(CAPEX) requirements and industrial operational continuity.

e To operationalise the physical and contractual dissociation between delivered gas and certified
renewable attributes as a quantifiable economic variable under stochastic carbon-market
uncertainty.

e To evaluate alternative renewable gas procurement and compliance scenarios, considering
biomethane cost and availability, hydrogen cost trajectories, and the potential role of on-site
renewable hydrogen production.

Proposed framework captures the physical, contractual, regulatory, and economic interactions
involved in renewable gas integration at industrial facilities. The decoupling discussed in Sec-
tion 1.1.2, between gas physically delivered at the meter and renewable content legally attributed
through GOs or RFNBO certification, is treated as a measurable economic variable rather than
solely as a qualitative regulatory distinction.

Three analytical dimensions are integrated. First, thermophysical constraints associated with
biomethane and hydrogen blends are translated into potential retrofit capital requirements. Sec-
ond, RED III certification requirements and uncertain EU ETS carbon-cost trajectories are in-
corporated as regulatory drivers shaping long-term industrial decision-making. Third, renewable
gas procurement is assessed across multiple scenario trajectories, reflecting uncertainty in domestic
biomethane availability under national planning constraints, hydrogen market development, and
their combined influence on renewable gas prices and associated GOs.

The original contributions of this thesis are threefold:

e It establishes a direct link between gas-blend interchangeability thresholds and retrofit CAPEX
obligations within a unified discounted cash-flow structure.

e [t operationalises physical and contractual dissociation as a measurable economic variable,
enabling systematic evaluation of GO and RFNBO procurement strategies in relation to
carbon-cost avoidance under uncertainty.

e [t compares alternative renewable gas transition pathways, including network-based biomethane
and hydrogen blending, procurement strategies under uncertain market evolution, and an
extended scenario involving on-site renewable hydrogen production at the industrial instal-
lation.

Applied over a defined planning horizon, this model should be able to provide a consistent

12
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method for evaluating technical admissibility, regulatory compliance, and economic
rationality at installation level. In doing so, the thesis assesses whether renewable gas inte-
gration through existing distribution networks can provide a feasible decarbonisation pathway for
hard-to-abate industrial consumers.

Beyond the development of the model itself, this thesis also adopts a broader system per-
spective. Renewable gas integration is not only an installation-level decision for industrial
consumers, but also a transition process with implications for distribution networks and, indi-
rectly, for the transmission system that supports national gas balancing and renewable gas injec-
tion. The framework therefore provides a basis for discussing whether, and under which conditions,
European renewable gas targets can be translated into feasible national decarbonisation
pathways. By connecting installation-level economics with network constraints, domestic
supply limitations, certification mechanisms, and carbon-market exposure, the dissertation aims
to support a more integrated view of industrial decarbonisation. This broader interpretation also
creates the basis for the policy implications discussed at the end of the work, where the results
are used to identify possible public-policy directions capable of improving renewable gas deploy-
ment, reducing compliance risk, and strengthening the role of existing gas infrastructure in
Portugal’s energy transition.

1.5 Dissertation Structure

This dissertation is organised into five chapters, moving from the regulatory and technical
foundations of renewable gas integration to the development, application, and interpretation of
the proposed techno-economic framework.

Chapter 1 introduces the industrial and regulatory context motivating the study. It presents
the challenge faced by hard-to-abate industrial consumers connected to gas distribution networks
and defines the physical-contractual dissociation between delivered gas composition and renewable
attribute certification, which forms the central analytical basis of the thesis.

Building on this context, Chapter 2 reviews the state of the art on biomethane, hydrogen
blending, gas interchangeability, renewable gas certification, and techno-economic modelling under
RED III and EU ETS constraints. This chapter also discusses policy instruments and market
conditions that influence renewable gas availability and price formation.

Chapter 3 then develops the integrated techno-economic framework. It presents the structure
of the three sequential models and the Monte Carlo extension, defining the equations, decision
rules, and indicators used to assess physical admissibility, operational costs, carbon exposure, and
investment performance.

Chapter 4 applies the framework to a continuous container-glass manufacturing facility con-
nected to the distribution network in northern Portugal. The chapter defines the case-study param-
eters, network phase schedule, and market scenarios, before presenting deterministic results, Monte
Carlo outcomes, and an extended comparison with in-situ hydrogen production. The discussion
also connects the installation-level results with the wider (concession area) context.

Finally, Chapter 5 summarises the main findings and discusses their implications. It high-
lights the technical, economic, environmental, and policy conclusions, with particular attention to
biomethane market development, RENBO certification, EU ETS uncertainty, the role of the DSO,
and future extensions of the framework towards site-specific calibration and multi-installation de-
ployment.

13
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State of art

This chapter reviews the scientific and technical literature relevant to the analytical dimensions
underpinning the methodology developed in Chapter 3. The first dimension addresses the ther-
modynamic and interchangeability constraints of renewable gas blends, focusing on the physical
boundaries that determine admissible biomethane and hydrogen mixture compositions in existing
natural gas distribution infrastructure and their effects on industrial combustion equipment. The
second dimension examines techno-economic models and policy instruments for industrial decar-
bonisation through renewable gases, including levelised cost frameworks, stochastic carbon-price
modelling, renewable gas procurement mechanisms, and European policy benchmarking. These
elements inform the scenario structure adopted in the Monte Carlo simulations. Together, both di-
mensions provide the analytical basis for the methodological choices presented in Chapter 3.

Multiple technological pathways can contribute to industrial decarbonisation, including electri-
fication, energy-efficiency improvements, carbon capture, fuel switching, waste-heat recovery, and
renewable gas integration [10]. This review focuses specifically on biomethane and green hydrogen,
as these vectors are closely linked to the strategic role of gas distribution system operators in
the near-term energy transition for industrial consumers. For industrial users already connected
to natural gas distribution networks, renewable gas injection can reduce carbon exposure while
preserving much of the existing gas infrastructure, operational practices, and combustion-based
process architecture. This network-oriented perspective is particularly relevant for gas distribution
companies seeking to define their role within an increasingly decarbonised energy system.

Biomethane and green hydrogen have emerged as the principal renewable gas vectors for de-
carbonising existing natural gas networks. Biomethane, produced through anaerobic digestion and
subsequent upgrading of organic feedstocks, closely resembles natural gas chemically and can be
injected into existing infrastructure when upgrading and gas-quality standards are satisfied [7].
Green hydrogen, produced through electrolysis using renewable electricity, provides a zero-carbon
combustion option but has distinct thermophysical properties that constrain its admissible blending
share with natural gas [9, 39]. The gradual integration of both vectors into distribution networks
is recognised as a viable near-term decarbonisation strategy for hard-to-abate industrial sectors
where direct electrification remains technically or economically constrained [16, 40].

14
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2.1 Mathematical Thermophysical Basis

The thermodynamic characterisation of renewable gas blends injected into existing natural
gas distribution networks follows the calculation procedures established in EN ISO 6976:2016 for
calorific values, density, relative density, and Wobbe Index from gas composition under specified
reference conditions [41]. EN 437:2021 is used as the appliance-testing and gas-family reference
framework for interpreting gas interchangeability in Group H systems, particularly on a gross
Wobbe Index basis [42]. It is not used in this thesis to define a fixed numerical retrofit thresh-
old.

Unless otherwise stated, all gas properties are expressed at the adopted reference conditions of
15 °C and 1013.25 mbar. This convention is necessary because volumetric heating values, density,
relative density, and Wobbe Index depend on the reference state. The same reference conditions
are therefore maintained throughout the thermodynamic screening developed in this chapter and
later operationalised in Chapter 3.

For a gas mixture composed of n species, the mixture molecular weight is obtained from the
molar-weighted sum:

Mpuyix =Y _x:M;  [kg/kmol] (2.1)
=1

where x; is the mole fraction of component ¢, M; is the molecular weight of component ¢, and
Zi €T; = 1.

The relative density, or specific gravity, of the mixture with respect to dry air is:

Mmix

SGmix =
Mair

(2.2)

where M,;, = 28.97 kg/kmol.

The volumetric density of the gas mixture at the adopted reference conditions is obtained from
the ideal gas law:

_ premeix

. pret-mix 3
Pmix RTo [kg/m } (2.3)

where pros is the reference pressure, Tyor is the reference temperature, R = 8314 J/(kmol K)
is the universal gas constant, and My is the mixture molecular weight computed from Equa-
tion 2.1. At fixed reference conditions, this expression yields density as a function of gas composi-
tion alone [41].

Under the ideal-gas approximation, density ratios at identical pressure and temperature are
directly proportional to molecular-weight ratios. The specific gravity in Equation 2.2 may therefore
also be written as:

SGoix = - i (2.4)
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If the comparison is made relative to a reference gas, the corresponding density ratio is:

Pmix Mmix

= 2.5
Pref Mref ( )
Heating values of the blend may first be calculated on a molar basis:
HHVpymix = »_2;HHV,; [MJ/kmol] (2.6)
i=1
n
LHV;mix = »_ @ LHV;  [MJ/kmol] (2.7)

i=1

These molar heating values can be converted to a volumetric basis using the molar volume V,,
at the adopted reference conditions:

HH m,mix
HHV, iy = + [MJ/m?] (2.8)
LHVy mix = % [MJ /m?] (2.9)

When component calorific values are already available on a volumetric basis under the same

reference conditions, as is common in gas-property databases, the equivalent expressions are:

HHVpi = » x;HHV;  [MJ/m®] (2.10)
i=1

LHVyix =Y x;LHV;  [MJ/m®] (2.11)
i=1

A distinction that matters because volumetric heating values depend on the adopted reference
conditions and, in rigorous gas-property calculations, on the treatment of real-gas behaviour. For
screening-level blend comparison under distribution-network conditions, the ideal-gas approxima-
tion is retained, provided that the same reference state is used for all compositions.

The Wobbe Index is calculated as the ratio between the volumetric calorific value and the
square root of relative density. The gross, or superior, Wobbe Index is given by:

HHV’UJI]iX

ngross - SO

[MJ/m?] (2.12)
A corresponding net Wobbe Index can be defined using the lower heating value:

LHV’U,mix

WInet = e

[MJ/m®] (2.13)
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2.2 Biomethane

Biomethane is produced by upgrading raw biogas generated through the anaerobic digestion
of organic residues, including agricultural waste, sewage sludge, landfill gas, and food-processing
effluents [43]. During anaerobic digestion, complex organic molecules are broken down in the
absence of oxygen, producing a raw gas mixture composed primarily of methane and carbon dioxide,
with secondary components such as nitrogWhen both renewable gases are present, their combined
effect on molecular weight, specific gravity, heating values, and Wobbe Index depends on the molar
fractions of all components, as calculated using en, hydrogen sulphide, water vapour, and trace
siloxanes [13, 43].

Before injection into natural gas networks or direct industrial use, raw biogas must be up-
graded to remove non-combustible and corrosive components. Common upgrading technologies
include pressure swing adsorption, water scrubbing, membrane separation, and cryogenic sepa-
ration. These processes primarily target COs removal, together with drying, HoS removal, and

siloxane elimination [13].

Once upgraded, grid-quality biomethane typically contains more than 95-97% methane by
volume. Figure 2.1 illustrates the typical biomethane value chain, linking organic feedstock supply,
biogas production, upgrading, grid injection, GO issuance, and final industrial use.
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Figure 2.1: Typical biomethane production, certification, distribution, and industrial-use pathway [44].

Grid-quality biomethane exhibits thermophysical differences from fossil natural gas that, al-
though quantitatively modest, may have relevant operational implications. Since biomethane con-
sists primarily of methane, it contains limited heavier hydrocarbon fractions, such as ethane CoHg,
propane C3Hg, and butane C4H;, which are commonly present in fossil natural gas and contribute
to its higher volumetric heating value and specific gravity [13].

A 24-month statistical analysis of gas distributed in the Portuguese national network, covering
the period from October 2023 to September 2025, indicates that the natural gas composition
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envelope yields LHV values between 37.5 and 40.3 MJ/Nm? and gross Wobbe Index values within
an operational range of 48.2 to 53.2 MJ/Nm? [39]. By contrast, grid-quality biomethane typically
exhibits LHV values between 34.1 and 34.4 MJ/Nm? and Wobbe Index values between 45.3 and
47.5 MJ/Nm?, reflecting its predominantly methane-based composition and the absence of heavier
hydrocarbon fractions [7].

Evidence from a Brazilian industrial context, based on 92 consecutive days of supply, shows
that the Wobbe Index of biomethane remains consistently below that of fossil natural gas, with an
average deviation of 7.25% in the case analysed [13]. Although absolute values differ between the
Brazilian and Portuguese contexts, these results reinforce the need to evaluate biomethane against
the specific gas-quality envelope of each network. Biomethane generally should therefore be treated
as a near drop-in renewable gas only when applicable upgrading, quality, and interchangeability
requirements are satisfied, rather than as thermophysically identical to fossil natural gas [7].

The practical implications for industrial combustion equipment depend strongly on the specific
process considered. In low- to medium-temperature applications, such as fluidised-bed sand drying,
biomethane substitution primarily affects fuel consumption rather than combustion feasibility.
Santos Machado et al. (2025) show that the specific fuel consumption of both natural gas and
biomethane decreases as inlet gas temperature increases [17]. The consumption difference between
both fuels becomes less pronounced at higher temperatures, as illustrated in Figure 2.2.

This behaviour suggests that biomethane substitution has a greater impact at lower operating
temperatures, where higher volumetric fuel flow rates are required to compensate for its lower
calorific value. At higher drying temperatures, the relative fuel-consumption penalty decreases,
supporting the functional interchangeability of biomethane and natural gas in these processes, pro-
vided that the fuel supply system can accommodate the required flow-rate adjustment. Under such
conditions, bubbling fluidisation is not adversely affected by fuel substitution, and the observed
consumption difference is mainly attributable to the lower heating value (LHV) of biomethane
rather than to any fundamental combustion incompatibility [17].
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Figure 2.2: Specific fuel consumption of natural gas and biomethane as a function of inlet gas temperature
for fluidised-bed drying [17]
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In high-temperature processes, such as ceramic tile kilns operating at approximately 1200 °C
and regenerative glass furnaces operating at around 1500 °C, Carvalho et al. [13] demonstrate that
the commonly adopted 5% Wobbe Index tolerance may be insufficient to ensure safe and stable
operation.

If a burner operating at a constant air flow rate switches to a biomethane—natural gas blend
with W1hix = 0.95 W NG, the additional fuel required to maintain the process temperature reduces
the normalised air-to-fuel ratio and alters the furnace atmosphere. In the ceramic kiln case, this
effect reduces the Oy concentration from the required process minimum of 4% to approximately
2%, a condition that is incompatible with ceramic tile quality requirements [13]. This distinc-
tion between nominal gas interchangeability and actual high-temperature process compatibility is
directly relevant to the characterisation of hard-to-abate industrial processes.

The radiative heat-transfer characteristics of biomethane combustion products are broadly com-
parable to those of natural gas under equivalent combustion conditions. The same study shows
that the gas-phase emissivity profiles of biomethane combustion products remain close to those of
natural gas across a furnace various sections analysed, with biomethane presenting only marginally
higher emissivity values, as shown in Figure 2.3 [13]. This slight increase presented is mainly as-
sociated with the higher COy contribution in the combustion products of biomethane-rich gases,
rather than with fundamentally different combustion behaviour.
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Figure 2.3: Gas emissivity per furnace section for natural gas and biomethane combustion products [13].

This limitation is quantified by the MIX case analysed by Carvalho et al. [13], corresponding to
a blend of approximately 69.8% biomethane and 30.2% natural gas selected to satisfy the maximum
admissible 5% Wobbe Index deviation.

As shown in Figure 2.4, even under this nominal interchangeability condition, the combustion-
gas enthalpy requirement at Trymace = 1200 °C increases from 342.0 to 378.4 kJ/mol. This ad-
ditional heat demand reduces the normalised air-to-fuel ratio and may compromise the oxygen

availability required to maintain the appropriate furnace atmosphere for ceramic tile production
[13].
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The MIX (natural gas/biomethane) case, analysed on the study, provides a process-level il-
lustration of why biomethane substitution from natural gas cannot be evaluated only through
Wobbe Index deviation. For high-temperature furnaces, additional operational variables, including
combustion-gas enthalpy, air-to-fuel ratio, oxygen concentration, and furnace-atmosphere require-
ments, must also be considered [13].
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Figure 2.4: Specific enthalpy of combustion gases as a function of temperature for natural gas and a
biomethane-natural gas [13].

Figure 2.4 highlights also the need to distinguish nominal gas interchangeability from process-
level compatibility. Although the natural gas/biomethane blend was selected to remain within
the permissible Wobbe Index deviation, the increased combustion-gas enthalpy requirement shows
that additional operational variables must be considered in high-temperature furnaces, particularly
air-to-fuel ratio, oxygen availability, and furnace-atmosphere specific requirements [13].

Such a result reinforces the interpretation of biomethane as a methane-rich renewable substitute
whose integration remains technically less disruptive than hydrogen blending. Its practical suitabil-
ity, however, remains conditional on compliance with upgrading, gas-quality, and process-control
requirements [45].

This thermophysical similarity also supports the use of mass-balance and GO-based accounting
for biomethane in interconnected gas networks, provided that sustainability criteria, certificate
cancellation rules, and national implementation requirements are satisfied, as discussed in Sec-
tion 1.1.2.

2.3 Hydrogen Blending

Green hydrogen is widely recognised as a strategic energy vector for decarbonising high-temperature
industrial heat in sectors where direct electrification remains technically challenging or econom-
ically disruptive within relevant regulatory timescales [11]. In this context, blended combustion
using existing gas infrastructure represents one of the most accessible near-term transition path-
ways for hard-to-abate industrial consumers [12]. However, a significant gap still persists between
strategic ambition and operational deployment in the hydrogen sector.
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Global hydrogen demand reached approximately 100 Mt in 2024, but demand remains con-
centrated almost exclusively in established applications, mainly refining and ammonia production.
Emerging end-use applications, including industrial heat, power generation, and transport, still
account for less than 1% of total hydrogen demand [16]. Low-emissions hydrogen, including hy-
drogen produced through electrolysis using renewable electricity, also represents less than 1% of
global production, despite measurable growth in 2024 and a large project pipeline that has not yet
fully translated into final investment decisions [16].

This structural immaturity, characterised by high policy ambition but limited operational de-
ployment, defines the context in which the thermophysical properties, interchangeability con-
straints, and economic uncertainties of hydrogen blending must be evaluated for industrial ap-
plications.

Hydrogen differs fundamentally from methane and natural gas in its thermophysical and com-
bustion properties. These differences have direct implications for gas distribution, metering, burner
operation, and industrial process control.

On a mass basis, hydrogen Hy has a lower heating value of approximately 120 MJ/kg, more
than twice that of methane CHy, at approximately 50 MJ/kg [11]. This high gravimetric energy
density makes hydrogen attractive in applications where mass is the main constraint. Gas grids,
industrial burners, and metering systems, however, operate primarily on a volumetric basis, where

the comparison is reversed.

On the normal cubic metre basis adopted in the model property database, the volumetric lower
heating value of hydrogen is 10.80 MJ/Nm?, compared with 35.88 MJ/Nm? for methane. Hydrogen
therefore provides less than one third of the energy per unit volume of methane. This volumetric
energy deficit results from hydrogen’s low density, approximately 0.090 kg/Nm3, compared with
0.717 kg/Nm? for methane. These properties directly affect volumetric flow rates, metering, burner
thermal input, and network energy-delivery capacity at constant pressure.

Beyond energy content and density, hydrogen also introduces a combustion regime that differs
substantially from methane-rich natural gas. Its laminar burning velocity is several times higher
than that of methane, depending on mixture fraction, pressure, and temperature, while its mini-
mum ignition energy is considerably lower [7]. These characteristics increase flame reactivity and
are directly relevant to flashback risk, ignition behaviour, and burner-stability assessment.

Hydrogen also has a much wider flammability range, extending from approximately 4% to 75%
by volume in air, compared with approximately 5% to 15% for methane [7, 9]. These properties
collectively extend the range of combustible mixtures and modify the safety and stability require-

ments of industrial combustion systems.

For a consistent comparison, the main thermophysical and combustion-property differences
between hydrogen, pure methane, and Portuguese natural gas are summarised in Table A.1. All
volumetric values used in the model are kept on the same normal cubic metre basis to avoid mixing
values reported under different reference-state conventions.

The reduction in volumetric energy density associated with hydrogen blending has direct hy-
draulic implications for gas distribution systems and internal industrial gas installations. Delivering
an equivalent energy content with pure hydrogen would require an approximately three-fold in-
crease in volumetric flow rate relative to natural gas, while hydrogen blending at moderate fractions
imposes a proportional flow-rate penalty that scales with the reduction in LHV,,;, [46].

At network level, this penalty reduces pipeline energy transmission capacity at fixed operating
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pressure. Maintaining constant energy delivery may therefore require increased compression, flow-
rate adjustment, or pipe diameter adaptation [46]. At installation level, the same effect may also
limit the hydraulic adequacy of existing internal gas pipework.

The Wobbe Index is the primary normative parameter for assessing gas interchangeability across
European appliance standards, since it approximates the thermal input delivered through a fixed
burner orifice at constant supply pressure. However, Wobbe Index compliance is a necessary but
not sufficient condition for operational compatibility when hydrogen is introduced into a natural
gas blend. Hydrogen also modifies density, flame speed, flammability limits, flashback tendency,
material compatibility, and NOy formation, all of which can affect burner operation even when the
Wobbe Index remains within the admissible range [7].

Portuguese natural gas already exhibits measurable variability in methane content, heavier
hydrocarbon fractions, and inert components, resulting in a range of Wobbe Index and relative
density values across the national distribution network [39]. It is therefore methodologically nec-
essary to assess hydrogen blending against the actual gas-quality envelope of the network rather
than against pure methane alone.

Extreme compositions within the existing variability range may reach normative limits at lower
hydrogen fractions than average compositions suggest. Analysis of Portuguese network gas-quality
data shows that, at 10% Hs by volume, the gross Wobbe Index of the blend remains within the
national operational band of 48.2 to 53.2 MJ/m3, while relative density decreases measurably
compared with the base gas, as shown in Figure 2.5 [39].

At 20% Hs, the Wobbe Index generally remains within national limits, but mean relative density
approaches 0.491. At this value, some compositions within the existing natural gas variability
envelope may fall below the lower normative density threshold [39)].

This finding indicates that relative density, rather than the Wobbe Index alone, becomes a key
normative parameter as hydrogen fractions increase in the distribution network. Wobbe Index
compliance at 20% Hs should therefore not be treated as sufficient evidence of operational com-
patibility. Flame stability, safety margins, air-fuel mixing, and burner aeration may all be affected
by reduced gas density and must be assessed independently [39].
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Figure 2.5: Effect of 0%, 10%, and 20% Hs blending on Wobbe Index and relative density of Portuguese
natural gas[39].
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Blending hydrogen to natural gas produces changes in combustion kinetics that are substan-
tially more pronounced than those observed with biomethane substitution. Hydrogen enrichment
increases both the laminar burning velocity and the adiabatic flame temperature of the mixture,
with the magnitude of these effects growing non-linearly with hydrogen fraction [47].

Through numerical simulation, Sun et al. (2022) show that laminar burning velocity increases
from approximately 37.6 cm/s at 0% Hy to 229.2 cm/s at 100% Hsy under the analysed conditions,
representing an approximately six-fold increase driven by the different reaction kinetics of hydrogen
combustion [48]. This acceleration is primarily attributable to enhanced production of highly
reactive radical species, including H, O, and OH, whose molar fractions and production rates
increase progressively with hydrogen content [48].

The chain-branching reactions central to this kinetic acceleration are represented by:

H+ 0y — O+ OH (2.14)

OH + H, — H + H,0 (2.15)

Together, these reactions sustain a self-reinforcing radical pool that propagates the flame sig-
nificantly faster than in pure methane combustion [48].

The adiabatic flame temperature also increases with hydrogen fraction, reflecting both the
higher reaction intensity and the modified heat capacity of the combustion products. More impor-
tantly for burner operation, hydrogen addition substantially increases the burning velocity of the
NG-H; mixture. As shown in Figure 2.6, burning velocity increases with hydrogen addition and
is also influenced by the excess-air coefficient, indicating that the combustion response of NG-H;
blends cannot be interpreted from fuel composition alone. This behaviour is directly relevant to
burner stability because flashback occurs when the flame propagation velocity becomes higher than
the velocity of the unburnt mixture leaving the burner ports [48].
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Figure 2.6: Laminar burning velocity and adiabatic flame temperature as a function of hydrogen volume

fraction in natural gas blends [48].

These kinetic changes produce two competing practical effects for burner operation. On the
one hand, hydrogen enrichment extends the lean flammability limit and can improve flame sta-
bility under fuel-lean conditions, reducing the risk of flame extinction at low thermal loads. Such
behaviour may be advantageous for burner turndown performance. On the other hand, the higher
burning velocity increases the risk of flashback, whereby the flame propagates upstream into the
premixing zone faster than the flow velocity can prevent, potentially causing equipment damage or
uncontrolled combustion [7, 9, 48]. This effect is illustrated in Figure 2.7, where the flashback index
increases progressively with hydrogen addition and approaches the suitability thresholds reported
by Sun et al. (2022) at hydrogen fractions above approximately 23-25% by volume.
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Figure 2.7: Flashback index variation with hydrogen addition in NG-Hs mixtures [48].
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This interpretation is consistent with experimental validation using real Portuguese network
gas. Hydrogen additions up to 10% by volume produced no critical instability or flashback in
the burner configurations tested, with the flame remaining compact and reactive without adverse
morphological changes [39]. For hydrogen fractions in the 10-20% by volume range, the same
experimental programme classifies behaviour as prospective and subject to case-by-case evalu-
ation, since the combined effects of higher burning velocity, reduced density, altered air-to-fuel
mixing, and increasing flashback propensity begin to approach the operational boundaries of stan-
dard burner designs [39].

The combined evidence therefore supports a conservative interpretation of hydrogen blending
limits, on Wobbe Index compliance may indicate acceptable heat-input behaviour, but burning-
velocity and flashback constraints require independent assessment [39].

The substitution of natural gas with hydrogen blends introduces a distinct industrial trade-off
between reducing carbon emissions and increasing nitrogen oxide formation. Regarding carbon
emissions, hydrogen enrichment reduces CO, emissions by displacing carbon-containing fuels and
generally lowers CO emissions by promoting more complete combustion, due to higher flame tem-
peratures and increased radical availability [48]. Franco and Rocca (2024) quantify these reduc-
tions, reporting approximately 7% lower COq emissions at 20% Hy and about 11% at 30% Hsy by
volume [11]. However, these reductions remain limited because a given hydrogen volume fraction
replaces a smaller share of the total thermal energy delivered, owing to hydrogen’s low volumetric
energy density. In the ceramic industry, 16% Hsy blending achieves an approximately 5% reduction
in CO», increasing to 21% at 50% H, and 52% at 80% Hy. This demonstrates that substantial
decarbonisation through blending requires hydrogen fractions well above those currently feasible
within conservative interchangeability limits [11].

With respect to nitrogen oxide emissions, the same kinetic mechanisms that accelerate combus-
tion and enhance flame stability also increase NOy formation through the thermal pathway. Lan et
al. (2024) provide computational fluid dynamics (CFD) evidence from an industrial furnace simu-
lation at 60% Hs, showing an approximately 37.5% reduction in COs and a 70% reduction in CO
compared with the natural gas baseline, alongside an increase in NO of approximately 155% [49].
This increase is attributed to higher adiabatic flame temperatures and greater concentrations of
reactive O and OH radicals, which promote thermal NOy formation [48, 49].

In hard-to-abate industrial facilities, the balance between carbon-emission reduction and in-
creased NO, formation creates a constrained optimisation problem [48]. The thermodynamic
benefits of hydrogen blending must therefore be assessed alongside local emissions compliance
requirements under the applicable industrial emissions framework.

The ceramic sector provides a relevant applied context for assessing the industrial implications of
hydrogen blending. Approximately 64% of its CO5 emissions originate from fossil fuel combustion,
primarily natural gas, with firing and drying operations constituting the most energy-intensive and
emissions-critical stages of production [50, 51]. The high-temperature kiln firing stage, which is
essential for product quality through precise atmosphere control and thermal management, remains
structurally difficult to electrify within the regulatory timelines established by EU decarbonisation
objectives [50, 51].

