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Supplementary Information 1 — The MIRET-EU model

Principles and the methodology
MIRET-EU is a multiregional and inter-temporal partial equilibrium model of the European

energy system developed by IFPEN, based on the TIMES model generator. A complete
description of the TIMES model equations appears in the ETSAP (Energy Technology Systems
Analysis Program) documentation. It is a bottom-up techno-economic model that estimates the
energy dynamics by minimising the total discounted cost of the system over the selected multi-
period time horizon through powerful linear programming optimisers. The components of the
system cost are expressed on an annual basis while the constraints and investment variables are
linked to a period. Special care is taken to precisely track cash flows related to process
investments and dismantling for each year of the horizon. The total cost is an aggregation of
the total net present value of the stream of annual costs for each of the countries modelled. It
constitutes the objective function (Eg. 1) to be minimised by the model in its equilibrium
computation. A detailed description of the objective function equation is provided in Part Il of
the TIMES documentation®. We limit our description to giving general indications on the annual
cost elements contained in the objective function:

- Investment costs incurred for processes,

- Fixed and variable annual costs,

- Costs incurred for exogenous imports and revenues from exogenous exports,

- Delivery costs for required commodities consumed by processes,

- Taxes and subsidies associated with commodity flows and process activities or

investments.
R
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NPV is the net present value of the total cost for all regions (the objective
function),
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ANNCOST(r,y) is the total annual cost in region r and year y (more details in
section 6.2 of PART II!

dry is the general discount rate,
REFYR is the reference year for discounting,

YEARS is the set of years for which there are costs, including all years in the
horizon, plus past years (before the initial period) if costs have been defined
for past investments, plus a number of years after end of horizon (EOH)
where some investment and dismantling costs are still being incurred, as well
as Salvage Value,

R is the set of regions/countries in the area of study.

The detailed energy system model (MIRET-EU) represents the European energy system
divided into 27 European countries, including 24 EU Member States and 3 Non-EU countries
(Norway, Switzerland and the United Kingdom), as described in Supplementary Figure 1. Each
country has its own energy system with its main demand sectors. Moreover, each country can
trade petroleum products, electricity, natural gas, hydrogen and CO; captured. Thus, the model
fully describes within each country all existing and future technologies, from supply (primary
resources), through the different conversion steps, up to end-use demands. It is set up to explore
the development of its energy system from 2010 through to 2050 with 10-year time-steps. The
2010-2020 period is calibrated using up-to-date constraints (COVID-19 pandemic, Russia-
Ukraine war, etc.) and the latest data provided by energy statistics databases such as the JRC-
IDEES, POTENCIA, EUROSTAT, and other international databases from IEA, IRENA and
World Bank, among others. For clarity in the final charts, we set the reference year to the
previous mid-decade (i.e., 2016) for benchmarking comparisons with existing data in all sectors
and all countries. The significance of the findings rests in the development of the European
energy system in 2030 considering the current policies and latest political measures, but also
beyond, in the year 2050.

27 countries considered:
* 24 EU countries
* 3 non-EU countries

. EU Member
states included in
the model

Non-EU Member
states included in
the model

. EU Member
states not
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model
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Supplementary Figure 1. Geographic coverage of the MIRET-EU model. The model includes EU 27, the UK and Norway,
but it doesn’t take Balkans and Cyprus into account?.



MIRET-EU considers four seasons (spring, summer, autumn, winter) which are disaggregated
into day, night, and peak resolution (following the same time slice disaggregation as in the
world multiregional model TIAM-IFPEN). Every year is therefore divided in twelve time-slices
that represent an average of day, night, and peak demand for each season of the year (e.g.,
summer day, summer night and summer peak, etc.).

The MIRET-EU model is data driven (parameter assumptions, technology characteristics,
projections of energy service demands, etc.), its parameterisation refers to technology
characteristics, resource data, projections of demand for energy services, policy measures,
among other. This means that the model varies according to the data inputs while providing
results such as technology pathways or changes in trade flows for policy recommendations. For
each country, the model includes detailed descriptions of numerous technologies, logically
interrelated in a Reference Energy System — the chain of processes that transform, transport,
distribute and convert energy into services from primary resources and raw materials to the
energy services needed by end-use sectors.

A few models have already been developed at European scale using the TIMES model over the
last 15 years. The Pan-European TIMES (PET) model has been developed by the Kanlo team
following a series of European Commission (EC) funded projects (NEEDS, RES2020,
REACCESS, REALISEGRID, COMET, Irish-TIMES) between 2004 and 2010. It represents
the energy system of 36 European regions. The JRC-EU-TIMES model is one of the models
currently pursued and developed in the Joint Research Centre (JRC) of the European
Commission under the auspices of the JRC Modelling Taskforce. The JRC-EU-TIMES model
was developed as an evolution of the Pan European TIMES (PET) model of the RES2020
project, followed up within the REALISEGRID and REACCESS European research projects.
The detailed residential, services and hydrogen modules and database of the JRC-EU-TIMES
have been incorporated with additional modifications to MIRET-EU. Therefore, the modelling
framework of MIRET-EU follows the same framework developed successively in the PET36,
the JRC-EU-TIMES, MIRET-FR (French version developed by IFPEN since 2010) and TIAM-
IFPEN (the world version being developed by IFPEN since 2019) models with additional
expertise from IFP Energies Nouvelles in specific sectors such as transport, refineries and
bioenergy conversion technologies, hydrogen infrastructure, power sector and industry.

MIRET-EU encompasses all stages from primary resources through the chain of processes that
transform, transport, distribute and convert energy into the supply of energy services demanded
by energy consumers. On the energy supply side, it comprises fuel production, primary and
secondary energy sources, and imports and exports. Through various energy carriers, energy is
supplied to the demand side, which is structured into residential, commercial, agricultural,
transport and industrial sectors (Supplementary Figure 2).
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Supplementary Figure 2. Partial view of the Reference Energy System with its interdependencies in MIRET-EU model®

The reference energy economy is thus composed (from left to right) of:

A primary energy supply block, which includes imported primary energy sources
(uranium, crude oil, coal, natural gas); biomass which has been disaggregated into four
types of commodity groups to better consider the competition between their
consumption in biofuels production (1% and 2" generation), hydrogen production,
power sector, industry, residential and commercial. These groups are derived from the
JRC database ENSPRESO (Energy System Potentials for Renewable Energy Sources)
related to bioenergy potentials for EU and neighbouring countries®. Agriculture,
forestry, and waste are the main sectors providing biogenic resources for energy
production following the ENSPRESO database. The biomass resources have been
disaggregated into sugar beet, starch, rape-seed and lignocellulosic potentials,
municipal waste, and industrial waste-sludge potentials, and biogas potentials provided
by dry and wet manure coming from cattle. In addition to the resource potentials, the
related supply costs have also been provided in ENSPRESO to determine the systemic
impact of biomass, together with other system-related variables, such as carbon price*;
and imported raw materials for industry sectors.

An energy technology block, whose technologies transform primary energy into energy
vectors and energy services. It includes the electricity generation (all power plants from
fossil-based to renewable energy sources). Oil refining and biofuel units are modelled
based on IFPEN’s approach and recognized expertise in the field of refineries and
biofuels. The production chain is divided into feedstock pre-processing, production
processes, and blending (blending of diesel B7, B10), gasoline SP95 grades E5, E10
and E85, and jet fuels). First generation biofuel production is subdivided into four
sources: ethanol production from sugar beet and starch feedstock’s, the trans-
esterification and hydro-treatment of crushed oilseeds into FAME (Fatty Acid Methyl
Esters) and HVO (Hydro treated Vegetable Qils), respectively. Second generation



production is subdivided into two sources: ethanol and synthetic FT-Diesel from
lignocellulosic feedstocks. The end-use technologies are related to agriculture, industry,
transport, residential and services (see below for more sectorial details).

e A final energy / energy services demand block such as industrial demands, space and
water heating demands, mobility demands in the transport sector, trades (oil products,
electricity, hydrogen, CO- captured), etc.

e A policy block which includes measures and constraints of several types affecting all
sectors. Some are of microscopic nature, such as quality norms for refinery products,
the number of functioning hours of fuel turbines, power plants, etc. Some are
macroscopic in nature, e.g., global emission constraints or sectoral restrictions.

Strengths and weaknesses of the MIRET-EU model

MIRET-EU is an economic model with a rich technology representation for estimating capacity
investment pathways over the long term. It combines two different, but complementary,
systematic approaches to energy system modelling: a technical engineering approach and an
economic approach. TIMES uses linear programming to produce a least-cost energy system,
optimised across regions and sectors according to several user constraints, over medium to long-
term time horizons. This unique objective function guarantees the internal consistency of the
resulting scenario, as the decision criteria are the same for all processes and flows. These types
of models are effective for assessing long-term investment decisions in complex systems where
future technologies are different from current technologies.

The TIMES model assumes perfect foresight over the entire horizon, i.e., all investment
decisions are made in each period with full knowledge of future events. This technology-
detailed model provides insights to decision-makers regarding energy systems to determine
which technologies are competitive, marginal, or uncompetitive in each market according to
dynamic economic cost-benefit analyses. In short, MIRET is used for the exploration of
possible energy futures based on contrasted scenarios.

As a partial equilibrium model, MIRET-EU does not model economic interactions outside the
European energy sector.

The model is well suited to the development of Energy Roadmaps by making explicit the
representation of technologies and fuels in all sectors to anticipate achievable futures based on
actual knowledge. This is relevant for investment decisions in complex systems with
differences between existing and future technologies. The model optimizes operation and
investment decisions based on the characteristics of alternative generation technologies, energy
supply economics, and environmental criteria. TIMES is thus a vertically integrated model of
the entire extended energy system. The modelling uses exogenous cost data, rather than
inclusion of the trade-off between the installed capacities and the technology cost reduction
(learning-by-doing). The scope of the model extends beyond purely energy-oriented issues, to
include the representation of environmental emissions, and materials, related to the energy
system. In addition, the model is suitable for the analysis of energy-environmental policies,



which may be accurately represented by making explicit the representation of technologies and
fuels in all sectors. The great flexibility of TIMES, especially at the technological level, allows
the representation of almost all policies, whether at the national, sectorial, or sub-sectorial level.
Finally, the model is driven by explicit exogenous final energy services demand and fuel prices.

