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The Trilateral Chemical Region (TCR) 71 the Netherlands, Flanders in Belgium and North Rhine -
Westphalia in Germany 1 is a unique region of strategic importance for the European industry

As a backbone of industrial value chains, the chemical industry enables the production of virtually all
modern goods. About 1,300 chemical companies of various sizes are located within the TCR, employing
about 200,000 people directly in the region. A special characteristic of the TCR is its high concentration
of integrated chemical parks (so-called Verbund sites): more than 20 of them are located in the TCR,
demonstrating an exceptional degree of industrial interconnection. These sites enable close linkages
between producers and consumers of chemicals, often hosting entire value chains within a single
industrial complex. This integration improves cost efficiency through shared infrastructure, optimised
logistics, and the joint use of resources, services, by-products, and energy. Furthermore, the TCR
benefits from an exceptionally well-developed infrastructure network: world-scale harbours, extensive
pipeline systems, international waterways, and a high density of railways and roads allow for efficient

logistics required by the industry.

Despite national differences, the industries within the TCR operate as a cohesive system. This is
particularly evident in the integrated steam cracker value chain and its products which are actively
traded across the region as well as cross-border and beyond, resulting in a high level of cross-border

interdependence.
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TCR steam crackers remain central to Europedés industr
during the recent crisis

Steam cracker products such as ethylene, propylene and butadiene serve as the building blocks for
numerous polymers essential to sectors such as automotive manufacturing, healthcare, defence,
renewable energy and everyday consumer goods.

The TCR functions as a key hub for European polymer production, accounting for approx. 42 % of
E u r o potabstseam cracker capacity as of January 2026. More than 40 % of E u r o phighbdensity
polyethylene and polypropylene originate from the TCR.

Since 2019, olefin production in the TCR has seen a continuous decline with steam crackers being
operated well below an aspired capacity utilisation rate of 95 %. The strongest decrease in the steam
cracker utilisation rates occurred after the energy crisis with increased energy and feedstock prices
causedbyRussi ads wain2@a Ukr ai ne

Today, the European chemical industry is under intense global pressure, and the TCR is no
exception.

The ongoing industry crisis driven by high energy, climate, regulation and production costs, as well as

global overcapacities, and weak domestic demand have affected companies across the entire chemical

sector. The chemical industry is highly dependent on downstream sectors such as the automotive and

building industry, which have seen a recession over the pastyears. Bei ng Eur opeds power hc
polymer production, this weakened European demand has hit the TCR particularly hard. As a result,

many companies in the region have announced strategic portfolio reviews resulting in plant closures

and project cancellations. The closure of individual facilities at integrated industrial sites cannot be

viewed in isolation. While some closures may have minor effects that can easily be overcome e. g. by

switching to other customers or suppliers, others pose existential threats to players up and down the

value chain due to strong interdependencies. Which plantsarec r uc i al for ot hetion compani
is hard to evaluate from the outside, as this depends on a multitude of factors such as infrastructural

bottlenecks, a company& internal supply chain structure, and individual pricing. Nevertheless, Europe

urgently needs to identify and secure critical chemical production vital to its industrial resilience. For

steam crackers, announced shutdowns account for 17 % of the total ethylene capacity within the TCR

but will be T in terms of ethylene production i fully compensated by a newly commissioned steam

cracker coming online in 2026. Since the new cracker is designed for ethane as feedstock, it will produce

only a limited amount of other regular steam cracking products. It remains to be seen if ethylene

production capacities will stabilise or further closures will follow.

Over the past two decades, the EU2706s share of gl obal
the growing dominance of Asian producers in the market. China, in particular, has emerged as a major
industrial force, holding a substantial trade surplus in fine and specialty chemicals and ranking as the
largest source of chemical imports to the EU27 in 2024. This development has raised concerns about
market distortions, including an influx of possibly subsidised low-cost imports and potential unfair
competition for European producers. However, our analysis on olefins and polymers in their primary
forms does not show that China exported significantly more of these chemicals to the TCR than it
imported from the region in 2024. For some polymers in primary form, the TCR was actually a net
exporter to China and not the other way around. The large-scale import of plastic-made consumer
products from China, however, indirectly affects the European chemical industry by reducing local
demand from manufacturers of consumer goods.

In addition, global market dynamics such as US trade policies are further increasing the pressure on

the European chemical i n dWtildg theyUSs shas beemandniportant gxport posi t i o
market in the past, it is unclear if other regions can absorb the products that were directed towards the
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US market. On the other hand, the EU could become the destination for redirected export flows from
other countries, comprising goods no longer purchased by US companies or consumers. This would
further weaken the demand for domestically produced chemicals.

In addition to global political disruptions, the European chemical industry faces structurally higher
production costs than competitors in other regions, largely due to elevated energy prices and CO: costs.
This creates a significant global competitive disadvantage. As the industry depends on crude oil and
natural gas both as feedstocks and energy sources, the production cost gap has widened further since
2022. Given its high energy intensity, the chemical sector is particularly affected by this disadvantage.

In light of this, it is not surprising that most major projects in the TCR, that have recently started or are
close to completion were approved before 2022. New large-scale investments now appear more
challenging, and strategic portfolio reviews may identify regions outside of Europe as more attractive in
terms of feedstock and energy costs.

The TCR is characterised by high -intensity local trade and by being an important supplier of
polymers to the European market.  The crisis becomes visible in  the trade flows .

For the analysed commodities along the steam cracker value STEAM CRACKER VALUE CHAIN
chain (olefins and polymers in primary forms), the intensity of IN THE TCR
two-way trade is particularly strong at the TCR level. This

highlights the vital role of a highly integrated infrastructure Crude oil

network within the region to enable this trade and the high l

OPERATE
BELOW THE
ASPIRED
CAPACITY
UTILISATION
SINCE 2020

interconnectivity within the cluster.

