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Foreword

The industry needs to reduce its greenhouse gas emissions drastically. Hydrogen and electricity are both
carbon free energy carriers. This means that there are no greenhouse gas emissions when using hydrogen
and electricity. And if hydrogen and electricity are produced without emitting greenhouse gas emissions, it is
zero greenhouse gas emissions over the total supply chain.

Today hydrogen is produced from fossil fuels, emitting carbon dioxide, and used as a feedstock. The
Netherlands is the second largest producer and consumer of hydrogen from natural gas in the EU, after
Germany. However, in future hydrogen needs to be produced from renewable energy sources, amongst others
via water electrolysis using renewable electricity. And in future hydrogen will not only be used as feedstock,
but also as carbon free energy carrier and reducing agent. This requires investments in all parts of a hydrogen
supply chain; in production, transport, storage and use in different sectors.

In all parts of the supply chain alternative technology choices and competition is possible. Large scale water
electrolysis in the Netherlands may compete with import from South Europe, Africa or the Middle East.
Hydrogen import via pipeline can compete with ammonia or liquid hydrogen import by ship. Industry
investments are required for the use of hydrogen that can compete with other options to reduce greenhouse
gas emissions, such as direct electrification or Carbon Capture and Storage.

So industry has to deal with a complex investment decision making process, with a lot of uncertainties and
many stakeholders. The HyChain 4 project addresses this complex issue, not by focusing on delivering exact
answers, but by delivering a model tool and dataset that can be used by companies and industry clusters to
explore different hydrogen supply chains and options. Such a tool is invaluable in maintaining the leading
position of Dutch industry and making it more sustainable at the same time. Next to this, it will contribute to
develop a world class clean hydrogen supply chain and hub in the Netherlands, that builds on the unique
position of the Netherlands; good offshore wind resources, a very extensive gas infrastructure that can be
repurposed for hydrogen, excellent hydrogen storage facilities in salt caverns and several depleted gas fields,
innovative industry clusters, especially in the chemical and petro-chemical industry and world leading ports.

With a little help of HyChain 4 the Netherlands will be able to scale up and speed up clean hydrogen, to
empower an innovative and sustainable industry!

- Em. Prof Ad van Wijk (profadvanwijk.com)
Professor Future Energy Systems at faculty TPM, TU Delft
Guest Professor Energy & Water at KWR water research
Holds several supervisory and advisory board positions, a.o.
member advisory board Dii desert energy.
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Summary

Objective, scope, and approach

The HyChain project aims to provide a deeper understanding of drivers and mechanisms that steer the
development of new hydrogen value chains. There is a chicken-and-egg problem in synchronizing the
investment decisions in the hydrogen value chain. Industry only invests if there is reliable technology and
carbon-neutral fuel and feedstock. The supply-side only invests if there is a market for green hydrogen. The
infrastructure operators need to understand the scale and location of the required infrastructure for their
investments. This HyChain project aims to develop the practices and services to support joint decision making
with individuals as well as groups of stakeholders in a public-private setting to support hydrogen supply chain
development.

This project delivers datasets, tools, and practices to support joint evaluation and investment decision-
making. A robust mathematical optimization model for industrial investments and infrastructure needs for
industrial regions in the Netherlands is developed that allows for systematic assessment of transformation
pathways that accounts for the interdependency.

The platform supports multi-stakeholder informed decision making to arrive at the most attractive
investments needed for development of the hydrogen economy as an integral part of the energy transition
challenge of the industry. In addition, a sustainable service model is developed that secures long-term access
and maintenance of the tools and data. This is expected to accelerate the deployment of hydrogen value
chains and implementation of the hydrogen economy in The Netherlands and across Europe.

Results

In this project an integral hydrogen supply chain model for optimal energy system investments in supply,
energy infrastructure and industrial demand side technologies was developed. The decision support tool
covers the hydrogen system, and for balanced assessment also includes the electricity system as well as
carbon capture and storage in the Netherlands. Here the scope includes the Dutch system as well as energy
imports, and detailed site-level representation of two large industrial clusters in Zeeland and the Rotterdam
area. The model was developed in close cooperation with industrial stakeholders and cluster representation
for validation and verification. The model was applied in joint stakeholder sessions to establish the value for
decision support for individual stakeholders as well as joint fact-finding and development of a common
understanding of trade-offs involved with these uncertainties and implications for the investment strategies
for hydrogen supply chain development and industrial GHG emission reduction. A service model was
developed to make the model available for stakeholders to support the analysis of future hydrogen supply
chain development.