On the other hand, some limitations inherent to this type of model can be pinpointed. MIRET-
EU is data consuming; therefore, data availability could limit the scope and depth of possible
analyses. Moreover, there is no explicit representation of macro-economic factors which means
there are no feed-back loops between the effects of energy system changes and the economy
(but they could be considered exogenously through the price elasticities of service demand). As all
models are simplified representations of reality and its complex dynamics, they inherently have
limitations as to the detail and scope of their mathematical representation. These
simplifications, e.g., time and spatial resolution, sector or technology representation and system
boundaries, which are mostly due to the data availability, may represent significant modelling
limitations. Long computational times could be observed due to a very detailed representation
of the complex energy system. The model is also sensitive to the data assumptions for emerging
technologies, which are more uncertain and decision makers in practice do not always balance
efforts across regions and sectors. Decision making that conditions investment in new
technologies is often not economically rational, however representing non-rational decisions
could be done via exogenous constraints. This does not allow capturing in detail all the aspects
related to consumer behaviour, which play a fundamental role in decision-making processes.
Even if the decision making is rational®, it is often not based on least-cost criteria. Policy
rationality may stress effectiveness, equity issues, timing, risk, and other factors that are not
accounted for in this framework. The optimistic view of the future due to the perfect foresight
approach which does not account for real-world uncertainty. However, it is possible to
implement via the model to have foresight over a limited part of the horizon, such as one or a
few periods or to temper it by using higher discount rates. By so doing, a modeler may attempt
to simulate real-world decision-making conditions, rather than socially optimal ones?. In this
article, there is no disaggregation by plant size unlike in the MIRET-FR model (France) due to
a lack of data and the consequences of so doing on computational time. This implies, as a
simplification, that all installations in industry and CHP are considered as falling within the
scope of the EU ETS Directive. The reconciliation of the very short-term physical dynamics
(e.g., integrating system adequacy, transient stability analysis in the power sector) into long-
term prospective models is not considered in this multiregional model MIRET-EU.

Sectoral representation

MIRET-EU provides a disaggregated representation of energy demand. In this section, the
different energy end-use sectors are described in detail for a better comprehension of the
sectorial assumptions/modelling. MIRET-EU carries out its optimization horizontally across all
sectors and vertically across all technologies delivering the same commodity, regions, and time
periods for which the limit is imposed. Supplementary Figure 3 shows how substitutions are
considered in the model within the different sectors.Error! Reference source not found.
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Supplementary Figure 3. Substitution options in MIRET-EU®

As above-mentioned, MIRET-EU’s reference energy system encompasses all the steps from
primary resources through the chain of processes that transform, transport, distribute and
convert energy into the supply of energy services demanded by energy consumers. The details
of each sector represented in the model are presented below. Throughout each description,
modelling competencies are identified and limits, which are generally due to the lack of
available database, are pointed out. The model considers the existing technologies which are
related to what is already installed in all considered countries in the historical period (i.e., the
2010s period), and the new technologies which are to be available in the future (e.g., from 2020
onwards).

Power sector. This sector can be divided in five parts (Supplementary Figure 4): primary
resources, power plants, power grid, demand (end-uses) and emissions. The primary resource’s
part is disaggregated into import and mining processes to also consider domestic extraction of
resources in each country. These primary resources are converted into other energy carriers
(electricity, heat, refinery products) via heat and power plants, cogeneration heat plants (CHP)
or refinery plants. The power grid is explicitly represented in MIRET-EU in a simple manner
to consider the different voltage levels. All these energy carriers are consumed in the end-
uses/processes in agriculture (machine drives, heat uses, etc.), industry (iron & steel, cement,
pulp & paper, etc.), transport (cars, buses, etc.), residential and services (space heating, cooling,
cooking, lighting, etc.) sectors. Balancing the demand in all later sectors (mobility, tonnes of
cement, space heating) could imply CO2 emissions as in energy conversion technologies. The
CO. emissions could come from all demand and supply sectors (each energy carrier has an
associated emission factor) and could be released to the atmosphere or captured via carbon
capture and storage (CCS). CCS is considered in some industrial processes (ammonia, iron &
steel, cement, etc.) and in power generation and supply sectors (hydrogen and biofuel
production). The model includes CO, from carbon capture or from the atmosphere directly by



using direct air capture (DAC). The captured emissions can be from fossil or biogenic sources.
Afterwards, they are either stored permanently in sinks, traded, or reused (CCUS routes) to
produce synthetic fuels (PtL), or methane (PtM) which could be incorporated in the natural gas
grid. The techno-economic details of electricity generating technologies rely on updated power
generation technology assumptions (efficiency, capital costs, fixed and variable O&M costs)
from the JRC database released in October 2019 by the European Commission, as well as from
the IEA database. An evolution of these technology characteristics is provided up to 2050.
Several country-specific assumptions are introduced in the model such as short and/or medium-
term expected phase out and roll out of technologies, etc.

Emissions o
Sink pots e — - COzcaptured [~ 7 ——* COyuse ————X L‘il.‘i“gl fuels J
Methane
Depleted oil/gas fields I T L .
__________ Enhanced coal beds . 00! 1 1 1
Enhanced oil recovery COzinthe | _ :_ L IL
Deep saline aquifers L atmosphere g == — — 4 : jTTTTT T i T
A - 1 1 | 1 1 1 1 1
1 1 [ 1 1 1 1 ]
T T 1 1 ' I 1
1
1 I | 1 L il 1]
4 Resources ) /Powel plants N ! vl ! vl v
Industry Transport Agriculture Residential Commercial
Biomass fuels Biomass power plants —
Demand
> Fossil fuels o Fossil power plants —
| |
Uranium supply cham Nuclear plants
‘ . | ‘ power F Electsicity Grid HV & || Electricity Grid MV & |_| Elscmc\A
T ‘ | Hv Transf. MV Transf v
Renewal gy ‘_,
‘ Sources ‘ | RES power plants [
|
‘ Storage technol L
[
Ll District heating }
Refineries ‘
L1, | ‘
Imports Interconnections H Exports ‘ Power glld/

Supplementary Figure 4. Power sector representation in MIRET-EU

Residential, Commercial and Agriculture sectors. The needed data of the residential,

services and agriculture sectors have been taken from the JRC-EU-TIMES database with a very
disaggregated representation. MIRET-EU considers space heating, space cooling, water
heating, cooking, ventilation, ICT and multimedia, and other electric appliances as end-uses in
the residential and commercial sectors, while a single energy service demand satisfied by a
single technology that consumes a mixture of fuels via different end-uses is considered for the
agriculture sector. The JRC-IDEES (Integrated Database of the European Energy System),
released in July 2018, provides very detailed information on the energy system and its
underlying drivers for all EU Member States in annual time steps starting from the year 2000
up to 2015 consistent with Eurostat statistics in the last 2018-version. The model calibration
has been continued to 2020 when other existing data between 2015-2020 are available. JRC-
IDEES has been very useful to calibrate the historical evolution of the energy sector in MIRET-
EU. The details of the end-use technologies (boilers, heat-pumps, CHP, district heating, water
heaters, among others) for residential and services are based on a wide literature review,



including, the technology pathways described by the EU-funded project Advanced System
Studies for Energy Transition, the ENTRANZE database, the Eco-design requirement reports
of the European Commission, PRIMES data, VHK reports, among others.

Industry sector. The modelling framework of the industry is divided into two categories
according to previous work and studies: manufacturing process of the energy intensive
industries were described by their associated energy consumption ratios for each product.
Choices are possible between several alternative process solutions’, while the non-energy
intensive industries are modelled by energy end-uses (mechanical processes, heat treatment,
evaporation, and concentration, drying, etc.) due to the unsuitability of the product/process
approach®. The BREFs, which are the most complete series of reference documents covering
industrial activities, provide descriptions of a range of industrial processes and, for example,
their respective operating conditions and emission rates. It should be noted that CCS is
considered in some energy intensive industries such as cement, glass, pulp & paper, ammonia,
iron & steel, etc. The calibration of MIRET-EU relies on the JRC-IDEES, EUROSTAT, IEA
database and on the framework of the JRC-EU-TIMES and TIAM-IFPEN.

Transport sector. The transport sector in MIRET-EU is based on IFPEN previous transport

structure of MIRET-FR and TIAM maodels for critical raw material analyses in this sector up to
2050°. It is subdivided into four modes: road, rail, navigation, and aviation (Supplementary
Figure 4).

The road transport has been divided into passenger light-duty vehicles (PLDV) (small, medium
and large), buses, commercial vehicles (CV - light, heavy and medium trucks) and 2/3-
wheelers. The presentation of technologies relies on a specific understanding of the transport
sector within each segment (PLDV, CV, bus, minibus, and 2/3-wheelers). The existing and
future vehicles have been implemented with their techno-economical parameters - fuel
efficiency, average annual vehicle mileage, lifespan, cost (purchase cost, fixed and variable
operation and maintenance costs), etc. All these attributes have been derived from the IEA
Mobility Model (IEA MoMo) data on transport® and the JRC database.

For rail, MIRET-EU considered the non-urban rail, urban rail, and freight rail while for the
aviation and navigation, they have been disaggregated into freight and passengers, inland and
bunkers. Contrary to MIRET-FR where all existing and future different aircrafts have been
considered to allow alternative technologies, it has been assumed to consider single generic
technologies at the European level with an average efficiency to satisfy the aviation activity,
likewise for navigation. In addition, ammonia for navigation and pure hydrogen for aviation are
not considered in the model for the moment.

The potential role of ammonia in the energy system has been the subject of many discussions,
particularly as a marine fuel. However, as ammonia has been represented as an industrial sector
and not as a feedstock, it has been proposed a simplified approach which add hydrogen in the
fuel mix of a generic ship on an equivalent basis. Thus, the hydrogen demand gives some
indications of the potential demand of ammonia as a shipping fuel until 2050. Transport fuels



considered in the model are hydrogen, synthetic fuels (XtL), e-fuels (PtL), natural gas, liquefied
petroleum gas (LPG), blending of gasoline, diesel, and jet fuels.

The production chain of biofuels is divided into feedstock pre-processing (where vegetable oil,
starch grain, sugar beet and lignocellulosic are pre-processed), and production processes which
are grouped into first- and second-generation biofuel processes.

Representation of the hydrogen supply chain. Regarding the hydrogen supply chain
structure, the production options are disaggregated under centralised vs. decentralised and by
size (large, medium and/or small), as presented in Supplementary Figure 5.