As a result, gaseous fuel substitution and incremental hydrogen blending represent viable tran-
sition pathways for ceramic manufacturing [10, 50]. Industry-level analysis of hydrogen blending in
Portuguese ceramic production indicates that complete substitution of natural gas with hydrogen
is not currently feasible as an immediate transition. A more practical near-term approach involves
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gradual blending of natural gas with hydrogen, combined with burner modifications and the devel-
opment of hybrid kiln systems capable of operating across a range of blend compositions [50].

Development pathways towards higher blend fractions are being addressed through dedicated
demonstrator programmes. A laboratory-scale furnace with 10 kW nominal thermal input has
been developed for the controlled characterisation of blend combustion behaviour across a range
of hydrogen fractions. The results inform the design of a pre-industrial roller kiln demonstrator
with an 11 m length and 200 kW nominal capacity, engineered for operation with up to 50% Hs
in an initial phase [50].

These demonstrator initiatives establish the technical feasibility of progressive hydrogen inte-
gration in ceramic kilns and highlight the substantial engineering modifications required to exceed
current interchangeability thresholds. However, they also reveal the technological and market im-
maturity of high-hydrogen industrial combustion pathways[51]. At present, such solutions remain
largely confined to pilot and demonstrator projects, rather than representing mature, standardised,
and widely deployable industrial options [52].

In addition to combustion kinetics and gas interchangeability, hydrogen integration into existing
natural gas infrastructure introduces material and infrastructure constraints. Metallic components
such as pipelines, fittings, and pressure vessels may be vulnerable to hydrogen embrittlement, a
degradation process in which hydrogen atoms diffuse into the metal lattice and reduce ductility,
fatigue resistance, and fracture toughness. The severity of hydrogen embrittlement depends on
factors such as steel grade, stress state, hydrogen partial pressure, and operating conditions [53,
54].

Polymeric and elastomeric materials used in seals, gaskets, and flexible connections are subject
to distinct failure mechanisms, including hydrogen permeation, volumetric swelling, microcracking,
and rapid gas decompression. In rapid gas decompression, dissolved hydrogen expands quickly
when pressure is reduced, causing internal cavitation and subsequent seal failure [53, 55].

Composite materials and lined vessels used in high-pressure storage applications may also suf-
fer matrix cracking, delamination, and progressive degradation under repeated pressure cycling,
limiting service life under hydrogen-rich conditions [53, 55].

Although these material compatibility constraints do not apply equally across all blend frac-
tions, their severity generally increases with hydrogen partial pressure, which depends on both
blend fraction and absolute supply pressure. Consequently, interchangeability assessments for hy-
drogen blending must extend beyond combustion parameters and include the materials present
throughout the distribution network and end-use installations [55].

At the infrastructure level, IEA Global Hydrogen Review 2025 confirms that hydrogen distri-
bution infrastructure remains limited globally, with pipelines, storage facilities, and distribution
projects facing persistent delays. Certification standards and monitoring protocols for hydrogen-
containing gas systems also remain under development in many jurisdictions [16]. This regulatory
and infrastructure immaturity reinforces the conclusion that admissible hydrogen fractions in exist-
ing natural gas distribution networks are constrained not only by combustion and interchangeability
thresholds, but also by the readiness of the surrounding infrastructure ecosystem [16].

In summary, hydrogen blending constitutes a constrained and process-specific decarbonisation
strategy rather than a direct fuel substitution. Its technical feasibility depends on renewable
hydrogen availability and combined compliance with gas-quality parameters, combustion stability,
emissions control, heat-transfer requirements, infrastructure compatibility, and the operational
constraints of the industrial user.
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2.4 Combined Effects

Previous subsections addressed biomethane and hydrogen as distinct renewable gas pathways,
reflecting the prevailing structure of the literature, where each vector is usually evaluated inde-
pendently against a natural gas baseline. In practice, however, distribution networks transitioning
towards renewable gases may simultaneously receive biomethane injections from decentralised pro-
duction sites and hydrogen blending at network entry points. Industrial consumers may therefore
receive a three-component mixture of natural gas, biomethane, and hydrogen at their consume
point.

The properties of such ternary blends cannot be inferred by simply superimposing individual
binary analyses, since biomethane and hydrogen modify the gas-quality envelope in fundamentally
different and partially offsetting ways. As discussed in Section 2.2, grid-quality biomethane re-
mains methane-rich and primarily affects the distributed gas by displacing heavier hydrocarbon
fractions. This tends to reduce lower heating value (LHV) and specific gravity relative to fossil
natural gas, while generally maintaining the Wobbe Index within an acceptable range when gas-
quality requirements are satisfied [7]. By contrast, as established in Section 2.3, hydrogen reduces
volumetric LHV and specific gravity more strongly, while also altering combustion kinetics through
increased reactivity, flame speed, and flashback propensity [7, 11].

When both renewable gases are present, their combined effect on molecular weight, specific
gravity, heating values, and Wobbe Index depends on the molar fractions of all components, as
calculated using Equation 2.1 and Equation 2.11. This relationship has been demonstrated for
Portuguese natural gas compositions by Quintino et al. (2021) and assessed against the national
gas-quality envelope characterised by Mil-Homens et al. (2025) [7, 39]. The resulting gas-quality
issue is therefore no longer defined by a single blending limit. Instead, it depends on the combined
biomethane and hydrogen shares in the final mixture delivered to the industrial site.

This creates a coupled composition problem. Increasing the biomethane share modifies the
methane-rich background composition by reducing the contribution of heavier hydrocarbons and
lowering baseline density. Simultaneously, increasing the hydrogen share further reduces volumet-
ric energy content and density, while increasing combustion reactivity. As a result, the impact
of a given hydrogen fraction cannot be fully interpreted without accounting for the simultaneous
biomethane fraction in the mixture, since both changes interact through the same thermophysical
parameters [11]. Additional complexity arises from the actual compositional variability of Por-
tuguese natural gas, which already exhibits variation in methane content, heavier hydrocarbon
fractions, and inert components across the national network [39].

Consequently, a given biomethane/hydrogen combination should not be evaluated against a
fixed reference composition alone, but against the full envelope of base gas compositions that may
be present at a specific network node [47].

Existing literature on renewable gas integration into natural gas networks generally treats
biomethane substitution and hydrogen blending as separate research problems, reflecting their
different levels of technological maturity and deployment context. Studies on biomethane pri-
marily focus on upgrading technologies, network gas-quality management, and interchangeability
implications for industrial and domestic end-use equipment [13, 39]. Studies on hydrogen blending,
in contrast, address gas-quality variation, laminar burning velocity, NOy formation, flashback risk,
and material compatibility [11, 39, 48, 49].

Although this separation is analytically useful for characterising each renewable gas individually,
it creates a structural gap when both vectors coexist in the final blend delivered to an industrial
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consumer. This combined-blending perspective is increasingly relevant as distribution networks
may receive decentralised biomethane injections and hydrogen blending simultaneously [56, 57]. It
therefore requires a formal discussion of interchangeability criteria and normative limits applicable
to this ternary gas mixtures in existing distribution infrastructure.

The transition towards multi-gas networks also requires corresponding advances in network
monitoring and planning practices. As renewable gas injections become more decentralised and
compositionally variable, DSOs will require dynamic gas-quality tracking capabilities to estimate or
directly measure the composition of distributed gas and the resulting quality parameters across the
network [56, 57]. For industrial consumers, this information is essential for anticipating burner ad-
justments, combustion-control strategies, retrofit timing, contractual procurement, and regulatory

compliance.

As renewable gas injection increases, DSOs must provide clear network transition plans, in-
cluding expected blend ranges, gas-quality evolution, monitoring procedures, and implementation
timelines [56, 57]. The following subsection therefore reviews the main interchangeability criteria
and normative limits as technical parameters supporting transparent network planning. Well-
defined planning is necessary to help industrial consumers align equipment adaptation and invest-
ment decisions with the progressive introduction of biomethane and hydrogen into distribution
networks.

2.4.1 Interchangeability

Interchangeability is not simply a question of compositional similarity. It refers to whether
a substitute gas can be used in existing appliances or industrial equipment without producing
unacceptable deviations in heat input, combustion stability, air requirement, emissions, or safety.
In the classical formulation proposed by Weaver, two gases are considered exactly interchangeable
when substitution produces no observable or measurable change in key combustion phenomena,
including heat input, flame stability, flashback tendency, yellow tipping, incomplete combustion,

and primary air requirement [58].

In practice, exact interchangeability is rarely achieved between gases of different composition.
The engineering question is therefore not whether two gases are identical, but whether the devi-
ations introduced by the substitute gas remain within admissible tolerance bands for the specific
equipment and application considered [59]. This distinction is particularly relevant for renewable
gas integration, since biomethane and hydrogen affect gas quality through different mechanisms

[7].

Several interchangeability methods have been proposed to evaluate these effects, each focusing
on different combustion phenomena and equipment risks. Table 2.1 summarises the main methods
and criteria commonly reported in the literature.
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Table 2.1: Methods and criteria used for gas interchangeability assessment [59].

Method or index Region / origin Controlled combustion parameters

Knoy index European Union Flame lift

Dutton’s criteria Great Britain and Yellow tipping, soot formation, and complete

Australia combustion

Weaver method United States Complete combustion, flame lift, flashback, yel-
low tipping, heat input, and primary air re-
quirement

AGA methods United States Flame lift, flashback, and yellow tipping

Delbourg method France Yellow tipping and soot formation

Gas interchangeability can be assessed through several national and regional approaches, each
developed to address specific combustion phenomena and regulatory contexts. These include the
Knoy factor in the European context, Dutton’s criteria in Great Britain and Australia, the AGA
method in the United States, the Delbourg method in France, and the Weaver method, also
developed in the United States [9, 60].

Among the available interchangeability assessment approaches, the Weaver method remains
one of the most comprehensive composition-based frameworks. Originally developed for fuel-gas
interchangeability assessment, it evaluates several combustion-related phenomena within a single
multi-index structure, including heat input rate, primary air requirement, flame lift, flashback
tendency, yellow tipping, and incomplete combustion [9, 58, 60].

This multi-index structure makes the Weaver framework particularly relevant in contexts where
a single aggregate indicator, such as the Wobbe Index, is insufficient to characterise operational
compatibility. Rather than only indicating whether the overall thermal input remains within an
admissible range, the Weaver method helps identify which specific combustion phenomenon is most
affected by a change in gas composition. It is therefore especially useful for evaluating hydrogen-
containing blends, where variations in flame speed, flashback tendency, and air requirement may
become critical even when Wobbe Index limits are satisfied [59].

Recent studies have applied interchangeability indicators to hydrogen/natural gas blends in
distribution-network contexts, showing that hydrogen addition affects not only heating value and
Wobbe Index, but also density-related and combustion-stability parameters [9, 39, 61]. This is
relevant because Wobbe Index compliance alone may not be sufficient to guarantee operational
compatibility, especially when hydrogen fractions increase and burner aeration, flame stability,
and safety margins become more sensitive to density and combustion-velocity changes [9].

These properties are particularly useful in the absence of a harmonised European standard
directly applicable to large industrial combustion equipment above 300 kW, where process-specific
combustion behaviour, safety margins, and operational continuity must be assessed beyond the
conventional gas-appliance framework [42].

The first criterion is the heat-input ratio, Jg, which compares the gross Wobbe Index of the
substitute gas with that of the reference gas [9):

WIgross,s

J =
" WIgross,r

-] (2.16)

where Wil oss,s and W lgoss, are the gross Wobbe indices of the substitute and reference gases,
respectively.
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An index that quantifies whether the substitute gas maintains approximately the same thermal
input to the burner under constant supply pressure and unchanged orifice geometry [9].

A value of Jg = 1.0 indicates heat-input equivalence between the two gases, while deviations
from unity indicate that the substitute gas delivers a different thermal power under identical
supply conditions. In practical interchangeability assessment, a tolerance band of approximately
+5% around the reference Wobbe Index is commonly used as an initial screening criterion, although
this threshold should not be interpreted as sufficient evidence of full operational compatibility for
all industrial combustion systems [9, 42, 58].

The second criterion is the primary air ratio, Ja, defined within the Weaver framework as
[9):

_ Vis [5G,
~ Vi,V sa.

Ta ] (2.17)

where V; ; and V; , are the stoichiometric air-to-fuel volume ratios of the substitute and reference
gases, respectively, expressed in m3, /m? |, and SG, and SG, are the specific gravities of the
substitute and reference gases relative to air [9, 58, 60].

This index quantifies whether the substitute gas requires approximately the same primary air
supply as the reference gas under unchanged burner geometry. A value of J4 = 1.0 indicates
equivalence in the theoretical combustion-air requirement after accounting for the density-driven
change in gas flow through the burner injector.

Deviations from this value indicate that the substitute gas may alter burner aeration, excess-air
conditions, flame stability, furnace atmosphere composition, thermal NOx formation, and product
quality [9, 60].

In practical interchangeability assessment, the admissible condition is commonly expressed as
Ja = 1.0 £ 5%, corresponding to:

0.95 < J4 < 1.05. (2.18)

Recent hydrogen-blending studies applying the Weaver framework show that the primary air
ratio can become restrictive as hydrogen concentration increases, since hydrogen changes both the
stoichiometric air demand and the density of the gas mixture [9, 61].

In addition to the Weaver-based indices, a complementary hydrogen-specific screening criterion
is retained. This criterion is not a classical Weaver index, but a practical compatibility threshold
based on the absolute hydrogen volume fraction in the blend:

Jur =zg, [-] (2.19)

where xp, denotes the volumetric hydrogen fraction in the delivered gas blend. This criterion
imposes a direct limit on hydrogen content independently of Wobbe Index compliance, reflecting
that hydrogen affects combustion behaviour through mechanisms not fully captured by Wobbe-
based indicators alone. These effects are discussed in detail in Section 2.3.

For this reason, several studies and network assessments treat approximately 20% Hsy by vol-
ume as an upper screening threshold for the use of existing natural gas infrastructure and end-use

30



Chapter 2. State of art

equipment without major modification. However, this value should not be interpreted as a uni-
versal technical limit, since admissibility depends on burner design, operating pressure, control
strategy, materials compatibility, safety margins, and the specific industrial application considered
[7, 39].

Shkarovskiy et al. [9] show that hydrogen addition affects the Weaver-based interchangeability
indices in a non-equivalent way. As illustrated in Figure 2.8, both J4 and Jgy decrease as the
hydrogen fraction increases, but the primary air ratio presents a more restrictive behaviour. While
Jy remains close to the lower admissible limit at 10% Hg, J4 decreases more sharply and breaches
the lower tolerance threshold as the hydrogen fraction approaches approximately 20% by volume.
This confirms that Wobbe-based heat-input equivalence alone is insufficient to assess hydrogen
blending compatibility, since burner aeration may become limiting before other interchangeability
criteria are violated.

Primary air ratio for natural gas-hydrogen blends Heat-input ratio for natural gas-hydrogen blends
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(0, 1.00)
1.00 4
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Figure 2.8: Evolution of Weaver-based interchangeability indices for natural gas-hydrogen blends as a
function of hydrogen volume fraction, adapted from Shkarovskiy et al. [9].

This comparison indicates that J4 may become restrictive at blend compositions for which the
Wobbe Index criterion still appears admissible. A mixture may therefore maintain Jy within the
accepted tolerance band while simultaneously falling outside the admissible aeration envelope. For
this reason, J4 should be treated as an independent and non-redundant criterion for equipment
modification assessment, rather than as a parameter that can be replaced by Wobbe Index analysis
alone [9].

The interchangeability criteria discussed in this subsection are consolidated in Table 2.2, to-
gether with their admissible limits, reference sources, and potential consequence of violation for
industrial combustion equipment.
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Table 2.2: Summary of interchangeability criteria applicable to renewable gas blends in Group H distri-
bution networks.

Criterion Admissible limit Reference source Consequence of vio-
lation

Jg — Wobbe Index 0.95< Jg <1.05 [41, 42) Burner adjustment or

deviation retrofit assessment

Jgr — Absolute hy- zpg, <20% vol. [7, 39] Hydrogen-specific

drogen fraction equipment compatibil-

ity assessment

Ja — Primary air ra- 0.95 < J4 <1.05 [9, 58] Air-fuel  recalibration

tio or combustion-system

retrofit assessment

In addition to Jg, J4, and the hydrogen-specific threshold Jg7, the full Weaver framework
includes further indices that address specific combustion failure modes. The flame lifting index,
J1,, assesses the likelihood of flame detachment from the burner port, which occurs when gas-flow
velocity exceeds local burning velocity, causing the flame to stabilise downstream or extinguish.
By contrast, the flashback index, Jp, evaluates the risk of upstream flame propagation into the
premixing zone when burning velocity exceeds mixture flow velocity [9, 58, 60].

These failure modes are particularly relevant for hydrogen-enriched blends, since hydrogen
addition increases laminar burning velocity and, consequently, flashback propensity, as discussed
in Section 2.3. However, existing literature indicates that such effects remain relatively limited at
low hydrogen blending levels and become operationally significant mainly as hydrogen fractions
approach the upper limits considered in appliance and burner studies [7, 9, 39].

The yellow tipping index, Jy, measures the tendency to form luminous yellow flame tips, which
indicate incomplete hydrocarbon pyrolysis and soot formation. This phenomenon is typically less
pronounced in hydrogen-enriched blends, since hydrogen addition reduces the hydrocarbon content
of the fuel mixture. The incomplete combustion index, Jj, assesses the risk of carbon monoxide
formation and unburnt fuel in combustion products, indicating whether the substitute gas may
compromise combustion completeness under unchanged burner conditions [58, 60].

For natural gas/hydrogen blends, Shkarovskiy et al. [9] show that Jr, and Jp are among the
Weaver indices most responsive to hydrogen addition, reflecting the kinetic acceleration described
in Section 2.3. By contrast, Jy and J; are less affected by hydrogen enrichment, as reduced
hydrocarbon content suppresses soot formation and limits incomplete combustion risk under the
evaluated conditions [9, 58, 60].

This selectivity shows that the main combustion risks associated with hydrogen blending extend
beyond stoichiometric or energy-based considerations and include aerodynamic and kinetic effects.
A blend may therefore satisfy heat-input requirements while still presenting challenges related to
aeration, flame stabilisation, or flashback propensity.

Within the scope of this thesis, Jg, Ja, and Jyr are retained as the principal operational
screening criteria because they are directly related to heat input, primary air requirement, and
hydrogen-specific compatibility limits. The remaining Weaver indices provide valuable physical
context for interpreting the combustion impacts of hydrogen enrichment. However, using them as
definitive triggers for equipment modification would require burner-specific validation, operational
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data, and safety assessments beyond the scope of a screening-level techno-economic model.

Although the full Weaver index set provides a comprehensive characterisation of combustion
failure modes, the primary air ratio, J4, has particular operational significance for industrial com-
bustion equipment. In domestic and commercial appliances, gas interchangeability assessments
are often linked to visible flame stability phenomena, such as lifting, flashback, and yellow tip-
ping [9, 58, 60]. In industrial process furnaces, however, the combustion atmosphere inside the
heating chamber is often the critical operational variable [9].

This atmosphere is directly influenced by the air-to-fuel ratio and resulting excess-air level.
Key characteristics such as Oy concentration, CO content, oxidising or reducing conditions, and
thermal profile affect product quality, energy efficiency, NO, formation, and equipment integrity.
These factors are process-specific and may be more sensitive than the visible flame phenomena
represented by Jr, Jr, and Jy alone [9, 13].

The J4 index is directly linked to this operational context. Values of J4 below the lower
admissible bound of 0.95 indicate that, under unchanged burner geometry and supply conditions,
the substitute gas may entrain insufficient primary air compared with the reference gas. This
reduction can lower the effective air-to-fuel ratio and shift the combustion atmosphere towards
fuel-rich conditions, increasing the risk of incomplete combustion, CO formation, and product-
quality deterioration in ceramic and glass processes where oxidising-atmosphere control is critical [9,
13].

Conversely, J4 values above the upper admissible bound of 1.05 indicate a tendency towards
excess air, which can increase flue-gas losses, alter furnace thermal efficiency, and influence NOy
formation depending on flame temperature, oxygen availability, and burner configuration. For
example, in the ceramic tile case reported by Carvalho et al. [13], biomethane substitution under
constant air-flow conditions reduced the Oz concentration in the furnace atmosphere. This demon-
strates that gas substitution can affect industrial process quality through changes in air-to-fuel
balance rather than solely through visible flame instability.

The mechanistic relationship between primary air requirement, combustion atmosphere, and
industrial process outcomes confirms that J, is more than an abstract interchangeability indica-
tor. For hard-to-abate industrial consumers, it provides a practical warning signal for operational
consequences related to furnace-atmosphere control, combustion efficiency, emissions, and product
quality.
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2.5 Techno-Economic Models and Policy Instruments

The integration of renewable gases into industrial energy systems involves both technical and
economic considerations. Although the preceding sections addressed the physical and contractual
dimensions of biomethane and hydrogen blending, a comprehensive evaluation of industrial renew-
able gas adoption must also account for the techno-economic frameworks and policy instruments
that shape investment, procurement, and compliance decisions.

Quantitative indicators such as net present value (NPV), levelised costs, carbon abatement
cost (CAC), and break-even analysis are widely used to assess the economic feasibility of renew-
able energy and industrial decarbonisation pathways [62, 63]. These indicators provide structured
measures of cost, value creation, carbon-abatement performance, and threshold conditions. How-
ever, they differ in their ability to capture long-term uncertainty, technology-specific cost drivers,
and exposure to carbon pricing.

For renewable hydrogen, the levelised cost of hydrogen (LCOH) remains a key reference indica-
tor for comparing production pathways and informing policy-support mechanisms. However, this
metric primarily reflects the economics of hydrogen production projects rather than the total cost
incurred by industrial end-users [64]. LCOH estimates are highly sensitive to system boundaries
and assumptions regarding electricity prices, full-load hours, electrolyser capital expenditure, cost
of capital, efficiency, stack replacement, balance of plant, engineering, procurement and construc-
tion costs, and operating expenditure [64, 65].

Simplified LCOH values may therefore underestimate the effective cost of renewable hydrogen
when site-specific infrastructure, financing conditions, compression, storage, transport, certifica-
tion, and implementation risks are excluded [64, 65]. In the context of industrial renewable gas
integration, this distinction is important because the relevant decision variable is not only the
production cost of hydrogen, but the delivered and certified cost of renewable gas that satisfies the
physical, contractual, and regulatory requirements of the industrial installation.

The following review provides an overview of current techno-economic modelling approaches
and policy instruments for renewable gas integration. It identifies the limitations of conventional
deterministic methods and establishes the rationale for adopting scenario-based and stochastic
modelling under conditions of market, regulatory, and technical uncertainty.

Levelised Cost Frameworks and Stochastic Price Modelling

Levelised-cost frameworks are widely used to compare decarbonisation pathways across energy
sources, technologies, and geographic contexts. In the context of industrial heat, a normalised cost
metric expressed per unit of useful energy output enables alternative decarbonisation pathways
to be compared on a common basis, accounting for capital expenditure, fuel costs, carbon-cost
exposure, conversion efficiency, and utilisation assumptions.

Gilbert et al. [66] develop a generalised framework for decarbonised heat supply across multiple
heat sources and industrial applications, covering process temperatures from approximately 80 °C
to 1200 °C. Their analysis shows that the cost of delivering carbon-neutral heat depends strongly
on the selected heat source, the required temperature level, and the local energy-system context. It
also demonstrates that fuel and carbon costs may dominate total cost outcomes in several industrial
heat applications.

In addition to this multi-source perspective, Zier et al. [6] employ a bottom-up sectoral model
for the German glass industry, which is characterised by high-temperature melting processes and
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limited short-term fuel-switching options. Their findings suggest that deep decarbonisation requires
fuel switching to low-carbon energy vectors rather than relying solely on efficiency improvements,
thereby identifying fossil gas substitution as a relevant transition pathway within the modelled
timeframe [6].

Together, these studies position levelised-cost analysis and sectoral techno-economic modelling
as key analytical references for industrial heat decarbonisation. Nevertheless, three structural
limitations of conventional frameworks are particularly relevant when evaluating renewable gas
integration through distribution networks.

First, deterministic cost metrics typically depend on fixed values or predefined trajectories for
fuel prices, carbon allowance prices, and renewable attribute costs. While this approach facili-
tates comparison between pathways, it conceals the probability that a given option may become
economically advantageous or disadvantageous under changing market conditions. This limitation
is especially important when carbon-price uncertainty is a primary driver of economic outcomes,
supporting the use of stochastic EU ETS price modelling in industrial decarbonisation assess-
ment [64, 67].

Second, conventional frameworks often compare energy vectors on a EUR/MWh basis without
explicitly accounting for the physical and combustion constraints that determine compatibility
with existing equipment. In the context of biomethane and hydrogen blending within gas distri-
bution networks, factors such as gas-quality admissibility, Wobbe Index compliance, primary air
requirements, hydrogen content, burner compatibility, and retrofit needs influence both technical
feasibility and cost [7, 9, 42, 58]. Retrofit costs arising from interchangeability violations may
therefore fall outside the boundaries of conventional levelised-cost analyses.

Third, standard frameworks frequently assume a direct correspondence between the energy car-
rier physically consumed and the decarbonisation attribute assigned to that consumption. This
assumption is problematic in renewable gas networks, where the physical gas composition delivered
at the industrial meter may differ from the renewable content legally attributed through certifica-
tion, or other contractual mechanisms [3, 24]. The distinction between physical and contractual
attributes therefore requires an analytical framework that separately accounts for delivered energy
cost, renewable attribute procurement, retrofit-related capital expenditure, and residual EU ETS
compliance exposure.

Net present value (NPV) complements levelised-cost indicators by preserving the timing and
magnitude of cash flows associated with an investment decision. While levelised-cost metrics
normalise discounted costs over a physical output, such as useful heat or hydrogen produced, NPV
evaluates whether a capital commitment generates net economic value over the project horizon.
It is therefore widely used in renewable energy project appraisal and industrial decarbonisation
assessment [62].

Within industrial decarbonisation studies, NPV is especially relevant because retrofit invest-
ments, renewable gas procurement costs, carbon-cost savings, and avoided fossil-fuel expenditures
are distributed across different time periods. A pathway with a competitive levelised cost may
remain unattractive if it requires substantial upfront capital expenditure, exposes operators to
uncertain future fuel prices, or delays cost savings until later in the planning horizon. Conversely,
a pathway with a higher apparent energy cost may be economically justified if it mitigates future
carbon exposure or avoids more costly retrofit obligations [62].

A related application is break-even analysis, which determines the carbon price, renewable
gas procurement cost, subsidy level, or investment horizon at which a decarbonisation option
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reaches economic neutrality. Break-even indicators are therefore valuable for translating discounted
cash-flow results into threshold values that are interpretable by industrial decision-makers and
policymakers [62, 63].

However, conventional NPV analysis often relies on deterministic assumptions regarding future
cash flows, discount rates, fuel prices, carbon allowance prices, and policy conditions. This produces
a single point estimate and typically frames the investment decision as a binary accept-or-reject
outcome. Although useful for transparent comparison, this approach does not adequately capture
uncertainty in the main cost drivers of industrial decarbonisation, including EU ETS allowance
prices, renewable gas procurement costs, certification costs, and technology costs [15, 67, 68].

This limitation is particularly significant for renewable gas integration, since the economic
value of biomethane or hydrogen blending depends on variables that may change considerably over
a multi-decade planning horizon. Among these variables, EU ETS carbon prices are especially
influential because they affect both the operating cost of continued fossil natural gas use and the
avoided-cost value associated with renewable gas adoption.

Abadie and Chamorro [67] illustrate this limitation by analysing carbon-constrained investments
under stochastic EU ETS price dynamics. Their findings show that carbon-price volatility can
significantly influence both investment timing and appraisal under uncertainty. Although their
study focuses on carbon capture rather than renewable gas blending, the central insight is directly
applicable to industrial renewable gas adoption that when carbon prices are uncertain, deterministic
investment appraisal may provide an incomplete basis for decision-making [67].

Monte Carlo simulation offers a probabilistic extension to conventional techno-economic assess-
ment by allowing uncertain variables to be sampled from defined distributions and generating a
spectrum of possible economic outcomes rather than a single deterministic estimate. In the context
of renewable gas integration, this approach is particularly relevant because EU ETS prices, renew-
able gas procurement costs, certification costs, and the phase-out of free allocations may evolve
concurrently over the planning horizon [15, 67].