Conclusions

An integrated investment optimization model for the hydrogen supply chain for the Dutch industry in the
South-West of the Netherlands (SWNL) and the Rotterdam-Moerdijk region (PoR) was developed. The model
allows for long-term optimal investment modelling of system decarbonisation over the course of the energy
transition, presenting optimal multi-stakeholder investments across energy supply, infrastructure, and
industrial demand on a year-by-year basis.

The HyChain Model was applied in a series of case assessments in a multi-stakeholder setting with project
partners representing regional authorities, industry, energy, and network operators. The cases were designed
to explore the impact of uncertainties in energy policy, technical potential for new markets and infrastructural
dependencies.
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Some of the findings in these case assessments may be taken to serve as an illustration of the potential of the
HyChain Model:

- Accelerated GHG emission reduction through target setting as observed in recent years, bringing the
2030 GHG emission reduction targets forward to 2027, left case results largely unaffected in comparison
to the reference case that was predominantly driven by the EU ETS prices.

- Promotion of green hydrogen production in industry as proposed in the Fit-for-55 package, resulted to
drive increased green hydrogen investments at the expense of blue hydrogen investments in both
industrial clusters and higher costs.

- Potential for hydrogen as feedstock, exploring the potential for hydrogen deployment in synfuel and syn-
naphtha production, rendered to be high in comparison to demand for hydrogen as an energy carrier in
the Rotterdam area.

- Animposed CCS phase-out by 2045 results in a significant reduction of the attractiveness of CCS
investments in SWNL (South-West of the Netherlands?), while such is not the case for the PoR area. In
the first case higher CO2 emissions result from notably 2030 onward, while in the latter case investments
in alternatives by the end of the evaluation period predominantly drives up overall costs.

- Delayed regional power grid reinforcement in PoR in the coming decade may limit electrification efforts
and predominantly induces increased (blue) hydrogen deployment, lowered CO2 emission reductions and
increased EU ETS exposures in the 2030 — 2040 timeframe.

The workshops allowed for joint fact-finding and development of a common understanding of trade-offs and
implications for the investment strategies for hydrogen supply chain development and industrial GHG
emission reduction. This experience suggests significant benefits may be attained, both for individual
stakeholders as well as joint stakeholder efforts in the Dutch Hydrogen supply chain development.

The consortium experienced that there is substantial interest in the availability of the HyChain Model for
transition planning in industry and the Cluster Energy strategies, as well as the future role of industry in the
Dutch society in terms of the material output and the economic contribution. The service model developed in
this project builds on early arrangements to support the Cluster Energie Strategie 2.0 for SDR and Rotterdam-
Moerdijk and offers a solid basis for future governance, maintenance, development, and deployment of the
HyChain Model.
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Introduction

Background

Hydrogen may play a vital role in large-scale renewable energy systems and for decarbonization pathways for
the industry. The Hydrohub Innovation Program of ISPT has a single mission: Large-scale electrolysis-based
production of sustainable, low cost, hydrogen as a driver for circular industrial chains.

To reach large-scale adoption of hydrogen all stakeholders along the value chain need to make informed
investment decisions that are interdependent and have a collective impact. There is a need for a better
understanding of how decisions are connected and rely on each other. Further there is a need for reliable
public and public-private datasets, reference sources and tools to keep exploring these investment decisions
as time progresses.

This project is related primarily to the TKI program line 4 — Hydrogen as it focuses on the deployment and
position of industrial-scale water electrolysis and the implications of value chain development in industrial
regions and in The Netherlands as a whole. This project also supports the other program lines. It fits most
closely with the agenda of MMIP8 Electrification and is related to MMIP13 System Integration. This project
supports the SDG's 7,9, 12,13 and 17 - see Figure 1.

FOR THE GOALS

13 CLIMATE ‘I PARTNERSHIPS

ACTION

Figure 1: Sustainable Development Goals relevant to the HyChain project.

HyChain Program

Hydrogen plays an important role in the future renewable energy systems. In a large scale sustainable energy
system green hydrogen, produced by electrolysis of water, is a crucial element. The HyChain project is focused
on a strategic understanding of the drivers behind global emergence of future renewable hydrogen value
chains.