In the decentralised option, hydrogen is produced close to where it is consumed, whereas in the
centralised option, large scale hydrogen facilities are considered producing hydrogen that needs
to be delivered to end-users via an extensive transport and distribution infrastructure. Most of
the hydrogen techno-economic assumptions considered in the model have been provided by the
JRC to IFP Energies Nouvelles in June 2019. They are based on the JRC hydrogen structure in
TIMES input data available for the development of the hydrogen sector in MIRET-17,

In total, more than 30 hydrogen production options are considered by process type (with and
without CCS), by size, by system design (centralised vs decentralised): hydrogen from
electrolysis, hydrogen from fossil fuels, natural gas steam reforming with and without CCS,
auto-thermal reformer (ATR)/ gas-heated reformer (GHR) with CCS, methane pyrolysis, partial
oxidation of heavy oil, coal gasification with and without CCS, hydrogen from biomass,
biomass Gasification with and without CCS, and ethanol steam reforming.

A data request regarding the techno-economic assumptions on hydrogen production
technologies considered in the MIRET-EU model has been extensively discussed with technical
experts to cross validate and complete the list. The implementations were made based on the
data provided.
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Supplementary Figure 5. Hydrogen supply chain in MIRET-EU?

Thus, different input energy sources for hydrogen (e.g., electricity from grid, PV, wind, etc.)
have been considered in the model. The JRC representation of the hydrogen supply chain has
been improved by adding new hydrogen production options such as off-grid wind and PV with
electrolysers, methane pyrolysis, autothermal reformer (ATR)/gas-heated reformer (GHR).

Hydrogen delivery begins with hydrogen conditioning and is completed with supplying
hydrogen to end users. Hydrogen delivery is modelled by creating aggregated processes
coupling several hydrogen delivery sub processes. Consequently, an aggregated delivery
process is formed by summing all processes of a probable hydrogen value chain, from
conditioning to immediately before end-use application®®. Total costs for each of the delivery
path result from the cost aggregation of the individual steps. Depending on the selected pathway
of hydrogen delivery, sub processes include hydrogen storage options (e.g., underground salt
caverns, liquid storage bulk, gas storage bulk and local gas storage bulk), liquefaction,
compression, distribution pipeline, road transportation and refuelling stations, liquid to liquid,
liquid to gas, and gas to gas with small capacity (300 kg/day) and large capacity (1200 kg/day).

Regarding end-use applications of hydrogen, hydrogen gas, as a transport commodity can be
consumed in buses, cars and commercial vehicles, and marine bunkers. The hydrogen use in
trains and aviation is not yet included so far in the model, however the use in trains could be
implemented in the future according to existing and available data as plans involving hydrogen
trains already exist in several countries (two hydrogen trains in Germany)!’. In the residential
and commercial sectors (space heating, water heating and electricity via fuel cells-CHP), and
for industrial processes, hydrogen gas and hydrogen-natural gas blending are also possible. For
the blending with natural gas, within the current natural gas infrastructure, a maximum of 5%
until 2025, 10% from 2025 and 15% from 2030 onwards has been assumed in MIRET-EU to



be in line with the hypothesis considered in the global TIAM IFPEN model, IEA-ETSAP TIAM
version, or other European TIMES versions. According to the IEAY, it is 10% blending max
with 8% allowable under certain circumstances in Germany, while it is around 6% in France,
5% in Spain, 4% in Austria, and under 2% in other European countries. The Ameland project
in the Netherlands did not find any problem for household devices to blend hydrogen up to
30%.

Hydrogen and natural gas separation is not considered in the model. In the power sector, proton
exchange membrane (PEM) fuel cell technology is represented in the model to consider the
penetration of hydrogen in power generation. Hydrogen can also be consumed in biorefineries
and within carbon capture and utilisation (CCU) routes for Power-to-Liquid (PtL), and Power-
to-Methane (PtM).

The hydrogen production technologies and the related cost and efficiency data are given in the
following tables (Supplementary Tables 1 and 2).

Supplementary Table 1. Hydrogen production technologies — Cost data. All cost data is provided in the lower heating value
(LHv)ll-15,18-24

Technology Investment costs Fixed O&M Variable O&M Source
[€/kWH2] [€/kWH2] [€/GJ]
202 | 203 | 205 | 202 | 203 | 205 | 202 | 203 | 205
0 0 0 0 0 0 0 0 0

Coal gasification, 236 | 236 | 236 | 118 | 118 | 118 | 0.16 | 0.12 | 0.12 | 6,9,10
large size, centralised 3 3 3
Coal gasification, 292 | 292 | 292 | 147 | 147 | 147 | 0.22 | 0.22 A 0.22 | 6,9,10
medium size, centralised 9 9 9
Coal gasification + COz2 capture, 246 | 246 | 246 | 123 | 123 | 123 | 0.26 | 0.26 | 0.26 | 6,9,10
large size, centralised 0 0 0
Coal gasification + COz2 capture, 337 | 337 | 337 | 169 | 169 | 169 | 0.26 | 0.26 A 0.26 | 6,9,10
medium size, centralised 6 6 6
Biomass gasification, 309 | 309 | 309 | 819 819 | 819 1.3 1.3 1.3 6,8,9,
small size, decentralised 9 9 9 10
Biomass gasification, 295 | 292 | 292 | 146 | 146 | 146 A 045 045 | 045 | 6,8,9,
medium size, centralised 9 9 9 10
Biomass gasification + CO: capture, 337 | 337 | 337 | 169 | 169 | 169 | 046 | 046 H 046 | 6,8,9
medium size, centralised 6 6 6
SMR, 805 | 805 | 805 | 378 | 378 | 37.8 | 0.08 | 0.05 | 0.05 1,9
large size, centralised
SMR, 194 | 150 | 150 | 52.7 | 29.9 | 299 | 0.04 | 0.04 | 0.04 @ 6,8,10
medium size, decentralised 5 9 9
SMR + CO; capture, 148 | 120 | 113 | 446 | 36.1 | 34.0 | 053 | 0.07 | 0.07 1,9
large size, centralised 7 4 3
ATR + CO:z2 capture, 800 | 700 | 700 | 24.0  21.0 | 21.0 | 0.53 | 0.07 | 0.07 8,9
large size, centralised * *Er *
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GHR + ATR + CO2 capture,
large size, centralised
Ethanol steam reforming,
decentralised

PEM electrolyser

Alkaline electrolyser,

large size, centralised

Alkaline electrolyser,

wind off grid, centralised
Alkaline electrolyser,

PV off grid, centralised

PEM electrolyser,

offshore, centralised

Alkaline electrolyser,

small size, decentralised

Very High Temperature Reactor
CHP,

centralised

Methane pyrolysis (Kvaerner
process), centralised

Molten media methane pyrolysis,
large size

Non-catalytic methane pyrolysis,
small size

830

270

175

125

240

187

453

125

NA

199

3

778

175
1

750

270

795

576

180

108

324

576

468

199

3

778

175
1

750

270

476

345

149

707

270

345

393

199

3

778

175
1

24.9

53

19

59

37

115

19

NA

89.8

64.9

225

22.5

46

15

52

27

95

15.0

304.

89.8

64.9

225

22.5

46

15

50

24

90

15

255,

89.8

64.9

225

0.53

19.6

0.15

0.15

0.15

0.15

0.96

0.96

NA

0.70

0.07

19.6

0.06

0.06

0.06

0.06

0.17

0.17

2.60

0.70

0.07

19.6

0.06

**%

0.06

0.06

0.06

0.17

0.17

2.60

0.70

8,9

2,3,7,
9,10
2,3,7,
9,10
2,3,7,
9,10
2,3,7,
9,10
2,3, 7,
9,10
2,3,7,
9,10
6,10

11

12

* The variable O&M costs for GHR + ATR and ATR are based on the reported values for SMR + CO: capture as they are
mostly related to process water, cooling water, and catalyst replacement.
** The variable O&M costs for PEM electrolyser are based on Alkaline electrolyser, large size as they are mostly related to

process and cooling water.

Supplementary Table 2. Hydrogen production technologies — Technology Datat!-1518-24

Technology Size Fuel Efficiency Life Source
[MW] [PI/PIH2] (LHV)
Fuel 202 | 203 | 205 | 202 | 203 | 205
0 0 0 0 0 0

Coal gasification, 1667 Coal 1.67 | 1.67 | 1.67 25 25 25 6,9, 10
large size, centralised
Coal gasification, 434 Coal 167 | 167 167 | 25 25 25 6,9, 10
medium size, centralised
Coal gasification + CO2 capture, 1667 Coal 172 | 172 | 172 | 25 25 25 6,9, 10
large size, centralised
Coal gasification + CO2 capture, 442 Coal 172 | 172 | 1.72 25 25 25 6,9, 10
medium size, centralised
Biomass gasification, 0.7 Biomass 210 | 210 | 210 | 25 25 25 6,8, 9,
small size, decentralised Grid 0.03 | 0.03 | 0.03 10

electricity
Biomass gasification, 33 Biomass 2.10 | 210 | 2.10 25 25 25 6,8,9,
medium size, centralised Grid 0.03 | 0.03 | 0.03 10

electricity
Biomass gasification + CO2 33 Biomass 2.10 | 210 | 2.10 25 25 25 6,8,9
capture, Grid 0.03 | 0.03 | 0.03
medium size, centralised electricity
SMR, 1530 Naturalgas | 1.32 | 1.32 | 1.32 | 25 25 25 1,9
large size, centralised Grid - - -

electricity 0.02 | 0.02 | 0.02



SMR, 2 Natural gas | 1.36 | 1.27 | 1.27 = 25 25 25 6,8, 10

medium size, decentralised Grid 0.25 | 0.07 | 0.07

electricity
SMR + COz capture, 1502 Natural gas | 1.38 | 1.38 | 1.38 | 25 25 25 1,89
large size, centralised 5 5 5

Grid 0.01 | 0.01 | 0.01

electricity 5 5 5
ATR + CO2 capture, 1260 Natural gas | 1.36 | 1.36 | 1.36 25 25 25 8,9
large size, centralised Grid 0.04 | 0.04 | 0.04

electricity
GHR + ATR + CO: capture, 1260 Natural gas | 1.28 | 1.20 | 1.20 25 25 25 8,9
large size, centralised Grid 0.06 | 0.05 | 0.05

electricity
Ethanol steam reforming, 0.01 Ethanol 1.47 | 1.47 | 147 | 10 10 10 6
decentralised Grid 0.08 | 0.08 | 0.08

electricity
PEM electrolyser NA* Grid 160 | 1.55 | 155 | 6** 7 9 2,3,7,

electricity 9,10
Alkaline electrolyser, 72 Grid 155 | 1.45 | 1.45 20 20 20 2,3, 7,
large size, centralised electricity 9,10
Alkaline electrolyser, NA* Wind off 155 | 145 | 145 30 30 30 2,3,7,
wind off grid, centralised grid 9,10
Alkaline electrolyser, NA* PVoffgrid | 1.55 | 1.45 | 145 30 30 30 2,3,7,
PV off grid, centralised 9,10
PEM electrolyser, NA* Wind 15 15 15 20 20 20 2,3, 7,
offshore, centralised offshore 9,10
Alkaline electrolyser, 0,6 Grid 155 | 145 | 145 20 20 20 2,3,7,
small size, decentralised electricity 9,10
Very High Temperature Reactor 600 Uranium NA | 15 15 NA 60 60 6, 10
CHP,
centralised
Kvaerner process, 19 Natural gas | 1.75 | 1.75 | 1.75 | 25 25 25 6
centralised Grid 0.35 | 0.35 | 0.35

electricity
Molten media methane pyrolysis, 420 Natural gas | 2.05 | 205 | 205 @ 20 20 20 11
large size
Non-catalytic methane pyrolysis, 2.8 Natural gas | 2.50 | 250 | 250 @ 20 20 20 12
small size

* No reference size for costs provided. However, it is expected that the sizes are in the range between Alkaline electrolyser
large size and Alkaline electrolyser small size, that is between 0.6 MW and 72 MW.