Additional economic indicators, such as carbon abatement cost (CAC), are also fundamental to
industrial decarbonisation assessment. CAC quantifies the incremental cost of a decarbonisation
pathway per tonne of CO5 avoided relative to a fossil baseline, enabling direct comparison with
carbon allowance prices under the EU ETS. A pathway is considered economically rational when
its abatement cost is lower than the relevant carbon price or avoided carbon-compliance cost.
Recent research by Shafiee and Schrag employs CAC as a primary metric to assess the economic
viability of green hydrogen across end-use sectors, while biomethane-focused studies similarly use
abatement-cost analysis to evaluate the cost-effectiveness of renewable gas in emission reduction
pathways [63].

Avoided emissions provide a complementary physical metric, measuring the quantity of COs
emissions reduced relative to a fossil baseline independently of the cost structure used to achieve
that reduction. In industrial decarbonisation assessment, avoided emissions are therefore useful
for linking economic indicators such as NPV and CAC to the actual decarbonisation performance
of each pathway [63, 66].

In summary, the reviewed literature supports the use of levelised-cost indicators, NPV, break-
even analysis, stochastic carbon-price modelling, Monte Carlo simulation, CAC, and avoided emis-
sions in industrial heat decarbonisation assessment. Nevertheless, these tools are often applied
within frameworks that treat technical feasibility, carbon exposure, renewable procurement, and
price uncertainty as separate dimensions. This separation becomes restrictive when renewable gas
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blending is assessed at the scale of a specific hard-to-abate industrial installation, where phys-
ical blend admissibility, retrofit requirements, renewable attribute procurement, and EU ETS
exposure converge within a single investment decision. This underscores the need for integrated
techno-economic approaches that connect economic performance, carbon-abatement value, stochas-
tic market uncertainty, and the technical constraints associated with renewable gas use in existing
industrial combustion systems.

Renewable Gas Markets and Procurement Instruments

Assessing the role of renewable gases in industrial energy systems requires more than the com-
parison of economic indicators alone. Industrial consumers do not evaluate biomethane and green
hydrogen only through the cost per unit of useful heat. They also consider market availability,
contract duration, price risk, certification reliability, and policy-support mechanisms when deciding
whether to adopt renewable gas procurement strategies.

Market-based procurement instruments play an important role in renewable gas adoption.
Power purchase agreements (PPAs) and contracts for difference CfDs) are widely used in renewable
energy markets to reduce investment risk, stabilise revenues, and improve price predictability [69].
Although these instruments are most commonly associated with renewable electricity, their un-
derlying economic principles are also relevant to renewable gases, since biomethane and green
hydrogen require contractual structures capable of supporting investment, bankability, and long-
term industrial offtake.

Renewable gas procurement is therefore not determined by price alone. It also depends on
how contracts allocate supply risk, price volatility, certification value, and long-term commitments
among producers, suppliers, and industrial consumers. These instruments influence not only pro-
curement costs, but also the ability of industrial operators to manage uncertainty, demonstrate
compliance, and justify investments in fuel switching or equipment adaptation [62, 66].

Biomethane and green hydrogen should not be treated as interchangeable renewable gas mar-
kets. Biomethane is the more mature option, supported by commercially available technologies
such as anaerobic digestion, upgrading, and grid injection. According to Gas for Climate, the EU
could sustainably produce up to 41 bem of biomethane by 2030 and 151 bem by 2050, contributing
to the REPowerEU target of 35 bem per year by 2030 [70]. However, market expansion remains con-
strained by sustainable feedstock availability, the spatial dispersion of organic resources, permitting
procedures, grid connection requirements, upgrading and injection capacity, and the effectiveness
of national support and certification systems [70].

Biomethane purchase agreements (BPAs) allow industrial consumers to secure renewable gas
volumes over periods aligned with their decarbonisation plans. Similarly to PPAs in the electricity
sector, BPAs may define price, volume, delivery conditions, feedstock origin, certification require-
ments, and contract duration [69]. Long-term BPAs can reduce exposure to short-term price
volatility and improve revenue certainty for new biomethane projects. However, they may also
limit flexibility if prices decline, demand changes, or alternative compliance options become avail-
able. By contrast, spot-market procurement preserves flexibility but exposes industrial consumers
to higher price and supply uncertainty, particularly in a market still constrained by feedstock
availability and implementation capacity.

Green hydrogen presents a different procurement challenge. Although many projects have
been announced globally, actual deployment has progressed more slowly than expected due to
high costs, uncertain demand, infrastructure delays, and slow market formation [16]. Odenweller
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and Ueckerdt also highlight the gap between ambitious hydrogen targets and realistic short-term
deployment progress [71]. Green hydrogen should therefore not yet be regarded as a mature market
with stable and transparent costs. Instead, it remains a strategic energy carrier whose deployment
is shaped by implementation risk, uncertain demand, infrastructure readiness, and the need for
public support.

Because of these constraints, green hydrogen generally requires stronger policy support than
biomethane. CfDs, fixed-premium auctions, and similar schemes have become central instruments
for reducing the cost gap between low-emission hydrogen and fossil alternatives. The European
Hydrogen Bank supports renewable hydrogen producers through fixed-premium auctions, while the
H2Global programme adopts a CfD-like structure in which public funds cover the difference between
the price paid to hydrogen suppliers and the resale price achievable with industrial users [69].

Even though these mechanisms can reduce investment and revenue risks, they dont eliminate
core uncertainties related to renewable electricity prices, electrolyser costs, infrastructure develop-
ment, certification, and demand creation. Firm demand for low-emission hydrogen remains limited,
and coordinated policy action is still required across offtake agreements, infrastructure planning,
and demand-side measures to support market formation [16]. Odenweller and Ueckerdt further
argue that realising the global green hydrogen project pipeline without carbon pricing would re-
quire substantially higher public support than currently planned [71]. Hydrogen CfDs and similar
instruments should therefore be interpreted as risk-sharing tools for an early-stage market, rather
than as evidence that green hydrogen is already mature, liquid, or price-transparent.

The procurement risks associated with biomethane and green hydrogen are therefore struc-
turally different. For biomethane, the main uncertainties concern feedstock availability, national
project implementation capacity, price formation in an emerging certificate market, and the reli-
ability of RED III certification. These risks are significant, but they are associated with a com-
paratively mature technology and can be partially managed through long-term BPAs [69]. Green
hydrogen faces broader implementation challenges, including uncertain production costs, exposure
to renewable electricity prices, infrastructure readiness, demand creation, project-delivery risk, and
compliance with RENBO certification requirements [3, 16, 71].

This distinction directly informs the modelling approach developed in Chapter 3. In more
mature renewable gas markets, biomethane procurement can be represented through contract
structures that reduce price volatility and provide revenue certainty to producers [69, 70]. Green
hydrogen, by contrast, is treated as a less mature market characterised by higher implementa-
tion risk, stricter physical constraints, stronger dependence on public support, and uncertainty
around infrastructure readiness and RFNBO certification. The practical implementation of these
requirements remains uncertain due to ongoing regulatory development, as discussed in Sec-
tion 1.1.2 [3, 16, 71].
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2.6 Overall Policy Benchmarking

The variation in renewable gas deployment across EU Member States cannot be explained
by technical potential or stated political ambition alone. Countries with comparable feedstock
availability, gas infrastructure, and REPowerEU-aligned objectives display markedly different in-
jection volumes and market penetration rates, suggesting that policy-instrument design plays a
decisive role in determining whether renewable gas targets are translated into operational capac-
ity [1, 72].

However, technical admissibility does not by itself mobilise investment. Renewable gas projects
require a policy architecture capable of creating bankable revenue conditions, credible certification
mechanisms, and predictable market access sufficiently early to influence project development and
industrial procurement decisions [1].

For this reason, policy benchmarking is used here not as a descriptive comparison of national
strategies, but as a diagnostic tool for assessing whether policy instruments are capable of shaping
market formation within the relevant investment window. The key question is not only whether
a country has renewable gas targets, but whether the instruments supporting those targets be-
come operational early enough to generate physical supply, contractual certainty, and recognised
renewable attributes before industrial compliance horizons are reached [1].

Three instrument properties are particularly relevant for this assessment: tariff sufficiency,
contract horizon, and temporal antecedence. All together, they determine whether a support
mechanism provides an adequate price signal, enough revenue certainty, and sufficient lead time for
renewable gas projects to move through permitting, financing, construction, network connection,
certification, and offtake arrangements. This temporal dimension is particularly important, since
biomethane and renewable hydrogen projects can require several years before reaching operational
injection [1].

Main implication is temporal. The year in which a policy instrument becomes operationally
effective determines which industrial compliance horizon it can realistically influence. A support
scheme introduced too close to a regulatory deadline may be formally aligned with national or
European objectives, while still being unable to affect physical renewable gas availability within
that same horizon.

Assessed through tariff sufficiency, contract horizon, and temporal antecedence, current Por-
tuguese policy architecture provides important legal and institutional foundations. However, it
does not yet fully ensure that domestic renewable gas supply will be available early enough to
support industrial decarbonisation decisions within the 2030, 2035, and 2040 compliance hori-
zons [1].
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Figure 2.9: Renewable gas policy decision windows and compliance horizons

Figure 2.9 illustrates how policy timing interacts with industrial compliance horizons. The
2030 horizon is effectively constrained, since projects capable of contributing materially to domes-
tic renewable gas availability by that date would have required investment decisions, permitting,
financing, construction, network connection, and certification several years earlier. The 2035 win-
dow remains more actionable, but is narrowing rapidly as project-development lead times are
considered. By contrast, the 2040 horizon still offers a more realistic opportunity for policy instru-
ments adopted in the near term to influence physical injection capacity and certified renewable gas
availability.

The earlier integration of renewable energy into the electricity sector provides a useful prece-
dent for interpreting the decision windows associated with renewable gases [73]. The expansion
of renewable electricity did not occur through a single policy intervention, but through successive
phases involving target definition, support-scheme implementation, infrastructure adaptation, mar-
ket development, technology cost reduction, and gradual investor confidence [74, 75]. Each phase
depended on decisions taken sufficiently early to influence the following stage of deployment.

A similar temporal logic could apply to biomethane and renewable hydrogen, strategic targets
must be followed by operational instruments, project development, network integration, certifica-
tion systems, and market formation before meaningful industrial supply can emerge [74]. These
decision windows presented in Figure 2.9 should therefore be interpreted as stages in a broader
market-development process, in which delayed policy activation may postpone not only individual
projects, but also the learning, liquidity, and institutional maturity required for the renewable gas
market to evolve.

In the absence of such certainty, industrial consumers may be forced to rely on procurement
from more mature European markets like, Germany, France or Denmark, the use of unbundled
Guarantees of Origin, or even choose alternative decarbonisation pathways [10, 16]. These options
may provide partial compliance flexibility, but they may also increase exposure to price volatility,
weaken the link between physical gas delivery and renewable attribution, or even require technolo-
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gies that are less compatible with existing high-temperature industrial processes [16]. The timing
of policy implementation therefore becomes a central determinant of whether renewable gas can
function as a practical decarbonisation route for hard-to-abate industries connected to distribution
networks.

2.6.1 National Context

Portugal’s biomethane market remains at an early stage of development. Registered injection
capacity under DL 62/2020, as reported in RMSA-G 2025, amounts to approximately 0.546 TWh/yr
accumulated through 2026 across national gas distribution and transmission networks [76]. This
remains well below the renewable gas requirement implied by RED III (Article 22) for the Por-
tuguese industrial sector, estimated at approximately 2.7 TWh/yr by 2030 using RMSA-G 2024
industrial demand projections [76, 77]. Such gap is structural rather than technical. Existing
gas infrastructure can accommodate biomethane and limited hydrogen blending within established
interchangeability thresholds [7], but a policy architecture capable of mobilising domestic supply
at the required scale has not yet been fully implemented.

In March 2024, the Portuguese government presented the Plano de Ac¢do para o Biometano
(PAB), later summarised by Laboratdrio Nacional de Energia e Geologia (LNEG), which includes
phased industrial incorporation obligations and a consolidated licensing guide [78, 79]. These mea-
sures provide an important institutional foundation for market development. However, they do not
yet constitute a bankable price-support instrument with sufficient tariff certainty, contract dura-
tion, and temporal antecedence to mobilise the project pipeline implied by national targets.

A companion study to this dissertation, currently under submission, quantifies these deployment
gaps and their supply-demand structure across alternative biomethane and hydrogen trajectories.
Its principal results are reproduced in Appendix I for reference. A study that also develops a
policy-implication framework based on support mechanisms adopted in more mature European
renewable gas markets, mechanisms that are used as comparative references to assess which policy
design elements could be relevant for emerging markets such as Portugal.
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Methodology

The modelling framework developed in this chapter examines the progressive decarbonisation
of hard-to-abate industrial installations connected to gas distribution networks. During this tran-
sition, industrial consumers are affected by changes in the physical composition of the delivered
gas, the cost and availability of certified renewable gases, renewable attribute procurement require-
ments, and exposure to the EU ETS carbon price.

Renewable gas integration differs fundamentally from electricity-based decarbonisation. Once
electricity enters the grid, its physical characteristics do not vary according to the generation source.
Gas networks, by contrast, may deliver fuels with changing chemical composition, energy density,
combustion behaviour, and equipment compatibility [21]. The methodology therefore separates
the analysis into two interconnected layers: a physical layer and a contractual layer.

Physical layer evaluates the gas mixture delivered to the installation, calculating the relevant
thermophysical and combustion properties, assesses gas interchangeability, and identifies retrofit re-
quirements whenever the admissible operating limits of the existing equipment are exceeded.

The contractual layer determines how renewable gas consumption is recognised for certification,
emissions accounting, and regulatory compliance. It includes the procurement of guarantees of
origin and RFNBO-certified hydrogen, the allocation of effective emission factors, and the resulting
exposure to renewable energy obligations and EU ETS costs.

These layers are treated separately because physical delivery and contractual attribution do not
necessarily evolve in parallel, as illustrated by book-and-claim arrangements. The composition of
the gas delivered to the installation determines combustion performance and equipment operation,
regardless of the certificates acquired by the consumer. Renewable attributes, by contrast, may
change the installation’s recognised emissions and compliance position without altering the physical
properties of the gas entering the burners. The model therefore connects both dimensions while
preserving the distinction between them.

The economic analysis combines deterministic market scenarios with stochastic carbon-price
modelling. Although this hybrid approach may be criticised for bringing together two different
forms of uncertainty treatment, it was adopted deliberately in response to the limited availability
of robust data for modelling the future evolution of renewable gas markets. Introducing additional
stochastic variables would have required assumptions that were difficult to calibrate and could have
added considerable complexity to the interpretation of the results without materially improving
the conclusions sought in this study.
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Biomethane procurement is therefore represented through three deterministic contract-price
trajectories, each anchored to the Portuguese renewable gas procurement mechanism established
under portuguese auctions.

Renewable hydrogen follows a separate deterministic trajectory, reflecting its distinct certifi-
cation requirements, supply conditions, and market-development pathway. Unlike biomethane,
in our scenarios, its physical contribution is constrained by the hydrogen fraction made available
through the network-transition schedule, while its recognition as renewable consumption depends
on compliance with the applicable RENBO requirements [24].

Uncertainty in the EU ETS carbon price is represented through Monte Carlo simulation. Al-
ternative carbon-price trajectories are generated and propagated through the economic model,
allowing the resulting indicators to be evaluated across a distribution of possible carbon-market
outcomes rather than under a single deterministic pathway.

The framework consists of three sequentially connected models. Model 1 evaluates the phys-
ical properties and admissibility of the delivered gas blend. Model 2 calculates the correspond-
ing energy, renewable attribute, and carbon-compliance costs. Model 3 integrates these outputs
into the economic and environmental indicators used to compare the available decarbonisation
pathways. The Monte Carlo extension introduces carbon-price uncertainty into this integrated
structure.

All parameters are defined explicitly and may be adjusted to represent other hard-to-abate
industrial installations connected to gas distribution networks. The framework is therefore intended
not only as a case-specific calculation tool, but also as a transferable decision-support structure for
industrial consumers operating under renewable gas, RED III, and EU ETS constraints.

The full computational framework was implemented in Python through a central control script
that coordinates the sub-models and executes the calculations sequentially. The corresponding
pseudocode is presented in Appendices B-F, covering Models 1 to 3 and the Monte Carlo exten-

sion.

Installation-specific parameters, market assumptions, and scenario calibration are presented in
Chapter 4. There, the framework is applied to a hard-to-abate industrial consumer connected to
the REN-Portgas distribution network in Portugal.

3.1 Motivation and Analytical Framework

The proposed methodology evaluates the techno-economic implications of progressive renewable
gas integration for hard-to-abate industrial installations connected to gas distribution networks.
Its structure is intentionally generic, allowing the framework to be transferred across different
installations and network contexts, provided that the relevant regulatory conditions remain broadly
consistent with RED III and the EU ETS.

A single cost comparison cannot adequately represent this transition. Differences expressed
only in EUR/MWh overlook the interaction between fuel composition, equipment compatibility,
renewable gas certification, carbon exposure, and long-term market development. A pathway that
appears competitive on an energy-cost basis may still require substantial retrofit investment, fail
to satisfy the applicable certification requirements, or expose the installation to increasing carbon
costs over the planning horizon.

Four drivers structure the analysis, as illustrated in Figure 3.1. Regulatory compliance captures
the renewable energy requirements established under RED III and the progressive reduction of free

43



3.1. Motivation and Analytical Framework

allowance allocation under the EU ETS system. Physical admissibility covers gas composition, in-
terchangeability limits, combustion compatibility, and the retrofit measures required when existing
operating boundaries are exceeded. Procurement cost includes physical energy supply, renewable
attribute acquisition, and the additional cost of certified biomethane and RFNBO hydrogen. Mar-
ket uncertainty is represented through stochastic EU ETS price trajectories, while renewable gas
costs are treated through deterministic market scenario assumptions, based on national reference
values.

Regulatory compliance Physical admissibility
(RED Il + EU ETS) (blend + retrofit)

'

Analytical
framework

Procurement cost Market uncertainty
(GO markets + tenor) (stochastic simulation)

Figure 3.1: Main drivers of the analytical framework. Source: own elaboration.

The computational framework was implemented and organised into three sequential models,
followed by a stochastic extension, as illustrated in Figure 3.2.

Model 1 characterises the thermophysical and combustion properties of the gas blend deliv-
ered during each network phase. It then evaluates the applicable interchangeability criteria and
determines whether the resulting composition can be accommodated by the existing equipment or
requires retrofit investment.

Using the physical outputs from Model 1, Model 2 calculates the annual operating expenditure
associated with each configuration. Finally, Model 3 aggregates these annual results over the
full planning horizon and calculates the principal economic and environmental indicators. These
include net present value, the levelised cost of decarbonised energy, carbon abatement cost, and

cumulative avoided emissions relative to a baseline.

Carbon-price uncertainty is introduced through a Monte Carlo extension. Repeated EU ETS
price simulations are propagated through the integrated framework, producing distributions of

economic outcomes rather than a single deterministic estimate.

A time index t identifies each year of the planning horizon and governs the evolution of net-
work phases, procurement costs, renewable attribute coverage, emissions, and economic perfor-

mance.
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Two independent dimensions are evaluated in each year. The network phases,

ke {0,1,2,3}, (3.1)

defines the physical gas composition delivered to the installation. It therefore determines the
thermophysical behaviour of the blend, its compatibility with the existing equipment, and any
associated retrofit requirement.

The biomethane procurement scenario,

S € {S1,52,83}, (3.2)

defines the contract-price trajectory for certified biomethane and the corresponding incremental
procurement premium. Unlike the network phase, S does not alter the physical composition of
the gas supplied to the installation. Its influence is confined to renewable attribute procurement,
compliance expenditure, and the resulting economic performance.

Keeping k£ and S separate prevents physical blend admissibility from being conflated with
contractual renewable attribution. Their annual effects are combined only after the techni-
cal and procurement calculations have been completed, allowing Model 3 to evaluate
the overall economic and environmental performance of each pathway over the plan-
ning horizon.
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Case Study
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Figure 3.2: Model architecture and se(iuential execution pipeline.

Building on the modelling principles established above, the framework adopts the following

structural assumptions:

e Physical and contractual layers are evaluated separately, although both remain active through-
out the analysis

e Industrial installations considered are assumed to be connected to an existing natural gas
distribution network, not included the capital cost of establishing an initial network connec-

tion.

e Network transition is represented through four discrete phases, Py to P3, with progressively
increasing shares of hydrogen and biomethane. The timing and composition of each phase
are defined exogenously and applied consistently to the industrial installations supplied by
the modelled network segment.

e Renewable attribute procurement determines the contractual share of energy recognised as
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renewable, subject to the applicable certification, chain-of-custody, and regulatory rules. It
does not alter the physical composition of the gas, the local combustion process, or specifically
in the direct stack emissions generated at the installation.

e Procurement decisions are governed by relative energy costs, renewable attribute prices,
carbon exposure, and the applicable regulatory obligations. For now, no specific investment
grant, operating subsidy, or other public support instrument is assumed unless explicitly
introduced in the case-study parameterisation.

e Network gas price is represented on a lower-heating-value (LHV) energy basis, in EUR/MWh.
Changes in volumetric flow resulting from hydrogen or biomethane injection therefore do not
modify the procurement cost within the scope of the present model. Although the regulated
tariff structure includes both energy- and capacity-based components, the capacity-related
effect is neglected, and the gas price is treated as a single all-in cost escalating at a fixed
nominal rate.

e Biomethane and renewable hydrogen attribute availability is assumed to be domestically
sourced, allowing the installation to satisfy at least the mandatory RED III compliance
threshold through certificates under the national deployment trajectory. The conditions
under which domestic availability may fall short of compliance requirements, and the impli-
cations for industrial consumers connected to the REN—Portgéds network, are identified as a
priority for future work and discussed qualitatively in Section 3.9.

3.2 Physical Baseline

A single reference baseline is adopted in the present model to evaluate the economic and carbon
performance of renewable gas integration. This baseline, denoted as the Physical Baseline B0,
represents the counterfactual situation in which the industrial installation remains exposed to the
physical evolution of the gas network but does not procure renewable attributes through Guarantees
of Origin.

Under B0, the installation consumes the gas physically delivered by the distribution network,
undertakes any retrofit physically required by the network blend composition, procures no Guar-
antees of Origin, and therefore remains fully exposed to EU ETS carbon costs associated with
emissions not covered by renewable attribution. B0 therefore constitutes an analytical reference
used to measure the incremental cost, emissions reduction, and carbon-abatement value of renew-
able gas procurement relative to continued fossil exposure, rather than a regulatory-compliance
strategy.

This distinction is important because retrofit requirements are triggered by the physical com-
position of the gas delivered at the meter, rather than by the contractual procurement strategy
selected by the industrial consumer. Whenever a given network phase exceeds the admissible op-
erating limits of the existing equipment, the corresponding retrofit requirement is applied to all
pathways evaluated under the same physical conditions. Retrofit CAPEX is therefore treated as
a mandatory adaptation cost associated with the network transition, rather than as a voluntary
decarbonisation expenditure arising solely from renewable attribute procurement.

The baseline used for this comparison should, however, be interpreted as a hypothetical coun-
terfactual rather than as a realistic long-term operating strategy. Once RED III obligations are
transposed into binding national requirements, together with the corresponding compliance costs
and penalties, continued operation without any form of decarbonisation response becomes increas-
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ingly implausible. Industrial installations would therefore be expected to adopt either physical

measures, contractual renewable procurement, or a combination of both

Consequently, the same B0 reference is used for Net Present Value, Carbon Abatement Cost
(CACQ), Levelised Cost of Decarbonised Energy, and cumulative avoided emissions. For CAC, B0
provides the fossil-exposure reference against which avoided emissions are measured, consistent
with the interpretation of CAC as the incremental cost per tonne of COy avoided relative to
a counterfactual without renewable procurement [63]. For investment and cost indicators, B0
provides the common reference against which the incremental economic value of renewable attribute
procurement and carbon-cost reduction is assessed.

3.3 Network Physical Phase Composition

The gas composition delivered at the industrial meter is treated as an exogenous input deter-
mined by the renewable gas injection schedule of the distribution network. It is not selected by the
industrial consumer. Instead, the installation receives the blend available at its connection point
and must adapt its technical and economic response to the resulting operating conditions.

The network transition is represented through four discrete phases, Py—P3. Each phase de-
fines the physical blend composition used to assess gas properties, equipment compatibility, and
potential retrofit requirements.

Two temporal indices are used throughout the model. The phase index k, also the year in-
dex,

te{l,...,T}, (3.3)

that identifies each year of the planning horizon, over which market prices, costs, emissions,
and economic indicators evolve. The indices are therefore related but not interchangeable. The
value of k establishes the physical boundary condition applicable in year ¢, while ¢ governs the
broader temporal evolution of the all model analysis.

Phase P, represents the reference gas supplied before the introduction of renewable gases. It
provides the baseline composition for the thermophysical and interchangeability comparisons per-
formed in Model 1, and its properties correspond to the Portuguese natural gas reference described
in Table A.1.

Phases P;, P, and P describe progressively more advanced stages of renewable gas integration.
Phase P, introduces relatively low hydrogen and biomethane fractions, with limited deviation from
the reference gas. Phase P, represents an intermediate composition, for which changes in gas
properties may become increasingly relevant to combustion equipment. Phase Ps describes the
most advanced blend considered in the model and may approach or exceed the operating limits
of conventional industrial systems. Whether a retrofit is required is not assumed in advance, but
determined through the interchangeability assessment conducted in Model 1.
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Figure 3.3: Illustrative evolution of hydrogen and biomethane volume fractions across network phases
Po—Ps.

Figure 3.3 illustrates an example of a renewable gas transition pathway at an industrial con-
sumer connection point. Phase compositions shown are illustrative and do not represent a forecast
of Portuguese gas network evolution. Instead, they demonstrate how the proposed framework
models progressive changes in delivered gas composition.

Phase composition and duration are user-defined inputs, allowing different network-transition
pathways to be represented while respecting applicable gas-quality limits and equipment con-
straints. In the case study presented in the following chapter, these phases are parameterised
according to DSO expectations for network transition.

Remembering that network phases describe physical evolution of gas supplied to the installation
and should not be confused with market scenarios introduced later, which represent alternative
renewable gas procurement and pricing conditions. Each phase composition is evaluated in Model 1,
and resulting technical outputs are subsequently transferred to Model 2.

3.4 Model 1 - Thermophysical Blend Characterisation

Model 1 receives the physical gas composition assigned to each network phase and converts it
into the properties required to assess blend interchangeability and equipment compatibility. For
phases Py—Ps, the model calculates the mixture molecular weight, M,ix, density, pmix, volumetric
lower and higher heating values, LH Vy,ix and H H Vy,ix, specific gravity, SGunix, and Wobbe Index,
W Ihix. The calculations follow the molar mixing rules established in Section 2.1.

Because the network injection schedule determines the blend composition, Model 1 does not op-
timise the fuel received by the industrial consumer. Instead, it evaluates the technical consequences
of the physical conditions imposed at the installation connection point.
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Biomethane is treated as a near drop-in substitute for natural gas when the applicable gas-
quality requirements are satisfied, and therefore introduces comparatively limited deviations from
the reference composition. Hydrogen has a more pronounced influence, particularly on volumetric
energy density, specific gravity, Wobbe Index, and combustion behaviour. When both renewable
gases are present, their combined effects must be assessed for each phase rather than inferred from
either component in isolation.

The computational sequence of Model 1 is presented in Figure 3.4. The corresponding pseu-
docode is provided in Appendix B, Algorithm B.4 .

Model 1 produces both technical and economic outputs. The technical outputs comprise the
calculated blend properties and the interchangeability indicators Jg, Ja, and Jg7, assessed against
the criteria defined in Section 3.4.2. The resulting admissibility assessment is then translated
into the combustion retrofit expenditure, CAPFE X omp, according to the retrofit level defined in
Section 3.4.3.

ke{0,1, 2 3}

Physical blend Thermophysical Properties
composition inputs  |—» M [kg/kmol] ;p [ka/m?] ;LHVI [MJim?]
(P1/P2IP3) HHVi [MJim?] |

START
Compute mixture properties
LHV_mix, HHV_mix, SG_mix, WI_mix

PO (reference gas)
Thermophysical »
Properties

h

Evaluate interchangeability indexes
_H,J_A, J_HT

A

Interchangeability hierarchy
criteria violated?
Each retrofit level can only
be assume one time on

I" whole cycle

b

Retrofit Level Cost
(L1/L2/L3)

CAPEX
Combustion related

Figure 3.4: Model 1 Flowchart
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3.4.1 Gas Mixture Properties

The thermophysical characterisation is performed relative to the reference composition assigned
to phase Py. This phase provides the baseline against which changes in energy density, specific
gravity, Wobbe Index, and gas interchangeability are evaluated throughout the network transition.
It represents the gas supplied to the industrial installation before renewable gas injection and is
characterised using the reference properties established in Section 2.1.