The HyChain project looks at the development of future renewable hydrogen value chains with the
Netherlands as a focal point. Industry, consultants and knowledge institutes work together to clarify what is
needed to build energy chains based on large-scale affordable production of green hydrogen. The program
consists of five parts:

1) Assessment of Future Trends in Industrial Hydrogen Demand and Transport
2) Hydrogen Cost Implications

3) The Technological Value Chain for Hydrogen

4)  Dutch Systemic Scenarios for the Hydrogen Supply Chain

5) Public Engagement for the Hydrogen Supply Chain

HyChain 4 | Integral hydrogen-based supply chain development 8
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HyChain 1, 2 and 3 started in 2018 and finished in 2019. HyChain & started in 2020 and was finalized in 2023.
Building on the results from the previous HyChain projects HyChain 5 started in 2022 and is foreseen to be
finalized in 2026.

HyChain 4

Motivation for the project

Hydrogen is expected to play a key role in the future economy as carbon-free energy carrier and feedstock.
Investments in generation of renewable electricity will require parallel investments in generation of renewable
or green hydrogen, while the current reference of conventional hydrogen produced from natural gas may be
combined with Carbon Capture and Storage (CCS) for blue hydrogen supply. There is much uncertainty about
the rate at which a hydrogen economy can be developed. This requires investments in all stages of the supply
chain - production, storage, transportation, and use - and in many sectors. Supply-side investments, e.g.,
large-scale electrolysis, may compete with import from regions such as Southern Europe with high renewable
energy production potential. Also, industry investments are required for hydrogen deployment. These depend
on secure supply at an affordable price level, and compete with the alternatives, e.g., direct electrification and
CCS. Furthermore, decisions of parties in hydrogen supply and industrial clusters are connected through
infrastructure development and have synergy potential when aligned. Until today the decisions are generally
taken on an individual basis with risks of overspending and socializing investment costs. There is a clear need
to improve the investment decision making under large uncertainties and in a coherent way in multi-
stakeholder settings.

Objective of the project

Our key solution is to create a tool - consisting of a common dataset and model - that supports
multistakeholder informed decision making to arrive at the most attractive investments needed for
development of the hydrogen economy as an integral part of the energy transition challenge of the industry.
In addition, a sustainable service model is developed that secures long-term access and maintenance of the
tools and data. This is expected to accelerate the deployment of hydrogen value chains and implementation of
the hydrogen economy in The Netherlands and across Europe.

Approach

The project approach may be structured into three phases. In the first phase the base model for optimal
investment in national hydrogen supply and regional hydrogen supply and demand in the Dutch industrial
clusters in the South-West of the Netherlands (i.e. the Smart Delta Resources SDR region in Zeeland) and
Rotterdam-Moerdijk was developed on the basis of a series of model scoping sessions with project partners.
The second phase of the project involved a series of targeted multi-stakeholder sessions (with project
partners representing regional authorities, industry, energy and network operators) on national and regional
model validation and verification. This phase was concluded with a series of multi-stakeholder sessions for
application of the model to research questions regarding hydrogen supply chain development in the
Netherlands. The third phase of the project built on the experiences gained in the multi-stakeholder practices,
as well as early support provided to the development of the Cluster Energie Strategie 2.0 for SDR and
Rotterdam-Moerdijk. This project phase covered the development of a service model for future governance,
maintenance, development and application of the HyChain Model.

How to read this report

This report covers the project results for HyChain 4. In the first chapter of this report we describe the project
approach to develop the HyChain Model. The approach is followed by a chapter going more in depth on the
HyChain model description, describing the modelling approach and modelling scope. In the following chapter
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on Multi-stakeholder Case Analysis, we describe the application of the model to a series of cases on strategic
questions in hydrogen supply chain development. The chapter covers the results of the multi-stakeholder case
analysis that was carried out for both model validation and verification purposes as well as the purpose to
experience model-based joint multi-stakeholder analysis. The final chapter on the Service Model presents an
outlook on future use of the tools in transition planning in industrial regions. It illustrates how a service model
can be shaped that positions the tool as a strategic repository in a trusted regional setting and covers
sustained support on aspects like model use, handling confidentiality in various use cases, secures
maintenance and ongoing model development in Dutch industrial clusters.

HyChain Model Description

Introduction

Hydrogen may play a vital role in large-scale energy systems for decarbonization pathways of industrial
companies and clusters. The HyChain model aims to support joint decision making with individuals as well as
groups of stakeholders in a public-private setting. In this project three models are developed to support
investment decisions for Dutch hydrogen supply chain development:

1 A national model to assess cost-effective hydrogen supply investment decisions to meet hydrogen
demand in the Netherlands by either making or buying hydrogen;

1 A South-West Netherlands model to assess cost-effective investment decisions in decarbonization
strategies in the cluster and to analyse how the hydrogen demand and regional supply in the cluster
will develop over time;

9 A Port of Rotterdam model to assess cost-effective investment decisions in decarbonization
strategies in the cluster and to analyse how the hydrogen demand and regional supply in the cluster
will develop over time.