** The lifetime in PEM electrolyser is increasing due to R&D. Direct application in offshore parks has a higher lifetime due
to the lower capacity factor and may be limited by the lifetime of the offshore wind turbines.

Pipelines and trade representation in the MIRET-EU model
Natural gas and LNG. The trade of natural gas between European countries and other regions

is modelled via a trade matrix that defines the existing and planned capacities until 2025 with
the possibility of investing in additional capacity from 2025 onwards if needs be. The ENTSOG
(European Network of Transmission System Operators for Gas) Ten-Year Network
Development Plan (TYNDP) provides an overview of the European gas infrastructure and its
future development?. It thus allows depicting the maximum existing and planned capacities to
have bilateral or unilateral exchanges between European countries until 2025 (Supplementary
Figure 6). Hereafter, an example of a matrix table which is used to declare the traded energy
commodities (in this example, natural gas) and the links between countries (1=active links).



The countries at the left-most column represent the exporters and the ones at the top-most line
are the importers. Two types of trade are considered in the model: either bilateral links between
countries (e.g., trade between Germany - importer/exporter and Austria - importer/exporter) or
unilateral links between countries (e.g., trade between Netherlands — importer and Norway -
exporter).

Natural gas Austria Belgium  Bulgaria  CzethRep. Denmark Estonia  Finland  France  Gemany Greece  Hungany  Ireland ltaly lawia_ Lithuznia _Netneriands Poland  Porugal Romania Slovakia  Slovenia  Spain  Sweden  United Kingdom Norway  Switzeriznd
1 1 1 1
1 1

Austria
Belgium
Bulgaria
Czech Rep.
1
Estonia

Greece
Hungary
Ireland
Italy 1
Lawvia
Lithuania
Netherlands 1
Poland
Portugal

Slovakia 1 1
Slovenia
Spain

Sweden
United Kingdom 1 1 1

1

Norway 1 1 1 1
Switzerland 1 1

Supplementary Figure 6. Endogenous trade matrix of natural gas within European countries.

In addition to natural gas trade within European countries, natural gas trade from Russia (before
2022) and North Africa are also considered for Germany, Finland, Estonia, Lithuania, Hungary,
Poland, Romania, Slovakia, Spain, and Italy (Supplementary Table 3).

Supplementary Table 3. Trade of natural gas from outside European countries

Natural gas Country origin Natural gas Country destination

Russia Germany
Estonia

Lithuania
Hungary
Poland
Romania
Slovak Republic
Finland

EU28
North Africa Spain
Italy

Supplementary Table 4. LNG import terminals considered.

LNG Terminals

Belgium
Croatia
Estonia
Finland
France

Germany
Greece
Ireland



Italy
Latvia
Lithuania
Netherlands
Norway
Poland
Portugal
Spain
Sweden
United Kingdom

Belgium, Croatia, Estonia, Finland, France, Germany, Greece, Ireland, Italy, Latvia, Lithuania,
Netherlands, Norway, Poland, Portugal, Spain, and the UK have also the possibility to import
LNG from outside Europe (Supplementary Table 4). The GIE (Gas Infrastructure Europe) LNG
Map and the CEDIGAZ database provides comprehensive information on existing and under
construction LNG Terminals in Europe. The project tables in the Annex A of the ENTSOG’s
TYNDP 2020 provides the planned or under study LNG terminals for the coming years with a
detailed overview of their status. For the current study, only confirmed projects (in final
investment decision) and those with advanced maturity status by end of 2021 have been
considered.

Electricity. Electricity trade is represented like natural gas via a matrix table where the
endogenous exchanges are represented. The ENTSO-E (European Network of Transmission
System Operators for Electricity) Ten-Year Network Development Plan (TYNDP) also provides
an overview of the maximum existing and planned capacities until 2030°. The model also
considers a maximum level of imports and exports of electricity from outside Europe.
Hydrogen transport. Regarding hydrogen transport, if a reduced demand for gas is observed,
capacity could become available and could be used to transport hydrogen by repurposing
segments of the natural gas pipelines to hydrogen, or by investing in new hydrogen pipelines?.
Therefore, two types of pipelines for hydrogen trade have been modelled in MIRET-EU:
retrofitted natural gas pipelines to hydrogen and new dedicated hydrogen pipelines. Therefore,
the model optimises between retrofitting existing natural gas infrastructure for hydrogen
carrying capability on one hand, and alternatively, or additionally, investing in new dedicated
hydrogen infrastructure on the other hand?’. Thus, the retrofitted gas pipelines to hydrogen have
been assumed to have the same matrix between the countries as the existing gas pipelines. The
possibility of investing in additional hydrogen transport in the future is also considered within
the existing gas matrix?®?®, An estimate of the investment and operating costs have been
provided in the 2020 European Hydrogen Backbone report?® for new and refurbished pipelines
dedicated to hydrogen (Supplementary Table 5).

Supplementary Table 5. Cost input ranges used for estimating total investment, operating, and maintenance costs for
hydrogen infrastructure. Values are for 48-inch pipelines (one of the widest pipeline types in the intra-EU gas network)?°.

Cost element Unit Low Medium High
Pipeline CAPEX new M€/km 25 2.75 3.36
Pipeline CAPEX retrofit M¢€/km 0.25 0.5 0.64

Compressor station CAPEX M€/MWe 2.2 34 6.7



Operating & maintenance costs €/year as a 0.8-1.7%
% of CAPEX

The transport modalities considered are maritime transport (LH> and ammonia) and cross-
border interconnections (subsea or aboveground). Hydrogen supply curves (based on levelized
cost of hydrogen - LCOH - trajectories) from extra-European countries are provided by a
specific study carried out (the HyPE model). The latter is included in the model as an alternative
for hydrogen supply, competing with domestic production within Europe. The maximum
import volumes are based on the maximum possible trade flows between the country of origin
and the entry point within Europe, with references to transport costs and constraints on planned
infrastructure.

CO: flows and CCUS routes in the MIRET-EU model. The model recovers CO, from

carbon captured in industry, electricity and hydrogen and biofuel production sectors or from
the atmosphere directly via DAC (Supplementary Figure 7). The captured emissions can be
from fossil or biogenic sources. Afterwards, they are either stored permanently in sinks
(depleted oil/gas fields, enhanced coal beds, enhanced oil recovery, deep saline aquifers), traded
or reused to produce synthetic fuels (PtL — power-to-liquid), or methane (PtM — power-to-
methane). The main sources of data are Blanco et al.1**? and Meylan et al.*°. Regarding CO;
transport considered in the model & 3133 the pipeline trade among European countries is
modelled via a trade matrix that defines the links between regions. CO> transport by tanker
could also be implemented provided cost data is available (e.g., France-Norway planned CO>
trade by tanker).

CO, sources CO, uses
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Supplementary Figure 7. CCUS routes in the MIRET-EU (Transformation sector encompasses biofuel and hydrogen
production).

Energy policy assumptions in MIRET-EU. In MIRET-EU, the modelling framework is
aligned with the agenda of the European Green Deal and EU pillars and targets, incorporating
the policy assumptions both at the country and EU-level explicitly represented through
constraints. They include sectors covered by the overall EU emissions targets for 2030 and
2050, the targets for the sectors covered by the EU ETS and that of non-EU ETS sectors, the



Energy Efficiency Directive with particular attention to the transport sector, the Renewable
Energy Directives and the NECPs as detailed in Hydrogen for Europe study?.
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Supplementary Information 2 — The HyPE model

Principles and Methodology

Hydrogen Pathway Exploration model (HyPE) is a dynamic optimisation model that minimises
the cost of global clean hydrogen supply and delivery, including technical, operational and
resource-related constraints. HyPE aims at providing to the main energy system optimisation
model a way to introduce potential hydrogen imports from neighbouring regions (notably
North-Africa, Middle East and Ukraine). It provides cost-optimal production and trade routes
for clean hydrogen, considering all potential production sites and possible transport options.
The results consist in supply curves, indicating both the potential of hydrogen production per
country and the associated costs following a levelised cost of hydrogen approach (LCOH) and
a cost, insurance and freight logic (CIF — Supplementary Figure 8). The levelized cost of
hydrogen adopts the life cycle costing methodology. It is defined as the sum of all the
discounted fixed and variable costs necessary for the production of hydrogen over the expected
lifetime of the installation, divided by the total volume produced during its lifetime. Cost,
insurance and freight, as defined in Incoterms, means that the exporter delivers the product at the port
of destination, so the cost at the loading port includes the cost of transport and logistics. The
methodology builds on the full delivery value chain up to an entry point in Europe to determine
the specific LCOH of each European importing route.

LCoH FOBLCOH CIFLCOH
(In-situ) [EUR/kg] [EUR/g]
[EUR/kg] Exporting point J, Importing point

Domestic Conversion

transport

Hydrogen production 2
(in-situ) (Exporting point)

Nationalinlandtransport and logistics International transport and logistics

v

UPSTREAM MIDSTREAM

Supplementary Figure 8. Hydrogen trade value chain in the HyPE model. LCOH is the acronym for the levelized cost of
hydrogen production, FOB (freight on board) represents the levelised cost of hydrogen at the export point, including the
transport and conversion costs in the exporting region, and CIF (cost, insurance and freight) represents the landed cost of
hydrogen in the importing region adding the cost of international transport and reconversion (if needed) on the FOB.