Within the physical layer, biomethane is represented as a methane-equivalent component, pro-
vided that the applicable upgrading and grid-quality requirements are satisfied and its properties
are therefore approximated by those of pure methane, as reported in Table A.1. This simplifica-
tion allows the model to isolate the influence of renewable methane substitution from the more
pronounced effects introduced by hydrogen.

The property table reports the Wobbe Index on an HHV basis. For consistency with the energy
calculations used in the industrial model, the interchangeability assessment is instead performed
on an LHV basis. Also the corresponding reference value and admissible band must therefore be
calculated using the same energy basis throughout the analysis.

The physical blend is represented as a ternary mixture comprising the reference natural gas,
methane-equivalent biomethane, and hydrogen. Their molar fractions satisfy

TNG + Ton, + 2, = 1, (-] (3.4)

with

ING, TCHy» THy € [0, 1]. [—] (3.5)

Gas composition is expressed in molar fractions throughout Model 1. Under the ideal-gas
approximation adopted for distribution-network conditions, molar and volumetric fractions are
treated as numerically equivalent. Blend compositions reported in vol.% may therefore be intro-
duced directly into the mixture-property calculations.

For instance, the volumetric lower heating value of the blend is calculated as

LHViix = exe LHVNG + zon, LHVen, + va, LH Vi, [MJ/m?]. (3.6)

All remaining properties are obtained using the molar mixing rules established in Section 2.1.
The Wobbe Index is then calculated from the blend heating value and specific gravity using the
LHV-based formulation adopted consistently in the interchangeability assessment.

Thus for each network phase Py-P3, Model 1 produces the property vector
q)k' = {Mmix,ky Pmix,k SGmix,ky LHVmix,]w HHVmix,ky WImix,k} . (37)
These phase-specific properties provide the main inputs to the interchangeability assessment

presented in Section 3.4.2. The corresponding computational procedure is documented in Ap-
pendix B, Algorithm B.1.
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3.4.2 Interchangeability Criteria

The interchangeability assessment converts the criteria introduced in Section 2.4.1 into a con-
servative screening procedure for industrial combustion equipment. Its purpose is not to certify
burner compatibility, but to identify the network phase at which the delivered blend may move
beyond the operating range associated with the reference gas Fp.

Three criteria are retained in the model: the heat-input index, Jg, the primary-air index,
Ja, and the hydrogen-content threshold, Jyr. The first two are calculated from the mixture
properties obtained in Section 3.4.1, while Jgy7 is evaluated directly against the hydrogen fraction
of the blend.

Heat-input index, Jpg, represents the change in thermal input at the burner under fixed supply
pressure and burner geometry. A deviation from the admissible band indicates that the delivered
heat rate may no longer remain consistent with the reference operating condition.

Primary-air index, J4, captures the change in the air requirement associated with the new gas
composition. Variations in this index may affect excess-air control, combustion stability, carbon

monoxide formation, and NOy emissions.

Finally, the hydrogen-content threshold, Jxr, introduces an additional compatibility constraint
that cannot be captured through Wobbe Index compliance alone. Once the hydrogen fraction ex-
ceeds the prescribed limit, the model assumes that more extensive intervention is required because
of the increased risk of flashback, altered flame behaviour, and material incompatibility.

Together, these criteria provide, characterized before in 2.4.1 a compact representation of the
main burner-level consequences of hydrogen-containing gas blends. At low hydrogen fractions, ex-
isting equipment may remain within the admissible operating range, although site-specific testing
and manufacturer confirmation would still be required. At intermediate fractions, burner adjust-
ment, gas-quality monitoring, or improved air-to-fuel control may become necessary. Beyond the
Jygr threshold, the model activates the highest retrofit level as a conservative representation of full
combustion-system adaptation [7].

For each network phase, the three criteria are evaluated relative to Py, using the admissibility
bands summarised in Table 2.2. A retrofit flag is activated whenever one of the corresponding
limits is exceeded. The resulting combination of flags determines the retrofit level introduced in
Section 3.4.3.

The screening logic is also formalized in Appendix B, Algorithm B.2. Since the procedure is
deliberately conservative, a modelled violation should be interpreted as an indication that further
engineering assessment is required, rather than as a substitute for site-specific combustion testing

or manufacturer validation.

3.4.3 Retrofit Capital Expenditure

Within Model 1, the retrofit capital expenditure module converts the interchangeability assess-
ment into an installation-level investment requirement. Retrofit expenditure is represented through
a combustion-adaptation component normalised by the installed thermal capacity of the industrial
installation. The applicable unit cost is selected according to the retrofit level activated by the
criteria introduced in Section 3.4.2.

The purpose of this module is to approximate the investment required to maintain safe and
stable combustion as the delivered gas composition departs from the reference condition. The
corresponding decision logic is detailed in Appendix B, Algorithm B.3.
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Retrofit requirements may arise from changes in heat input, primary-air demand, flame be-
haviour, hydrogen tolerance, and the compatibility of the existing combustion equipment [7, 9].
To distinguish retrofit severity from the network phase itself, the phase index remains k, while the
retrofit level assigned to that phase is denoted by

Ly € {Lo, L1, Lo, L3}, (3.8)

where L represents operation without retrofit and L;-L3 represent progressively more extensive
combustion-system adaptation. Their unit cost coefficients satisfy

OZQLO <ap, <ap, <agp,, (3.9)

where ay, is expressed in EUR/kW.

For a retrofit level L; activated during network phase k, the corresponding screening-level
capital requirement is calculated as

CAPEXCOIHb’k = OszEth, [EUR], (310)

where Eyy, is the installed thermal capacity of the industrial installation, expressed in kW.

The installed thermal capacity is estimated from annual metered gas consumption and the
operating capacity factor:

FEonnual X 1000
Fypy=————"-— kW 3.11
= CFxgme0 0 KW (3:.11)
where Eannual is the annual metered gas consumption in MWh/yr, and CF € [0, 1] represents

the ratio between average annual thermal demand and installed thermal capacity.

Plant-specific costs associated with piping, gas trains, controls, material qualification, down-
time, maintenance, commissioning, and process-quality effects are excluded unless explicitly incor-
porated into the retrofit coefficients used in the case-study parameterisation. Resulting CAPE X comb &
should therefore be interpreted as a screening-level investment estimate.
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3.5 Model 2 - Operational Expenditure and Renewable At-
tribute Coverage

Model 2 converts the physical outputs of Model 1 into annual operating expenditure. Three
cost components are considered: physical energy procurement, renewable attribute pro-
curement, and carbon compliance.

For each year t, the model combines the gas composition and technical conditions inherited
from Model 1 with the applicable energy prices, certificate costs, emission factors, and regulatory
parameters. The result is an annual cost structure that distinguishes the energy physically supplied
to the installation from the contractual instruments used to support renewable energy claims and
regulatory compliance.

Annual operating expenditure is decomposed into three layers. Layer C represents the cost of
purchasing the gas energy required to satisfy the installation’s annual demand. Layer Cy captures
the additional expenditure associated with certified biomethane attributes and RFNBO-compliant
hydrogen. Layer C3 represents the remaining EU ETS compliance cost after accounting for the
emissions treatment recognised under the applicable regulatory and certification rules.

Total annual operating expenditure is therefore given by

OPEXt = C]}t + Cg’t + Cg,t, [EUR/yY] (312)

The three-layer structure preserves the distinction between physical supply, contractual re-
newable procurement, and carbon exposure. Changes in certificate coverage affect the renew-
able procurement cost in Cy and, where recognised by the applicable accounting framework, the
carbon-compliance cost in C3. They do not alter the physical energy procurement represented by

C.

As illustrated in Figure 3.5, Model 2 applies this decomposition sequentially for each year
of the planning horizon. The full computational procedure and decision logic are outlined in
Appendix C.

54



Exogenous Market and
Technical Parameters

Chapter 3. Methodology

Model 1

START

LAYER 1- C1

A 4

LAYER 2 —C2

|

outputs

OPEX

Physical energy
cost

/ STEP 1 —a_H:

(physical limited) STEP 2_— u__Biu
i (not physical limited)
Phase Maximum
Coverage
PN N
- S N
< Econum!:: > < Emnom;c
N valuable? e \\\ualuable_/ -
~_ N
RFNBO
Minimum [NO] YES)
Y
OPEX Minimum RED Il Maximum available
Renewable Attribute compliance GO coverage
Prol:urement Cascade /
Y OPEX
LAYER2—C3 Carbon Compliance
Cost

|
=

Figure 3.5: Model 2 Flowchart

3.5.1 Physical Energy Cost

The physical energy cost represents the expenditure associated with the gas energy supplied to
the installation before renewable attribute procurement and carbon-compliance costs are consid-

ered.

Within the model, the physical energy supplied through the distribution network is valued at a
common base gas price, independently of the renewable composition of the delivered blend. This
assumption reflects an energy-based billing structure and isolates the additional cost of certified

renewable gases within Layer Cs.

The annual physical energy cost is calculated as
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Cl,t = Fannual PGas,t [EUR/YI‘], (313)

where Eannual is the annual metered gas-energy consumption, expressed in MWh/yr, and pgas ¢
is the base network gas price in year ¢, expressed in EUR/MWh.

The value of Eannual represents the gross fuel energy supplied to the installation and therefore
already incorporates the energy required to compensate for combustion and process-conversion
losses. It should not be interpreted as net useful heat demand.

Because billing is represented on an energy basis, changes in volumetric flow arising from
variations in blend composition do not enter the calculation of C ;. This treatment assumes, an
important factor, that the annual metered energy requirement remains fixed across the pathways
evaluated.

Any additional expenditure associated with certified biomethane or RFNBO-compliant hydro-
gen is excluded from Cj and represented separately in Layer Cs.

3.5.2 Renewable Attribute Procurement Cascade

Renewable attribute procurement cascade determines the share of the installation’s annual gas
consumption that is assigned eligible renewable attributes. The resulting coverage is governed by
the compliance pathway adopted in the model, the availability of certified renewable gases, and the
economic comparison between renewable procurement and residual carbon exposure. The sequence
is illustrated in Figure 3.6 and formalised in Appendix C, Algorithm C.2.

The cascade first evaluates the contribution of certified renewable hydrogen. Physical hydrogen
availability is constrained by the hydrogen fraction delivered during the applicable network phase.
Regulatory recognition, however, requires the corresponding quantity to satisfy the certification
and sustainability criteria applicable to RFENBOs. The model therefore distinguishes between the
hydrogen physically present in the blend and the share that can be contractually recognised as
RFNBO consumption.

The RED III RFNBO requirement is applied to the relevant industrial hydrogen demand,
in accordance with the compliance assumptions summarised in Table 1.1. Within the present
framework, the physical hydrogen fraction establishes an upper bound on the RENBO quantity
that can be associated with the installation through the network pathway. It does not, by itself,
demonstrate RENBO eligibility.

The minimum RFNBO coverage fraction is computed on a volumetric blend basis rather than
on the energy-content basis consistent with the statutory language of RED III (Art. 22a) [3]. Since
hydrogen has a substantially lower heating value than natural gas, the volumetric convention
overstates the RFNBO obligation relative to the energy-share interpretation.

After the eligible RENBO contribution has been determined, the model calculates the additional
renewable coverage required to satisfy the remaining industrial renewable energy pathway. This
residual requirement is assigned to certified biomethane attributes, subject to their availability
under the applicable chain-of-custody and certification arrangements.
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Figure 3.6: Sequential renewable attribute procurement cascade combining eligible RENBO coverage,

mandatory biomethane procurement, and additional economically justified renewable coverage.

Biomethane coverage is represented as a contractual procurement decision and is not required
to coincide with the biomethane fraction physically present at the industrial meter. This treatment
is consistent with the physical-contractual distinction introduced in Section 1.1.2, provided that
the corresponding certificates are available, valid, and eligible under the accounting framework
adopted in the model.

Once the minimum compliance coverage has been established, the model evaluates whether ad-
ditional renewable procurement is economically justified. For each year t, the incremental cost of
extending certified renewable coverage is compared with the carbon-compliance expenditure that
would be avoided under the emissions-accounting rules assumed in the analysis. Additional cov-
erage is selected only when the recognised reduction in carbon expenditure exceeds the associated
renewable procurement premium.

Each year is evaluated using the applicable carbon price, biomethane procurement premium,
renewable hydrogen cost, and regulatory parameters. This annual formulation allows procurement
levels to respond to changing market conditions without imposing a binding multi-year purchasing

commitment.

The resulting approach should be interpreted as a flexible annual procurement formulation
rather than as a detailed representation of a specific spot or long-term contracting strategy. Multi-
year supply agreements, take-or-pay provisions, indexation mechanisms, and contract-renewal con-
straints would require an intertemporal optimisation structure and are therefore outside the scope
of the present model.

GO and RFNBO Procurement Cost

Layer 2 prices the renewable attribute independently of the physical gas delivered. The cost
represents the contractual premium required to secure Guarantees of Origin for biomethane and
RFNBO certification for renewable hydrogen above the fossil gas reference price. The annual
procurement cost is expressed as:
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Ca,t = aBio,t - Butil - Peo,Bio(t) + am,.¢ - Eutil - pao,u, (t) [EUR/year] (3.14)

where Eu [MWh/year] is the annual useful energy demand delivered to the industrial pro-
cess:

Eutit = Eannual - [MWh/year] (3.15)

with n € [0, 1] representing the burner thermal efficiency, of the processes consider. The coverage
fractions ampio+ and am,: represent the shares of annual useful energy contractually attributed to
biomethane GOs and hydrogen RENBOs, respectively, while pgo Bio(t) and pgo,m, (t) [EUR/MWh]
are the corresponding procurement premiums above the fossil gas reference price.

These premiums represent the incremental cost of the renewable attributes relative to the fossil
gas energy already accounted for in Layer 1, thereby avoiding double counting between the physical
and contractual layers.

The coverage fractions apio+ and oy, + are determined through the sequential procurement cas-
cade established in Section 3.5.2. The corresponding bounds are also defined in that section.

EU ETS Carbon Compliance Cost

Layer 3 converts residual emissions recognised under EU ETS combustion accounting into an
annual carbon-compliance cost. It is therefore not a lifecycle greenhouse-gas assessment.

For fossil natural gas, the combustion emission factor is set at EFng = 0.202 tCO; MWh™!,
consistent with the IPCC default value for natural gas combustion [80]. For certified sustainable
biomethane and RFNBO hydrogen, (Directive 2003/87/EC), as amended by (Directive 2023/959/EU),
allows the attributed renewable energy fraction to be exempt from allowance surrender, provided
that the applicable sustainability, traceability, certification, and monitoring requirements are sat-
isfied [28]. Under a strict EU ETS allowance-surrender treatment, this would justify assigning
EFgioc = EFy, = 0 in the carbon-compliance layer.

A conservative departure from this zero-rated treatment is adopted in the model. Instead
of assigning zero emissions to eligible renewable gases, the RED III lifecycle intensities are re-
tained as modelling approximations: EFg;, = 0.020 tCOy MWh~! for biomethane and EFy, =
0.003 tCO2 MWh ™! for renewable hydrogen [3]. This choice reduces the modelled avoided-emission
benefit from EFng to (EFng — EFgio) = 0.182 tCO; MWh™! for biomethane and (EFxg —
EFy,) = 0.199 tCO; MWh~! for hydrogen.

This convention is conservative because it understates the EU ETS cost saving attributable
to renewable coverage relative to a zero-surrender treatment. For biomethane, it would increases
the rationality threshold formalised later. Results are therefore biased against voluntary procure-
ment, which strengthens the robustness of conclusions that remain favourable to network-based
compliance.

After renewable attribution, the effective emission factor used in the carbon-compliance layer
is:

EFeff,t = funcov,t : EFNG + QBjo,t * EFBio + QH, .t * EFH2 [tCOQQq/MWh] (316)

By construction, the coverage fractions satisfy:
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funcov,t + QBio,t + aH,,t = 1 (317)

The net emissions subject to EU ETS compliance in year ¢ are calculated as:

Emgrs: = Byl - EFery — FA;  [tCOgeq/year] (3.18)

where Fyj is the annual useful energy demand defined previously and is consistent with the
energy basis adopted in Layer 2, EFeg ¢ is the effective emission factor in year ¢, and F'A, [tCO2] de-
notes the free allowances allocated in that year. The free-allocation trajectory follows the EU ETS
phase-out schedule illustrated in Figure 1.4 and parameterised in Table 3.1.

To operationalise this trajectory, the free allowances in year t are represented as:

FA; = ¢y FAwet  [tCOzeq/year] (3.19)

where ¢, is the fraction of free allowances retained in year t, and F A, = Fu - EFng 18
the reference free-allocation level, consistent with the physical baseline defined in Section 3.2. It
represents the full fossil-emission load of the installation before any phase-out reduction is applied.
After 2034, ¢, = 0, meaning that all remaining emissions are fully exposed to EU ETS compliance
costs.

This formulation introduces a conservative assumption because hard-to-abate and energy-
intensive industrial sectors are not necessarily subject to identical free-allocation conditions. Actual
allocation depends on type of industry, benchmark values, historical activity levels, sector-specific
rules, carbon-leakage exposure, and potential adjustments over time [81, 82].

Nevertheless, the adopted formulation is appropriate for the present techno-economic model,
since it intentionally provides a general way to represent the progressive phase-out of free allowances
and the resulting increase in carbon-cost exposure across hard-to-abate industrial sectors.

Table 3.1: EU ETS free-allocation phase-out trajectory [82].

Year Free allocation retained, ¢; [%)]
2026 97.5
2027 95.0
2028 90.0
2029 77.5
2030 51.5
2031 39.0
2032 26.5
2033 14.0
2034 0.0
2035 onwards 0.0

Finally, the annual carbon-compliance cost is then calculated as:

Cs; = max (Emgrs,,0) - pprs,;  [EUR/year] (3.20)
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The max(0,-) operator ensures that no revenue is generated from surplus allowances. Free
allocations can be acumulated and reduce carbon expenditure but do not generate trading income,
consistent with the conservative cost-avoidance approach adopted for the contractual layer.

GO Procurement Rationality Thresholds

The procurement cascade defined in Section 3.5.2 determines renewable gas coverage by compar-
ing the marginal cost of renewable attribute procurement with the corresponding avoided carbon-
compliance expenditure. Two rationality thresholds, one for biomethane and one for renewable
hydrogen, identify the carbon price above which voluntary coverage beyond the regulatory mini-
mum becomes economically justified, subject to attribute availability in each year.

These thresholds are formalised in Appendix C, Algorithm C.1, and constitute the economic
decision criteria that activate the switching logic of the procurement cascade. Their evolution over
time, driven by changes in renewable attribute premiums, determines when voluntary procurement
becomes economically preferable to residual EU ETS exposure.

For biomethane, the threshold corresponds to the carbon price at which the incremental cost
of procuring a biomethane GO equals the avoided EU ETS expenditure:

PGO,Bio (%)

m [EUR/tCOQeq] (321)

ABio,t =

where pco io(t) [EUR/MWHW] is the biomethane GO premium in year ¢, EFng [tCO2eq/MWh]

is the emission factor of fossil natural gas, and EFg;, [tCO2eq/MWHh] is the effective emission factor
of certified biomethane.

For renewable hydrogen, the analogous threshold is:

PGO,H, (t
>\H2,t . 2( )

== |E t 22
T [BUR/1C0zq (3.22)

where pco u, (t) [EUR/MWHL] is the RENBO procurement premium and EFy, [tCO2eq/MWh]
is the effective emission factor of certified renewable hydrogen. Since EFy, < EFgio, the denomi-
nator of Ay, + exceeds that of Agj ¢ for equal procurement premiums, implying that a lower carbon
price is required to justify voluntary REFNBO procurement relative to biomethane.

As renewable hydrogen procurement costs decline over time, the corresponding rationality
threshold Am,; also decreases. Voluntary RFNBO coverage beyond the regulatory minimum is
activated whenever pgrs+ > An,,t, following the same decision logic applied to biomethane.
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3.6 Model 3 - Economic and Carbon Performance Indica-

tors

Model 3, illustrated in Figure 3.7, converts the annual technical and operational outputs gen-
erated by Models 1 and 2 into economic and carbon-performance indicators over the full 20-year
planning horizon. Its computational sequence and indicator calculations are formalised in the
pseudocode provided in Appendix D.

Planning-horizon outputs are aggregated into four indicators: NPV, LCDE, CAC, and avoided
emissions. Together, these metrics characterise the economic viability and carbon performance of
each decarbonisation pathway relative to its baseline.

These indicators capture complementary dimensions of the techno-economic consequences of
progressive renewable gas integration through the distribution network. NPV evaluates economic
performance relative to Baseline B0, while LCDE expresses the associated cost on a consistent en-
ergy basis. CAC measures the incremental cost per tonne of CO4 avoided, and cumulative avoided
emissions quantify the total carbon reduction achieved over the planning horizon. Together, these
indicators provide a structured basis for evaluating investment viability, cost efficiency, and envi-
ronmental performance across the scenarios considered.

Model 1
outputs
INVESTMENT VIABILITY
“gﬂ?edtg > START vs Baseline B0
P (physical and zero GOs)
Financial
parameters

4 )

Apply discount factors . o
(WACC) Avoided emissions

(Acumulated)

Compute present values

v v

NPV Levelized Cost Carbon Abatement
& Indicator Cost
Break-Even (LCDE) (CAC)

- /

Figure 3.7: __M?&él 3 Flowchart
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3.6.1 Discounted Cash-Flow Structure

Costs and benefits arise at different points over the planning horizon and are converted into
present values through a discounted cash-flow approach. The discount factor applied in year ¢ is
defined as:

1

DFy, = ———
T

-] (3.23)

where r is the nominal discount rate and ¢ denotes the year index relative to the 2026 base
year. A common discount rate is applied to capital expenditure, operational expenditure, and
carbon-compliance costs, ensuring the consistent temporal aggregation of all cash flows included
in the analysis.

For concision, total expenditure (TOTEX) denotes the present value of the capital and opera-
tional costs incurred over the planning horizon:

T
TOTEX = > CAPEXcomnx DF;, +» OPEX,;DF, [EUR] (3.24)
k t=1

where CAPE Xcomb i is the combustion retrofit expenditure triggered by the interchangeability
assessment in network phase k, assumed to occur in the first year of that phase, t;. Annual
operational expenditure OPFE X, is obtained from Model 2 and comprises the physical energy cost
Ch+, renewable attribute procurement cost Cs:, and carbon-compliance cost Cs;, as defined in
Section 3.5.

When the same physical blend composition imposes an identical retrofit obligation on both the
evaluated strategy and Baseline B0, the corresponding C APFE X terms cancel from the incremental
comparison. TOTEX is therefore retained as an absolute cost measure for the LCDE computation,
whereas incremental indicators consider only the cost differences between the evaluated pathway
and the baseline.

The discount factor structure and annual present-value calculations are outlined in Appendix D,
Algorithm D.1.

3.6.2 Levelised Cost of Decarbonised Energy

The Levelised Cost of Decarbonised Energy (LCDE) expresses the total discounted cost of the
evaluated pathway per unit of useful energy delivered over the planning horizon:

TOTEX
LCDE = Toi [EUR/MWH] (3.25)

§ Eutil,t
t=1

where TOTEX represents the present value of all capital and operational costs defined in
Equation 3.24, and Ey4j1+ denotes the useful energy delivered in year ¢. Useful energy demand is
assumed constant throughout the planning horizon.

Unlike net present value, which measures the incremental economic performance of renewable
procurement relative to Baseline B0, LCDE is an absolute cost indicator. It combines physical
energy expenditure, renewable attribute procurement, combustion retrofit CAPEX, and carbon-
compliance costs into a single discounted cost per unit of useful energy. The indicator therefore
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represents the overall cost intensity of the evaluated decarbonisation pathway, enabling compar-
ison between alternative strategies on a common energy basis. The computation is detailed in
Appendix D, Algorithm D.3.

3.6.3 Avoided Emissions

Avoided emissions are treated as a dynamic indicator of environmental performance, rather
than as a fixed annual value. Their evolution depends on the renewable gas pathway adopted over
time, the availability of biomethane, the corresponding GO premium, and the level of renewable
attribute procurement.

This relationship creates a direct causal chain within the model: biomethane market conditions
determine the GO premium pgo Bio(t), which governs the rationality threshold Apio ¢, which in
turn determines the procurement level and the resulting avoided emissions AFEm;, explicited in
3.26.

This formulation distinguishes between latent and realised decarbonisation potential. Latent
potential corresponds to the renewable gas coverage that could be supported by the applicable regu-
latory and availability constraints, whereas realised potential corresponds to the coverage effectively
procured under the contractual and economic decision rules of Model 2. Avoided emissions there-
fore provide the environmental expression of the central finding that decarbonisation value depends
not only on the physical network trajectory but also on the economic conditions that determine
whether available renewable potential is converted into measurable emission reductions.

3.6.4 Carbon Abatement Cost

The carbon abatement cost (CAC) quantifies the net incremental expenditure per tonne of COq
avoided relative to Baseline B0 under full fossil exposure, providing a welfare-consistent metric for
evaluating renewable gas procurement strategies independently of their absolute cost level [63].
The full algorithmic implementation is documented in Appendix D, Algorithm D.4.

Anual avoided emissions relative to B0 in year ¢ are calculated as:
AEm; = Emg; — Emy  [tCOqeq/year] (3.26)

where E'mg; represents the emissions associated with full fossil exposure under Baseline B0,
calculated as:

Emg,; = EFnGg - Eu [tCOgeq/year] (3.27)

and the strategy inventory reflects the energy-weighted combination of fossil and renewable
fuel-cycle intensities:

Emy = (funcov,t EFNG + biot EFbio + iyt EFy, ) Eun - [tCOgeq/year] (3.28)

where funcov,t, Obio,t, and o, denote the uncovered, biomethane-attributed, and hydrogen-
attributed energy fractions,

The annual emission-factor reduction normalised to useful energy demand is:
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AEmt

util

AEFt = = abio,t(EFNG — EFbio) + aHz,t(EFNG — EFHQ) [tCOQQQ/MWh] (329)

ensuring that the avoided-emission indicator and the carbon-cost saving term in the NPV,
formalised later, share an identical abatement basis. Eventually, the Carbon Abatement Cost over
the planning horizon is calculated as:

T
> (Cy— Coy) DF,
CAC = =2 [EUR/tCO,] (3.30)

T
Z AEmt
t=0

where C; = C; + Co ¢ + C3; represents the total annual cost of the renewable gas strategy,

including physical energy procurement, renewable attribute procurement, and carbon compliance.
Co,+ represents the total annual cost under Baseline B0, comprising physical energy procurement
and full EU ETS exposure without GO or RENBO coverage. The differential (Cy — Cy ;) therefore
isolates the incremental cost of implementing the renewable gas strategy.

Discounting is applied to annual cost differences using the factor DF; defined in Equation 3.23,
while physical emission reductions are aggregated in undiscounted tonnes over the planning hori-
zon. This convention, commonly adopted in carbon-abatement cost analysis [63], avoids implicitly
assigning lower weight to future emission reductions.

A positive CAC indicates that the renewable gas strategy incurs a net cost per tonne of COq
avoided relative to B0, whereas a negative CAC indicates that the strategy produces net sav-
ings while simultaneously reducing emissions, which may occur under sufficiently high carbon
prices.

The physical energy cost C; and the corresponding carbon-compliance cost are included in
Co.+, since the installation bears both costs under B0 in the absence of any renewable coverage.
This ensures that CAC measures only the incremental economic impact of the renewable gas
strategy relative to the physical baseline B0.

3.6.5 Investment Viability Metrics

Since Baseline B0 and the investment scenario share identical retrofit capital expenditure,
CAPEX cancels in the incremental NPV calculation. This formulation isolates the net economic
value of GO procurement relative to unmitigated EU ETS exposure, independently of the physical
adaptation cost.