The development of the HyChain model was undertaken in close cooperation with the project partners in a
series of plenary sessions and dedicated workshops for regional model development in three iterations of
respectively base model development and two sprints for further model refinement, covering model scoping,
model validation and model verification. For this HyChain project the TEACOS system/tool is deployed.

TEACOS

TEACOS stands for Techno-Economic Analysis of Complex Option Spaces and is a long-term decision support
tool. The tool generates credible, affordable and competitive transition pathways towards a low carbon energy
system.

TEACOS is a generic tool which is suitable for many applications. Figure 2 presents the high-level set-up of
the TEACOS framework. The tool consists of four general building blocks covering the structure of the energy
system. These building blocks are supply, conversion infrastructure, transport infrastructure and demand. All
the data in this model is with temporal and spatial granularity, so that both the aspects of location and timing
are captured in the model.

The TEACOS model is of the class of Multi-Period-Mixed-Integer-Linear-Program (MP-MILP) optimization and
it is built on the AIMMS advanced optimization engine. TEACOS performs a techno-economic optimization,
optimizing the Net Present Value of system considered by selecting the most attractive investments from a set
of investment options, resulting in the highest margin or lowest cost over the time

HyChain 4 | Integral hydrogen-based supply chain development 10
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Strategic Input

Supply & Demand scenarios
Outlook on Prices & Costs
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*  Product/service demand
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Figure 2: Set-up of the TEACOS framework

SalesPrice.x NodeFlow,
—Capex; * ProjectStart,
—FixedOPEX, » ProjectInUse,
Objypy = z DiscC, * —SupplyCost, x NodeFlow,
3 —NodeCost, * NodeFlow,
—ArcCost, x ArcFlow,
—StorageCost, * StorageLevel,

Figure 3: Objective Function in the TEACOS framework, including all costs components by node and timestep. The discount
factor is abbreviated with DiscCt

horizon considered and based on the input assumptions (supply and demand, prices, learning curves), and
respecting boundary conditions and environmental constraints like for example CO2 emission targets. The
model optimizes over the full time-horizon of the problem and delivers the optimal configuration over time to
reach the optimization objective. Figure 3 presents the objective function.

The tool is data-driven and flexible. This means that new insights, initiatives, and updated policies can be
incorporated to the model easily. The scenario set-up ensures that different viewpoints can be specified and
optimized in the model. Sensitivity analysis can be executed in the model to identify the robustness of
transition pathways and tipping-points for the relative attractiveness of the investments.

The HyChain Model

In this project the TEACOS framework/tool is used to analyse the hydrogen value chain for the Netherlands,
connecting the five industrial clusters, and in more detail two specific Dutch industrial clusters, the South-
West Netherlands (Zeeland or SDR region), and the Port of Rotterdam region. Each of these energy system
segments is covered in dedicated modules as presented in this section. The model delivers cost-effective
transition pathways by identifying cost-optimal investment strategies for all assets (production, infrastructure,
and use) in the period 2020-2050 at an annual granularity.

National Supply Model

The main question for the National Model is: how will the Netherlands meet its hydrogen demand over the
time horizon 2020 — 20507 Optimal investment in the Dutch hydrogen supply chain development as driven
by Greenhouse gas (GHG) emission reduction targets is the primary objective.

HyChain 4 | Integral hydrogen-based supply chain development N
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Future hydrogen supply system development may involve national supply chains based on either natural gas
or electricity, as well as international supply chains of hydrogen through imports. Each of these supply routes
is covered in the hydrogen system scope of the national supply model.

Hydrogen prospects for national production are generally expected to build on the vast offshore potential for
renewable electricity in the Netherlands, and as such depend on electricity system development as well.

Both the hydrogen system as well as electricity system is therefore covered by the scope of the national
model. In the following both will be briefly presented.

Hydrogen System

The hydrogen system in the National Supply Model is structured to reflect the make-or-buy decision to fulfil
the hydrogen demand: either make the hydrogen in the Netherlands or import/buy the hydrogen from
importing countries.

Local Solar

Cluster Demand

Local Onshore
Wind

Local Offshore
Wind*

4

Electricity Grid Hydrogen Backbone

Electricity Grid

Figure 4: Schematic overview of all national production options

Local production in the Netherlands is possible via Steam Methane Reformers (SMR; grey hydrogen),
Autothermal Reformers with CCS (ATR; blue hydrogen) and Alkaline or PEM electrolysers (green hydrogen
produced from green electricity), as illustrated in Figure 4. The potential of CO2-emission-free hydrogen
production in the Netherlands is limited due to spatial constraints, limited availability of renewable electricity
(sun, onshore and offshore wind power) and limited CO, storage capacity.