In recent years, the TCR has acted as a net exporter of
polymers, with production serving both external markets and
local demand. The largest export volumes of polymers such
as polyethylene, polypropylene and polyvinyl chloride
produced in the TCR go to other European countries. This STEAM
underscores both the significance of the domestic European
market for the TCR, as well as the importance of the TCR-
based chemical production for the customers across Europe.
In terms of olefins trade, the TCR was a net importer with

notable differences between countries: Belgium imported ]

large volumes of ethylene and propylene, while the -
Netherlands remained a significant net exporter. Since steam l
cracker products are mostly traded within regional markets,

reduction of the steam cracker capacities is not expected to Bl Produced mostly
lead to higher imports of ethylene or propylene but result in
increased imports of the downstream products. On the other
hand, some products of Eurc
benzene and C4, are also attractive for non-European
countries: regions like the Middle East or the US mostly crack
ethane-based feedstocks which mostly yield ethylene but are
lacking the other products obtained from cracking naphtha.

ANNOUNCED
CLOSURES:
17 % OF
THE TCR’S
ETHYLENE
CAPACITY
IN 2021

CRACKERS

for the European
market

Since 2019, the overall chemical trade activity in the TCR has weakened, with declines in both imports
and exports. This general downturn, particularly visible in polymer net exports from North Rhine-
Westphalia, can be attributed to lower local demand and reduced demand in the rest of Germany.

>~ vito [A] 5 E< DECHEMA



3C-VaCS - EXECUTIVE SUMMARY !:

Dependence on imports of ammonia and methanol,  important bulk commodities for the chemical
industry, increases geopolitical vulnerability and highlights the need for diversific ation.

In 2019-2024, the TCR was a net importer of two bulk chemicals, ammonia and methanol, which were
mostly imported from a few non-European countries, of which some have become subject to geo-
political tensions with the EU. Whereas imported ammonia was mainly consumed domestically,
methanol was largely re-exported by Belgium and the Netherlands, highlighting the role of the major
ports in the TCR as key transit hubs for this commaodity. The reliance on only few critical trade partners,
combined with an unstable geopolitical environment and a continuing trend to use economic
dependency as a political tool to exert pressure, highlights the need to maintain strategic production
capacities, develop diversification strategies, and ensure infrastructure that enables a rapid shift to
alternative suppliers to prevent coercion.

Future value chains: bio -based ethylene remains costly by 2030, but low -carbon and CCS
pathways may achieve cost parity by mid  -century through rising carbon prices and negative
emission revenues. Nevertheless, long -term viability will depend on how these technologies
perform in international competition, which remains a decisive factor for investment and market
uptake .

Having analysed the current steam cracker value chain, this study models alternative pathways for
future production of one of its key basic output chemicals, ethylene. Several scenarios were explored,
including methanol-to-olefins (MTO), bio-based naphtha, electrification, carbon capture and storage
(CCS) integration, and plastic waste-derived production routes.

By 2030, fully bio-naphtha-based ethylene production remains one of the most expensive options, at
2,664 EUR per tonne of ethylene, primarily due to high costs of EU-imported biomass-based naphtha.
The implementation of carbon dioxide removal (CDR) rewarding is currently under discussion at EU
level. In contrast, ethane cracking with CCS emerges as the lowest-cost pathway, at 974 EUR per tonne
of ethylene. When assuming CDR credits valued at the EU Emission Trade System (ETS) carbon price,
both MTO and bio-naphtha routes are unable to fully offset their higher feedstock and conversion costs
by 2030, leaving them less competitive than fossil-based or CCS-integrated alternatives. Between 2030
and 2050, under carbon dioxide (COz) shadow prices of up to 480 EUR per tonne of CO2, several low-
carbon pathways, including bio-naphtha, pyrolysis oil blends, and using local and imported bio-
methanol, can become cost-competitive with fossil naphtha cracking (985 EUR per tonne of ethylene ),
assuming that storing fnegativedcaptured CO2 can be monetised as a revenue stream. However, if only
Europe applies carbon pricing, its products will not be competitive. At the same time, the European
Union will have to protect its own market against cheap fossil imports to create a level playing field on
its own market, making comparable carbon pricing within different regions a decisive factor for the
competitiveness of the transformation. Ethane cracking with CCS reaches cost parity with fossil
pathways at around 70 EUR per tonne of COz2, while blended bio-naphtha, pyrolysis oil, and other CCS-
integrated routes reach cost parity with fossil pathways at EU ETS price levels of 220 to 340 EUR per
tonne of CO2. Biogenic MTO requires an ETS price of approximately 340 EUR per tonne of CO: to
achieve cost parity.

Security of energy and feedstock supply is crucial for chemical production. It can only be
achieved through resilient and well -maintained infrastructure and timely development to
facilitate transformation

The chemical industry in the TCR has dsatioa bengfitind i n t an
from a dense network of waterways, railways, and pipelines that link major demand centers like the
Rhine-Ruhr area with key ports such as Antwerp (BE), Rotterdam (NL), and Duisburg (DE). Over time,
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robust energy and feedstock supply chains have emerged, supporting a deeply interconnected cross-
border chemical cluster.

Many chemical processes run continuously throughout the year without interruption and therefore
require a steady and reliable supply of energy and raw materials. If this security of supply breaks down
or other disturbances occur, this can come at massive costs for the companies and even lead to regional
shortages of chemical products that will affect end consumers. All infrastructures like roads, waterways,
pipelines and electrical grids are critical to the chemical industry but some are reaching their capacity
limits or are becoming increasingly unreliable. For a successful transformation towards climate
neutrality, the following aspects need to be considered:

9 Strategic electric infrastructure needs to be upgraded to enable electrification pathways.

1 For hydrogen (H2) networks, techno-economic optimised model results show that the risk of
underutilisation of H> cross-border transport capacity is substantial. Using similar modeling
techniques, cost effective alternative pathways appear (e. g. carbon capture) which do not require
cross-border Hz transport.

1 Timely deployment of a cross-sectoral cross-border CO2 network infrastructure is crucial to enable
swift emission reductions in several industrial sectors. On a longer time horizon, biobased
processes can connect to the network and generate negative emissions.

1 Recognising bio-CCS in the EU ETS as carbon dioxide removal significantly increases capture
volumes and biomass use but also comes with potential implications for sustainable biomass cycles
and investments in CO2 transport and storage capacities.

1 Cross-border alignment and coordination on energy and molecule infrastructure planning is key for
the TCR. More studies and discussions with companies and relevant stakeholders are needed to
correctly determine routing and dimensioning of the network and to identify the least cost solutions.