The two overarching principles of the HyPE model are:

1. Low-carbon European energy imports: decarbonisation of energy imports can be achieved
via decarbonising imported natural gas (either pre-combustion or post-combustion), or by
importing any other renewable or decarbonised gases (e.g., H2/LH2, P2G, Biomethane, etc.).

2. Technology neutrality of hydrogen production: Natural gas converted to hydrogen at import
point/city gate or direct hydrogen imports?.

The approach builds on linear programming to choose the most cost-efficient way to satisfy the
hydrogen demand in the considered countries and provide the MIRET-EU model with least-
cost renewable and low-carbon hydrogen potentials from each of the neighbouring countries,
including potential demand hubs that might impact the availability of clean hydrogen for
exports to Europe, notably China, Japan and Korea. This results in an optimisation model
choosing the most cost-efficient way to supply hydrogen to Europe, considering different
upstream options (e.g., renewable energy and natural gas), transport modalities (e.g., trailers,



pipeline and bunkers) and energy vectors (e.g., ammonia, liquified hydrogen and gasified
hydrogen). The resulting cost structure is therefore driven by production costs, but also includes
transport costs and conversion and reconversion costs depending on the transport technology
and route. The cost-minimisation is performed in a country-neutral and technology neutral way.

Upstream activities: hydrogen production

Renewable hydrogen production from variable renewable energies

In HyPE, green hydrogen can be produced either via electrolysis of variable renewable energy
sources (wind and solar power) or from processes based on biomass (biomass reformation, bio-
pyrolysis) which can allow negative emissions. While hydrogen production from biomass can
be economically less viable, it can provide negative emissions for offsetting residual CO>
emissions and upstream and midstream methane emissions associated with natural gas-based
low-carbon hydrogen.

The production of renewable hydrogen from wind and solar energy depends local factors such
as the domestic wind and solar irradiation potentials, as well as on the availability of suitable
land and water access. The methodology for the estimation of feasible solar and wind resources
for the production of renewable hydrogen is based on Ruiz et al.? and Milbrandt and Mann®.

To capture the available land for wind and solar resources a 2.5° decimal degree grid has been
projected on the considered export regions (Supplementary Figure 9). For each cell both an
annual wind speed hourly time series and an annual solar irradiation hourly time series*® were
determined at its centroid location based on 2016 data from the NASA MERRA-2 dataset.
Using these timeseries, hourly wind and solar capacity factors are linked to hourly hydrogen
from the weather data for the year 2016. For onshore wind turbines, a hub height of 130 meters
and the Vestas V150 4000 turbine’s power curve were considered to obtain the hourly wind
capacity factors at every cell. Fixed ground-mounted PV systems with optimised tilt angles (as
a function of the cell latitude) were considered to represent solar power plants in the model.
The study considers the possibility to install off-grid dedicated single and/or hybrid systems.
The hybrid system can possibly consist of three elements namely an electrolyser, a wind plant
and/or a solar plant. The optimisation of the size of each component is handled within the model
and based on techno-economic characteristics such as component costs and locational specific
factors such as financing costs and natural resources. Consequently, depending on its location,
the optimal configuration can either consist of only one power production source (solar PV or
onshore wind) plus an electrolyser system or of a combination of both power sources plus an
electrolyser system. For the optimally determined system configuration at every cell centroid,
the corresponding levelized costs of renewable hydrogen are derived for each year.
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Supplementary Figure 9. Illustrative map of the considered cells around Europe and the calculated levelised cost of hydrogen
(LCOH) in each cell. In this illustration, the lightest colours represent the least-cost hydrogen production cost, while the dark
green tones represent the locations with the highest cost of hydrogen production. This figure is reproduced from the Hydrogen
for Europe study’s 2022 edition®.

The maximum exploitable renewable potential builds the basis for the determination of the
potential renewable hydrogen production volumes. Occupied land on every cell were analysed
to obtain the available space for the installation of renewable energies and hence, to determine
the potential production of hydrogen. Surfaces assigned to the categories of residential and
industrial areas, as well as national parks and water bodies are considered to be non-usable for
renewable energy production and hence were excluded from the technical potential calculations
(Supplementary Figure 10). For the remaining areas, it is considered that only 5% of the land
surface can be available for the deployment of solar PV. Power density describes the installable
capacity over an area. We assume a 170W/m? of power density for PV modules and a 40% of
farmland coverage by PV modules, leading to a 68W/m? of solar farm energy density’. For
onshore wind, all available surfaces were assumed to be eligible for the deployment of onshore
wind. A power density of 5 MW/km? was applied for this technology following Ruiz et al.2. To
limit domestic transport costs and energy losses, cells within a maximum distance of 1000km
to an international exit point (terminal or pipeline) were taken into account in the analysis as
potential exporting locations given the absence of hydrogen domestic transport in the exporting
countries considered.

Supplementary Figure 10. lllustrative example on the determination of the maximum available space for the installation of
renewable energies using land-use data. Black, blue, red and green dots represent the surface that cannot be used for wind and
power installations. This figure is reproduced from the Hydrogen for Europe study’s 2022 edition®.



The maximum exploitable trajectory of national renewable energy that can be dedicated to
hydrogen production follows maximum deployment rates constraints to mimic industrial and
regulatory rigidities preventing the industry to be developed overnight. The obtained renewable
potentials were verified against the international potential estimated by NRELS.

The technology cost data for solar and wind power plants and the electrolysers for off-grid
renewable hydrogen production are the same as the ones used in the MIRET-EU model in
Supplementary Information 1. Using these data and the renewable potential data, the levelised
cost of hydrogen production can be calculated following Equations 2 and 3.

CAPEX echy: Initial investments for a given production technology tech on year y
OPEXtech,y: Maintenance and operational costs for a given tech and year y
WACCiechy,country: Weighted Average Cost of Capital in the country and year y per tech
) Etecn cenn: Annual energy output per tech on a prodcution cell in kilograms of hydrogen
CFh tech cell: Capacity Factor — Energy produced out of one kW of capacity installed,
in kWh, per hour h, tech on a production cell
Netectrolysis' Consumption of electricity of the electrolyser in kg/kWh
ltioen: Lifetime of the production technology tech considered
CAPEXteCh,y'fZit:thh( OPEXteCh,y )t
1+WACCpoch y, r
LCOHtech,y,country = Zit_tfch Etech,ce”teCh Yoy (2)

t
(1+WACCtech,y,country)

_ \'8760 1
Etech,cell - Zh=1 CFh,tech,cell X (3)

Nelectrolysis

Water availability and competition with other uses is a major topic in particular in regions with
resource scarcity as in some parts of Middle East, North Africa, Sub-Saharan Africa, Australia
and Chile. Concerning the current study, Middle East and North Africa are the key clean
hydrogen exporters to Europe. To internalise this issue, we follow a similar approach as that
commented by IRENA in its global hydrogen trade outlook®. We assume that for acceptability
reasons all water consumption of electrolysers comes from seawater desalination. Accordingly,
only sites within 300 km from the sea are considered and the associated costs of water supply
are included in the LCOH calculations.

Water desalination is already supplying about 95 million m®day of water and producing 142
million m®/day of brine'°. curto et al.!* discuss the state of play of desalination technologies and
affirms the next frontier for key commercial technologies such as reverse osmosis (RO), multi-
stages flash desalination (MSF) and multi-effect distillation (MED), is to be powered by
renewable sources. We base our water cost calculations on the technoeconomic figures reported
by them for the different technologies considered in the model.

We estimate water cost by adopting an amortisation logic to desalination plants which includes
capital and operational expenditures over its economic lifetime. We assume that the electricity
used by desalination units comes from the power grid of the countries considered. Hence, our
operational costs include costs of the electricity used, and the expenditures for offsetting the



associated emissions of grid electricity. With the data of the electricity mix in each of the
countries we estimate average electricity prices. The carbon intensity of the electricity supply
leads to a carbon footprint of the desalinated water. We apply a carbon tax in line with the EU
ETS, reaching €250/tCO by 2050 penalising the associated emissions, and more importantly,
to implement a level-playing field between countries with different electricity mixes (this is
currently being discussed in the design of carbon border adjustment mechanisms). These values
are compared to the water production cost estimated by the World Bank'? and calibrated based
on these values.

Renewable hydrogen production from biomass

The potential renewable hydrogen production from biomass highly depends on the availability
of natural feedstock resources. Only Russia and the Ukraine have substantial biomass potential
in the considered geographical scope of exporting countries. As Russia has been excluded from
being a trading partner of Europe, only Ukraine was considered for the production of hydrogen
from biomass.

Another important aspect for hydrogen from biomass is the ability to transport the feedstock to
the production facility which is considered to be centralised and located in the proximity of an
exporting point. Therefore, similar to the production of hydrogen from wind and solar, a 2.5
decimal degree grid was projected on the lands to capture the impact of transportation costs and
availability on the production potential of hydrogen from biomass.

Supplementary Figure 11. Potential biomass-based renewable hydrogen exporters to Europe in the HyPE model. Current
study only considers Ukrainian biomass-based renewable hydrogen as potential hydrogen imports to Europe. This figure is
reproduced from the Hydrogen for Europe study’s 2022 edition®,

The total biomass feedstock availability is considered to be uniformly distributed on the regions
considered. Furthermore, only solid forest residues are considered as feedstock for the
production of hydrogen as it is the only easily transportable biomass with an economically
viable energy density. Considering its volume and energy density, the maximum freight range
admissible for biomass that is considered in this study is 700 km. The resulting volumes of
biomass that are available for the hydrogen production in the resulting regions are given in
Supplementary Table 6. The maximum distances of 700 km allow to compare the transportation
of biomass with the transportation of coal so that associated freight cost is assumed to be around
€0.425/kgH2/1000km*3. Moreover, only 50% of the overall available biomass is assumed to be



available for the production of hydrogen for exports to account for other domestic uses in
competition.

Supplementary Table 6. Available biomass stocks considered in HyPE that can be potentially used to produce renewable
hydrogen for exports to Europe'*.

Area Available biomass
feedstock
(TWh)
Ukraine 29.9

The production of hydrogen from biomass is assumed to take place in a centralised gasification
plant close by an exporting point. The resulting levelized costs of hydrogen consists accordingly
of the costs related to the production facility, the transportation of biomass as well as feedstock
costs. Bio-feedstock cost is considered to be $6.5/GJ®. The gasification facilities are assumed
to operate at a load factor of 85% throughout their technical lifetime (30 years).