Import of Hydrogen is possible via multiple routes, as illustrated in Figure 5. Hydrogen import can either be
transported via pipelines or shipping in the model. For shipping the hydrogen has to be converted to a
hydrogen carrier. NHs, LOHC (Liquid Organic Hydrogen Carrier), NaBH., Methanol and Liquid Hydrogen are
incorporated into the model as hydrogen carriers. For this HyChain project, nine import countries are selected
based on location, potential and ambition (as indicated by Kalavasta and HyChain2). The model is flexible to
include other countries in potential next phases.

To transport the hydrogen to each industrial cluster in the Netherlands a hydrogen backbone will be built by
GasUnie. This hydrogen backbone is incorporated in the model and the time of availability of the backbone is
a flexible parameter in the model, see also Figure 6.

HyChain 4 | Integral hydrogen-based supply chain development 12
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Figure 6: Overview of the spatial system topology in the national HyChain model

The hydrogen demand of the Netherlands is input for the National Supply Model. The endogenously
determined hydrogen demand is classified in the following categories: food, paper, refining, chemicals,
fertilizers, steel, aluminium, other industry, mobility, synfuels, electricity production and a generic category
‘other’ for other demand, while other hydrogen demand like residential demand from households can be set
exogenously. Two geographical components are included in the hydrogen demand:

1 Hydrogen demand in the industrial clusters (Eemshaven, Chemelot, Zeeland, Rotterdam,
Noordzeekanaalgebied and the 6°t cluster); data is based on 13050 scenarios
1 Transit to Germany (Ruhr Area) and Belgium (Antwerp); data is based on Kalavasta estimate

In separate detailed models the hydrogen demand for the industrial clusters in the Port of Rotterdam Region
and in the South-West of the Netherlands is covered.

Electricity System

Hydrogen production based on electrolysis requires on-site availability of electricity, as determined by
electricity supply, transmission infrastructure and demand. The National Supply Model was therefore
expanded with the explicit modelling of the electricity market in the Netherlands. This modelling does include
both the demand and supply of electricity per cluster and an explicit modelling of the offshore wind parks and

HyChain 4 | Integral hydrogen-based supply chain development 13
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other production capacity, while other electricity demand is set exogenously. The 2020 data for the supply of
electricity is used as initial capacity for all electricity production options. The model is free to invest in new
units and/or retrofits over the complete time horizon, taking into account the electricity supply potentials in
this investment strategy. As the power sector will be in flux due to the energy transition much like the
industrial sector, future development of the power sector is covered as well. The electricity supply potentials
per electricity production technology are defined per industrial cluster and contain the following technologies:

1 Biomass-Cofiring (with options for retrofit to 100% biomass and CCS)
Biomass-Standalone (with option for CCS)

Sun-PV, Wind-onshore, Wind-offshore'

Natural Gas: NGAS-CCGT (with options for CCS and Oxyfuel), NGAS-GT and NGAS-CHP
Green Gas: GGAS-CCGT (with options for CCS and Oxyfuel), GGAS-GT and GGAS-CHP
H2-GT and H2-CCGT

Waste stand-alone

1 Derived-gas technology (blast furnace gases in Noordzeekanaal)

=A =4 =4 =4 4 =4

The electricity demand profiles for all clusters in the Netherlands are based on the 113050 report for 2030 and
2050 (Berenschot, Kalavasta, 2020; Kalavasta, 2019). Demand in surrounding countries is based on the Ten-
Year Network Development Plan 2020 as developed by the European Network of Transmission System
Operators for electricity (ENTSO-E).

South-West Netherlands Regional Model
The objective of the South-West Netherlands model is two-fold:

1 Identify robust and optimal investment strategies for decarbonization (hydrogen-use, electrification,
CCS) for the industry in South-West Netherlands at site-level as well as cluster level, considering
infrastructure boundary conditions.

1 Determine hydrogen demand in South-West Netherlands over time

Industrial sector in the region includes Dow Chemicals Terneuzen, YARA and Zeeland Refinery. In the
following, coverage of the industrial sector and energy infrastructure is presented.

Industry

In the South-West Netherlands Regional model, Dow Chemicals Terneuzen, YARA and Zeeland Refinery are
modelled in detail, on process unit level. To illustrate the level of detail of this modelling a flow scheme of the
modelled YARA -, Dow — and Zeeland Refinery sites is presented in Figure 7, Figure 8 and Figure 9.