Transition needs ongoing competitiveness. The chemical industry is as diverse as its products
-t here is no "one size fits all solutiono.

High production volumes require large amounts of energy and feedstock. With more costly renewable
feedstock and projected energy prices remaining at high levels, the successful transformation needs
policy support. Under today's conditions, regulations and emission constraints, EU producers struggle
to remain globally competitive. This is expected to worsen in the future. Regulations and policies need
to be adapted to ensure the survival of the chemical industry in Europe. Competitiveness and the
transition of chemical industry need to go hand in hand. For example, electricity prices are generally
lower in China and the US in comparison to Europe. Lower electricity prices lead to more cost effective
pathways for electrification, which is especially essential to defossilise downstream chemical production
processes. For upstream production processes, including steam cracking, pathways leveraging on
feedstock changes and CCS are key.

Downstream products that are closer to consumer markets also show higher potentials for electrification

of their production routes. In addition, end consumers often tend to exhibitacertainfiwi | | i ngness
for higher prices depending on the market segment and price sensitivity, if a product has a lower carbon
footprint. This potential to pass higher costs on in combination with a tendency for higher margins at

the end of the value chain results in a smaller financial risk or burden for these downstream producers

when transforming their processes. However, to produce green products, these downstream producers
depend on green feedstock from upstream producers. In other words, there is no downstream
transformation without upstream transformation.

The current policy package needs to be revised and adapted to guarantee the continuation and
transformation of chemical activities in Europe

>~ vito [A] 5 E< DECHEMA
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The lack of competitiveness is one of the main hurdles the chemical industry in the EU is currently
facing, both for operations continuation, due to structural cost disadvantage of EU versus other regions,
as well as for investing in the transition, due to cost disadvantages of sustainable compared with fossil
technologies. While EU policies, through imposing climate and regulation costs, have a significant
contribution to these cost disadvantages, the current legislation does not offer companies an adequate
framework to solve their competitivity issues. One of the cornerstones of the current policy framework
aimed at addressing competitiveness disadvantagesis the carbon border adjustment mechanism
(CBAM). In this report, several shortcomings of the CBAM are identified. In its current form, CBAM
cannot guarantee a level playing field between European producers and other global regions, meaning
that it will not protect industry from climate (EU ETS)-related competitivity challenges and consequent
carbon leakage. Other EU policy initiatives, such as the Net Zero Industry Act, the Industrial Accelerator
Act or the upcoming Circular Economy Act, are also aimed at improving industrial competitiveness.
However, the challenge of preventing further loss of local production and increasing imports of
downstream products, is not yet fully addressed. The Critical Chemical Alliance (CCA) is a current
exercise identifying chemical productions as @riticaléto remain on European soil, in order to selectively
safeguard them. This initiative offers the chance to locally retain essential parts of chemical value
chains. At the same time however, it bears the risk of shifting the focus of policy makers away from
developing solutions to the structural problems affecting the whole industry towards only solving the
issues of a set of selected cases. It is vital to the success of this exercise to keep the complexity of the
chemical sector in mind, where processes are very diverse and highly interconnected. The outcome
might result in the risk of further capacity reductions and closures of such processes not being classified
@ritical§ with potential unforeseen effects on the whole value chain.

Throughout the stakeholder exchange in this study, several options to complement the current policy

package were discussed: different measures to lower electricity prices, a reform of ETS (e. g. with a

reintroduction of grandfathering emission certificates), and dedicated market pull mechanisms such as

a system of green premiums where consumers (or public authorities) pay a premium for the recycled

or green content in products. cébdidbdesridngnoll eeuseepe oc
c ar b o n dvjdingoarclegp regulatory framework for carbon management including mechanisms for

negative emission revenues from biogenic CO2 capture and storage, were also discussed. These

options are examples from the discussion with the companies to encourage specific policies aiding the

survival of chemical production in the TCR.
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Chapter 1.1 Trends in the chemical sector

1

f

Main observations

EU276s share of gl obal chemical sal es he
from 27 % in 2004 to just 13 % in 2024.
Increasing dominance of Asia in the global chemical market is observed
C h i ntad® balance shows a substantial surplus (by value) in fine and specialty chemicals.
n  China was the largest source of chemical imports for the EU27 with 46 % in 2024.
n  Fear of the flooding of cheap imports and of unfair competition for European chemical
industry is growing.
Global market shifts (e. g. US tariffs), global overcapacity, high energy and production costs,
ongoing industry crisis, overregulation, strategic portfolio reviews as well as the need for
transformation to achieve the climate goals are further affecting the European chemical
industry.

Chapter 2.1 Production of chemicals

1
0
= 1
2
2 T
)
X 1

About 1,300 chemical companies of various sizes are located in the TCR. The chemical
industry provides in total about 200,000 direct jobs for the region.

The companies in the region are often located in chemical parks (Verbund sites)
resulting in a high degree of integration.

The TCR is an important hub of European polymer production, concentrating a large
proportion (approx. 42 % in January 2026) of steam cracker capacity.

In 2024, the TCR produced 42 % of HDPE and 41 % of polypropylene produced in the
EU27.

1
o
= 1
z
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>
(D)
X 1

The highest GHG emissions, energy consumption, and production volumes occur in the
upstream segment, whereas value creation primarily takes place in the downstream
part of the value chain.

The differences between upstream and downstream processes also lead to different
requirements on the path to climate neutrality.

If upstream production is disrupted by plant closures, the risks for downstream
operations also increase, and vice versa.

The challenges for the transition were observed to be similar in other chemical value
chains (ammonia, chlorine).

Chapter 2.1.3 Production data: 2019-2024 trends

Key Insights
==

f vito

Since 2019, steam crackers in the TCR were operated below the aspired 95 % capacity
utilisation, resulting in declining olefin (ethylene, propylene) production in the region.

This trend mirrors the European trend, where the average steam cracker operation

rates dropped from 83 % in 2019 to 71 % in 2024.

The sharpest decrease in the steam crack
Ukraine and has not recovered since.