Low-carbon hydrogen production from natural gas

Only imports of low carbon hydrogen from countries that produce natural gas domestically
were considered (i.e., Algeria, Azerbaijan, Iran, Qatar, Russia, Egypt, United Arab Emirates
and Saudi Arabia). Given that natural gas infrastructure is well developed in the countries
considered, production facilities are assumed to be installed near the location of the current exit
points for natural gas trade (pipeline and/or terminal), so to avoid additional inland transport
costs.

Two set of technologies to produce low-carbon hydrogen were assessed:

* Reformers with CCS: steam methane reforming (SMR), autothermal reforming (ATR)
and gas heated reforming (GHR), all with carbon capture and storage (CCS) were
considered. Full cost was considered assuming rock formations where available within
a reasonable distance around the production sites'® to estimate an average cost related
to CO- transport and storage. It was assumed that CO; storage capacities at those sites
were at least 10 Mt per year which would lead to a transport and storage cost of around
€11.4/tCO2 (after considering economies of scale) based on the H21 North of England
report®’.

* Methane pyrolysis (carbon black co-product revenues included): Same as for the
European hydrogen production alternatives, methane pyrolysis was assumed to be
commercially available from 2030 onwards.

Scenario analysis on natural gas production, domestic consumption and trade were conducted
in each of the gas-rich MENA countries to assess the possible availability of natural gas for
producing hydrogen. Additionally, Azerbaijan (AZE) is expected to produce around 50 bcm of
natural gas in 2025 at the completion of the SCP/TANAP/TAP project, where we expect around
20% this production could be used to produce low carbon hydrogen to the EU market by 2025.



Given the existing infrastructure development programmes, no further projections regarding
the evolution of the exporting shares are considered.

Wellhead cost of natural gas production was assumed to be the average breakeven price in each
exporting country. Breakeven gas prices were estimated by calculating the percentage
difference with respect to country average breakeven oil prices from the International Monetary
Fund and applying it to gas producing countries assuming an average of $2.4/MMBtu as the
basis. This value corresponds to the average US dry gas wellheads breakeven values reported
by BNEF'®. For Algeria, with a declining export trend?®, the breakeven cost assumed was that
of a dry gas Africa shore well. Tests have been conducted to provide robustness to this
assumption and we have obtained that LOCH are within the +/-10% range for all countries with
average breakeven prices changing in the $2/MMBtu to $2.9/MMBtu window. The obtained
range of breakeven gas prices were verified by benchmarking them against typical average
wellhead cost of basins of similar type for each region (i.e., onshore, deep, shallow, ultra-deep).
They don’t include any national tax scheme.

Price of carbon black (by-product of methane pyrolysis) was assumed constant at €100/tC, and
compensation for unabated CO> emissions, as well as upstream methane emissions, for both
reformers with CCS (95% of assumed capture rate) and methane pyrolysis were accounted for
by assuming economic offsets given by a CO2 emission cost trajectory proposed by the IEA for
developing economies. All the technology cost data related to reformers and pyrolysis plants
are the same as in the Supplementary Information 1.

Midstream: hydrogen transport

The competitiveness of hydrogen imports depends on the availability of the transport
infrastructure. Depending on the distance between production and delivery points, several
transportation paths are currently envisaged and integrated into the modelling framework in
accordance with the overall technology-neutral approach. For national inland transport of
hydrogen, trucks, either with compressed hydrogen or ammonia are considered. For
international transport, hydrogen pipelines, ammonia shipping and liquified hydrogen (LH>)
have been considered (Supplementary Figure 12).

International hydrogen transport via ships

Liquified hydrogen terminals have been added to the model as possible entry points in Europe
for hydrogen. As the natural gas consumption in Europe drops, EU LNG terminals are assumed
to see their utilisation rates dropping from 2025 onwards. Nevertheless, current energy crisis
underpinned by the Russian invasion of Ukraine led to increased LNG consumption in Europe
in the last year, and this increase is set to continue in 2023%°. However, we assume that this
situation will not persist after the end of current decade®. We therefore make the assumption
that the refurbishment of LNG terminals to handle liquified hydrogen (LH>) is an option from
2030 onwards. The older terminals in countries with the lowest utilisation rates have been
assumed to be the first candidates for repurposing to hydrogen. The availability timeline is then
made by a combination of the commissioning date and the forecasted utilisation rate of the
terminals (Supplementary Table 7). Refurbishment of existing terminals is preferred to build
new ones as it allows to save around 25% of investment costs from new builds?. In terms of
volumetric capacity, liquified hydrogen terminals are supposed to handle each year the same



volume of liquid gas than the previous LNG terminals did. On an energetic point-of-view, it
means only 40% of the energy capacity of the LNG terminal is available when refurbished to
hydrogen.

+ LH2 regasification / Ammonia cracking r 4
2030, Spain, Barcelona »
2030, Spain, Cartagena
2030, Spain, Huelva
2030, France, Fos-Tonkin
2030, France, Montoir-de-Bretagne
2040, UK, Grain *
2040, kaly, Panigaglia
2050, Spain, Bahia de Biskaia
2050, France, Fos-Cavaou

LH2 liguefaction &

Ammonia synthesis

Pipelines

2030, Tunisia-ltalia
2040, Russia-Germany
2040, Ukraine-Slovakia
2040, Turkey-Greece

MNote: Existing gas basins are also entry point for hydrogen shipping

Supplementary Figure 12. Geographical scope considered for hydrogen imports to Europe and alternative routes based on
Seck et al.?? and Hydrogen for Europe®.

Supplementary Table 7. Considered liquid hydrogen and ammonia import terminals' availabilities in Europe, including the
refurbishment year assumptions, capacity and age of each terminal.

. Assumed Terminal
. Capacity Start .
Country Terminal (TWh) car refurbishment age
y year (in 2020)
Spain Barcelona 180 1969 2030 51
Italy Panigaglia 37 1971 2045 59
France Fos Tonkin 31 1972 2030 48
France ~ Montoir-de- 105 1980 2030 40
Bretagne
Spain Huelva 124 1988 2030 32
Spain Cartagena 124 1989 2030 31
. Bahi
Spain ahia de 120 2003 2050 37
Biskaia
UK Grain 214 2005 2040 15
France Fos Cavaou 86 2010 2050 30

Capacity of liquified ammonia terminals might as well be expanded, justifying the choice to
consider this carrier as a feasible hydrogen importing option in Europe. Ammonia (NHz) is seen
as an effective hydrogen carrier for long distance shipping. It presents the advantage to be liquid
at higher temperature than LNG or liquified hydrogen, and its higher energy density allows it
to compete in terms of costs against liquified hydrogen. From a volumetric point-of-view,



ammonia presents an energy density 1.7 times higher than liquified hydrogen?. This means that
for the volume transported per year, ammonia regasification plants transport 70% more energy
than a liquified hydrogen plants with equivalent capacity. Based on these elements, a timeline
has been created to model the evolution of energy-related ammonia importing terminals in
Europe. Similar to shipping liquified hydrogen, ammonia is assumed to be reconverted to
hydrogen at the importing port. Thus, a final step of catalytic cracking of ammonia is considered
in the LCOH estimate for this route. The international trade of ammonia is well established but
despite promising prospects for ammonia as a shipping fuel, such a use is not expected before
203524, Therefore, considering ships fuelled and transporting ammonia (decarbonised) is
essential to be consistent with the hypothesis of low-carbon EU energy imports.

International hydrogen transport via pipelines

Regarding the cross-border gas interconnectors, the assumptions adopted are based on the
European Hydrogen Backbone study?®.based on this study, we assume that a dedicated
hydrogen network in the EU is progressively built by repurposing some natural gas pipelines
and building new ones. Deployment of such network would start from key industrial clusters in
2030, expand to EU interconnectors by 2035 and reach some non-EU interconnectors by 2040.
For calculating an LCOH component of hydrogen transmission by pipeline, assumptions on
which and by when each interconnector is available, its route, length and capacity are key. The
retrofitted pipeline capacity assessed in the European Hydrogen Backbone study and its
timeline have been considered as inputs of the model (Supplementary Table 8). More
specifically six pipelines have been considered for hydrogen imports, allowing both low-carbon
and renewable hydrogen to be imported into Europe. Repurposed pipelines are supposed to
handle each year almost the same energy capacity as the previous gas pipelines did (assuming
a Wobbe index between 41 and 47 MJ/Nm? for natural and 40.65 MJ/Nm? for gaseous
hydrogen®®). Only one injection point has been considered for each country. It is supposed to
be located according to the gas network topology and existing compression stations (for
Azerbaijan and Algeria, additional injection points have been added where pipelines start).

Supplementary Table 8. Considered retrofitted natural gas pipelines for hydrogen transport. Following European REPowerEU
plan in response to Russian invasion of Ukraine, the pipelines between Russia and Europe have been excluded from the trade
options in this study.

Entry Code Max
point Type Code CO“T“”/ Coun_try Startyear Infrastructure name volume Length
(ENTSOG) (entry point) (exit (MTPA (km)
point) H2)
207 Pipeline ESP MAR 2040 MEG 4.8 45
207 Pipeline ESP DZA 2040 MEG 4.8 1082
208 Pipeline ESP DzA 2040 Medgas 3.1 210
208 Pipeline ESP DZA 2040 Medgas 3.1 757
209 Pipeline ITA TUN 2030 Transmed 6.2 155
209 Pipeline ITA DzZA 2030 Transmed 6.2 1075
222 Pipeline GRE TUR 2040 TANAP 3.1 110
222 Pipeline GRE AZE 2040 TANAP 3.1 2496
218 Pipeline SVK UKR 2040 Kyev - Western 9.9 650

Border Pipeline




The cost assumptions of hydrogen transport are presented in Supplementary Tables 9 and 10.

Supplementary Table 9. The cost assumptions of hydrogen transport via ships, including compression, inland transport via
trucks, liquefaction and/or ammonia synthesis, exporting terminal costs, international shipping cost, importing terminal cost
and regasification and/or ammonia cracking costs (own calculations based on data from IEA?’, DOE?®, Flinez Guerra et al.?,
Ikaheimo et al.*® and Davenne et al.31).
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Supplementary Table 10. Cost assumptions for hydrogen transport via pipelines, including compression, transport via

trucks and pipeline costs (own calculations based on data from IEA?’, DOE?®, Fiinez Guerra et al.?, Ikaheimo et al.*° and
Davenne et al.31).
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Country-specific WACC

As any investment, the deployment of hydrogen facilities has inherent risk that directly translate
into cost of capital. Additionally, undertaking such investments in countries with somehow
challenging local regulation needs to be factored into the LCOH calculation. We therefore
consider country specific risk premiums, estimated by the relative ratio of the Ease of Doing
Business scores® of each country against the EU average. Future values were linearly
extrapolated according to the historic trend and corrected by a deflator. This methodology
allows to approximate a country-dependent risk adjusted weighted average cost of capital
(WACC) for the LCOH calculation.