For each of the processing units, the current annual average mass flows are taken as a starting point. In
addition to this, decarbonization options are included per site, taking into account hydrogen-use,
electrification and CCS. The regional model can replace fossil-based units for carbon-neutral alternatives
(including CCS), thus optimizing the transition pathway of each industrial site in the South-West of the
Netherlands. In selecting processes, the model takes into account environmental constraints (CO; reductions),
policies and pricing (e.qg. gas price, electricity price, hydrogen price and CO; penalty).

' The offshore wind potentials are deduced from the modelled offshore wind parks and search areas.
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Figure 7: Flowchart of the YARA site as covered in the South-West Netherlands regional model.

ol
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Figure 8: Flowchart of the Dow Chemicals Terneuzen site as covered in the South-West Netherlands regional model.

Regional hydrogen demand outside the modelling scope of the industrial cluster may be set exogenously (in
this report based on the 113050 scenarios), classified by the same categories as in the National Supply Model.
The 113050 scenarios also contain the categories electricity production, chemicals, fertilizer and refining. Due
to the explicit modelling of Dow, YARA, ZR and Sloe Centrale in the model this hydrogen demand is
established endogenously, and as such output from the model.

Infrastructure
In the South-West Netherlands model regional interdependencies are incorporated, including natural gas,
hydrogen, electricity and CO2 infrastructure. In the model we include limitations for all infrastructures.
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Figure 9: Flowchart of the Zeeland Refinery site as covered in the South-West Netherlands regional model

Capacities of existing infrastructure and investments for new or reconversion (gas pipelines to hydrogen
pipelines) infrastructure options are included. Also, for expansion of the electricity network and C02
‘export/CCS’ options.

To have a full overview of regional supply and demand for electricity, supply of electricity from the Sloe
Centrale, Nuclear Plant Borssele, offshore wind parks, onshore wind parks and solar parks are included. In
addition to this, other electricity demand for the different regions within the South-West Netherlands is
included. (see Figure 10). The import and export via the grid is also included to have a full overview of the
electricity balance in the region (see ‘Inlet’ and ‘Outlet’ in Figure 10).

The full load hours of offshore, onshore and solar parks are taken into account. This means that if the
renewable electricity sources do supply the industrial companies in the cluster, balancing units (Sloe Centrale,
Nuclear Plant Borssele) do have to supply electricity if there is no wind or sun. In practice, the seasonal
production profile of wind and solar in the Netherlands largely complement each other, while peak production
of wind and solar seldomly coincide. This means that the required balancing electricity depends on the relative
contributions of offshore/onshore wind parks and solar parks.

The existing gas network and new hydrogen and CO2 networks are modelled in the same level of detail as the
electricity infrastructure, see also Figure 11 (CO2 network is not included due to confidentiality).
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Figure 11: Overview of gas and hydrogen infrastructure in the South-West Netherlands regional model

Port of Rotterdam Regional Model
The objective of the Port of Rotterdam model is two-fold:

1 Identify robust and optimal investment strategies for decarbonization (hydrogen-use, electrification,
CCS) for the industry in the Port of Rotterdam, considering infrastructure boundary conditions and
interdependencies.

9 Determine hydrogen demand in the Port of Rotterdam area over time.

Over 36 companies and 14 electricity producers are covered in the model, representing approximately 98% of
the current CO; emission in the Rotterdam Port area (including Moerdijk). Though the initiatives for blue
hydrogen production, low-carbon hydrogen from refinery gases (H-vision?), and green hydrogen production
(conversion park), imply quality differences in hydrogen supply, the implementation for now assumes a
singular quality as a first step (as hydrogen quality is technically less critical for industrial applications
compared to fuel cell requirements). Accordingly, technical quality differences are not captured in the current
framework, while differences in the role of blue versus green hydrogen that result from positioning in the
merit order (i.e. differing cost characteristics) are.

2 The H-vision consortium develops routes to convert residual gases (refinery gases) into CO2 for capture and low-carbon hydrogen for
heating to reduce emissions of the heavy industry in the Port of Rotterdam. More information here: https:/ /www.h-vision.nl/.
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In the following, a description of what is covered for the industrial sector, the power sector and energy
infrastructure is presented.

Industrial energy demand

In the Port of Rotterdam model, 36 companies are modelled at site level. The data used for 35 companies is
based on the Energy-mix Study (or E-mix Study) by Deltalings and TNO® (Port of Rotterdam, Stedin, Deltalings,
2022), while data for Shell Moerdijk was based on inhouse expertise and team analysis.