The production of the main steam cracker products, ethylene and propylene, in Europe

is demand-driven and therefore relies on the downstream sector (e. g. packaging and

the automotive industry).
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Chapter 2.2.1 Trade balances: current state and 2019-2024 trends

1  Depending on the commodity group, the TCR had different trade balances in 2024

1 Netimporter of olefins, with country-specific variations: Belgium i heavy
importer of ethylene and propylene, the Netherlands i significant net exporter of
olefins.

9 Overall, the TCR is a net exporter of polymers.

1  The region was a net importer of ammonia and methanol: while ammonia is
imported primarily for domestic consumption, over 60 % of methanol is re-
exported in Belgium and the Netherlands, positioning the major ports in the
TCR as a transit hub.

I Since 2019, overall decrease of trade flows, both imports and exports, is observed. A
general decline in polymer net exports, particularly in NRW, is seen, which can be
attributed to lower local demand, as well as weaker demand in the rest of Germany.

1  While there are no significant no significant net imports of polymers in primary form
from China to the TCR, large volumes of finished consumer goods are entering the
European market. This can result in a decrease in local polymer demand and impact
upstream and downstream industries negatively.

Chapter 2.2.2 Main trade partners

1  For the analysed commodities, the intensity of two-way trade is particularly strong at
the TCR level. This highlights the vital role of a highly integrated infrastructure network
within the region to enable this trade.

9 Steam cracker products are commonly traded on regional markets.

I  Some products, such as benzene and C4, are also attractive for non-European
countries.

1  Reduction of the steam cracker capacities would probably not lead to higher
imports of ethylene/propylene but lead to increased imports of the downstream
products.

1  Over 70 % of exports of analysed polymers were for the European market. This
underscores both the significance of the domestic European market for the TCR, as
well as the importance of the TCR-based polymer producers for the customers across
Europe.

T Ammonia and methanol, the other key bulk chemicals, are currently largely imported
into the TCR from non-European suppliers. The reliance on only few critical trade
partners combined with an unstable geopolitical environment, highlights the need to
maintain strategic production capacities, develop diversification strategies, and ensure
infrastructure that enables a rapid shift to alternative suppliers within the TCR.

1 In 2024, just two countries accounted for about 71 % of total imports of
methanol into the BE-NL-NRW region: the USA (37 %) and Trinidad and
Tobago (34 %). For ammonia, three countries supplied 78 % of t he r «
imports: Russia (42 %), Trinidad and Tobago (23 %), and the USA (13 %).

Key Insights

Key Insights
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Chapter 2.3 Competitiveness of current value chains

T Announced plant closures, resulting from the ongoing industry crisis and strategic
portfolio reviews, have affected companies across multiple segments of the chemical
value chain in the TCR, including upstream operations (refineries and steam crackers),
intermediates production, polymers and specialty chemicals, as well as mechanical
polymer recycling.

I  For steam crackers, announced closures amountfor17% of t he t ot al

capacity. Rising global overcapacity and the commissioning of new plants operating

with lighter feedstocks will put additional pressureont he TCRG6s conven

cracker operators.

1 The current production costs of European ethylene depend largely on the price
of feedstock and are higher than in other parts of the world. This is one of the
factors that negatively impacts the cost competitiveness of steam crackers in
Europe.

The closure of individual plants at integrated industrial sites cannot be viewed in

isolation, as it increases risks for both downstream and upstream partners, as shown

by recent examples in the TCR. However, it is hard to predict if a specific closure will

result in a fidomino effecto rippling thr
of supplier.

1  Most large projects in the TCR that recently began operations or are nearing
completion were decided before the current crisis. New, large-scale investments today
appear more challenging. Some companies which are also located in the TCR invest
abroad, driven by factors such as lower energy and feedstock prices or higher expected
market demand.

1  The example of chemical recycling projects show that companies often begin
with smaller-scale plants to test commercial viability before commiting to a
large-scale alternative production route.

Chapter 2.4 Stakeholder perspectives on the current state of the TCR

T The SWOT analysis captured the following perspectives from chemical companies in
the TCR:

1 The TCR bears clear advantages for chemical production due to its location,
infrastructure density and integration.

1  The higher costs compared to global competitors for energy and feedstock due
to domestic policies and the dependence on imports are considered the crucial
weakness.

1 Increasing resilience against dependencies on imports and external
competition, through e. g. circular economy, is an important opportunity for the
TCR.

9  The position on the value chain determines which factors are considered
threatening (upstream: high energy and feedstock costs and limited availability
of cost-competitive alternatives).

Key Insights
=

Key Insights
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Chapter 3.1 Novel pathways to producing key chemicals

I  Biomass-derived olefin and aromatics production proceeds via methanol, ethanol, or
bio-naphtha routes, with methanol pathways requiring high energy input, generating
CO, during syngas conditioning, and depending on high-temperature fluidised-bed
reactors and capital-intensive separations.

1 Alternative biomass cracker-feed routes such as pyrolysis + hydrotreating and Fischeri
Tropsch synthesis yield bio-naphtha but face technical barriers including high H,
demand, catalyst instability, and overall energy intensity; only second-generation
feedstocks (per RED ll) are considered in the TCR.

1  European biomass availability is projected to rise from 437.5 million dry tons (MDT) in

2020 to 525-800 MDT in 2030 and 875-1,338 MDT in 2050, with the study assuming

that up to 30 % of total biomass could be allocated to the chemical/materials sector.

Theimportof solid biomass from outside the E

energy penalties over long distance and strict RED Il sustainability requirements.

9 Plastic-to-chemicals pathways include physical recycling and chemical recycling
(pyrolysis, gasification, depolymerisation), with pyrolysis yielding low naphtha fractions
(16 %) and thus large feedstock needs; in the 3C-VaCS scenarios, pyrolysis is included
wi t h0 %py-oil blending in existing crackers.

1  There is a large potential in the TCR collect and sort plastics to increase its reuse both
for mechanical and chemical recycling. This in combination with the availability of know-
how, logistics and processes as described in Chapter 2.4. However today, exact plastic
waste availability figures in the TCR are constrained by data inconsistencies, high
export shares and undocumented or accumulated flows.