Compared to the average EU-27 WACC of 8%, we consider a range going from 6% in 2018,
in economically stable countries such as the United Arab Emirates, to more than 15% in
countries such as Yemen or Libya, that face long-lasting instability (Supplementary Figure
13Error! Reference source not found.). As an indicative figure, when varying country-
specific WACC by +/-20% it results on a difference on LCOH of within the 5% range for low-
carbon hydrogen technologies (technologies with higher shares of CAPEX on their LCOH
would be more sensitive to variations of the WACC).



12%

10%
P e
e ——

8% ———

6%

4%

2%

0%
O =& N O & 10D O N0 OO O d N N < 1D O 0 0O O 4 N M < 1N W NN 0 ]
AN AN AN AN N AN N N NN OO oD oD N o on o N Y S S Y S TS TS S
O O O O O O O O O O O O O O 0O O O O O O O o o o o o o o o o
N AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN AN NN AN NN NN AN N NN

e \|gE[[Q e F gyt e \|OrOCCO === Qatar

Supplementary Figure 13. Country-specific WACC (weighted average cost of capital) used in LCOH calculations. These
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values are used based on the World Bank’s Ease of Business scores® and their extrapolation through the period to 2050.
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Supplementary Information 3 — Methane emissions across the
natural gas value chain

Principles and Methodology

This paper describes the methodological framework for estimating the methane (CH4) emission
factors (EF) for gas production and consumption. In total over 150 EF have been estimated
covering the following:

a) all the countries mentioned in Supplementary Table 11.

b) different parts of the natural gas value chain
e Upstream — Exploration, production, gas gathering and boosting, gas processing
e Downstream — Gas transmission and gas distribution
e LNG — Liquefaction, LNG carrier (transport) and LNG regasification

c) The period between 2019 and 2050: 2019, 2030, 2035, 2040, 2045 and 2050

d) Three different scenarios

The methane emission scenarios considered:

i Current emissions (CEF): EF is estimated using the current best understanding of
methane emission from the oil and gas sector. The estimated EF is considered flat from
the year of analysis until 2050. These EF are used as the preliminary year EF (2019) for
the two other cases.

ii. Harmonized pledges (HP): International pledges and country level targets and policies
for methane and greenhouse gas reduction are considered to estimate the impacts on EF
from the preliminary year (2019) to 2050.

iii. Best available technologies (BAT): This case represents the EF on applying the best
available technologies for methane abatement. Industry targets set in the countries
assessed, or global industry targets for BAT are considered to estimate the impacts on
EF from the preliminary year (2019) to 2050.

Supplementary Table 11. Countries for which EF were assessed

Country category Countries

Countries exporting natural gas (via Algeria, Azerbaijan, Bahrain, Egypt, Iran, Irag, Kuwait, Libya, Oman,

pipeline) or exporting low carbon hydrogen Qatar, Russia, Saudi Arabia, United Arab Emirates (UAE)

to Europe

Countries exporting LNG to Europe Algeria, Angola, Australia, Egypt, Nigeria, Peru, Qatar, Russia, Trinidad
and Tobago, United States of America (USA)

European producing countries Denmark, Germany, Italy, Netherlands, Poland, Romania, UK, Norway

Importing countries Austria, Belgium, Czech, Denmark, France, Finland, Germany, Greece,

Italy, Ireland, Netherlands, Poland, Portugal, Romania, Slovakia,
Slovenia, Spain, UK, Switzerland, Bulgaria, Croatia, Cyprus, Estonia,
Latvia, Lithuania, Malta, Luxembourg, Hungary, Sweden

Selection of data sources for calculation of current methane emissions
While estimating the EF for the gas value chain, the first step is to understand the boundaries
associated with the methane emissions (Supplementary Figure 14).



Value chain considered for gas producing and H; producing countries

il exploration Associated gas
& Production

Natural gas exploration Gas gathering G " Gas transmission
N as processin
& Production & Boosting P 9 (Exporting country)

Liguefaction Export Terminal LNG Carrier

Gas transmission

Distribution (Importing country) Regasification Import Terminal
Value chain considered for Additional value chain emissions for
gas importing countries LNG importing countries

(via pipelines)

Supplementary Figure 14. Gas value chain steps considered for calculating the emission factors. The figure is based on
Hydrogen for Europe study?.

Country specific academic papers®®, national inventories* and IEA® data have been assessed to
estimate the current emissions from the oil and gas sector for each country. While some
countries have several academic papers and research work done on estimating the CHa
emissions, some countries have very limited data available on the CHas emissions
(Supplementary Table 12). A decision tree and other important considerations were used to
select the best available source for each country (Supplementary Figure 15).

Q1.1. Are there any recent
academic paper representative of
the country with peer review which
can be leveraged?

USA

Q1.2. Is the national inventory data
available and based on Tier 2 or
Tier 3 reporting, and was updated

Australia
Norway
Europe

recently?

_ Middle East countries, African countries

Supplementary Figure 15. Decision tree to identify the best source for the methane emissions

Supplementary Table 12. The final list of sources used for the estimation of current emissions for each country

Country Chosen source for emission
Algeria, Angola, Egypt, Nigeria, | IEA (2019)° — for upstream oil and gas and downstream emissions
Peru, Qatar, Russia Carbon Limits expertise — for LNG Carrier EF
EPA Facility level data®, Atlantic LNG facility’, Melkoya facility® — for LNG Liquefaction
emissions
Azerbaijan, Bahrain, Iran, Irag, | IEA (2019)° — for upstream oil and gas and downstream emissions

Kuwait, Lybia, Oman, Saudi
Arabia, UAE




Australia UNFCCC (2019)° — for upstream oil and gas and downstream emissions

Carbon Limits expertise — for LNG Carrier EF

EPA Facilities!?, Atlantic LNG facility”, Melkoya facility® — for LNG Liquefaction
Norway Carbon Limits expertise — for LNG Carrier emissions

Norsk Olje og Gass (2021)° — for upstream oil and gas emissions

Melkoya facility® — for LNG Liquefaction emissions

Trinidad and Tobago IEA (2019)5 — for upstream oil and gas and downstream emissions

Carbon Limits expertise — for LNG Carrier EF

Atlantic LNG facility*— for LNG Liquefaction emissions

USA Alvarez et al. (2015)?, Zhang et al. (2020)! — for upstream oil and gas and downstream
emissions

Carbon Limits expertise — for LNG Carrier emissions

EPA Facilities® — for LNG Liquefaction emissions

Europe excluding Denmark, UNFCCC (2019)° — for transmission and distribution emissions

Germany, Italy, Netherlands, Marcogaz (2018)%° — for LNG unloading and regasification EF

Norway, Poland, Romania, and
UK (assessed separately, as gas
producing countries in Europe)
Denmark, Italy, UK, UNFCCC (2019)* — for upstream and downstream (transmission and distribution) oil and
Netherlands, Poland, Romania gas emissions.

For associated gas - Danish Energy Agency** (Denmark),

Ministero della transizione ecologica®® (Italy), Digest of UK Energy statistics (DUKES)®®
(UK)

For countries with the same source of information for emissions, a similar methodology was
followed to estimate the EF along the gas value chain. It is to be noted that the HP and the BAT
cases use the 2019 current emission factors as the preliminary year value. The following
sections explain the calculations associated with the EF estimation.

Calculating upstream EF of exporting countries in CEF scenario. For countries where
IEA*, national level databases are the chosen source of information, the estimation steps used
to assess the total upstream EF have been presented below.

Step A.1 — Estimating upstream non-associated gas emissions. This step only concerns non-
associated gas, that is natural gas produced in dedicated gas wells. The total methane emissions
are the sum of all the methane emissions categorized under natural gas production in IEA%:
onshore and offshore fugitive, venting and flaring emissions. Upstream non-associated gas
emissions (A) can be calculated using the Equation (4).

A = X (Fugitive,Venting, Flaring CH, emissions)onsnore + 2 (Fugitive, Venting, Flaring CH, emissions)¢¢snore

(4)

Step A.2 — Estimating associated gas (APG) emissions. To estimate the emissions related to
the production of associated gas joining the natural gas value chain (marketable APG) from the
oil production, some methane emissions from oil production must be attributed to marketable
APG. This is done using the energy ratio of APG and oil produced in the country. The data for
estimating the volume of APG produced per country is not easily available. Hence the regional
APG production volumes have been leveraged, using IEA data®. Using this data, the ratio of
regional APG produced to the total gas produced in the region is estimated using the Equation
(5). The regional level data were swapped for country level data, where available.



Regional APG to gas ratio =

Regional associated gas marketable ( )
Regional associated gas marketable+non—associated gas produced in region

The regional APG to gas ratio is multiplied by the energy ratio of gas to oil produced in the
country, to determine the part of the oil emissions that must be attributed to associated gas
marketed. Lastly, the associated and non-associated gas emissions are summed and divided by
total volume of gas produced (associated and non-associated) to obtain the EF.

For the case of USA, where academic papers are available with country-specific emissions data,
the study Alvarez et al. has been chosen as the main source of information for emissions in the
US natural gas value chain. This study is the most recent in assessing the full country emissions
and based on a significant number of measurements. It uses ground-based, facility-scale
measurements and aircraft observation methods for estimating the emissions. One of the main
areas with high methane emissions in the US is the Permian basin. Few academic research
papers have been published since 2018, that assess methane emissions from this basin. The
study by Zhang et al.!! has been used as the main source of information for methane emissions
in the Permian basin. To have an accurate representation of emissions from the entire country,
the values from Alvarez et al.! have been adjusted, based on the Zhang et al.*,

Alvarez et al.! study is used as the basis to estimate the oil and gas emissions in 2015. Emissions
from the largest basin (the Permian basin) have been removed from the estimate proportionally
to the Permian production in 2015. The remaining emissions have been projected from 2015 to
2018 (separately for oil and gas) using the evolution of methane emissions between 2015 and
2018. A change in methane emissions from 2015 to 2018 of -5.51% for gas and -1.34% for oil
were estimated. Using these emissions, the steps mentioned in the sub-section above were
applied to estimate the upstream EF for the US.

Calculating downstream EF of exporting countries in CEF scenario. For countries where
IEAS, is the chosen source of information, the estimation steps used to assess the total
downstream EF have been presented below.