The net present value over the full planning horizon is therefore defined as:

T
NPV = [AEF; - Evi - Poo,t — CaBiot — Com, ] - DF,  [EUR] (3.31)
t=0

where E\yii [MWh/year] is the annual useful energy demand, Pco,, [EUR/tCO;] is the EU ETS
carbon allowance price, and Cs iot and Cay,,; [EUR/year| are the annual biomethane GO and
hydrogen RFNBO procurement premiums, respectively. The product AEF; - Ey; gives the annual
avoided emissions attributable to renewable attribute coverage, expressed in tCOq/year.
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A positive NPV indicates that the EU ETS cost savings generated by renewable attribute
procurement exceed the associated GO and RFNBO procurement costs over the planning horizon.
A negative NPV indicates that the avoided carbon-compliance costs are insufficient to compensate
for the additional renewable attribute expenditure.

The discounted break-even year is defined as the first year in which the cumulative discounted
net value of renewable attribute procurement relative to Baseline B0 becomes non-negative:

t
BE = min {t € Np: Z [AEF;, - Evil - Pcoy.r — Co.Bior — Cotyr) - DFy > o} (3.32)
7=0

A lower break-even year indicates faster recovery of the incremental GO and RFNBO procure-
ment costs through avoided EU ETS expenditure, while the absence of a break-even year within
the planning horizon indicates that the renewable attribute strategy does not recover its addi-
tional procurement costs relative to B0. The break-even computation is presented in Appendix D,
Algorithm D.6.

Both NPV and BE are also computed for each Monte Carlo iteration as discussed below in 3.8,
generating distributions of investment outcomes rather than single deterministic estimates.

3.7 Market Scenarios Architecture

Three scenarios define alternative total contract-price levels for certified biomethane over the
planning horizon, using the Portuguese procurement mechanism established under Portaria n.? 15/2023
as the principal national reference [83]. The outcome of the corresponding procurement procedure
revealed the limited ability of the Portuguese market to supply biomethane at the established
ceiling price. Although the mechanism allowed for the procurement of up to 150 GWh/yr, only
one biomethane bid was submitted, resulting in the award of 1.99 GWh/yr at 62 EUR/MWh,
equivalent to approximately 1.3% of the available volume [84].

The extremely limited uptake indicates that the maximum procurement price of 62 EUR/MWh
was insufficient to mobilise a meaningful volume of biomethane supply under the prevailing Por-
tuguese market conditions. Rather than revealing a representative market-clearing price, the auc-
tion outcome suggests that the reference value remained below the cost level required by most
potential producers to develop, finance, and commit eligible projects. The 62 EUR/MWh value
is therefore not adopted as a realistic current-market benchmark, but as a lower-bound scenario
associated with a substantially more mature and deployment-effective biomethane market. The
three scenarios consequently represent distinct stages of national market development, ranging
from nascent conditions, in which viable production and contracting costs remain significantly
above the procurement ceiling, to a mature market in which the national reference price becomes
attainable.

The total contract price, piotal,s;, represents the all-in cost of certified biomethane, combining
the physical gas-energy value and the GO premium. The corresponding GO premium is derived
as

PGO,Bio,t = MaX (ptotal,Si — PGas,t» O) P [EUR/MWhL (333)

where pgas,: is the physical network gas price in year t, as defined in Section 4.2.3. This
formulation operationalises the physical-contractual dissociation adopted in the model. As pgas ¢
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increases, the GO premium declines even when the total biomethane contract price remains fixed,
reflecting the gradual narrowing of the cost differential between fossil and renewable gas. When
Dtotal,s; < PGas,t, the incremental GO premium reaches zero and certified biomethane becomes cost-
competitive with fossil gas. Under the economic assumptions of the model, additional renewable
procurement then becomes rational independently of avoided EU ETS expenditure.

Scenario S; represents nascent market conditions and adopts a total contract price of 90 EUR/MWh.
This value is consistent with European biomethane production-cost estimates for anaerobic diges-
tion under emerging-market conditions [70, 85, 86] and is further motivated by the limited uptake
observed in the Portuguese procurement procedure at the reference price of 62 EUR/MWh [83].

Scenario So represents an intermediate stage of market development, with piota1 = 75 EUR/MWHh,
reflecting the partial achievement of the national deployment targets and the associated develop-
ment of scale economies [79, 85].

Scenario S3 adopts the 62 EUR/MWh reference price as the lower-bound scenario, representing
the cost level that may become attainable under successful market maturation.

The contrasting auction outcomes further support the differentiated treatment of biomethane
and renewable hydrogen in the scenario architecture. While the biomethane lot attracted only
one bid, corresponding to approximately 1.3% of the available volume, the renewable hydro-
gen lots awarded almost the entire quantity offered. This suggests that the maximum price
of 127 EUR/MWh was sufficiently attractive to mobilise some hydrogen projects, whereas the
62 EUR/MWh ceiling failed to elicit a meaningful biomethane supply response. Nevertheless,
the concentration of hydrogen bids at the maximum admissible price indicates limited downward
price competition and suggests that the procurement ceiling remained close to the minimum level
required by participating projects [87].

Renewable hydrogen procurement costs are therefore not differentiated across the three scenar-
ios. Within the adopted framework, the RFNBO contribution associated with the RED III pathway
is constrained by the hydrogen fraction physically delivered at the industrial meter [24]. Over the
planning horizon considered, hydrogen cost uncertainty is consequently treated as secondary to
the greater uncertainty surrounding biomethane procurement prices. A single deterministic cen-
tral trajectory, anchored to the 127 EUR/MWh reference value, is therefore adopted [83].

3.8 Monte Carlo Simulations

Fixed-point estimates alone do not capture the uncertainty associated with future EU ETS
carbon allowance prices, which directly affect the economic value of GO and RFNBO procurement
through avoided carbon-compliance costs. Since the procurement cascade defined in Section 3.5.2
depends on the comparison between renewable attribute premiums and avoided EU ETS expendi-
ture, carbon-price uncertainty may materially affect the timing, frequency, and economic value of
voluntary renewable attribute coverage.

In the Monte Carlo extension, EU ETS carbon allowance prices are treated as the sole stochastic
variable and modelled through a Geometric Brownian Motion process calibrated against market
data, as established in Section 3.8. As discussed before, the uncertainty in pgo,sio(t) is instead
represented through deterministic scenario contrast rather than stochastic sampling, reflecting its
structural dependence on policy implementation and national market development rather than
short-term market volatility.

No modification is made to the model structure introduced in the preceding sections. Instead,
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the same computational pipeline comprising Model 1, Model 2, and Model 3 is repeatedly evaluated
under sampled EU ETS carbon-price trajectories. In each iteration, the simulated carbon-price
path is propagated through the procurement cascade, annual operational expenditure calculation,
emissions-accounting layer, and economic indicator module. This procedure generates distributions
of NPV, LCDE, CAC, avoided emissions, and break-even year, together with the probability that
each indicator exceeds or falls below economically relevant thresholds. These include the probability
of a positive NPV relative to Baseline B0 and the probability that CAC falls below the prevailing
carbon allowance price.

The computational logic of a single Monte Carlo iteration, including the annual procurement de-
cision loop and the aggregation of discounted indicators, is illustrated schematically in Appendix E,
Algorithms E.1 to E.3.

Stochastic Carbon Price and Monte Carlo Simulation

EU ETS allowance prices constitute the dominant stochastic driver because they simultaneously
determine the operating cost associated with unabated fossil gas consumption and the avoided-
carbon-cost value of renewable gas procurement. Following Abadie and Chamorro [67], who demon-
strate that carbon price volatility can materially affect investment timing under carbon-constrained
operating decisions, allowance prices are modelled through a Geometric Brownian Motion (GBM)
process. This formulation ensures strictly positive simulated price trajectories and results in a
lognormal marginal distribution of the price level, properties commonly adopted in the modelling
of commodity and emissions allowance markets [15, 67].

In continuous time, the allowance price evolves according to:

dPco,,t = pPco,dt + 0Poo,,e dWy, (3.34)

where Pco,, [EUR/tCO3] is the EU ETS carbon allowance price, 4 is the annual drift pa-

rameter, o is the annual volatility parameter, and dW; is the increment of a standard Wiener
1
process.

For an annual simulation step, with At = 1 year, the exact discrete-time solution is obtained
by applying It6’s lemma to f(P,t) = In P and integrating over the interval [t,t + At]:?

0.2
PCOQ,t+At = Pco%t exp |:<[L — 2) At + oV AL Et:| R (3.35)

where ¢; ~ N(0,1) is an independent standard normal shock drawn at each annual time step.
Reflecting barriers are imposed at a lower price bound and an upper structural bound.

Alternative mean-reverting specifications, such as the Ornstein—Uhlenbeck and Cox-Ingersoll-
Ross processes, define a long-run equilibrium level towards which allowance prices tend to converge.

LA standard Wiener process W; satisfies Wy = 0; its increments follow Wy — W, ~ N(0,t—s) for t > s; increments
over non-overlapping intervals are independent; and its sample paths are continuous but nowhere differentiable. It
provides the mathematical foundation for Brownian motion in financial and energy-price processes [67].

21t6’s lemma is the stochastic-calculus analogue of the deterministic chain rule. When applied to f(P,t) = In P
for a GBM process, it yields

2
o
d(InP) = (,u — 7) dt + o dWy.
Integrating this expression over one time step produces Equation (3.35). The correction term —o?/2, commonly
referred to as the It correction, arises from the non-negligible quadratic variation of Brownian sample paths and

ensures that the expected value of P4 a; is equal to P;etAt consistently with the continuous-time formulation.
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This behaviour is theoretically plausible in a cap-and-trade system, since sustained increases in
carbon prices encourage abatement, reduce allowance demand, and may consequently exert down-
ward pressure on the market [88]. Their implementation, however, requires the estimation of both
a stable long-run price and a mean-reversion speed. These parameters are difficult to identify
robustly for the EU ETS, whose historical development has been affected by successive regula-
tory reforms, changes in allowance supply, energy-market disruptions, and broader macroeconomic
regime shifts. A GBM specification is therefore retained as a more parsimonious and transparent
representation of long-term carbon-price uncertainty. Its principal limitation, the potentially ex-
cessive dispersion of simulated prices over long horizons, is controlled through model-imposed lower
and upper bounds, which constrain extreme trajectories without being interpreted as regulatory
EU ETS price limits [67, 88].

This representation of EUA procurement introduces an additional simplification. Any an-
nual allowance deficit is valued at the prevailing spot-equivalent price in the corresponding year,
without explicitly modelling the banking of allowances acquired or allocated in earlier periods,
derivative-based hedging, or the optimisation of purchase timing. In practice, industrial operators
may accumulate EUAs in their Union Registry accounts and use them to fulfil future compli-
ance obligations, thereby separating the year in which emissions occur from the year in which
the associated procurement expenditure is incurred [89]. In a spot-based analysis such as the one
adopted here, these effects are not modelled explicitly in order to keep the scenario presentation
transparent and tractable, consistent with the conservative treatment already adopted for free
allowances [89].
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3.9 Model Limitations

The following limitations define the scope of the model and should be considered when inter-
preting its results.

From a physical modelling perspective, biomethane is represented as a pure methane equivalent,
consistent with grid-quality requirements.

Interchangeability criteria are applied as conservative screening filters rather than validated
operational boundaries for site-specific industrial equipment, reflecting the absence of harmonised
standards for industrial combustion systems above 300 kW discussed in Section 2.4.1. The resulting
flags do not explicitly represent detailed burner phenomena such as flame recirculation, detachment,
flashback dynamics, local temperature gradients, or combustion instabilities. Consequently, retrofit
expenditure is represented through the normalised coefficients a1, ape, and apg, which serve as
screening-level approximations in the absence of standardised supplier pricing and site-specific
engineering data.

From an economic and regulatory perspective, the natural gas price follows a deterministic tra-
jectory, while network tariffs are assumed constant. Consequently, short-term price volatility, tariff
revisions, capacity-based charges, and changes in contracted capacity are not represented. RED III
non-compliance penalties are also excluded because the Portuguese transposition mechanism and
its associated penalty structure were not fully operationalised within the model scope [18]. The
phase-out of EU ETS free allocation is treated as a fixed input throughout the analysis. The
only source of uncertainty introduced in the Monte Carlo simulation is the carbon allowance price,

Pco, t-

The stochastic extension includes only the EU ETS carbon allowance price as a sampled vari-
able. Biomethane GO premiums remain deterministic within scenarios S1, S2, and S3, while
renewable hydrogen procurement costs follow a central deterministic trajectory. Uncertainty in
biomethane market development is therefore represented through scenario contrast rather than
probabilistic sampling. Renewable attribute procurement follows an annual binary switching rule
between the regulatory minimum and the maximum modelled voluntary coverage whenever Pco,
exceeds the relevant rationality threshold. Intermediate procurement positions, risk-averse partial
coverage, hedging strategies, and gradual portfolio adjustment are not represented.

A further limitation concerns biomethane availability. Present formulation assumes that suf-
ficient certified national biomethane supply, is accessible in each year to satisfy the mandatory
RED III coverage, an assumption that isolates the economic effect of alternative GO premium tra-
jectories but does not represent the possibility that marketable supply may lag behind theoretical
or technical resource potential.

In an emerging market, effective availability depends on the mobilisation, quality, and cost of
feedstocks, collection and transport logistics, plant commissioning, upgrading capacity, network
connection, and the issuance and transferability of the corresponding sustainability attributes and
GOs [76, 90, 91]. Supply constraints may therefore affect both the volume accessible to industrial
consumers and the formation of GO premiums, particularly while the market remains characterised
by limited liquidity and relatively inflexible short-term supply [91].

Altough, a separate trajectory of continuously increasing GO premiums is not modelled, persis-
tent demand-led price pressure and insufficient supply growth are represented by the binding condi-
tions associated with scenario S3. Factors that could produce this outcome, including competition
from the transport sector, feedstock scarcity, and delays in network-connection cost allocation, are
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discussed qualitatively in Section 4.4.

Lastly, planning horizon is limited to the 20-year period adopted in the case study. Post-
horizon behaviour and alternative long-term configurations are also outside the central formulation
scope.

Finally and already introducing some of the future work and policy implication that
will be formalised later, we should endogenise an annual certified biomethane availability variable
and jointly represent quantity and price constraints. Such an extension could link maximum
feasible coverage to the operational project pipeline, feedstock mobilisation, injection capacity, and
certificate availability, thereby capturing supply shortfalls, involuntary non-compliance risk, and
the relationship between scarcity and GO premiums. Moreover long-term bilateral agreements like
BPAs, take-or-pay provisions, counterparty risk, and supply-assurance mechanisms would require
a separate contracting structure and remain outside the present formulation.
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Case Study

4.1 Case Study Overview

A continuous container-glass production facility operates through a sequence of interconnected
stages, from raw-material handling and batch preparation to melting, forming, annealing, quality
control, and final packaging. Each stage has distinct thermal and operational requirements, but the
melting furnace remains the dominant energy-consuming unit and the main focus for fuel-related
decarbonisation.

Natural gas is typically used as the primary fuel for high-temperature melting, feeders, and
annealing lehrs. Melting furnaces operate continuously at temperatures of approximately 1400 °C
or higher and are commonly equipped with regenerative air systems or oxy-fuel burners. These
combustion systems are sensitive to changes in fuel composition, particularly Wobbe Index, calorific
value, flame speed, heat input, and air-to-fuel ratio. Hydrogen blending may therefore affect flame
stability, NOy formation, heat transfer, and local furnace atmosphere, with potential implications
for both energy performance and glass quality [34-36, 48].
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Figure 4.1: Typical process chain in container-glass manufacturing [35].

Feeders and annealing lehrs are less energy-intensive than melting furnaces, but remain impor-
tant for process stability. Feeders maintain melt homogeneity before forming, while lehrs control
the cooling profile required to reduce thermal stress in the final product. Their lower energy share
does not make them irrelevant, since both stages require precise thermal control and may also be
affected by fuel-quality variations [36].
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These operational characteristics support the phased approach adopted in the case study. In
glass manufacturing, a large share of direct emissions is associated with fossil-fuel combustion,
while furnace investment and rebuild cycles typically extend over long periods [92]. Deep techno-
logical changes therefore cannot always be implemented immediately and may need to coincide
with refurbishment or furnace-rebuild windows. Progressive integration of biomethane
and renewable hydrogen through the gas distribution network is consequently analysed as an in-
termediate pathway that can reduce combustion-related emissions while preserving operational
continuity.

Evidence from HyGlass and related studies further indicates that hydrogen blending requires
careful adjustment of combustion control and monitoring systems to avoid changes in local oxidising
or reducing conditions, which may affect glass colour, defects, and product quality [36]. This
evidence motivates the conservative retrofit-screening approach adopted in Model 1. Rather than
assuming that all hydrogen blending requires complete equipment replacement, the model links
increasing deviations in fuel properties to staged intervention levels, ranging from monitoring and

burner adjustment to more extensive combustion-system adaptation.

The following sections present the specific network conditions, installation parameters, and
market scenarios adopted for this case study, together with the resulting techno-economic and

carbon performance outcomes.

4.1.1 Network Node Characterisation

Treating the network phase composition as an exogenous deterministic input allows each phase
to represent a projected distribution-network blend. These blends are subsequently used to calcu-
late core mixture properties, such as the lower heating value, higher heating value, specific gravity,
Wobbe Index, and hydrogen volume fraction. Methodologically, this aligns with the approach
developed in Section 3.4.1, where the physical gas mixture dictates both the energy content of
the supplied fuel and the corresponding interchangeability indicators. Consequently, the phase-
specific composition constitutes a central independent parameter in this framework rather than a
secondary sensitivity.

Historical gas composition data at a specific network node would not constitute an appropriate
basis for this analysis, since the objective is not to reproduce past natural gas operating conditions,
but to evaluate prospective blend compositions associated with the physical integration of renew-
able gases in the distribution network. The network phases adopted in this case study therefore
represent forward-looking concession-level operating states, aligned with the expected evolution of
renewable gas injection and circulation within the REN-Portgas distribution area over the com-
ing years. Rather than being derived from historical natural gas quality data, phases P1, P2,
and P3 are formulated as projected blend-composition conditions that reflect how hydrogen and
biomethane may progressively enter and circulate in the modelled network segment. This allows
the model to assess the resulting implications for gas quality, interchangeability, retrofit triggering,
and techno-economic performance from the perspective of an industrial consumer connected to the
concession network.
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Defining the projected gas blend composition for each phase of renewable gas injection estab-
lishes the necessary exogenous inputs for the model. Each phase k € {P1, P2, P3} corresponds to
a specific planning interval, outlining target hydrogen and biomethane volumetric fractions:

e P1 (2026-2031): xy, = 3%, Tuio = 15%
e P2 (2032-2036): zr, = 8%, i, = 25%
e P3 (2037*2046)2 TH, = 18%, Tbio — 40%

Deriving these values from the distribution system operator’s planned network-development
projections ensures that the adopted assumptions remain aligned with the expected renewable gas
injection pathways for northern Portugal. Since these projections were provided specifically to
support the present modelling exercise, the resulting phase structure should be interpreted
as a regionally grounded reference scenario for an industrial installation located in
the north of the country, rather than as a fixed or universally applicable forecast. The
model remains flexible, and the phase compositions can be updated if revised network-planning

information or alternative deployment assumptions become available.

For the calculation of mixture properties consider, the network composition is treated as a
predefined input within the mathematical framework. The adopted phase configurations and their
corresponding gas compositions are summarised in Table 4.1.

Table 4.1: Projected network phase composition for renewable gas injection.

Phase TH, Thio Natural gas
[vol.%] [vol.%)] [vol. %]

P1 3 15 82

P2 8 25 67

P3 18 40 42

Acting as direct inputs to the thermophysical and interchangeability assessments of Model 1,
these phase compositions directly influence both the physical energy layer and the subsequent
retrofit CAPEX that can be consider. This computational architecture remains fully adaptable,
allowing the model to be readily updated to reflect alternative renewable gas deployment pathways,

new operational monitoring data, or higher future injection levels.

The thermophysical characterisation of the delivered gas blend for each network phase relies
on the mixture property formulations presented in Section 2.1. For each phase k € {Py, P», Ps},
the ternary composition (zp,, Zbio, zng) defined in Section 3.3 is substituted into Equations 2.11,
2.4-2.12 to calculate the volumetric lower heating value (LH Vi), specific gravity (SGmix), and
net Wobbe Index (W1yx) at the industrial meter, respectively. All of these calculated properties
across the network phases are exposed in Figure 4.2.
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Figure 4.2: Evolution of thermophysical properties across network phases.

As the hydrogen fraction increases, the lower heating value decreases from 38.90 to 32.60 MJ/Nm?,
reflecting the lower volumetric energy density of hydrogen relative to methane-rich gases. The net
Wobbe Index also declines, although less sharply, from 50.01 to 46.66 MJ/Nm?3. This indicates
a progressive deviation from the Phase Py reference condition and, in Phase Ps, places the blend
below the model-derived lower screening bound adopted for Jg. In parallel, the specific gravity
decreases from 0.605 to 0.488, confirming the increasing influence of the low-density hydrogen frac-
tion in the delivered blend. These trends are consistent with the literature reviewed in the State
of the Art and show that renewable gas penetration must be assessed not only through energy-
content variation, but also through independent interchangeability criteria, including heat input,
primary-air requirement, and hydrogen-specific compatibility limits.

4.1.2 Installation Characterisation

In a continuous container glass melting facility in the Porto metropolitan area, connected to the
Portgas medium-pressure distribution network, that operates three air-regenerative glass melting
furnaces in continuous service, producing container and packaging glass for the food and beverage
sector. Each furnace operates at high temperatures ( 1400 °C) using natural gas as the primary
energy source, with a design capacity enabling 24 h/day and 365 days/year operation. Table 4.2
summarises the principal factors and parameters that characterise this installation.
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Table 4.2: Industrial installation specifications used for model parameterisation.

Parameter Value

Number of furnaces Three air-regenerative glass melting furnaces

Annual total metered gas consumption, 448,000 MWh/yr

Eannual

Capacity factor, C'F 0.872

Operating temperature Approximately 1400 °C

Process type Continuous container-glass melting

The annual metered gas consumption, Fannua = 448,000 MWh/yr, constitutes the main energy
input used to calibrate the case study. This value was provided internally for the present modelling
exercise and is therefore treated as the most reliable basis for representing the scale of the industrial
installation. More detailed plant-level information, including furnace configuration, burner layout,
internal fuel distribution, operating profiles, and retrofit-specific engineering data, was not available
with sufficient resolution, constituing an extra limitation for these parametrization.

Modelling this facility within a Monte Carlo framework allows assessment of exposure to car-
bon prices, renewable gas availability, and GO optimized procurement strategies. By simulating
both deterministic and stochastic carbon trajectories, the model provides realistic projections of
cost-effective compliance pathways and identifies short- to medium-term technical and economic
solutions for a viable decarbonisation alternative, while respecting the operational and essencial
constraints of high-temperature, continuous glass production.

4.2 Model Parameterisation

This section defines the inputs used to apply the techno-economic model to the selected in-
dustrial case study. Rather than repeating the modelling structure developed in Chapter 3, it
identifies the case-specific assumptions required to represent the network transition, retrofit cost
levels, market conditions, and regulatory framework considered in the analysis.

Retrofit cost coefficients are applied according to the staged structure defined in Section 3.4.3,
with the numerical values calibrated specifically for this case study. In line with the phase-based
logic of the model, these coefficients are used as screening-level inputs, allowing different degrees
of combustion adaptation to be represented without assuming complete equipment replacement at
every hydrogen blending level.

Economic and regulatory assumptions are introduced in the following subsections. These in-
clude the network gas price, biomethane procurement scenarios, renewable hydrogen cost trajec-
tory, EU ETS exposure, RED III-based renewable coverage, and the annual procurement strategy
adopted in the model. The carbon allowance price is the only variable treated stochastically, while
renewable gas procurement costs follow the scenario structure already defined in Section 3.7.

Together, these inputs establish the case-study baseline against which the techno-economic and
carbon performance of renewable gas integration is evaluated.
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4.2. Model Parameterisation

4.2.1 Combustion Retrofit Parameterisation

The retrofit capital expenditure adopted in the case study follows the single-component for-
mulation of Section 3.4.3, comprising combustion-system adaptation only. On-site hydrogen sep-
aration is excluded from the central formulation on regulatory grounds, as established in Sec-
tion 3.4.3.

The required operational thermal power, representing the baseline thermal demand of the burn-
ers, is estimated from the annual metered gas consumption and the operating capacity factor
defined in Section 4.2:

Eannual - 10% 448,000 - 10°
CF-8760  0.872-8760

By, = ~ 58,649 kW (4.1)

where Eapnnual = 448,000 MWh/yr is the annual metered gas consumption, CF = 0.872 is
the operating capacity factor, and 8760 h/yr is the number of hours in a standard calendar year.
The resulting thermal power of approximately 58.6 MWy, is consistent with a large industrial
installation operating under continuous high-load conditions.

All combustion-retrofit coefficients were defined from the order of magnitude reported in the
HyNet Industrial Fuel Switching demonstration. In that project, hydrogen firing was tested in an
existing glass furnace, and the cost of switching comparable sites was estimated at approximately
500,000 GBP in plant and equipment costs for a furnace with an installed firing capacity of around
50 MW [93]. This value corresponds to an indicative retrofit intensity close to 10 EUR/kW, which
is used as the basis for the combustion-retrofit CAPEX formulation in Equation 3.10.

In the present case study, this value is assigned to the upper retrofit level Ls, while lower
coefficients are adopted for less intrusive adaptation levels.

Table 4.3: Specific combustion retrofit costs adopted in the case study.

Level Technical interpretation Specific CAPEX

Ly Limited burner adaptation, recalibration, additional 2 EUR/kW
monitoring, and control adjustment.

Lo Partial combustion-system retrofit, including burner 5 EUR/kW

adaptation, fuel-train adjustment, valve and instru-
mentation upgrades, and safety validation.
L3 More extensive hydrogen-compatible burner conver- 10 EUR/kW
sion or equivalent combustion-system redesign, poten-
tially including additional safety and control systems.

Using the operational thermal power calculated in Equation 4.1, the resulting combustion-
system retrofit costs are

CAPEXcomb.11 = 2 - 58,649 ~ 117 KEUR (4.2)
CAPEXcomb.12 = 5 - 58,649 ~ 293 KEUR
CAPEX omp.13 = 10 - 58,649 ~ 586 kEUR

Under the central formulation, only Level 1 combustion retrofit is activated, triggered by the
Wobbe Index violation at Phase Ps.
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The resulting CAPEX of approximately 117 kEUR is modest relative to the annual operational
expenditure of the installation and cancels in the incremental NPV, as both the investment pathway
and Baseline B0 incur this obligation. Although retrofit CAPEX is a critical parameter for any
future real-world application of the integrated model, it is not the main uncertainty explored in
this thesis. Its contribution is therefore included in the broader economic assessment, while a
dedicated retrofit-cost sensitivity analysis is left as a possible extension of the framework.

4.2.2 Economic and Regulatory Parameters

Table 4.4 summarises the main financial assumptions adopted and provides the baseline inputs
used in the model.

Table 4.4: Financial parameters adopted in the case study.

Parameter Value
Planning horizon, T 2026-2045
Discount rate, r 8%

Base year 2026

The 2026—-2045 horizon covers the full network-transition pathway considered in the case study
and captures the long-term effects of renewable gas procurement, retrofit activation, and EU ETS
exposure. Future incremental cash flows are discounted at 8%, following the net present value
formulation presented in Section 3.6.1.

Figure 4.3 translates the RED III provisions into the compliance pathway used for case-study
calibration. Industrial renewable energy use is represented by a linear increase of 1.6 percentage
points per year from the 2021 baseline. RFNBO requirements apply specifically to eligible industrial
hydrogen consumption, reaching 42% in 2030 and 60% in 2035. Both trajectories are included for
modelling clarity and should not be interpreted as equivalent. They represent EU-level targets
that, at the time of writing, had not yet been transposed into Portuguese law.
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Figure 4.3: RED III compliance trajectories adopted in the case study, with the dashed extension beyond
2035 indicating uncertainty in future RENBO targets [3].
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In operational terms, the RED III industrial pathway results in a minimum renewable attribute
coverage of approximately 5% of useful energy in 2026. This share increases by 1.6 percentage
points per year until 2030 and by 1.9 percentage points per year thereafter, reaching 40% of final
energy use by the end of the planning horizon. Compliance may be achieved through the combined
contribution of biomethane GOs and RFNBO-certified hydrogen.