Key Insights
=

Chapter 3.3 Ethylene production cost analysis 2030-2050

1 Blended bio-naphtha ethylene production remains one of the most expensive pathways
(2,664 EUR/t Ethylene in 2030), by 2030 driven by costly EU-imported bio-naphtha and
rising biomass prices, whereas ethane cracking with CCS is the lowest-cost option
(974 EURI/t Ethylene).

1  Even with CDR credits valued at the EU ETS carbon price, both MTO and bio-naphtha

routes cannot fully offset their higher feedstock and conversion costs by 2030, making

them less competitive than fossil or CCS-integrated pathways.

Between 2030 and 2050, under given CO, shadow prices (up to 480 EUR/tCOy),

several alternative routes, including bio-naphtha, py-oil blends, and imported bio-

methanol, become cheaper than fossil naphtha cracking (985 EUR/t), when taking the
assumption that carbon dioxide removal can accounted for as a revenue stream.

1  Carbon pricing strongly reshapes relative economics: ethane cracking with CCS
reaches fossil parity at only 70 EUR/tCO,, while blended bio-naphtha, py-oil, and other
CCS pathways become competitive at and ETS price of 220-340 EUR/tCO,; biogenic
MTO requires an ETS price of 340 EUR/tCO, for cost parity.

Key Insights
=
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Chapter 3.4 Infrastructure analysis for H2 and CO: pipelines

1 Blue H; and CCS-integrated retrofits remain more economical than most green H
supply routes, as electricity cost dominates the levelised cost of hydrogen (60-70 %).
The study results for the TCR show that green H; is less competitive, only becoming a
prominent option under conditions where CCS and biomass are restricted or
unavailable. The use of hydrogen is primarily as a feedstock rather than an energy
carrier.

1  All scenarios feature a cross-sectoral and cross-border CO; network as a cost effective
solution, not only on a short term but also on a long term.

1 Infrastructure planning must prioritise coordinated H,-CO, network development, with
pipeline repurposing preferred over new-build options to limit system costs and avoid
stranded assets.

1  Carbon capture dominance across industries and policy scenarios highlights the need
for forward-looking planning. Cross-border coordination between carbon network
operators (CNOs) in the TCR should allow for timely and efficient deployment of the
CO; value chain.

1  More studies and inquiries are needed to determine the possible suppliers (and
offtakers) to correctly determine the routing and the dimensioning of hydrogen and CO,
networks, minimising the risk of underutilisation, especially of the H, network.

1  Recognising bio-CCS in the EU ETS as carbon dioxide removal significantly increases
capture volumes and biomass use but als comes with potential implications for
sustainable biomass cycles and investments in CO, transport and storage capacities.

Key Insights

Chapter 3.5 Feedstock and energy costs on global scale under structural policy uncertainty

9 Electricity prices are generally lower in China and USA, which is essential for
decarbonizing downstream processes and provides a competitive disadvantage for
European industries.

1  Aligned with the conclusion of Chapter 3.3, green molecule production is not expected
to be competitive with fossil fuels in the short-medium term in Europe .

T  Even at relatively low emission costs of 70 EUR/t, emission costs present a significant
increase of the cost of basic petrochemicals production. The decrease in
grandfathering emission certificates will hence result in a competitive disadvantage for
European companies if global products cannot be subjected to the same costs.

1  The Carbon Border Adjustment Mechanism faces several challenges. One of the major
challenges is the risk of increasing import of downstream products at the expense of
base chemicals or halffabricates, as downstream products are mostly not covered by
CBAM.

I  As blue hydrogen is in the short-medium term more cost competitive than green
hydrogen, implementation of REDIII regarding a share of hydrogen consumption to be
green by 2030 will result in a severe competitiveness handicap for the companies
subject to the requirement.

9  Industrial chemical producers in China or the US have the option to send green
products to the European market while supplying unabated fossil products to the home
market. This flexibility is not available to European producers and may present a risk for
EU producers to diversify and relocate part of their production capacity.

Key Insights
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Chapter 3.6 Overview of policy options impacting chemical value chains

f vito

Key Insights

1

Energy
Ville

The current policy package is insufficient to provide competitiveness of the chemical
industry in the TCR and major preconditions for industrial transformation are missing.
The risks of closure/relocation of chemical production and carbon leakage are not fully
adressed yet. CBAM exibits structural challenges that need to be addressed before it
can effectively protect against carbon leakage. The Critical Chemical Alliance aims at
establishing criteria to identify critical chemical processes and molecules. However, an
approach focusing on a limited set of processes bears the risk of i. neglecting the
structural challenges the whole industry is facing and ii. unforeseen effects on the value
chain.

The TCR needs to improve cross-border collaboration for correctly dimensioning and
routing of molecule network infrastructure, aligning standards and permitting
timelines/procedures. Further studies are needed to asses future demand on CO, and
hydrogen transport as well as supply points connecting to the network, including the
role of storage sites.

The current policy package as well as different options to adapt or complement it were
evaluated based on our study results and ii. discussed with stakeholders from the
chemical industry. The following options were discussed:

1 Different measures to lower electricity prices,

1 Areform of EU ETS, e. g. with a reintroduction of grandfathering emission
certificates or removing the ETS component of the electricity cost,

1 Market pull mechanisms where e. g. consumers (or public bodies) pay a
premium for recycled or biogenic content in products to enable sustainable
business cases

1 Different policy instruments impacting global trade, such as trade tariffs,
safeguards, anti-dumping regulation, etc.

1  Broadening the scope of green hydrogen and hydrogen-based molecules to
low-carbon, or providing a clear regulatory mechanism for negative emission
revenues from biogenic CO, capture and storage.

Innoviation is a key asset of the European industry to diversify the technology options,
in which the TCR can take a leading role.

2
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This report was prepared within the frame of the project 3lateral Chemical region i Value Chain
Structures (3C -VaCS). It summarises the main results and reinforces the key messages that were
derived from the conducted studies. The project is supported by the Trilateral Chemical Region Initiative
[1] and was partly funded by the respective regional governments of the engaged regions Flanders, the
Netherlands and North Rhine-Westphalia and Verband der Chemischen Industrie Nordrhein-
Westfahlen.