For the assessed exporting countries, only total downstream emission information is available.
Downstream emissions consist of transmission and distribution emissions. For exporting
countries, only transmission emissions are relevant for the total EF assessment. To separate the
distribution emissions, Tier 1 EF from IPCC!” were used and adjusted to estimate distribution
emissions and thus evaluate transmission emission of the country. As a first approximation,
Tier 1 EF range for gas distribution were adjusted using CL expertise to accurately reflect as
best as possible the country’s distribution infrastructure within the mathematical constraints of
the equation (Distribution and transmission EF have to remain positive and in the range of the
Tier 1 EF uncertainty when possible). The distribution emissions calculated in this step were
removed from the total downstream emissions, to obtain the transmission emissions. Finally,
the transmission emissions are divided by the volume of gas transmitted in billion cubic meters
(bcm) to obtain the EF.

For countries with national data or data from academic paper, transmission emissions were
directly available for the year of estimation. These emissions were divided by the total volume
of gas transported, to obtain the downstream EF.



Calculating LNG related EF for exporting countries in CEF scenario. LNG related
emissions include emissions from the LNG carrier (from country of production to the nearest
port in Europe) and liquefaction. LNG carrier is the predominant source of emissions for
LNG!8, and this has been estimated with a Carbon Limits’ (CL) internal model. The CL LNG
model is based on several scientific papers and developed in consultation with stakeholders in
the maritime industry. The model used several assumptions for travel distance, time, idle days,
etc. (Supplementary Tables 13 and 14). This model gives an emission factor for LNG Carrier.
The estimates provided is by design quite generic and emissions from specific carriers may vary
significantly.

Supplementary Table 13. Main assumptions considered in the LNG Carrier model

Field Value

Number of days — at sea Region specific — see
Table 4

Number of days — idle ‘ 2.0

Number of days — loading ‘ 2.0

Boil off rate 0.15% per day

Supplementary Table 14. Number of days at sea for LNG carriers

Group of exporting countries Number of days
North America: USA, Trinidad | 8

South America: Peru 23
North Africa: Egypt, Algeria 4
West Africa: Nigeria, Angola 12

Australia 29
Russia 6
Norway 3]
Qatar 17

There is very limited data on the liquefaction emissions. The average of 2019 emissions from
all LNG liquefaction facilities where data was available was thus used as a proxy (Norway, the
USA and Trinidad & Tobago — 7 facilities in total)®8. For Norway, USA and Trinidad &
Tobago, their country-specific facilities were used for emissions calculation.

Calculating downstream EF for importing countries in CEF scenario. For the importing
region of Europe, only downstream (transmission and distribution) emissions and LNG
unloading, and regasification related emissions are relevant for the total EF assessment
(Supplementary Figure 14). For this region, an average EF for all European countries has been
considered. The average downstream EF for all Europe (-8) has been calculated as the sum of
transmission and distribution emissions using data from UNFCCC?® and activity data from BPZ°.

Calculating LNG related EF for importing countries in CEF scenario. For the importing
region of Europe, assuming a proportional relationship between the LNG related emissions and
LNG imported into the region, the regasification EF factor calculated by Marcogaz!® has been
used. Indeed, facing a lack of data about methane emission linked to LNG regasification this



industry paper which focused on the 21 large LNG import terminals in Europe has been used
with a direct EF of 0.12 kt CH4 per bcm of gas.

Calculating upstream and downstream EF in HP scenario. The harmonized pledges
scenario considers country policies?®?!, Nationally Determined Contributions (NDC)* relevant
for greenhouse gases (GHG) emission reduction and international pledges???3, to assess the
changes in EF from the preliminary year (2019) to 2050. The International Pledges
considered:

a. The “Zero Routine Flaring by 2030” initiative?®: introduced by the World Bank,
commits to (a) not routinely flare gas in new oil field developments and (b) to end
routine flaring in existing (legacy) fields as soon as possible no later than 2030. For this
initiative, this target has been assumed to be either reached by 2030 (optimistic) or by
2040 (delayed goal).

b. The “Methane Pledge” initiative®: participants joining the pledge agree to take voluntary
actions to contribute to a collective effort to reduce global methane emissions at least
30% from 2020 levels by 2030. For this pledge, the 30% reduction in CH4 emissions
has been assumed to be country level target. This target is assumed to be either reached
by 2040 (optimistic) or 2050 (delayed goal)

c. The “Methane Alliance” initiative?®, participants joining have two options as possible
targets. In this case, either a methane intensity target of 0.25% is achieved by 2040
(optimistic) or a reduction target of 45% is achieved by 2050 (delayed goal).

e Absolute reduction target of at least 45% reduction in methane emissions by
2025 and 60% to 75% by 2030.

e Intensity target of “near-zero” methane emissions, targeting a CH4 emission
intensity of 0.25% or below.

Countries have been divided into four categories depending on their policies and participation
in international pledges. Optimistic or delayed targets are set for each category of countries.

Category 1 countries: Countries with policy / NDC relevant for GHG emission reduction +
international pledges. The following steps are applied

e Policy or NDC target is applied, by the target year
e Zero routine flaring by 2030 is applied alongside the pledges and/or NDC targets

e If both methane pledge and methane alliance pledges are signed, the optimistic target
(Methane alliance) is implemented OR the target from the signed pledge is applied

Category 2 countries: Countries with policy / NDC relevant for GHG emission reduction &
without any international pledges. The following steps are applied:

e Policy or NDC target is applied, by the target year



e EFis flat till 2050 from the year the target is achieved

Category 3 countries: Countries without policy / NDC relevant for GHG emission reduction &
ONLY international pledges. The following steps are applied

e [f‘Zero flaring by 2030’ is signed, it is applied by 2040.

e |f BOTH methane pledge and methane alliance are signed, the lowest target is applied
by 2050 If one of the pledges is signed, the target is applied by 2050

Category 4 countries: Countries with current EF lower than BAT EF. EF remains flat from 2019
to 2050 in this case.

Calculating downstream and LNG related EF for importing countries in HP scenario.
Country specific policies have not been directly considered for European countries but since
GHG emissions reduction policies exist in European countries, adding to the fact that EF from
the current scenario is already lower than the EF reported by European industries in the North
of Europe — (including Norway), the EF remains flat from 2019 to 2050.

Calculating upstream and downstream EF in BAT scenario

For countries where IEA® is the main source of information used, for estimating upstream and
downstream emissions in exporting countries, two abatement options are considered
(Supplementary Figure 16).

Option 1: Use abatement values from IEA?* and estimate emission reduction potential in 2030
and 2035, assuming that abatement options at no-net cost are achieved by 2030 and those with
positive net-cost by 2035. IEA?* provides the abatement potential by abatement type or
technology, differentiating those with a negative net cost and those with a positive one. When
the abatement potential can be applied for both oil and gas upstream part, the gas to oil ratio is
used to estimate the potential abatement for gas; when the abatement potential is only relevant
for oil, the APG to oil ratio is used to estimate APG related emission abatement potential. All
the abatable emissions with negative net costs are subtracted from current emissions, for the
year 2030, while the abatable emissions with positive abatement costs are subtracted from
current emissions, for the year 2035. These emissions are divided by the activity data to obtain
the EFs.

Option 2: Use OGCI industry target? for upstream CH4 emissions for all countries. Converting
the BAT industry target into EF - The OGCI provides upstream methane intensity targets:
0.25% by 2019, 0.20% by 2020, and well below 0.20% by 2025. In this option, this targeted EF
achievable by the gas industries by 2019 and 2020 is assumed to be achieved by countries by
2030 and 2035 since EF calculated for 2019 were well above the 0.25% and 0.20% targeted
EF. The industry targets of 0.25% and 0.20% have been converted from kt CH4 emitted per kt
CHa produced to kt CH4 emitted per bcm of natural gas produced (90% of pure methane in the
natural gas produced and a methane density of 667 kt per bcm has been assumed).



The higher of the two EFs is chosen as the upstream EF for 2030 and 2035. Following this, the
target EF set by industries is applied by 2050. The EF between 2035 and 2050 is interpolated
to find the EF in 2040 and 2045.

For countries where academic papers are available with country-based emission data, option 1
using abatement potential from IEA® and option 2 using BAT industry target are compared. In
countries that have policies in place or under discussion for methane abatement, it is assumed
the country can achieve the lowest EF target, hence the industry EF target is considered.

For countries where national data (such as UNFCCC?) is the chosen source of information, the
calculated upstream and downstream EF in CEF was already below industry target. Hence, EF
remains flat from 2019 until 2050. For the other countries, first, the European target of 29%
reduction is applied by 2030, followed by applying OGCI target of 0.25% by 2030 and 0.20%
by 2040. The EF remains flat from 2040 to 2050.

Q1.1. Is the upstream EF for IEA (Option 1) < upstream EF set by Yes
industries (Option 2)?

No

Upstream EF

Q1.1. Is the EF for the Current or Harmonized Pledges scenarios Yes
already lower than Option 27

No

Supplementary Figure 16. Decision tree for selecting the BAT EF reduction trajectory. This figure is based on Hydrogen for
Europe study design?.

Calculating LNG EF in BAT scenario. Only the emissions associated with LNG carriers are
updated in the BAT scenario due the lack of data for liquefaction and regasification facilities.
Furthermore, a large portion of the LNG emissions come from the LNG carrier, making it one
of the predominant segments for methane abatement._In this scenario, some changes have been
made in the assumptions for 2050 used in the LNG carrier model developed by CL
(Supplementary Table 15). EF from 2019 and 2050 are interpolated between the two values.

Supplementary Table 15. Main assumptions for the LNG Carrier model

Parameter Change

Remaining BOG is Reliquefied instead of sent to GCU

Engine load at sea loaded 90% instead of 80%

Engine load at sea ballast 60% instead of 40%

Boil off rate already reduced according to new ship
performances

Number of days idle 0 instead of 2

Share of BOG leaked We trust them and assume 0% instead of
0.1%




Comparison of EF results between the three scenarios
Supplementary Figures 17 to 19 below show the calculated methane EFs for each of the BAT,
CEF and HP scenarios.
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Supplementary Figure 17. EF (upstream, transmission, not including LNG EF) comparison between current emissions case,
harmonized pledges, and BAT in 2030%. * EF also includes distribution.
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Supplementary Figure 18. EF (upstream, transmission, not including LNG EF) comparison between current emissions case,
harmonized pledges, and BAT in 2040%. *EF also includes distribution.
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Supplementary Figure 19. EF (upstream, transmission, not including LNG EF) comparison between current emissions case,
harmonized pledges, and BAT in 2050, *EF also includes distribution.
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