RFNBO sub-targets apply specifically to the hydrogen fraction physically delivered at the meter.
Under the adopted modelling assumption, 42% of eligible hydrogen consumption must be certified
as RFNBO from 2028 to 2034, increasing to 60% from 2035 onwards. Since the hydrogen volume
fraction available at the meter is determined by the network-phase schedule rather than by the
installation’s procurement decisions, the corresponding RFNBO contribution is constrained by the
DSO injection pathway [24].

Certified renewable attributes are assumed to be procured annually through the spot market,
with coverage determined by the procurement cascade introduced in Section 3.5.2. Carbon com-
pliance costs are determined by residual fossil emissions, the prevailing allowance price, and the
progressive reduction in free allocation, applied according to the phase-out trajectory defined in
Section 1.1.3.

Table 4.5 summarises the regulatory assumptions adopted in this case study.

Table 4.5: Regulatory and carbon-market parameters adopted in the case study.

Parameter Value / treatment

EU ETS exposure Active throughout 2026-2045
Free-allocation phase-out 2026—-2034 trajectory

Annual industrial renewable ramp-up +1.6 pp/year / +1.9 pp/year
RFNBO hydrogen sub-target 42% by 2030; 60% by 2035
Carbon price, Pco, + Stochastic trajectory
Renewable gas certification GO-based procurement

At the time of writing, RED III defined REFNBO targets for industrial hydrogen use only for 2030
and 2035, with no subsequent target specified for the post-2035 period [3]. The 60% requirement
is therefore maintained over the remainder of the planning horizon as a conservative modelling as-
sumption, consistently with the regulatory uncertainty declared in Section 3.9. The free-allocation
phase-out is incorporated in parallel according to the methodology defined above.

4.2.3 Market Assumptions

Market assumptions define the price trajectories adopted in the analysis and play a central role
in the interpretation of the results. The key relationship in the contractual layer is the derivation
of the biomethane GO premium from the spread between the total certified biomethane contract
price and the prevailing network gas price, as established in Equation 3.33. Accordingly, pgas,:
and Piotal,s; jointly determine the evolution of pgo Bio,+ and, consequently, the rationality threshold
ABio,+ over the planning horizon.

This relationship is particularly important because renewable gas markets in Portugal remain
at an early stage, with limited empirical data available to support a robust price forecast. The
scenario structure is therefore not intended to predict precise market prices, but to explore how
different levels of biomethane market development may change the economic rationale for renew-
able procurement. In this sense, the price assumptions provide a structured way to assess which

78



Chapter 4. Case Study

market conditions could make biomethane adoption more attractive, and what this implies for the
development of a future renewable gas market in Portugal.

The individual trajectories of each price input are defined in the following subsections and are
later used to interpret the rationality thresholds and economic outcomes presented in the results
discussion.

Network Gas Price

Physical network gas price, pgas ¢, represents the non-carbon industrial procurement cost at the
network connection point. Carbon-compliance costs are deliberately excluded from this layer and
are modelled separately in Layer 3 as a function of the EU ETS allowance price. This separation
avoids double counting of carbon costs. Accordingly, pgas: is interpreted as a reduced-form
price that captures the main non-carbon components of industrial gas procurement, including the
wholesale molecule cost, regulated network-access tariffs, and applicable fiscal components.

The adopted initial value of 45 EUR/MWW is consistent with recent Portuguese market ev-
idence. The wholesale molecule component is referenced to the MIBGAS Iberian benchmark,
reported at approximately 38.5 EUR/MWh in 2026 [94]. The final industrial procurement price
also includes regulated network-access tariffs set annually by ERSE for transmission, distribution,
and system-management activities, as well as fiscal components. Eurostat reports a Portuguese
non-household gas price of approximately 48.1 EUR/MWHh in the second half of 2025 [95]. Since
this reported value includes carbon-related surcharges that are not included in pgas ¢, it is used only
as an upper reference for the adopted 45 EUR/MWh non-carbon modelling value, rather than as
a direct input. The value should therefore be read as a transparent reduced-form assumption, not
as a detailed bottom-up tariff and fiscal build-up.

Future gas-price evolution remains uncertain. Progressive renewable gas integration could re-
duce exposure to the fossil wholesale molecule component, but the final non-carbon procurement
price is not determined by wholesale dynamics alone. As total gas volumes decline, regulated
network-access costs may increase because fixed infrastructure costs are recovered over a smaller
consumption base, partially offsetting any wholesale-price reductions [96]. For this reason, the
model adopts a constant escalation rate of 3%/yr for pgas:. This rate should not be interpreted
as a forecast, but as a moderate long-term assumption for non-carbon industrial gas procurement
costs. It is broadly consistent with the EU Reference Scenario approach [97] and remains within the
3.3-3.6%/yr range reported in Enerdata’s long-term European gas-market scenarios [98]. Against
this background, the adopted 3% trajectory represents a comparatively moderate and transparent

long-term assumption.

The resulting trajectory at selected reference years is shown in Table 4.6.

Table 4.6: Reference values for the deterministic network gas price trajectory.

Year pg.s: [EUR/MWh]

2026 45.00
2030 50.65
2035 58.72
2040 68.07
2045 78.90

This trajectory applies to the metered gas energy physically delivered at the network connection
point, forming the basis for the Layer 1 physical energy cost.
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Biomethane and H2 GOs Scenarios

Biomethane GO premium is derived from the spread between the total certified biomethane
contract price and the prevailing network gas price, following Equation 3.33. The three scenarios
should therefore be interpreted not as point forecasts, but as alternative policy-market conditions
under which certified biomethane could become available in Portugal. Each scenario reflects a
different level of market maturity, policy effectiveness, and project-financing feasibility.

A declining total contract-price trajectory is not imposed in any scenario. This choice is both
methodological and conservative, since the Portuguese biomethane market does not yet provide
sufficient empirical evidence to calibrate a robust cost-reduction curve. The market remains at an
early stage, no liquid biomethane GO market exists, and the main national reference, the 2024
procurement procedure, failed to attract meaningful producer uptake. Direct extrapolation from
more established European markets would therefore risk imposing a maturity profile that does not
yet reflect Portuguese market conditions.

Instead, the three fixed price levels are used as a structured sensitivity framework rather than
as forecasts of future biomethane prices. This does not imply that the biomethane GO premium
remains constant over time. Because pgas ¢ increases at 3% per year, a declining premium emerges
endogenously under each fixed total contract price, as the spread between fossil gas and certified
biomethane progressively narrows.

This formulation makes the scenario interpretation clearer. Rather than attempting to forecast
an immature and uncertain market, the model isolates how different policy-market price levels
affect biomethane adoption, rationality thresholds, and economic performance. The fixed-price
structure also improves the readability of the results, since changes in Agjo+ can be directly linked
to the interaction between pgas.: and piotal,s,. This is particularly useful for discussing what type
of renewable gas market may need to develop in Portugal for biomethane procurement to become
economically attractive.

Table 4.7 reports the resulting pco Bio,+ trajectories at selected reference years.

Table 4.7: Biomethane GO premium and rationality threshold by scenario and reference year.

Year Degas S1 Sa Ss

[EUR/MWh] PGO ABio PGO ABio PGO ABio
[EUR/MWh] [EUR/tCO,] [EUR/MWh] [EUR/tCO,] [EUR/MWh] [EUR/tCO,]

2026 45.0 45.0 247 30.0 165 17.0 93

2030 50.6 39.4 216 24.4 134 11.4 63

2035 58.7 31.3 172 16.3 90 3.3 18

2040 68.1 21.9 120 6.9 38 0.0

2045 78.9 11.1 61 0.0 0 0.0

The progressive decline in pgo,Bio,+ across all scenarios reflects the dissociation between the
fixed total contract price and the rising fossil gas reference. As pgas; increases, the GO premium is
compressed even without assuming any market-driven reduction in biomethane production costs.
Under S3, the GO premium reaches zero from 2040 onwards, meaning that certified biomethane
becomes cost-competitive with fossil gas under the assumptions of the model. The implications of
this result are discussed in greater detail in the results section.

Hydrogen cost uncertainty is therefore treated as secondary to biomethane procurement-price
uncertainty over the planning horizon considered. This does not imply that renewable hydro-
gen costs are unimportant, but rather that the central analysis focuses on the market variable
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(biomethane) with greater relevance for the procurement scenarios developed in the consider tem-
poral horizon.

Table 4.8 reports the resulting pco,m,,+ and Am, + at selected reference years.

Table 4.8: Hydrogen GO premium and rationality threshold by reference year.

Year Dgas PGO,Ha AH,
[EUR/MWh] [EUR/MWh] [EUR/tCO,]

2026 45.0 82.0 412

2030 50.6 76.4 384

2035 58.7 68.3 343

2040 68.1 58.9 296

2045 78.9 48.1 242

A multi-scenario hydrogen cost analysis is retained as a possible extension of the framework,
particularly for post-2035 conditions, when electrolyser cost trajectories, RENBO regulation, and
hydrogen market liquidity may become more uncertain. A different approach is adopted in the
extended scenario and is justified in the corresponding results section.

4.2.4 Monte Carlo’s Parameterisation

The simulation stage combines the deterministic scenario structure defined above with the
stochastic carbon-price process 3.8. Rather than redefining the full set of model inputs, this section
specifies how the calibrated trajectories are used to generate deterministic and probabilistic outputs
for the case study.

While the deterministic evaluation provides a clear baseline for cost and compliance assessment,
it does not capture the full range of potential futures for market-driven variables, particularly those
with structural uncertainty. In response, a stochastic extension was implemented through Monte
Carlo simulations. The stochastic framework focuses on the dominant source of market uncertainty,
such as the EU ETS carbon allowance price Pco, +, which determines both the operating cost of
fossil gas consumption and the avoided-cost value of GO procurement. The carbon price trajectory
is assigned a probability distribution and sampled across 10,000 iterations, enabling exploration of
variability in carbon market conditions and their effect on the economic attractiveness of renewable
gas procurement.

Following the exact discrete-time solution introduced in Equation 3.35, the process is initialised
at Pco,,0 = 75.36 EUR/tCO2, corresponding to the 2026 base-year anchor calibrated against the
EEX annual average auction settlement price [99].

1

The annual drift parameter, u = 5% yr—!, reflects the expected upward price pressure arising

from the progressive tightening of the EU ETS emissions cap reviewed in 1.1.3.

The annual volatility parameter, o = 35%, is calibrated using EU ETS auction settlement
prices published by the European Energy Exchange, covering approximately 1,737 inter-auction
log-return observations between January 2018 and December 2025 [87]. All dataset was processed
and analysed in Excel, and the resulting volatility estimates and supporting graphical analysis are
presented in Appendix F

Annualised realised volatility is estimated as:
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& = std {m < Ppt )] V252 (4.5)

t—1

From deep analysis, explicit in Appendix F, was concluded, for example that post-crisis cali-
bration window from 2023 to 2025 yields & = 32.5% over only 654 observations, consistent with
the and Markets Authority (ESMA) annualised daily volatility calculator, a estimate of 34.9% for
2024 [100].

To prevent economically implausible trajectories over the 2026-2045 planning horizon, reflecting
barriers, are applied at a lower bound of Pyi, = 30 EUR/tCO2 and an upper bound of Py . =
200 EUR/tCOs.

In one hand, the lower bound reflects the structural price support provided by the MSR im-
plications analysed before in 1.1.3. In the other hand, the upper bound has no explicit regulatory
basis and is introduced solely as a methodological simplification to truncate the lognormal right
tail at a level broadly consistent with long-run marginal abatement cost projections.

It becomes binding only in the far-right tail of high-volatility trajectories and therefore does not
materially affect central or median estimates. The resulting distribution of simulated carbon-price
paths is presented in Figure 4.4.
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Figure 4.4: Simulated EU ETS carbon-price trajectories under the GBM parameterisation.

The deterministic EUA price trajectory is defined as

Pco, (t) = Poet. (4.6)

Within the GBM framework, this expression represents the expected value of thesimulated
price distribution rather than its median trajectory. Since the GBM generates a positively skewed
lognormal distribution, a comparatively small number of high-price outcomes exerts a dispropor-
tionate influence on the arithmetic mean. As a result, the expected-value trajectory lies above
the median, and more than half of the simulated price outcomes remain below it at each point in
time.
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The median price instead evolves according to the drift of the logarithmic price process, given
by u — 0?/2. The drift parameter y is not derived mechanically from the EU ETS Linear Re-
duction Factor. The Linear Reduction Factor defines the annual reduction in the emissions cap,
whereas allowance prices also depend on fuel prices, industrial activity, banking behaviour,
policy credibility, hedging demand, and expectations regarding future scarcity. There-
fore, u = 5% is adopted as a long-term scenario assumption representing progressive tightening
of the EU ETS market, rather than as a direct conversion of the cap-reduction rate into price
growth.

For the adopted parameters, u = 5% and o = 35%, the corresponding annual median growth
rate is:

2 0.352
[ % = 0.05 = =5 = —0.01125 ~ —1.1% yr ™. (4.7)

A declining median trajectory is therefore not indicative of a modelling inconsistency. It arises
because the volatility correction, 02/2, exceeds the assumed drift, causing the typical simulated
outcome to decrease even though the expected price continues to rise. Accordingly, Pyet! is
interpreted as the mean price implied by the stochastic process and is used only as a deterministic
reference for comparison with the economic thresholds discussed later in the model results.

Under these assumptions, the deterministic reference also has a high-carbon interpretation. Al-
though the median simulated trajectory decreases because of the volatility correction, the expected
trajectory reaches values close to 200 EUR/tCO5 by the end of the planning horizon. Such values
are above more moderate long-term reference projections, including European energy-system sce-
narios in which carbon prices remain closer to 150 EUR/tCOgy over comparable horizons [97]. For
that reason, the deterministic benchmark should not be read as a neutral forecast, but as a trans-
parent mean-price reference and the robustness of the economic conclusions is therefore assessed
through the Monte Carlo distributions, rather than through the deterministic mean trajectory

alone.

4.3 Model Results

4.3.1 Deterministic Results

The deterministic analysis establishes the central technical and economic outcomes for each
biomethane GO premium scenario under the expected EU ETS carbon-price trajectory. These
results are not intended to provide a definitive forecast. Instead, they define a transparent refer-
ence case that supports the interpretation of the stochastic analysis and of the extended scenario
developed later in the chapter.

Detailed annual outputs for all three scenarios, including the full decomposition of operational
expenditure, GO coverage fractions, carbon compliance costs, and cumulative NPV, are compiled
in Appendix G and are intended to support verification and replication of the analytical reasoning
underlying the model.

Physical Layer and Retrofit Activation

Model 1 indicates that Phase Pj is the only network transition phase requiring retrofit inter-
vention. At this stage, the net Wobbe Index of the delivered blend decreases from 50.01 MJ/Nm3
in the Phase P, reference composition to 46.66 MJ/Nm?. This value falls below the model-derived
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lower screening bound of 47.51 MJ/Nm3, corresponding to a 5% reduction relative to the Phase P
net Wobbe Index. A Level 1 combustion retrofit is therefore activated in 2037.

Associated CAPEX is approximately 117 kEUR. Since this obligation is driven by the physical
gas blend, it is identical across all biomethane price scenarios. It also cancels in the incremental
NPV calculation, because Baseline B0 is exposed to the same physical blend conditions and there-
fore incurs the same retrofit obligation. No retrofit is activated in Phases P, or P, where the net
Wobbe Index remains within the adopted £5% screening band around Phase P.

This result should be interpreted as a conservative screening outcome rather than as a detailed
engineering retrofit specification. The purpose of the criterion is to link retrofit activation to
gas-quality deviation under a consistent screening rule, not to define the exact equipment-level in-
tervention required. Site-specific burner testing, manufacturer validation, and combustion-control
assessment would still be required before implementation.

GO Premium Trajectories and Rationality Thresholds

Figure 4.5 compares the biomethane rationality thresholds obtained under scenarios Si, Sa,
and S3 with the deterministic mean EU ETS carbon-price trajectory defined in Equation 4.6. The
markers identify the first year in which the expected carbon price, Pco,: = Poel!, exceeds the
biomethane rationality threshold. These years are therefore interpreted as mean-price crossing
points, rather than as typical outcomes of the stochastic carbon-price process.

Renewable hydrogen procurement is still included in the model calculations, as shown in the
annual summary tables presented in Appendix G. However, since the hydrogen procurement cost
is treated as a fixed central input and is not varied across scenarios, it is not the focus of the
threshold comparison shown in Figure 4.5.
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Figure 4.5: Biomethane rationality thresholds under three scenarios compared with the mean EU ETS

carbon-price trajectory.
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The threshold trajectories follow directly from the GO premium formulation defined in Equa-
tion 3.33. Since the total certified biomethane contract price is fixed within each scenario, the GO
premium decreases as the network gas price increases at 3%/yr. The decline in Agjo therefore
reflects the compression of the spread between fossil gas and certified biomethane, rather than an
assumed reduction in biomethane production cost.

On the deterministic mean carbon-price trajectory, voluntary biomethane procurement becomes
economically rational around 2039 in .S7, 2034 in S5, and 2028 in S3. These crossing years are useful
as deterministic benchmarks because they indicate when the expected EU ETS price becomes high
enough to offset the biomethane GO premium. However, they should not be interpreted as robust
switching dates. Under the GBM parameterisation adopted in the Monte Carlo analysis, with
i = 5% and o = 35%, the log-drift is negative. As a result, the median carbon-price trajectory
declines over time, while the expected trajectory increases because of the right tail of the lognormal
distribution.

This distinction is important for interpreting the economic results. The deterministic crossing
years show when biomethane procurement becomes rational under the mean EU ETS trajectory,
but the robustness of that decision is assessed only through the Monte Carlo distributions presented
in Section 4.3.2.

4.3.2 Monte Carlo Simulation Results

The Monte Carlo analysis introduces uncertainty in the EU ETS carbon price and propagates
it through the full model. For each biomethane GO premium scenario, the simulation generates
a distribution of economic and carbon-performance outcomes, rather than a single deterministic
result. This makes it possible to assess not only the expected outcome of each scenario, but also
the probability that renewable gas procurement becomes economically favourable under alternative
carbon-price trajectories.

NPV Distribution

Figure 4.6 presents the cumulative NPV distribution relative to Baseline B0 across the 10,000
Monte Carlo iterations. The vertical line at zero separates outcomes in which biomethane pro-
curement creates a positive net return from those where additional GO procurement costs remain
higher than the avoided EU ETS expenditure.

S1 — Nascent market (90 EUR/MWh) S2 — Developing market (75 EUR/MWh) S3 — Portaria 15/2023 reference (62 EUR/MWh)
= NPV <0 | W NPV <0 NPV <0
= NPV >0 i P(NPV > 0) - NPV 0 P(NPV > 0) - NPV >0 P(NPV > 0)

1 = 26.6% ' = 49.9% ' =78.6%
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Figure 4.6: Monte Carlo NPV distribution relative to Baseline B0 under scenarios Si, S2, and Ss.
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The main information extracted from Figure 4.6 is the probability of obtaining a positive NPV,
rather than the absolute value of each simulated outcome. This probability changes markedly across
scenarios. In Sp, only 26.6% of the simulations generate a positive result. The share increases
to 49.9% in S, and reaches 78.6% in S3. This progression is consistent with the rationality-
threshold analysis presented above that lower biomethane contract prices reduce the carbon-price
level required for voluntary procurement to become economically attractive.

In S7, the higher biomethane price keeps the rationality threshold above most simulated carbon-
price paths, so positive outcomes remain limited. In Ss, lower procurement costs move the distribu-
tion towards favourable results, with most iterations supporting biomethane procurement beyond
the mandatory minimum. Scenario S5 sits close to the breakeven region, representing a transi-
tional market condition in which the economic case depends strongly on the realised EU ETS price

path.

Carbon Abatement Cost and Avoided Emissions

Carbon abatement cost and avoided emissions are analysed separately because they answer
different questions. The CAC indicates the economic cost, or saving, associated with each tonne
of CO2 avoided. It therefore provides a direct measure of whether biomethane procurement acts
as a costly compliance option or as an economically favourable decarbonisation strategy. Avoided
emissions, by contrast, quantify the environmental scale of the procurement decision over the

planning horizon.

Figure 4.7 presents the Monte Carlo distribution of CAC across the three biomethane scenar-

ios.
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Figure 4.7: Monte Carlo distribution of carbon abatement cost across biomethane scenarios.

The CAC distribution reinforces the economic interpretation of the scenario results. Under
S1, the median CAC remains positive, indicating that avoided EU ETS expenditure is generally
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insufficient to offset the higher biomethane procurement cost. In this case, biomethane adoption
still delivers emissions reductions, but these reductions come at an additional net cost to the
industrial consumer.

Under S3, the median CAC becomes negative. This means that, in the median Monte Carlo
outcome, biomethane procurement not only reduces emissions but also generates net savings rel-
ative to Baseline B0O. The result follows directly from the lower GO premium. Once certified
biomethane becomes sufficiently close to fossil gas in cost, avoided carbon expenditure can exceed
the additional procurement cost. Scenario So lies between these two cases, with a median value
close to zero, suggesting a transitional market condition in which biomethane procurement is near
the economic breakeven point.

This indicator is important because it links climate performance to industrial competitiveness.
A lower or negative CAC means that emissions reductions are achieved without imposing a per-
sistent additional cost burden. In the context of this thesis, the CAC therefore helps identify the
market conditions under which renewable gas procurement moves from being a compliance-driven
expense to becoming an economically defensible decarbonisation pathway.

Figure 4.8 presents the corresponding distribution of cumulative avoided emissions over the
20-year planning horizon.
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Figure 4.8: Monte Carlo distribution of cumulative avoided emissions over the 2026-2045 planning
horizon.

The avoided-emissions results show a clear increase in carbon benefit as the biomethane market
becomes more favourable. Median cumulative avoided emissions reach approximately 297 ktCO2
in 57, 684 ktCOsqeq in S5, and 1,137 ktCOseq in S3.

For a single connected industrial installation, this variation is substantial. Moving from a
nascent-market condition to a mature-market price level increases both the economic attractiveness
and the environmental impact of renewable gas procurement.
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The combined reading of Figures 4.7 and 4.8 therefore shows that biomethane market develop-
ment affects not only the cost of abatement, but also the scale of emissions reductions that can be
achieved through voluntary procurement of these GOs.

4.3.3 Extended Scenario

Central model assumes that renewable hydrogen is supplied through the blended gas net-
work and accounted for through RENBO certification. However, the practical implementation
of RFNBO certification for hydrogen blended in distribution grids remains uncertain in Portugal,
as discussed in Section 3.9. This uncertainty motivates an additional question: if network-based
certification is not available in time, or proves difficult to operationalise, could on-site
hydrogen production through electrolysis offer a viable alternative for the industrial
consumer?

The extended scenario addresses this question through a simplified screening assessment over the
2026-2045 planning horizon. It compares the central network-based pathway with an alternative
in-situ pathway, in which the industrial consumer produces hydrogen locally. The objective is not
to optimise an electrolyser system or to represent all engineering requirements associated with
on-site hydrogen production. Instead, a basic comparison assesses whether local electrolysis could
plausibly compete with network-based renewable gas supply under conservative assumptions, while
also identifying the additional capital commitment and investment-risk allocation implied by this
option.

In the network pathway, the installation follows the deterministic S5 case. It receives the pro-
gressively hydrogen-enriched gas blend across Phases P;, P, and Ps, procures biomethane GOs to
comply with the RED III renewable energy trajectory, and includes the Level 1 combustion retrofit
activated in the central model. The resulting annual outputs correspond to the deterministic Sy
case presented in Table G.

In the in-situ pathway, the modelled network segment supplies biomethane only, with no
hydrogen injection. Hydrogen is instead produced locally through a PEM electrolyser commis-
sioned in 2037 and sized to match the Phase P; hydrogen energy equivalent. A Level 3 combustion
retrofit is also assigned in the same year, since local production requires the installation to handle
a dedicated hydrogen stream.

From 2037 onwards, local hydrogen production is treated consistently with network-delivered
RFNBO hydrogen in the EU ETS accounting, so that the in-situ pathway receives the emission-
reduction benefit associated with the hydrogen it produces. Before 2037, no local RFNBO hydrogen
production is modelled; consequently, the pathway relies only on biomethane attribution and faces
higher residual EU ETS exposure during the earlier phases.

Technical and economic assumptions adopted in this comparison are summarised in Appendix H,
including the electrolyser sizing calculations, the incremental cost structure, and the sensitivity
analysis pseudocode.

The clearest difference between the two pathways is the level of upfront investment required.
The network pathway requires only a Level 1 combustion retrofit in 2037, with a cost of approxi-
mately 117 kEUR. By contrast, the in-situ pathway requires both a 6.00 MEUR (millions of euros)
electrolyser and a Level 3 combustion retrofit of 586 kEUR, resulting in a total capital requirement
of approximately 6.58 MEUR.

One possible objection is that the two pathways do not assume the same retrofit level. This
difference is intentional and reflects a conservative methodological choice. In the network pathway,
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hydrogen is introduced gradually through the blended gas supply, and retrofit activation follows
the gas-quality deviations identified in Model 1. In the in-situ pathway, however, the installation
would invest in local green hydrogen production and would need to be technically prepared to
receive and use a dedicated hydrogen stream at the site level. For this reason, a Level 3 retrofit is
assigned to the in-situ case, even though the hydrogen share blending with natural gas is considered
in the central network model does not itself activate this level.

This assumption avoids understating the engineering implications of local hydrogen produc-
tion. An industrial consumer choosing in-situ electrolysis would not only purchase an electrolyser,
but would also need to adapt the combustion system, safety procedures, fuel handling, and control
infrastructure to a hydrogen-specific configuration. The resulting comparison is therefore conser-
vative, but, more consistent with the technical nature of the in-situ pathway.

All of this can represents around 56 times the retrofit cost of the network pathway. Even if a
Level 3 retrofit were assumed in both pathways, the in-situ option would still require a substan-
tially higher capital commitment because of the initial electrolyser investment. Before operational
costs are even considered, this difference implies much greater capital exposure for the industrial

consumer.

It also changes the nature of the investment decision: the network pathway relies mainly
on upstream infrastructure and distributed certification, while the in-situ pathway
transfers a large share of the decarbonisation investment directly to the individual
installation.

Sensitivity Analysis

The operational comparison is more sensitive to the assumed trajectory of renewable hydro-
gen costs. Under the central parameterisation, based on a fixed 127 EUR/MWHh total hydrogen
reference value, in-situ production can appear favourable at the individual installation level. This
occurs because the network RFNBO premium in 2037 remains higher than the estimated cost of
PPA-based hydrogen production.

Figure 4.9 shows how the LCDE differential responds to different annual decline rates in
the total hydrogen contract price. The indicator is defined as

ALCDE - LCDEin—situ - LCDEnetwork-

As we can analyse, negative values indicate an in-situ advantage, while positive values indicate
a network advantage.
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Figure 4.9: Sensitivity of ALCDE to the annual decline rate of the total hydrogen contract price.

The network pathway becomes more favourable when the total hydrogen contract price de-
clines by more than approximately 4.1%/yr, corresponding to a value close to 80 EUR/MWh in
2037. Under slower cost reductions, or under a fixed-price assumption, in-situ production may be
competitive from the perspective of a single installation.

Also in the extended scenario , the Art. 22 hydrogen requirement is applied on a volu-
metric blend basis rather than on its lower energy-content equivalent, which is the basis used
consistently in the main modelling framework. This is a deliberately conservative modelling
choice: by inflating the compliance cost of the network pathway, the comparison is biased in
favour of the in-situ alternative. This choice is adopted to make the comparison between the
two pathways more demanding and analytically useful, therefore creating a more conservative test
of network competitiveness, as discussed later in the results interpretation.

However, this result should be interpreted with caution. It depends strongly on the assumed
electricity price, electrolyser CAPEX, utilisation level, and future hydrogen procure-
ment cost, all of which remain uncertain and sensitive. Therefore, this scenario is not intended
to provide a definitive alternative pathway. Rather, it offers a complementary comparison that
helps identify the conditions under which in-situ hydrogen production could become competitive
with the network continuity pathway. It also indicates how the network-based renewable gas path-
way would need to evolve in order to remain economically attractive relative to a decentralised
production option.

These parameters are kept explicit in the model so that alternative assumptions can be
tested in future applications and adapted to different industrial or market conditions.

Should be consider, that centralised production and injection can serve multiple consumers
through shared infrastructure, spreading production, certification, storage, and network-integration
costs across a broader demand base. This logic is consistent with the Hydrogen Valley approach,
which promotes geographically integrated hydrogen ecosystems linking production, infrastructure,
and multiple end-use sectors [101].