1.1 Trends in the chemical sector

MAIN OBSERVATIONS

i1 EU276s share of gl obal chemical sal es htaon2d%ial i
2004 to just 13 % in 2024.
91 Increasing dominance of Asia in the global chemical market is observed.
T Chinaodts trade bal ance shows a substanti al sur pl
1 China was the largest source of chemical imports for the EU27 with 46 % in 2024.
1 Fear of the flooding of cheap imports and of unfair competition for European chemical
industry is growing.
I Global market shifts (e. g. US tariffs), global overcapacity, high energy and production costs, ongoing
industry crisis, overregulation, strategic portfolio reviews as well as the need for transformation to
achieve the climate goals are further affecting the European chemical industry.

Over the past years, the world has experienced a series of global crises. The COVID-19 pandemic,

ongoing military conflicts and wars, an energy crisis, the start of a trade war with tariffs from the US,

shifting political regimes, and a volatile market environment have all left their mark on global industries,

and the European chemical sector is no exception. While overcapacities in chemical production have

been present for decades, the latest pressure under which the industry has come has resulted in fiercer

competition and in increasing amounts of plant closures in Europe while new investments are scarce

[2lUnder the | ight of Europedbés ambitious climate targe
to ensure global competitivity get louder. While the chemical sector in Europe is facing multiple crises

and is under immense pressure right now, there are also recent developments that might improve the

situation: While former allies are now closing their markets for the European chemical industry, new

partnerships with India or the Mercosur agreement are being forged by the European Union [3] and new

opportunities arise for the chemical industry. To prevent the loss of significant parts of the chemical

i ndustry i n Eur ©hpmicals ladusiryEActiom Pl eaannd0 has be §hThswpladnl i shed
addresses some of the major challenges faced by the industry, such as high energy prices, unfair
competiionanda | ack of demand for green product.dntiisn contr
action plan, domestic chemical production has been recognized as an important pillar of resilience and
independence, a n d CurticafiChemicals Allianced heisg established [5].

However, despite these strategic efforts, broader market developments paint a concerning picture.
From a long-term perspective, data from Cefic[2]s how t hat the EU276s share of
has declined significantly over the past 20 years: from 27 % in 2004 to just 13 % in 2024*. The US share

oy

! Detailed data for 2025 has not been publicly released as of February 2026. The year 2024 is the main reference for this document but

the latest publications by Cefic [6] and [2] indicate a continuation of the described downward trends.

>~vito [ 5e E< DECHEMA



3C-VaCS i Introduction !:

showed a similar trend, decreasing from 22 % t0 12%.Over t he same peri od, Chi na
from 10 % to 46 %, driven by massive capacity expansions. These shifts highlight the increasing

dominance of Asia in the global chemical market. | n 2 0 2 4 , oveZdil tradeaki@lance showed a

substantial surplus in fine and specialty chemicals (32.6 billion EUR), followed by petrochemicals

(11.9 billion EUR) and inorganic chemicals (5.0 billion EUR). In contrast, polymers (-4.7 billion EUR),

consumer chemicals (-8.5 billion EUR), and pharmaceuticals (-14.6 billion EUR) remained net import

categories, as indicated by their negative trade balances [7]. In 2024, China was the largest source of

chemical imports into the EU27 (33.1 billion EUR, 18 % of total imports), followed by the United States

(30.0 billion EUR, 17 %).

These global market shifts are affecting the European chemical industry both directly and indirectly. A
prominent example is the introduction of US tariffs: in 2024, the USA were the largest export destination
for EU27 chemicals, with 40.6 billion EUR of export value (approx. 18 % of total EU27 chemical exports)
[2].This means that direct impacts of announced tariffs on future European chemical sales can be
expected. Indirectly, tariffs also influence European downstream industries like car manufacturers, and
thus, the domestic demand of the chemical industry. Another potential consequence is the redirection
of surplus production from countries, particularly China, originally intended for the US market. This
increases the fear of the flooding of the European market with cheap imports and further competitive
pressure on the European industry sector.

1.2 Scope & Objectives of this study

The objective of this study was to investigate the value chains within the chemical industry of the
Trilateral Chemical Region (TCR), which encompasses the Netherlands (NL), North Rhine-Westphalia
(NRW, Germany), and Flanders (BE, Belgium). The focus was on the competitiveness of chemical
value chains and on how it can be maintained throughout the energy transition towards a climate neutral
chemical industry, changing the feedstock and energy base from fossil to alternative resources. Three
research areas were examined in greater detail within the region.

Those were:

1 Analysis of current value chains and mapping of chemical trade flows within the TCR.

1 Examination of potential transformation pathways and policy instruments for achieving climate
goals while maintaining the competitiveness of the chemical industry along the identified
value chains.

1 Assessment of infrastructure requirements and needs essential for transforming the regional
chemical industry while maintaining competitiveness.

In addition, intensive stakeholder dialogues were held to verify the results and to ensure a realistic
evaluation of the situation.
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The scope of the study was set on one of the most significant value chains that supplies the chemical
industry with both energy and raw materials: the steam cracker value chain. Many chemical companies,
as well as other industrial sectors, rely heavily on its continuous and reliable operation. Our most
important findings and insights resulting from the following tasks and analyses are described in detail
in this report.

1  Within this study, we mapped the current value chains and the chemical production as well as
the future options for bio-based and circular raw materials.

1 Based on publicly available data, we analysed trade flows between the three countries
comprising the TCR and the rest of the world. Through this analysis we highlighted
dependencies both within the TCR and between the TCR and the rest of the world.

1 Through bilateral company interviews, we gained insights into relevant transformation
challenges and opportunities for the chemical industry in the TCR, which were considered
during the development of possible transformation scenarios in this study.

1 A SWOT analysis, complemented by perspectives from stakeholders in the chemical industry
and related sectors, was used to illustrate the characteristics of the TCR and to analyse what
makes the region attractive for chemical production. It also served to analyse the risks and
challenges faced by the regional chemical industry in maintaining its competitiveness.

I The costs as well as the vulnerabilities of chemical production in the TCR were investigated
using the example of the steam cracker value chain.