In this E-mix data, five (brownfield) strategies per company are included, all with their own energy-mix,
potential CAPEX and CO2 emission:

il
f

f
f
f

The As Is Strategy, which corresponds to the current E-mix of a3 company.

The Business as Usual or BaU Strategy (2030 plan), including decarbonization options (energy
efficiency improvements, CCS) which are feasible before 2030.

The CCS Strategy (available from 2031 onwards).

The Hydrogen Strategy (available from 2031 onwards).

The Electrification Strategy (available from 2031 onwards).

An illustration of the energy-mix and CO2 emission per strategy for company x is given in Figure 12.
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Figure 12: lllustration of the energy-mix (left-hand side) and CO2 emission per strategy (right-hand side) for some
company X.

8 Available at https:/ /www.deltalings.nl/stream/rapportageenergiemixstudie.
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Industrial feedstock demand
The previous subsection presents the modelling approach to assess

the vital role that hydrogen may play in decarbonizing the energy- el e e
o . . . . Product Quantity UoM
mix in the Port of Rotterdam. Hydrogen in combination with circular
LPG 1111.0 kta
carbon may also be deployed as syngas feedstock to produce . 1830 kt
synthetic fuels and base chemicals that serve as feedstock to other aphtha - e
. Gasoline 2989.6 kta
industry. Therefore, a synfuel module has been developed as part of )
) ) Kero-jet 6662.9 kta
the Port of Rotterdam model. In contrast to the industrial energy
L . Kero-other 158.2 kta
strategies, it involves a greenfield approach. .
Diesel 10076.1 kta
Figure 13 presents the current production of both fuels and base Gasoil-other 3866.7 kta
chemicals, based on the incorporation of four of the five refineries of  |Fuelil 8303.9 kta
Rotterdam in the E-mix data. This production is the baseline RefineryFuel 3508.9 kta
situation for the synfuel routes. The topology for the possible synfuel |BioDiesel 1000.0 kta
routes consists of the following six building blocks (see also Figure BioLPG 60.0 kta
14): BioEthanol 400.0 kta
1 Refineries: production of RFG (Refinery Fuel Gas for H2 Ethene 10000 kta
efineries: production o efinery Fuel Gas for Propene 600.0 kta
production) - 200.0 kt
1 H2 Manufacturing: production of H2 via electrolysis in the BT; SDD-D kta
conversion park, H-vision, NH3 cracking and LOHC(Liquid Sl
Organic Hydrogen Carriers) reconversion ECR 700.0 kta

1 Bio-refinery: production of bio kerosine, renewable diesel,
renewable LPG and CO2

1 CO2 capture: production of CO2 via Direct Air Capture (DAC),
industrial CCS and CO2 imports

91 Syngas-park: production of green methanol, synthetic
naphtha, LPG, Kero and Marine fuel via syngas (CO-H2)

1 Sustainable Base Chemicals Complex: production of green ethene and propene via synthetic naphtha,
LPG and green methanol imports.

Figure 13: Current production of base
chemicals in the Port of Rotterdam
regional model (source: CBS data and TNO
MIDDEN report)

In the model demand profiles can be defined for the synthetic fuels and green base chemicals, based on
projections of how the fuel/chemical market and policies will develop. Given the optionality in the synfuel
routes, the model can optimize the investment portfolio to satisfy the demand. Combined with the growth in
synthetic fuel demand, also the decline in the current fuel market can be specified. Refineries in the Port of
Rotterdam and Shell Moerdijk can scale down to be aligned with this decreasing demand. Via this synfuel
route option space, the hydrogen demand (and CO and CO2 demand) for synthetic fuels and green base
chemicals will be an output of the model.

Other regional hydrogen demand in the Rotterdam Port area, such as for mobility, shipping, etc, that is
outside the modelling scope of industry, is quantified based on the 113050 scenarios, classified by the same
categories as in the National Supply Model.