Finally, in-situ electrolysis, by contrast, replicates production assets at each industrial site and
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concentrates investment, operational, and integration risk at installation level. It does not quantify
the additional system benefits that network-based renewable gas deployment could provide through
shared infrastructure, coordinated demand aggregation, and regional economies of scale.
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4.4 Discussion and Validation

Results for the case-study installation show that physical adaptation to progressive renewable
gas injection is not the main constraint. Over the 20-year planning horizon, only one retrofit
intervention is activated by network blend evolution, with an estimated Level 1 cost of 117 kEUR.
Even a higher Level 3 intervention, used as an upper-bound comparison in the pure-hydrogen
extended scenario, would reach 586 kEUR. For this installation, the relevant challenge is therefore
not mainly the cost of adapting combustion equipment, but will be the availability and price of
certified renewable gas.

Network-level data from the Portgds concession area help place the case-study installa-
tion in context. In 2025, the concession served 410,521 active connection points and supplied
5,172,249 MWh/yr of gas [102]. Consumption, however, is far from evenly distributed. Only 1,776
CUls, around 0.4% of all supply points, consumed more than 10,000 m?/yr, yet this group ac-
counted for approximately 78% of total concession-area demand. The case-study installation alone
consumes 448,000 MWh/yr, equivalent to 8.7% of total demand in the concession and 11.1% of
the large-consumer segment.

This concentration is important. A single industrial facility of this scale is not marginal within
the regional gas system. Its decarbonisation pathway can therefore affect more than its own emis-
sions balance. If large consumers remain connected and decarbonise through certified renewable
gas, they help preserve network utilisation during the transition. If they move instead towards
decentralised options, such as in-situ hydrogen production, demand supporting the shared distri-
bution infrastructure may gradually decline, while investment requirements shift to each individual
site.

Local biomethane potential is also relevant, but limited. Within the same concession area,
maximum technically registered biomethane potential from agricultural, livestock, and wastewater-
treatment feedstocks is estimated at approximately 2.0 TWh/yr [102]. This corresponds to 38.7%
of total concession-area consumption and roughly half of large-consumer demand. At the scale of
the case-study installation, it would supply about 4.5 comparable facilities. Therefore, biomethane
could clearly contribute to regional industrial decarbonisation, but only if certified supply is mo-
bilised at sufficient scale and at prices compatible with industrial procurement rationality.

Under the annual spot procurement assumption adopted, the installation procures cer-
tificates at the prevailing market price in each year of the planning horizon. Long-term offtake
contracts analysis, represented here as biomethane purchase agreements (BPAs), are not modelled
as a distinct procurement strategy for three reasons:

e A preliminary sensitivity analysis was conducted using the methodology described above,
but assuming a fixed biomethane procurement price over a ten-year period (BPA10). The
results showed that the LCDE difference between Spot and BPA10 procurement remains
below 0.1 EUR/MWHh across all scenarios, mainly because the mandatory renewable quota
represents a small share of total energy consumption.

e The three pgo bio,+ trajectories defined in Section 3.7 already capture the price uncertainty
that a BPA would otherwise fix contractually. Including contract tenor would therefore add
limited analytical value and make the scenario structure unnecessarily complex.

e Absence of a mature biomethane injection market in Portugal in 2026 makes long-term
bilateral contracting operationally implausible within the near-term planning horizon.

Whether renewable gas procurement represents an economic opportunity or a net regulatory

92



Chapter 4. Case Study

cost depends strongly on the relationship between biomethane GO premiums and EU ETS carbon
prices. Under the price assumptions considered, the biomethane rationality threshold remains
above the initial carbon price in all scenarios. In 2026, this threshold ranges from 247 EUR/tCO,,
in S; to 93 EUR/tCO, in S3, while the initial EU ETS price is 75.36 EUR/tCO,. As a result,
the initial gap between carbon price and procurement threshold varies from 172 EUR/tCO, in the
nascent-market scenario(or so we call Sy) to only 18 EUR/tCO, under reference-price scenario(or
so wee call S3) [83].

On a national level, under the C° mandate trajectory, the phased industrial incorporation
obligations announced under the PAB, namely 1.5% in 2027, 3.0% in 2028, 6.0% in 2029, and 9.0%
in 2030, generate approximately 2.0 TWh/yr of certified biomethane availability by 2030 under
central demand projections specified in Appendix I. Even so, this volume remains insufficient to
close the RED IIT minimum compliance gap, estimated at 0.72 to 0.77 TWh/yr in 2030 under
C°. Assuming full transposition of RED III into Portuguese law, part of industrial compliance
would therefore still depend on imported GOs from more mature European markets rather than
on domestic certified supply.

If domestic certified supply is not sufficient to cover voluntary procurement beyond the manda-
tory minimum, the installation cannot fully convert the economic signal created by the crossing of
ABio,+ into actual procurement. In this sense, the 2034 threshold crossing under S is a necessary
but not sufficient condition for voluntary procurement. It identifies when procurement becomes
economically rational, but not whether enough domestic biomethane is available to meet the
resulting demand.

This scaling exercise highlights a simple but important limitation: even if biomethane be-
comes economically attractive, there may not be enough domestic supply to meet
industrial demand.

Measuring an annual increase of 1.6 percentage points from the 2021 reference year, reaching
approximately 14.4 percentage points by 2030 [3]. Applied to the RMSA-G 2025 industrial gas
consumption benchmark of 18.7 TWh/yr, this corresponds to about 2.69 TWh/yr, close to the
2.7 TWh/yr PAB reference value [76].

Plausibility of the case-study emissions profile can be checked against publicly reported data for
container glass plants in the United States. According to the US EPA Greenhouse Gas Reporting
Program, 41 large container glass plants reported total annual direct emissions of 2.92 MtCOxe in
2019, corresponding to an average of approximately 71,100 tCOq /yr per installation [103]. Baseline
fossil (B0) emissions for the case-study installation under, equal to 76,922 tCOy/yr, are within
about 8% of this independent sectoral benchmark. Such proximity supports the plausibility of
the installation’s scale and emissions profile relative to comparable international container glass
facilities.

Under S3, median avoided emissions reach approximately 56,850 tCO2/yr when annualised
over the 20-year horizon. For comparison, this represents around 80% of the annual emissions of a
typical container glass plant of similar scale. Such a result illustrates the material decarbonisation
potential that favourable biomethane market conditions could unlock for a single hard-to-abate
industrial facility.

However, meeting minimum compliance is not the same as satisfying potential voluntary de-
mand. Once biomethane prices become attractive, the main constraint may no longer be economic
rationality at installation level, but the physical availability of certified domestic biomethane. In
that sense, Portugal may face two different gaps: a compliance gap, related to meeting min-
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imum renewable gas obligations, and a market-scale gap, related to whether domestic
supply can satisfy voluntary industrial demand once procurement becomes economi-
cally rational.

Closing this second gap is both a supply-side policy objective and a demand-side enabler. With-
out sufficient domestic certified availability, the market self-reinforcement mechanism identified in
the threshold analysis cannot fully materialise, regardless of how favourable the carbon-price tra-
jectory becomes.

Biomethane certificate prices appear to depend more on short-to-medium-term supply—demand
balance than on a predictable technology learning curve. Recent European evidence supports this
view, with prices increasing sharply in some market segments due to FuelEU Maritime compliance
demand and tighter national blending mandates [104]. Fixed-price scenarios are therefore not
only a response to limited Portuguese data, but also a reasonable way to represent an emerging
commodity-like market where prices may rise or fall non-uniformly with scarcity conditions.

Scenario Sy is particularly informative because it lies close to the breakeven region. Under
this intermediate market condition, the installation faces an almost even probability of obtaining
a positive NPV, meaning that the economic case for voluntary biomethane procurement depends
strongly on the realised EU ETS price path. As shown below, this result suggests that biomethane
market development and long-term carbon-price signalling should be viewed as complementary
policy levers.

Although biomethane prices available to industrial consumers are not determined by market
forces alone, they depend strongly on the support architecture available to producers and on
whether that framework can make projects bankable.

In this context, the technical report associated with the PAB public consultation provides the
reference for the lower biomethane scenario adopted in this thesis. For reconversion of existing bio-
gas units, it estimates a final biomethane price of approximately 62 EUR/MWh, indicating that this
pathway may be close to economic competitiveness under favourable market conditions [105].

For new anaerobic digestion units with upgrading, estimated costs are substantially higher.
The final price reaches approximately 125 EUR/MWh without CAPEX support and decreases
to approximately 93 EUR/MWh with 40% CAPEX support [105]. By linear interpolation
of these two reference values, reaching a price close to the S; scenario adopted in this thesis,
90 EUR/MWh, would require a CAPEX support level of approximately 44%, a comparison that
reinforces the interpretation of S; as a high-cost but still policy-accessible market condition, rather
than as an arbitrary price assumption.

Considering this case, if total biomethane contract price is fixed at 125 EUR/MWh, while
procurement is limited to the RED III mandatory minimum throughout the planning horizon
[105]. Under these conditions, the rationality threshold starts at 440 EUR/tCO, in 2026 and is
never crossed by the deterministic EU ETS trajectory, which reaches only 195 EUR/tCO,, by 2045.
The result is a negative NPV of —14,488 kEUR relative to B0, combined with only 196.4 ktCOs of
cumulative avoided emissions over 20 years. This represents a worst-case benchmark and the
weakest environmental outcome among the cases considered. Mandatory RED compliance alone,
when paired with a high and rigid biomethane price, therefore produces limited decarbonisation
value and a poor economic result, reinforcing the need for support mechanisms capable of reducing
certified biomethane costs.

In 2024, the net value of Portuguese national gas transportation network assets exceeded almost
900 MEUR [106]. If fossil natural gas consumption declines, the fixed costs associated with main-

94



Chapter 4. Case Study

taining and amortising this infrastructure may have to be recovered from a smaller consumption
base, creating upward pressure on network tariffs. This effect is particularly relevant for hard-to-
abate industrial consumers, which may remain dependent on gaseous fuels for high-temperature
processes for longer than other sectors [4].

Extended scenario results are strongest on upfront capital exposure. Network-based RFNBO
compliance requires only a 117 kEUR Level 1 retrofit, whereas in-situ electrolysis requires approx-
imately 6.58 MEUR in combined electrolyser and retrofit investment. Decentralised production
therefore implies a capital commitment around 56 times higher, making CAPEX exposure the
most robust indicator of the economic advantage of remaining connected to the network.

Break-even hydrogen contract-price decline should be interpreted only as an illustrative proxy.
It refers to the reduction in renewable hydrogen contract price required for network-based com-
pliance to retain its cost advantage, not directly to electrolyser CAPEX. Under the volumetric
basis adopted and explicited before, network-based compliance remains favourable if the hydrogen
contract price declines by more than 4.16%/yr. Under an energy-content basis, more consistent
with the final-energy logic of RED III, this threshold falls to 0.95%/yr. Since an 18% volumetric
hydrogen fraction corresponds to only about 6% of delivered energy in Phase P3, the volumetric
convention overstates network GO procurement by approximately a factor of three. Reported
break-even results are therefore conservative, and network advantage becomes larger under the
energy-content interpretation.

Using the European PEM learning curve estimated by Holst et al. [107], a decline rate of this
order would correspond to approximately 2.6 GW of cumulative European electrolyser capacity by
2037. Such calculation assumes favourable pass-through from electrolyser CAPEX reductions to
hydrogen contract prices and should be read as a first-order consistency check, not as a deployment
forecast. Across both accounting bases, and under deliberately conservative assumptions, the cen-
tral conclusion remains unchanged: network-based compliance retains a decisive capital-efficiency
advantage, anchored in the 56 x CAPEX differential rather than in any specific assumption about
future hydrogen price trajectories.

Lastly, progressive renewable gas injection offers a partial response to this risk. By replacing
fossil molecules with certified biomethane and hydrogen while continuing to use existing network
assets, renewable gas deployment can help preserve infrastructure fixed costs across a broader low-
carbon supply base. For a specific installation, this means that the Layer 1 network cost is not
only a transport charge, but also part of the wider economic framework that enables renewable
procurement(through GOs) with the pipeline.

Ultimately, this infrastructure effect is outside the scope of the model, it reinforces the systemic
argument for network-based decarbonisation. Compared with isolated in-situ solutions, investment
in renewable gas injection at network level can support a positive feedback between supply-
side deployment, tariff sustainability, infrastructure value preservation, and industrial
decarbonisation.
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Conclusions

This dissertation developed an integrated techno-economic framework to assess how hard-to-
abate industrial consumers connected to gas distribution networks can decarbonise under progres-
sive renewable gas integration. Rather than treating renewable gas supply as a single physical and
economic variable, the framework separates two layers: the gas blend delivered at the industrial
meter and the renewable content attributed through Guarantees of Origin. This distinction is cen-
tral to RED III compliance, yet it is rarely represented explicitly in techno-economic assessments
at an industrial level.

The framework combines gas-quality analysis, retrofit activation, renewable attribute procure-
ment, EU ETS exposure, and stochastic carbon-price simulation. In doing so, it provides a proof-of-
concept decision-support tool for industrial consumers and specially distribution system operators.
With more detailed site-specific data, the same structure could be adapted to other gas-connected
industrial installations facing similar compliance and decarbonisation challenges.

Also at this stage of the project, a basic version of the decision-support interface can be pre-
sented. A interface would package the all model into a simple tool developed in Streamlit on
Python, allowing users to enter the main inputs and obtain the key results automatically.

Results are based on real annual gas consumption data, however, detailed as said, information
on combustion equipment, burner configuration, control systems, and hydraulic conditions was not
available within the scope of this work.

Beyond the case-study results, the thesis also highlights a wider strategic issue. Network-based
decarbonisation can help preserve the role of existing gas infrastructure by maintaining industrial
demand for renewable gaseous fuels. In-situ solutions, such as local hydrogen production, may
reduce exposure to certification uncertainty, but they also shift investment risk to the industrial
consumer and may weaken the demand base needed to sustain renewable gas injection at network
level. For this reason, the comparison between network-based and decentralised pathways is not
only a cost question, but also an infrastructure and policy question.

Following sections summarise the main findings, policy implications, limitations, and directions
for future work.
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Chapter 5. Conclusions

Dissertation Main Conclusions

e A physical-contractual modelling framework was developed.

This dissertation proposes a replicable framework for assessing renewable gas compliance
pathways at the level of an individual hard-to-abate industrial installation. Its main method-
ological contribution is the explicit separation between the gas blend physically delivered to
the installation and the renewable content contractually attributed through GO procurement.
This distinction makes it possible to capture interactions that conventional cost comparisons
would miss, particularly the difference between combustion behaviour, regulatory emissions
attribution, carbon-price exposure, and voluntary procurement rationality.

e Physical compatibility is not the main constraint in the case study.

Across the network phases considered, the case-study installation remains technically com-
patible with progressive renewable gas injection until Phase P3. At that stage, the Wobbe
Index decreases to 46.66 MJ/Nm?, below the admissibility limit of 47.51 MJ/Nm?, activating
a Level 1 combustion retrofit in 2037. For this installation, the physical layer is therefore
manageable and does not represent the binding decarbonisation constraint.

¢ Biomethane market maturity determines the procurement window.

The rationality threshold for voluntary biomethane procurement declines over time in all
scenarios, mainly because the network gas price increases throughout the planning horizon.
Crossing this threshold marks the point at which biomethane procurement becomes econom-
ically justified beyond mandatory compliance. This occurs around 2028 in S3, 2034 in Se,
and 2039 in S;. The resulting 11-year difference shows how strongly industrial procurement
timing depends on biomethane market development and on the ability of policy to reduce
certified biomethane costs.

e EU ETS uncertainty dominates economic variability.

Monte Carlo simulation results show that carbon-price uncertainty is the main source of eco-
nomic variability across scenarios. Biomethane market development and long-term EU ETS
price signalling are therefore complementary: lower GO premiums reduce the carbon-price
threshold, but a credible carbon-price trajectory is still needed for renewable gas procurement
to become a robust industrial investment.

e Market development has a large environmental value.

Cumulative avoided emissions vary substantially across scenarios. At the P50 level, avoided
emissions increase from approximately 297 ktCO; in S7 to 1,137 ktCO5 in S3, a difference
of about 840 ktCOgy over the 20-year planning horizon. This difference reflects the addi-
tional voluntary procurement enabled by lower biomethane costs. Under S3, median carbon
abatement cost becomes negative, meaning that emissions reductions are achieved with net
savings in the central Monte Carlo outcome.

e Network-based decarbonisation is more capital-efficient than in-situ hydrogen
production.

The extended scenario shows that local hydrogen production through electrolysis would re-
quire a capital commitment of approximately 6.58 MEUR in 2037, around 56 times higher
than the network-compliance retrofit. Operating-cost competitiveness depends on future
green hydrogen prices, with the network pathway recovering its advantage if hydrogen pro-
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curement costs decline by more than approximately 4.1%/yr from the adopted reference [83].
Even so, the systemic advantage of the network pathway is clearer: centralised renewable gas
injection spreads production, certification, and infrastructure costs across multiple connected
consumers, while isolated in-situ strategies concentrate investment risk at installation level.

Supply-side policy is the binding condition.

Economic outcomes depend less on the installation’s technical configuration than on the avail-
ability of certified biomethane at prices compatible with industrial procurement rationality.
The framework also helps identify which decarbonisation pathway is most suitable for each
industrial consumer and what conditions are required for that pathway to become feasible.
This supports a more targeted policy discussion, developed later in the thesis. Portugal must
not only define renewable gas targets, but also create the supply-side instruments, bankable
production capacity, and procurement conditions needed to make those targets operational
for gas-connected industries.

The framework supports DSO-led prioritisation rather than only single-site as-
sessment.

Although applied to a single industrial installation, this model framework can support
portfolio-level planning by the DSO. Large industrial consumers are not marginal loads
within the gas distribution system, since their decisions affect network utilisation, renew-
able gas demand, and the value of shared infrastructure. By combining retrofit timing, GO
costs, EU ETS exposure, NPV, CAC, and avoided emissions, the model helps identify which
consumers should be prioritised and when renewable gas pathways become credible. In this
way, the framework moves beyond site-level feasibility and becomes a decision-support tool
for coordinating industrial decarbonisation across the distribution network.

Framework Industrial Implementation

A practical use of the framework would be to support direct discussions between DSOs and

connected industrial consumers. Instead of treating renewable gas integration only as a network-

planning issue, the model can translate it into installation-level decisions:

when a possible retrofit may be required;

how much renewable gas procurement may cost;

how much EU ETS exposure can be reduced depending on current situation;
what emissions can be avoided with certain scenarios;

whether remaining connected to the network is more attractive than investing in other alter-

natives.

Implementation could follow five practical steps:

Installation characterisation — A DSO would first collect the minimum data needed to
run the model for a specific consumer: annual metered gas consumption, capacity factor,
combustion equipment type, connection point, and expected network phase schedule.

Physical admissibility screening — Model 1 would then be applied to the consumer’s
specific network conditions to identify whether any gas-quality limit is exceeded and whether
retrofit is required. In the case study, this step showed that only a Level 1 retrofit would be
needed in Phase Pj, allowing the intervention to be planned several years in advance.
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e Procurement scenario assessment — Biomethane scenarios Si, S, and S3 would be
used to compare how different market conditions affect GO costs, EU ETS exposure, NPV,
carbon abatement cost, and avoided emissions. These scenarios should be interpreted as
decision windows, not as forecasts.

e Risk assessment — The Monte Carlo module would provide probabilistic results instead of
a single deterministic value. This allows the consumer to understand how EU ETS carbon-
price uncertainty affects the likelihood of obtaining a positive NPV or achieving low-cost
emissions reductions.

e Alternative pathway benchmarking — Where uncertainty around RFNBO certification
or GO availability is relevant, the extended scenario can compare network-based supply with
in-situ hydrogen production. This gives the consumer a screening-level view of the capital
and operating-cost implications of decentralised electrolysis.

In practical terms, this framework could allow a DSO like REN-Portgas to act not only as a
network operator, but also as a technical and economic partner in industrial decarbonisation plan-
ning. For industrial consumers, it converts a complex regulatory and energy-market
problem into a clearer investment decision based on their own consumption profile,
retrofit needs, procurement options, and carbon-price exposure.

5.1 Policy Implications

Results from this dissertation lead to policy implications across several questions and ar-
eas:

Targets alone do not mobilise bankable supply.

PAB incorporation obligations create demand-side pressure, but do not by themselves provide
the revenue certainty required for new biomethane projects. If certified domestic biomethane is
to become available at prices compatible with industrial procurement rationality, support instru-
ments must reduce project risk, stabilise revenues, and convert technical potential into bankable
production capacity.

Large consumers should be prioritised in targeted decarbonisation policy.

As shown in Section 4.4, data from the case-study concession area indicate that a very small
group of large consumers accounts for most gas demand. This suggests that renewable gas support
instruments and DSO-led decarbonisation programmes should prioritise high-consumption indus-
trial users, rather than applying uniform intervention across all connection points. Focusing on
these high consumers locations, would create stronger leverage for network decarbonisation, since
a limited number of installations can drive a large share of emissions reductions and renewable gas
demand.

Required support levels are quantifiable and currently unmet.

Portuguese CfD assessments indicate that reconversion of existing biogas units may already be
close to economic competitiveness, while new anaerobic digestion capacity still requires support in
the range of 27 to 59 EUR/MWHh, depending on CAPEX subsidy levels [105]. Limited uptake in
the 2024 auction at 62 EUR/MWh is consistent with this evidence: the reference price was not
sufficient to provide the revenue certainty required to mobilise new supply at scale [84].
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Voluntary procurement potential structurally exceeds compliance-calibrated supply
targets.

Under S3 ,the most optimistic scenario, the case-study installation rationally seeks biomethane
GO coverage of 98.7% of useful energy by 2030, corresponding to 376 GWh/yr. Scaling to the
42 installations implied by the 18.7 TWh/yr national industrial gas consumption benchmark [76]
yields aggregate voluntary demand of approximately 15.8 TWh/yr, a figure that full C*
materialisation (2.72 TWh/yr) covers at 17%. Since Ct already presupposes a price support
instrument that does not yet exist, national deployment targets calibrated to the RED IIT minimum
are structurally misaligned with the procurement volumes that a functioning carbon price
and competitive GO market would jointly generate. An extrapolation that assumes
uniform installation scale and should be read as an order-of-magnitude bound rather than a
sectoral forecast.

Timing is a binding constraint.

Given realistic project development lead times, like wee see 2.6 the 2030 compliance window
is effectively closed for new policy instruments introduced today. The 2035 window remains more
relevant, but is already narrowing. A support mechanism activated no later than 2027 would be
needed for domestic supply to contribute meaningfully before 2035.

RFNBO certification clarity is essential for preserving network-based economies of
scale.

Clear RFNBO certification for hydrogen blended in gas networks is essential to avoid shifting
compliance from shared infrastructure to fragmented site-level investment. If network-delivered
hydrogen cannot be certified in time, industrial consumers may be pushed towards in-situ elec-
trolysis, replicating production assets across multiple consumption nodes and transferring cost,
operational risk, and investment responsibility from the network to individual installations. Re-
sults from the extended scenario show that network-based compliance remains economically robust
if green hydrogen contract prices decline by more than approximately 4.1%/yr, a rate compatible
with plausible electrolyser deployment levels. Regulatory uncertainty around RFNBO certification
therefore represents a more critical risk to network-based hydrogen procurement than insufficient
technology learning alone.

Carbon-price credibility complements biomethane market development.

EU ETS uncertainty is the dominant source of economic variability in the model. Even under
the most favourable biomethane scenario, S3, positive NPV probability reaches 78.6%, compared
with 49.9% in S5 and 26.6% in S;. Lower GO premiums therefore improve the economic case for
renewable gas procurement, but do not remove carbon-price risk. Long-term EU ETS credibility
remains necessary alongside biomethane support policy, rather than as a substitute for it.

Iberian Book-and-Claim could turn renewable gas certification into a strategic export
channel.

Portuguese renewable gas gaps reflect unmobilised potential more than primary resource scarcity.
Portugal and Spain have favourable renewable electricity conditions, particularly for solar and on-
shore wind, which can support competitive renewable electricity PPAs and create a comparative
advantage in electrolytic hydrogen production [108]. However, this physical advantage only be-
comes relevant if it is converted into bankable, certified, and tradeable renewable gas supply. From

100



Chapter 5. Conclusions

this perspective, an Iberian Book-and-Claim framework under RED III could allow renewable gas
value to be exported through Guarantees of Origin, even when the renewable molecule is not phys-
ically consumed by the final industrial user. This opportunity is especially relevant for RFNBO
hydrogen, since biomethane remains constrained by sustainable feedstock availability, while re-
newable hydrogen can scale with renewable electricity deployment, electrolyser capacity, and cer-
tification infrastructure. Still, Book-and-Claim should not become a form of paper compliance
disconnected from physical decarbonisation. Its credibility depends on additionality, traceability,
transparent GO cancellation, and robust cross-border accounting. For Portugal, the policy priority
is therefore twofold: closing the domestic industrial compliance gap already identified and creating
the institutional conditions for certified renewable gas production to become an Iberian strategic
asset capable of supporting wider European industrial decarbonisation through exportable GO
value.

5.2 Future Works

The following future works are proposed:

e Carbon capture and alternative process solutions should be integrated in future
model extensions.

Future work could extend the framework beyond fuel substitution by including CCS and
process-efficiency measures as additional decarbonisation pathways. Adding capture costs,
capture-rate-dependent OPEX, and process interventions such as waste-heat recovery, batch
preheating, or furnace redesign would allow network-based procurement, CCS, and efficiency
measures to be compared within the same NPV, LCDE, and CAC structure.

e Site-specific calibration with real industrial data should also replace the screening-
level retrofit coefficients used in this thesis with site-specific engineering data.

Although the case study uses real annual gas consumption, detailed information on burners,
control systems, combustion equipment, and hydraulic conditions was not available. Applying
this calibration across several industrial consumers would also strengthen the framework as
a transferable planning tool rather than a single-installation case study.

e From screening model to forecasting-aware consulting tool.

The model could be extended into a more forecasting-aware decision-support tool. In this
dissertation, only the EU ETS carbon price is modelled stochastically. This choice is trans-
parent, but reflects limited Portuguese market data. As more data become available, future
versions of the model could extend the Monte Carlo framework to, gas prices, biomethane
GO premiums, green hydrogen costs, and renewable electricity PPA prices.

e Operational deployment via an interactive decision-support interface.

A browser-based implementation of the framework has been developed as a proof-of-concept
using the Streamlitn library, allowing a consulting practitionerto parameterise the full model.
Future development should extend this interfaceto incorporate the full Weaver interchange-
ability hierarchy of Model 1, multi-installation portfolio aggregation, and scenario comparison
across simultaneously loaded parameterisations, enabling its deployment as an operational
DSO advisory instrument rather than a single-installation screening tool.

e Multi-installation and concession-level aggregation should extend the model from
a single-installation case study to a concession-level portfolio tool.
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Instead of applying the framework only to one industrial consumer, Models 1, 2 and 3 could
be run individually for each large consumer in the concession, using installation-specific
consumption, combustion technology, and network-node composition. Results could then be
aggregated into concession-wide NPV, CAC, and avoided-emissions distributions. This would
allow a DSO like REN-Portgés to identify which consumers offer the greatest decarbonisation
impact per unit of support required, prioritise engagement with high-impact installations,
and provide a stronger basis for estimating the domestic biomethane volumes needed for
industrial decarbonisation at regional or national scale.

¢ Real-options valuation of network connectivity.

Future work could also extend the Monte Carlo framework to treat the network versus in-
situ hydrogen choice as a flexible investment decision. A connected industrial consumer
can defer the electrolysis investment until future potencial and costs become clearer. This
flexibility could be formalised as a Network Decarbonisation Option Value (NDOV),
by modelling protal,, as a stochastic variable alongside Pco,,: and applying least-squares
Monte Carlo to value, on an annual basis, the option of remaining connected while preserving
the possibility of switching to in-situ production. This would give the DSO a quantitative
measure of the economic benefit associated with keeping industrial consumers on-grid.
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Appendix A— Fundamental
Thermophysical and Combustion

Properties

Table A.1: Fundamental thermophysical and combustion properties adopted for hydrogen, pure methane,
and Portuguese natural gas.