1 Future pathways were developed mapping the impact on cost of alternative production routes
of steam cracker products.

1 These pathways are further translated into infrastructure implications for ensuring a secure
supply of H2and CO2 removal of the chemical industry, as well as the cost ranges of key
energy carriers.

1 Relevant EU policies and their possible impact on the future of the chemical industry in the
TCR were analysed.

The latest developments like plant closures, decisions on EU level or the energy prices as well as
the ongoing war in the Ukraine have been considered.
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2.1 Production of chemicals

KEY INSIGHTS

1  About 1,300 chemical companies of various sizes are located in the TCR. The chemical industry
provides in total about 200,000 direct jobs for the region.

1  The companies in the region are often located in chemical parks (Verbund sites) resulting in a high
degree of integration.

I The TCR is an important hub of European polymer production, concentrating a large proportion
(approx. 42 % in January 2026) of steam cracker capacity.

9 In 2024, the TCR produced 42 % of HDPE and 41 % of polypropylene produced in the EU27.

The petrochemical value chain remains predominantly fossil-based and underpins the production of a
vast array of goods [8]. The chemical industry forms the backbone of numerous downstream sectors,
producing items such as automobiles, pharmaceuticals, and everyday consumer products. In fact, more
than 95 % of all manufactured goods contain chemical components [9].

The TCR ranks among the worlddéds top five chemical cl
of the European chemical industry. The TCR is home to about 1,300 chemical companies of various

sizes 1 ranging from global corporations to specialised medium-sized suppliers. The chemical industry

provides about 200,000 direct jobs for the region [1].

Chemical production sites have evolved and expanded alongside the industrialisation of the past

century and the majority are strategically |l ocated al ong the regi o
Waterways, railway and pipeline systems connect places of high demand (such as the Rhine-Ruhr area

in NRW) with harbours (Port of Antwerp-Brugges, North Sea Port, Port of Rotterdam, and an inland port

in Duisburg) and producers of base chemicals. Over the past decades, solid supply chains for energy

and feedstock have been established.

The three countries of the TCR act differently, but complement each other. The chemical industry of the
countries can be considered as a single, interconnected chemical cluster. This is particularly evident
when looking at the production of chemicals along the steam cracker value chain, which are actively
traded within the region (see Chapter 2.2.2 Main trade partners, p. 21).

Chemical production facilities in the TCR are often located within chemical parks (so-called Verbund or
integrated sites). More than 20 chemical and industrial parks?, which house companies from chemical
industry, are located within the TCR, including internationally operating firms that contribute significantly
to cross-border value chains and global trade networks. This type of site organisation results in highly
integrated production networks, characterised by short distances between producers and consumers
of chemicals. In many cases, all process stages are located within a single industrial complex, either

2 Flanders: Port of Antwerp, Ghent Industrial Zona and the chemical cluster by Beringen [10]; The Netherlands: Chemelot, Port of
Rotterdam, Port of Amsterdam, chemical clusters by Delfzijl and Terneuzen, Chemical Cluster Emmen [10]; NRW: Chemical Park Marl,
Industry Park Dorsten-Marl, CHEMPARK Krefeld-Uerdingen, CHEMPARK Dormagen, CHEMPARK Leverkusen, CHEMPARK Krefeld-
Uerdingen, Chemical Park Knapsack, Chemical Park Wesseling, Chemical Park Lulsdorf, Industry Park Heinsberg-Oberbruch, Industry
Park Solvay-Rheinberg, Gelsenkirchen (Sholven and Horst), Bayer Chemiepark Bergkamen, Henkel Dusseldorf site, Industry Park
Ruhrchemie in Oberhausen [10], [11].
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under one company or shared between multiple operators. This mode of production offers a high degree
of cost-optimisation through integration e. g. via simplified logistics and efficient utilisation of resources,
by-products, waste streams or heat and shared services. This practice has led to highly integrated and
optimised production sites, such as the Antwerp petrochemical cluster (Figure 1), where various

companies located both up- and downstream of the chemical value chain produce a wide range of
commodities.

At the same time, such integration poses certain vulnerabilities given the high degree of
interdependence. When cost-advantages of international competitors exceed the advantages of the site
integration, certain assets get under pressure with the possible consequence of plant closures. This
has been happening on a to date unprecedented scale in the past 2-3 years (refer to Chapter 2.3.1
Evolving industrial landscape in the TCR: plant closures and new projects, p. 28). Individual closures
might further increase the pressure on the other companies in the chemical cluster by putting other
assets in the Verbund at risk. We found that some plant closures led to the shutdown of related
production, whereas others did not disrupt downstream operations despite being directly affected.
Having feedstock production nearby is certainly advantageous. However, when a part of the value chain
breaks away, it is often uncertain whether subsequent production will also have to cease. Depending
on the commodity, the company, and the type of goods produced, the missing part of the value chain
may or may not be replaced through imports in order to maintain operations.

& 2 oducti ki
Upstream production Upstream + downstream production B m'o.n( e 250,0
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A \ N [ |  4.0000
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Figure 1. Integrated chemical production in the Antwerp petrochemical cluster, including the INEOS ethane cracker and
Borealis propylene dehydrogenation units. Own representation with data from [12], [13].

Disclaimer: certain products and volumes are not available in the GPBV database [13] and therefore do not appear in the visualization.

The visualization is intended mainly to highlight the complexity and integration of the Antwerp petrochemical cluster, focusing on the parts
of the chemical value chain within the scope of this study (Figure 3).
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2.1.1 Analy sed chemical value chains 1 Focus: steam cracker value chain

KEY INSIGHTS

1  The highest GHG emissions, energy consumption, and production volumes occur in the upstream
segment, whereas value creation primarily takes place in the downstream part of the value chain.

1  The differences between upstream and downstream processes also lead to different requirements on
the path to climate neutrality.

9  If upstream production is disrupted by plant closures, the risks for downstream operations also
increase, and vice versa.

1  The challenges for the transition were observed to be similar in other chemical value chains (ammonia,
chlorine).

On the way from feedstocks to final consumer goods, such as pharmaceuticals, cosmetics, and
packaging materials, the chemical industry relies on a series of complex processing steps. Companies
operating at the upstream stages of chemical value chains, such as feedstock supply and base chemical
production, function under different conditions compared to the companies downstream. These key
distinctions are illustrated in Figure 2. The upstream segments of the value chain involve the most
energy- and emission-intensive processes, making them particularly susceptible to pressures for
operational transformation and sensitive to high energy costs.