Note that the 113050 scenarios also contain the categories on electricity production, industry and synfuels.
However, due the explicit modelling of the industrial companies, the electricity producers and the synfuel
options space, this hydrogen demand not used from 13050 but generated by the model.
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Figure 14: Topology for the possible synfuel routes as covered in the Port of Rotterdam Regional Model
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Power production e s rencos
Fourteen electricity producers in the Port of Rotterdam are included in the
model. An overview of all modelled electricity producers covered in the model is  |umper Mecvinie |aesiattes _|emt
presented in Figure 15. Data on power, current production and CO2 emission g ower onpepower
Rotterdam
was compiled by team analysis, based on KEV data and NEA data. The e |Mansdake) e
electricity producers can switch off their production to reduce CO2 and do have | oo (Memsvslen) S
one explicit decarbonization option in the model: adding hydrogen to the feed. | o =
. . . . . Uniper RoCa Rotterdam E05
Other decarbonization options, such as CCS, are not (yet) included in the Port of Cenmrale
Uniper RoCa Rotterdam EDE
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Figure 15: Power assets included in
the Port of Rotterdam regional
model.
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Figure 16 we show the gas infrastructure as included in the model. Three potential import options are included
for Natural Gas: National Grid, LNG import and production via the North Sea. Industry, electricity producers
and possible locations for H-vision* are potential consumers of natural gas. Capacities of the existing network
are included per segment in the model, considering the number of pipes per segment and the diameter of

each pipe.
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4 The H-vision consortium develops routes to convert residual gases (refinery gases) into low-carbon hydrogen for heating. The HyChain
study assumes central processing, but practice is under development and will be different. More information here: www.h-vision.nl.
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Figure 16: Network topology for natural gas in the Port of Rotterdam regional model.
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Figure 17: Network topology (both existing and potential new build) for hydrogen in the Port of Rotterdam regional model.

Figure 17 shows the hydrogen infrastructure of the model. Three potential supply points for hydrogen are
included: import of hydrogen, production of hydrogen via electrolysis (PEM/Alkaline) in the conversion park
and H-vision®. Industry and electricity producers are potential consumers of hydrogen. In the model multiple
types of pipelines with different diameters are included as investment options, each with their own cost per
kilometre. Both newly built pipelines and reconversion of gas pipelines is possible. Capacities of the existing
network are included per segment in the model.

Multiple supply options of electricity are included: electricity production via the fourteen modelled electricity
producers in Rotterdam, electricity from offshore wind parks (Hollandse Kust Zuid, IJmuiden Ver and potential
expansions based on VAWOZ) and import from national grid, see also Figure 18. Consumers of electricity are
industrial companies, H-vision, and the electrolysis units in the Conversion Park. Capacities of the electricity
network are currently not included in the model, due to its complexity and a lack of data. The goal of the
electricity network in the model is to show how the use develops over time.

For the CO2 infrastructure the model is aligned with the Porthos and Aramis initiatives. In the Port of
Rotterdam area there is an existing connection to OCAP/Linde, see also Figure 19.

°> The hydrogen infrastructure of H-vision was not modelled explicitly during the HyChain project. This has no influence on the results of
the scenario analysis.
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Figure 19: Network topology (both existing and potential new build) for CO2 in the Port of Rotterdam regional model.

Producers of pure CO2 are the industry, electricity producers and H-vision. OCAP/Linde are consumers of pure
C02 and the Porthos/Aramis initiatives are able to store CO2 in gas fields in the North Sea.

Interaction concept National and Regional Models

In the HyChain project a prototype for the interaction between the national and regional models was
developed. Though module was implemented, it was not fully tested in the case analysis as the analysis
focussed on regional aspects. The overview in Figure 20 describes the interaction module between the
national and regional models. A common price set is key for a proper interaction between the models. From
the national model the make/buy strategy for hydrogen is generated for each of the industrial clusters in the
Netherlands. From this strategy a hydrogen levelized cost merit order curve and import/export profile based
on HyChain2 is determined for each cluster and used as input in the regional models. With this input the
transition pathways in the Port of Rotterdam and the South-West of the Netherlands are calculated.
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Figure 20: Interaction module between the national and regional models

The corresponding hydrogen demand/export for these regions is then checked with the profile generated by
the National Supply Model. In case they are the same the system has converged. If not the regional profile
(with calculated merit order cost profiles) is given back as input boundary conditions to the national model.
The national model will then regenerate regional(cluster) import/export profiles + levelized cost merit order
curve. These steps can be executed iteratively until convergence is reached.

Conclusions

With the HyChain Model an integrated investment optimization model for the hydrogen supply chain for the
Dutch industry was developed, in context of alternative decarbonization pathways via direct electrification and
CCS as well as associated infrastructure. The model was developed for the Netherlands and two large Dutch
industrial clusters, with full coverage of hydrogen and electricity supply chains at national-, regional- and
site-level. The model allows for long-term optimal investment modelling of system decarbonisation over the
course of the energy transition, presenting optimal multi-stakeholder investments across energy supply,
infrastructure and industrial demand on a year-by-year basis.
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