Property Portuguese NG Pure CH; Pure H;
LHV volumetric [MJ/Nm?] 37.5-40.3 35.88 10.80
Density [kg/Nm?] 0.78-0.85 0.717 0.090
Specific gravity, SG 0.57-0.64 0.554 0.070
Gross Wobbe Index [MJ/Nm?] 48.2-53.2 53.5 48.3
Laminar flame speed [cm/s] 35-40 37.6 229.2
Flammability range [% vol. in air] 5-15 5-15 4-75
Adiabatic flame temperature [°C] 19502000 ~ 1950 ~ 2100

Note: Volumetric heating values and densities are reported on the normal cubic metre basis used in the model
property database. Values are therefore kept internally consistent with the mixture calculations in Model 1. The
EN 437 G20 gross Wobbe value is not used as a numerical input to the model-derived net Wobbe screening
threshold.
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Appendix B— Model 1
Computational Implementation

This appendix presents the core computational logic of Model 1, implemented in modell.py.
The model receives the ternary blend composition (zm,, T, Znc) for each network phase as an
exogenous input and returns thermophysical properties, interchangeability flags, and retrofit capital
expenditure obligations. The methodology is formalised in Section 3.4.

B.1 Mixture Property Calculation

Function: calcular_propriedades(comp)

ang ¢ max(0, 1 — zg, — Thio)

LHVyix < ong - LHVNG + Tbio - LHVen, + xn, - LH VA,
HHVmiX “— ING HHVNG —+ Zbio - HHVCH4 +1’H2 . .H—I?[‘/H2
SGhnix < NG - SGNG + Thio - SGCH4 + xu, - SGH2

W ILix < LHViix /'S Grix

Vair <= 2 @i+ Vairsi

return {LHVi,ix, HH Vinix, SGmix, W Inix, Vair }

B.2 Interchangeability Screening

Function: filtro_interchangeabilidade

W Lower < 47.51 MJ/m?

W Lupper < 52.51 MJ/m?3

if Wihnix < Wlhower o Wlnix > Wlipper then
Jy-flag < TRUE

else
Jp-flag < FALSE

end if

if g, > 0.20 then
Jyr-flag + TRUE

else
Jyp-flag < FALSE

end if

Ja = (Vis/Via) - /SGa/SGs

if J4 <0.950or J4 > 1.05 then
Ja-flag + TRUE

else

[T e e S e S e S I
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17: Ja-flag < FALSE

18: end if

19: CAPEX-flag + Jy-flag or Jyr-flag or Ju-flag
20: return flags and violation reasons

B.3 Retrofit CAPEX Assignment

Function: calculate_capex(filter)
1: if Jy-flag and not Jyp-flag and not J4-flag then
2 Level < I,

3 a <+ 2 €/kW

4: else if Jy-flag and J4-flag then

5: Level < Lo

6 a5 €/kW

7: else if Jyp-flag then

8 Level < L3

9 a + 10 €/kW

10: else

11: Level < Ly

12: a <+ 0 €/kW

13: end if

14: CAPEX comp < - Eyy,

15: return CAPE X .omn, Level

B.4 Main Entry Point
1: for each network phase k € {Py, P1, P>, Ps} do
2 propsy, + calcular_propriedades(compy)
3: flagsy < filtro_interchangeabilidade(propsg, propsret, T, k)
4 capexy, < calcular_capex(flagsy)
5: Store {propsk, flagsk, capexy} for phase k
6: end for
7: return results dictionary indexed by phase

Key outputs passed to subsequent models:

® Wihixk, LHViix i, and SGuix, i, corresponding to thermophysical inputs used in Model 2.
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Appendix C— Model 2

Computational Implementation

This appendix presents the core computational logic of Model 2, implemented in model2.py.
The model translates the thermophysical outputs of Model 1 into annual operational expenditure
across three cost layers, and determines the GO procurement strategy through a sequential decision
cascade. The methodology is formalised in Section 3.5.

C.1 Rationality Thresholds
L Abio < PGO,bio,t/ (EFaN — EFio)
20 AH, < pco,H,t/(EFan — EFu,)
3: return /\bio» /\H2 [€/tCOg]

C.2 GO Procurement Decision Cascade
Require: Pco,,t, PaGN,t, PGO,biot, PGO,Ha,ts T,
Ensure: ayiot, 0H, ¢
QH, min ¢ quotamin rfnbo_h2(t, x,)
QHy max — TH,
if Pco, .t > AH, OF Pco.H,,t < 0 then
QH, < QH, max
else
QH, < OHy min
end if
Otbio,min < Max(0, quotamin_art22(t) — a,)

Otbio,max < min(l — ay,, 1.0)
if Pco,t > Abio then

Qlpio Qbio,max
else

e e
W M 22

Qpio < Qbio,min
end if

return api,, 0,

—_ =

C.3 Three-Layer OPEX Computation
1. for each year t € {2026,...,2045} do

2: Cl,t — Eannual *PGN,t
3: C2 bio,t < Qbio,t * Eutil - PGO,bio,t
4: CoH,,t < OH, ¢ - Futil - PO, H, t
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10:
11:
12:

Cat < Capiot + CoH, it

EFRegalt < funcov - EFaN + abio - EFyio + an, - EFu,
Elegal,t < Eutil - EFlegal

Atree,t — Eusil - EFoN - Poam,t

Csy max(0, Ehegal,t — At’rcc,t) - Pco,,t

OPEXt < Cl,t + 027)5 + C3¢

end for
return {C1, Cay, Cs3¢, OPEX,, apioy, Qu,} for all ¢

C.4 Physical Compliance Baseline(B0)
1: for each year t € {2026, ...,2045} do

2
3
4:
5
6

7

Qlpio, ¢ ~—0 QH, ¢ ~—0

Cl,t — Earmual *PGN,t

Eiegal,t < Euil - EFan

Afreet  Fugit - EFon - PeBam, e

O3,t — maX(O, Elegal,t - Afree,t) : PCOz,t
OPEXpot + Ci1t+Csy

8: end for
9: return OPEXpq, for all ¢

Key outputs passed to Model 3:

C1t, Copiot, Comyt, and Csy, corresponding to annual cost layers for NPV and LCDE
computation.
Obio,+ and amp, ¢, corresponding to GO coverage fractions for avoided emissions calculation.

Afrec,t, corresponding to free allowance allocation.

E Fegal,t, corresponding to the legally attributed emission factor under GO procurement.
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Appendix D— Model 3
Computational Implementation

This appendix presents the core computational logic of Model 3, implemented in model4.py.
The model aggregates the annual cost and emissions outputs of Model 2 into discounted economic
and carbon performance indicators over the full planning horizon. The methodology is formalised
in Section 3.6.

D.1 Discount Factor
1: fort=1to T do
2 dfy < 1/(1+7r)t
3: end for
4: return {df;}I_,

D.2 Net Present Value
Require: OPEXcen+, OPEXpoy, dfs, CAPEX,
Ensure: NPV [€]

T

1: NPV Z [AEF; - Eysit - Pcog,t — Copiot — Co 1y 1) - df
t=1
2: return NPV

D.3 Levelised Cost of Decarbonised Energy
Require: OPEXcent, CAPEX 11, By, dft
Ensure: LCDE [€/MWh]
1: CAPEXpy < CAPEX |, - df2037
T

2: OPEXpy < Y OPEXcen - dfs

t=1
T

3: Busnpv < 3 Busil - dfy

t=1
4: LCDE + (CAPEXPV + OPEXPV)/Eutil,PV
5: return LCDE

D.4 Carbon Abatement Cost
Require: OPEXcent, OPEXpot, Eco, cent, Eco,,Bot, dft
Ensure: CAC [€/tCO5)

T

1: AOPEXpy < Y (Copiot + Comy s — ACsy) - dfs

t=1
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T

2: AOOQ,PV — Z AEFt : Eutil dft

t=1
3: CAC + AOPEXP\//ACOQ,PV
4: return CAC

D.5 Avoided Emissions

t

1
2
3:
4: end for

. for each year t do

AEF; < aviot(EFoN — EFvio) + am, t(EFon — EFp,)
ACOQ,t — AEFt : Eutil

T
: ACOy o1 <~ Y ACOy,

t=1
: return ACO3 ¢, ACO3 total

D.6 Break-Even Year

1
2
3
4
5:
6
7
8

:Sacum<—0
:fort=1to T do

Sacum — Sacum + AEF)& . Eutil . PCOz,t : dft - (02,bio,t + CZ,Hg,t) . dff
if Sacum > 0 then

return year ¢t + 2025 as break-even
end if

: end for

: return None

Key outputs:

NPV [€], corresponding to the net economic value of GO procurement relative to B0.

LCDE [€/MWHh], corresponding to the total discounted cost per unit of useful energy de-
livered.

CAC [€/tCO3), corresponding to the net cost per tonne of COy legally avoided relative to
B0 [63].

ACO3 gotal [ktCO2], corresponding to cumulative avoided emissions over the 20-year horizon
on a book-and-claim basis.
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Appendix E— Monte Carlo

Computational Implementation

E.1 GBM Carbon Price Path Generation
Require: Py =65 EUR/tCOq, u = 5%/yr, 0 = 35%/yr, floor = 30, cap = 200 EUR/tCO»
Ensure: Stochastic price path {Pco, ¢},

1 d+p— %02

22 P+ P,

3: fort=1to T do

4 et ~N(0,1)
5: P+ P-exp(d+oes)
6 Pco, + < min(max(P, floor), cap)
7: end for
8: return {Pco, (}-

E.2 Per-Iteration OPEX and Decision Logic

1: for each year ¢t do

2: Pco,,+ < GBM path from E.1

3: PGO,bio,t — scenario trajectory (S1,52,or S3)
4: DGO H,,+ < central trajectory

5: Abio,t <= PGO,bio,t/ (EFan — EFio)

6:  AHy¢ ¢ PGOH.t/(EFon — EFy,)

7 if PCOg,t > /\Hg,t then

8: QH, .t < OH,,max

9: else

10: QH, .t < OHy min

11: end if

12: if PCOg,t > )\bio,t then

13: Qbio,t +— min(1 — agy, ¢, 1.0)

14: else

15: Qbio,t €~ Obio,min,t

16: end if

17: C1,t < Eannual - PaN .t

18: Cot < oyt - Eutil - PGO,biot + OH, ¢ - Futil - PGO,Ha ¢
19: C3 4 < max(0, By - EFegal,t — Afree,t) - Pco, t

20: OPEX; + C14+Cy 4+ Cs¢
21: end for
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22: return {OPEXy, oo, O, t: EFegalt}

E.3 Main Monte Carlo Loop
Require: n = 10,000 iterations, scenarios {51, S2, 53}, seed = 42
1: > Sole stochastic variable: Pco, . via GBM (Py = 75.36 €/t, p = 5%, 0 = 35%, floor=30,
cap=200)

2: > Peo,bio,+ deterministic per scenario; pgo H,,: single central trajectory
3: for scenario s € {51, 52,53} do
4: for iteration £k = 1 to n do
5: {Pco,.1}i_; + sortear_co2()
6: {OPEX,} < opex_ano._mc() for all ¢
T
7: NPVk <— Z[AEFt . Eutil : PCOQ,t - OQ,t] : dft
t=1
8: OACk < A()P)f?)(pv,k/AC’OZP\/’]C
T
o: ACOy . >  AEF; - Eyi
t=1
10: Store NPV, CAC, ACOQJC
11: end for

12: NPVpi9, NPVpsy, NPVpgy < percentiles of {NPV}}
13: P(NPV > 0) < {k: NPV}, > 0}|/n

14: P(rational) < [{k : 3¢ | Pco,,t > Abiot}l/n

15: ACOZ,PSO < median{ACOg,k}

16: end for

17: return distributions per scenario

Key design decisions:

o Pco, . is the sole stochastic variable. Biomethane GO premium trajectories and green hydro-
gen costs are deterministic per scenario, with uncertainty captured through scenario contrast
rather than stochastic sampling.

o Free allowances A ¢ follow the deterministic CBAM phase-out schedule in both the invest-
ment scenario and Baseline B0, cancelling in the incremental NPV.

e The procurement decision switches between mandatory minimum and maximum voluntary
coverage when Pco, ¢+ Crosses Apiot O Am,,+, consistent with the annual spot assumption of
Section 3.8.
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Appendix F- EU ETS EUA
Annual Volatility Statistics

Historical EUA Price Evolution

Historical Evolution of EU Allowance Prices (2018-2025)

120,00
100,00
E0,00
60,00

40,00

20,00

0,00
017 2019 2020 2021 2023 2024 2025

Figure F.1: Historical evolution of EU Allowance prices between 2018 and 2025, based on the daily
closing-price series used for the estimation of annualised carbon-price volatility.
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Annual EUA Price Statistics and Realised Volatility

Table F.1: Annual EU ETS EUA price statistics and realised volatility from 2018 to 2025 [87].

Year N Mean Minimum Maximum G annual
[EUR/tCO;] [EUR/tCO;] [EUR/tCO;] [%]
2018 207 15.6 7.7 24.9 55.1
2019 214 24.7 18.3 29.4 43.2
2020 215 24.3 14.5 30.9 58.6
2021 229 54.1 32.6 87.5 39.6
2022 218 80.0 57.5 97.3 55.9
2023 222 83.4 66.4 95.9 32.2
2024 220 64.5 49.5 74.8 36.8
2025 212 73.3 59.7 84.3 28.0

N denotes the number of inter-auction observations available for each year. Annualised realised volatility is
calculated from EUA auction settlement price log returns according to Equation 4.5
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Appendix G— Deterministic

Scenario Outputs

Scenario 5

$1 — Mercado nascente (90 €/ MWh) | Cruzamento: ~2039 | NPV{2045): +535 k€ | ACO,: 568 ktCO,

Ano p_gas p_GObic A _bic P CO, o bio% a_Hy% C2_ bio C2 H, AC3 Poup NPV_cum ACO, Status
€£MWh €MWh €1C0, €HCO; kElyr kElyr kElyr kElyr k€ tCOLyr
2026 450 450 247 75,4 0.0 0,0 0 0 0 0 1] 0 miin
2027 464 437 240 79,2 13 0,0 213 0 70 -142 -132 887 min
2028 477 423 232 833 13 i3 209 380 155 435 -505 1856 min
2029 492 40,8 224 876 26 13 4mM 373 240 -534 -929 2743 miin
2030 50,6 39,4 218 92,0 39 13 578 366 334 511 -1 378 3630 min
2031 522 e 208 95,8 54 13 775 359 453 681 -1 841 4683 min
2032 537 363 199 101,7 48 34 663 937 597 -1003 -2473 5873 min
2033 55,3 M7 190 106,9 63 34 234 917 741 -1010 -3 063 6926 min
2034 57,0 330 181 1124 78 34 985 296 297 -924 -3 594 7 980 miin
2035 587 N3 172 1182 79 48 G44 1248 1079 -1113 -4 151 9126 min
2036 60,5 295 162 1242 94 48 1081 1216 1285 -1012 4620 10 180 min
2037 623 2T 1582 1306 50 10,8 523 2681 1518 -1887 -5335 11622 miin
2038 642 258 142 1373 65 10,8 638 2584 1740 -1482 -5923 12 675 min
2039 66,1 239 13 144 .4 89,2 10,8 8124 2505 10106 -523 5115 70 005 VoL
2040 68,1 219 121 151,8 89,2 10,8 7450 2424 10 624 750 -5 860 70 005 VoL
2041 70,1 199 109 159,5 89,2 10,8 6757 2340 11168 2072 -5 207 70 005 VoL
2042 722 17,8 a3 1677 29,2 10,8 6042 2283 11741 3448 -4 201 70 005 VoL
2043 744 156 a6 176,3 89,2 10,8 5306 2164 12 343 4872 -2 884 70 005 VoL
2044 766 134 74 1854 892 10,8 4548 2072 12 976 6355 1294 70 005 VoLs
2045 729 11,1 61 1949 89,2 10,8 3768 1978 13 641 7895 535 70 005 VoL
TOTAL 20yr 49820 27 675 535 568 215

Figure G.1: Annual deterministic outputs for Scenario Si.
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Scenario S,

$2 — Mercado em desenvelvimento (75 €MWh) | Cruzamento: ~2034 | NPV(2045): +18450 k€ | ACO.: 865 ktCO,

Ano £NWh
2028 45,0
2027 4564
2028 477
2029 482
2030 50,6
2031 522
2032 537
2033 55,3
2034 57.0
2035 587
2036 60,5
2037 623
2038 542
2039 66,1
2040 68,1
2041 70,1
2042 722
2043 744
2044 766
2045 789
TOTAL 20yr

Scenario S3

p_gas p_GO,bio
£/MWh

30,0
287
273
258
244
228
213
19,7
18,0
18,3
14,5
12,7
10,8
39
59
49
28
06
0,0
0,0

A_bio
€HCO,

165
157
150
142
134
125
11T

A

95,8
101,7
108,2
112,4
1182
1242
1308
1373
144.4
151,8
1595
167,7
1763
1854
1949

54
438
63

956

952

952

292

392

292

292

292

292

392

392

392

0,0
0,0

13

13

13
1,3
3,4
3,4
3,4
43
43
10,2

10,8

10,2

10,8

10,2

102

10,8

10,2

10,8

C2_bio

kElyr

140
135
254
358

473
6622
5 904
5 285
4317
3682
3029
23855
1882
947
211

0

0

36 210

C2 H,

kElyr

359
937
A
206
1248
1216
28561
2584
2505
2424
2340
2253
2164
2072
1978

27 675

AC3
kEiyr

0
155
240
334
453
597
T4

7316
a228
& 650
G144
9613
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10624
11168
11741
12343
12878
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Poup

-390
T4
729
549
208
1076
2169
2188
3346
4572
5 845
7167
8541
9968
10 803
11663

NPV_cum
kE
0
-4
=373
-681
-967
-1222
-1 681
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Figure G.2: Annual deterministic outputs for Scenario Ss.
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$3 — Referéncia Portaria 15/2023 (62 €MWh) | Cruzamento: ~2028 | NPV(2045): +41864 k€ | ACO,: 1256 ktCO,

Ano £INWh
2026 450
2027 464
2028 477
2029 492
2030 506
2031 522
032 537
2033 553
2034 57,0
2035 587
2036 605
037 623
2038 642
2039 66,1
2040 681
2041 70,1
042 722
2043 744
2044 768
2045 789
TOTAL 20yr

p_gas p_GO,bio
£IMWh

17,0
15,7
143
12,8
11,4
98
83
87
5.0
33
15
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
0,0
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o o0 0 o0 o0 o o o o oM
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1877
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1854
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0.0
13
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292
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Figure G.3: Annual deterministic outputs for Scenario Ss.
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Appendix H- Extended Scenario:
Technical and Economic

Assumptions

H.1 - In-situ Scenario Parameters

Table H.1: Technical and economic parameters adopted in the extended scenario.

Parameter Value Source
Electrolyser technology PEM [109, 110]
Electrolyser efficiency, 7elec 70% (LHV) [109]
Electrolyser CAPEX 1,200 EUR/kW [109, 111, 112]
Electrolyser power 5.0 MW Derived H.5
Total electrolyser CAPEX 6.00 MEUR Derived H.6
O&M extra cost 3% of CAPEX/yr [16]
Renewable electricity price (PPA) 45 EUR/MWh [113, 114]

Combustion retrofit — in-situ pathway
Combustion retrofit — network pathway
Hydrogen energy share in P3
Electrolyser installation year

Ptotal,H, (Initial)

Sensitivity variable

WACC

Planning horizon

Biomethane Scenario

L3 - 586 kEUR
L1- 117 kEUR
5.96% of Eannual
2037

127 EUR/MWh

Annual decline of piotal 1,

8%
2026-2045
Sy (75 EUR/MWh)

Section 4.2.1
Section 4.2.1
Derived H.2
Assumed
Section 3.7
0-8%/yr
Section 4.2.2
Section 4.2.2
Section 4.2.3
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H.2 - Derived Sizing Calculations

TH,,P3 = 0.18 (Hl)

TH,,P3 " LHVH2 _ 0.18 x 10.80

- - ~ 0.0596 = 5.96 H.2
T, LHVyix ps 32.60 % (H.2)
B, = Eannual - fir, = 448,000 x 0.0596 ~ 26,715 MWh /yr (H.3)
By, 26,715

oo = M2 _ 22029 38 164 MWh H.4
elec e 0.70 38,16 Wh/yr (H.4)

Euee - 103 38,164 x 10
P = — ~ 4,996 kW ~ 5.0 MW H.5
clec = CF 8760 0.872 x 8760 (H.5)
CAPEX.oe = Priec - Colec = 4,996 kW x 1,200 EUR/kW ~ 6.00 MEUR (H.6)

OMaee = fou - CAPEX e = 0.03 x 6.00 MEUR = 0.180 MEUR/yr = 180 kEUR/yr  (H.7)

Additional O&M costs are represented by an annual allowance equal to 3% of electrolyser
CAPEX [16]. This allowance covers routine maintenance, membrane servicing, labour, and ancil-
lary operational requirements not modelled separately.

For the considered in-situ production scale, process water demand is approximately 7,000—
8,000 m?/year. Site-specific elements, such as water supply, compression, buffer storage, grid
connection, stack replacement, safety and permitting, and internal pipework adaptations, are not
individually costed. These elements are treated as engineering-dependent boundary conditions
requiring detailed site-level assessment.
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H.3 - Sensitivity Analysis Computational Implementation

Require: Decline rates g € {0%,0.5%,...,8%}; fixed parameters from Table H.1; design Hy
energy fraction fyes; model inputs from Sections 4.2.3 and 4.2.4
Ensure: ALCDE(g) for each decline rate g
1: Compute fixed CAPEX differential:
2: ACAPEXPV «— (CAPEXeleC + CAPEXLg — CAPEXLl) . DF2037
3: for each decline rate g do
4: AOPEXpy <+ 0

5 for each year t € {2026, ...,2045} do
6: ProtalH, (t) = 127 - (1 — g)'72926
7: PGO,H,, ¢ Max(Protal H, (t) — Pgas,t, 0)
// Network pathway
8: O, r ¢ quotamin rfnbo(t, TH, rede)
9: Qbio,r ¢ max(0, quotamin art22(t) — am, )
10: AFEF, <+ abio,r(EFGN - EFbio) + aHz,r(EFGN - EFHQ)
11: CoHyr  Butil - QH,,pr - DGO, Ha b
12: 03,," — rnax((), Eutil(EFGN — AEFT) — FAt) . PCOQ,t
// In-situ pathway
13: if ¢ > 2037 then
14: OH, i < [fdes
15: ppa_omy < Eejec - pppa + OMejec
16: poup-gasy < Eu, - Pgas,t
17: else
18: QH, i 0
19: ppa_omy < 0; poup_gass <— 0
20: end if
21: Qtbio,; < max(0, min(quotamin_art22(t) — am, s, 1 — am,))
22: AFEF; < abio,i(EFGN - EFbio) + aHg,i(EFGN — EFHg)
23: Com, i+ 0
24: Cg,i — max(O, Euti](EFGN — AEFl) — FAt) . Pco%t
// Incremental OPEX
25: AOPEX, <+ (Cony,i — Coyr) + (Css — Cs) + ppa_omy — poup_gas,
26: AOPEXpy < AOPEXpy + AOPEX, - DF;
27: end for
28: ALCDE(g) + (ACAPEXpy + AOPEXpy)/Eyipv
29: end for

30: Identify break-even ¢g* by linear interpolation where ALCDE(g*) =0
31: return {ALCDE(g)}, g*
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Appendix I- Network Injection
Perspectives and Deployment
Gaps

This appendix reproduces the principal results of the companion study to this dissertation,
which was developed from a network-level perspective to assess renewable gas integration tra-
jectories and their implications for the gas distribution system. Put another way, this study
estimates the renewable gas injection gap in the Portuguese industrial gas network under alterna-
tive biomethane deployment trajectories and hydrogen subscenarios, assessed against the RED III
Article 22 minimum industrial renewable-energy obligation.

Three biomethane trajectories are considered. Trajectory C~ uses the 0.546 TWh/yr of reg-
istered capacity accumulated by 2026 under DL 62/2020 as the maximum deliverable volume in
the absence of further policy intervention. It therefore represents a lower-bound supply case
under policy continuity. Trajectory C° reflects the phased industrial incorporation industrial obli-
gations announced under the PAB in April 2026, namely 1.5% in 2027, 3.0% in 2028, 6.0% in
2029, and 9.0% in 2030 [79]. This trajectory represents a demand-side mandate rather than a
direct projection of available supply. Trajectory Ct assumes full achievement of the PAB 2030
and 2040 supply targets, equal to 2.720 TWh/yr and 5.570 TWh/yr, respectively, supported by
an instrument with adequate tariff sufficiency, contract horizon, and temporal antecedence.

Two hydrogen subscenarios are also included. For example, Subscenario Hs B follows the con-
servative RMSA-G 2024 planning fractions,

afl . 0% (2025) — 5% (2030) — 7.5% (2035) — 10% (2040), (L1)

capped at the currently certified 10% transmission-network blending limit. Subscenario HyA
defines an upper-bound pathway in which the transmission-network trajectory converges towards
the 20% threshold certified for the distribution network [76]. Injectable hydrogen energy available
to the industrial sector is calculated using Equation I.2.

LHVi,

THVon [TWh/yr] (1.2)

Eu,t = Cindt - Oyt
Hydrogen is represented as an additive component above each biomethane trajectory. This

allows the relative contribution of biomethane and hydrogen to be distinguished visually, while also
making the remaining compliance gap clear for each trajectory-subscenario combination.
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I.1 — Injection Capacity vs RED III Obligation

== = supply base (0.546 TWhiyr constant)
& = C0 demand mandate (Apr 2026, 1.5%-=5%)
m— O dupply smbition (full PAR)
— RED Wl min obligation {ref. 2021)
PAE 3030 target

Renewable gas injection / obligation (TWhiyr)

v ' 1 v v '
2025 2027 2030 2032 2035 2037 2040

Figure I.1: Injection capacity vs RED III minimum obligation, H>B subcenario.

== L= supply base (0,546 TWhiyr constant)
& = CO0 demand mandate (Apr 3026, 1.5%-=5%)
— O dUEply Ambition (full PAR)
— RED Wl min obligation {ref. 2021)
PaE 3030 target

Renewable gas injection / obligation (TWhyyr)

v ' ' ' v '
20325 2027 2030 2032 2035 2037 2040

Figure I.2: Injection capacity vs RED III minimum obligation, H2A subcenario.
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I.2 — Supply-Demand Gap Decomposition

Gag C==L0 (Book-and-Claim wolisme)
Gap CO-=L+ (price support mobilises)
== = supply base [0.546 TWhiyr constant)
G- = OO demand mandate (Apr 2026, 1.5%-+9%)
m— 4 Supply amibetion (Tull PAE)

' v '
2025 2027 2030 2032 2035 2037 2040

Figure 1.3: Supply-demand gap decomposition, He B subcenario.

Gap C==0D [Book-and-Claim volurme)
Gap CO-=C+ (pnoe suppont mobdises)
== (= supply base (0546 TWhiyr constant)
G- = CO demand mandate (Apr 2026. 1.5%-+9%)
— O upply Smibition (full PAB)

v ' ' v v '
2035 2027 2030 2032 2035 2037 2040

Figure 1.4: Supply-demand gap decomposition, H2 A subcenario.
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1.3 — Compliance Gap Summary

Four structural patterns emerge consistently from the gap analysis summarised in Figure 1.5,

remaining robust across all demand-scenario combinations:

e Trajectory CT closes the minimum RED III compliance gap. Across all scenario
combinations and compliance horizons, C* is sufficient to meet the minimum obligation,
provided that the PAB 2030 and 2040 injection targets are fully materialised through an

effective price-support instrument.

e Trajectory C° closes the gap by 2035, but not by 2030. Under both hydrogen subsce-
narios, C° closes the minimum gap by 2035 across all demand scenarios. In 2030, however,
a residual gap of 0.47 to 0.77 TWh/yr remains, depending on the hydrogen subscenario.

e Trajectory C~ never closes the minimum gap. Under all scenario and hydrogen-
subscenario combinations, C~ remains insufficient. The gap reaches 1.56 to 1.95 TWh/yr in
2030 and continues to increase as the RED III obligation accumulates.

e Biomethane deployment is the dominant uncertainty. Results are driven more strongly
by the biomethane deployment trajectory than by industrial demand projections. For a given
biomethane trajectory and hydrogen subscenario, the spread across the four RMSA-G 2024
demand scenarios remains below 0.15 TWh at the 2030 horizon.
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