GHG emissions
Energy demand

Produced volumes )
Value creation

Oowrstieam >

Figure 2. Upstream vs. downstream parts of chemical value chains: schematic representation.

The differences between upstream and downstream processes also lead to different requirements on
the path to climate neutrality. The company interviews conducted in this project showed that upstream
companies would need the infrastructure for CO2 removal, low carbon and renewable Hz supply to
manage the large volumes of CO2 emissions and meet their high energy and feedstock demands. For
this, a pipeline infrastructure would be needed in the long-term, as well as interim solutions for the next
years. The secure supply of large volumes of other alternative feedstocks such as biomass or products
of plastic recycling is also needed. In contrast, the downstream companies show higher potential for
electrification. This means that the corresponding expansion of grid connections is needed to meet
these needs. At the same time, downstream transformation relies on the availability of affordable e. g.
renewable, circular or biogenic based feedstocks supplied by upstream producers. This links the
transformation processes for both segments and leads to the propagation of additional costs occuring
upstream through the entire value chain. A cer t ai n f wi |among gnd ecsumersdor pay 0
products with a lower carbon footprint has been reported [14], [15]. This trend may offer an opportunity
for the downstream sector to pass on additional costs. However, mechanisms ensuring that the
upstream sector can also benefit from this development still need to be established.

An illustrative example of a chemical value chain is the steam cracker value chain  shown
schematically in Figure 3.
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Oxygen Ethylene oxide

Palyethylene
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Figure 3. Steam cracker value chain: a part investigated in the project. The segments selected for production and trade data
analysis are highlighted.

At the beginning of the steam cracker value chain is the distillation of crude oil in refineries, producing
naphtha, which is subsequently processed in steam crackers to obtain key products such as olefins
(ethylene, propylene, butene, butadiene), and aromatics (BTX: benzene, toluene, xylenes). These basic
chemicals serve as feedstocks for a wide range of chemical processes, such as the synthesis of
polymers and specialty chemicals, which are needed for the subsequent production of various everyday
products. Numerous downstream sectors rely on steam cracker products, including plastics and
polymer manufacturing, as well as the automotive, construction, paper, textile, defence, renewable
sectors and agricultural industries.

Table 1. List of steam crackers with their nameplate capacities operating in the TCR. State: January 2026.

Capacity, Number of

Ktethylene/a crackers
BE-Antwerp-BASF 1,080 1
BE-Antwerp-TotalEnergies 1,160 2
DE-Dormagen-INEOS 1,155 2
DE-Gelsenkirchen-BP 1,073 2
DE-Wesseling-LyondellBasell 1,040 2
DE-Wesseling-Shell 310 1
NL-Geleen-Sabic Europe 760 1
NL-Moerdijk-Shell 910 1
NL-Terneuzen-Dow 1,260 2
Total , January 2026 8,748 14

Announced changes

BE-Antwerp-INEOS (operation announced for end of 2026) +1,450 1
BE-Antwerp-TotalEnergies (closure announced for 2027) -550
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The scale of steam cracker and polymer production in the TCR is remarkable (Table 1). Although the
TCR covers less than 2 % of the total land area of the EU27+3 (Switzerland, the United Kingdom, and
Norway), it currently (as of January 2026) accounts for approximately 42 % of E u r o potalhameplate
capacity of steam crackers (see Table 4, Annex A, p. 2).

In 2024, Flanders, the Netherlands and NRW together accounted for42% of t he EMDeRAsStY s
Polyethylene (HDPE) and 41 % of its polypropylene (PP) production, while Flanders alone contributed
20 % of the EU27& Low Density Polyethylene (LDPE) output (see Table 5, Annex A, p. 2). In total,
Germany, Belgium, and the Netherlands produced approximately 45 % (24.6 Mt) of plastics produced

in Europe in 2024 [16].

Hi gh

The steam cracker operations in Flanders and NRW play particularly significant roles in the chemical
industry of their respective countries. All Belgian steam crackers are located in Flanders, while NRW
hosts about 63% o f Germanybés tot al cracker capacity.
companies located in NRW accounted for 57 % o f Ger many 6s %HDtP polypmopytene5 3
output (see Table 6, Annex A, p. 2).

Regal

While highly significant for the chemical industry in the TCR, the steam cracker value chain is also
among those most severely affected by the ongoing crisis in the European chemical sector and its wave
of capacity closures. According to Cefic and Roland Berger [19], the announced plant closures are
primarily affecting the petrochemical segment. Steam crackers alone play a major role here: since 2019,
ten steam cracker shutdowns have been announced across Europe (EU27+3), removing 5.7 Mt (or
about 23 %) of ethylene nameplate capacity by 2028. The closure of three steam crackers with a total
nameplate capacity of approx. 1.7 Mt ethylene has been announced in the TCR (see Chapter 2.3.1
Evolving industrial landscape in the TCR: plant closures and new projects, p. 28).

For a detailed analysis, such as the assessment of production and trade data, the scope was narrowed
to the main steamZracking products (ethylene, propylene, C4, and aromatics), as well as the key
downstream polymers (polyethylene, polypropylene, and polyvinyl chloride (PVC)). These selected
polymers account for a major share of ethylene and propylene consumption in Europe. On average, the
production of polyethylene and PVC represents approx. 64 % and 12 % of total ethylene use,
respectively, while around 61 % of propylene is converted into polypropylene [18].

Besides steam cracker products, ammonia and methanol are key upstream commodities produced
worldwide in large volumes and used as feedstocks for a wide range of chemicals. Ammonia is an
important raw material for fertiliser, cosmetics and polymer production (Figure 44, Annex A, p. 1).
Methanol for instance plays an important role for the production of resins, gasoline additives, and
solvents. Consideringb ot h ¢ o mmignificahce ®rscldemical value chains and their potential role
as fuels and H: carriers, which may strongly influence global production and trade patterns, both
ammonia and methanol were included in the scope of our production and trade data analysis.

Steam cracking is the main source
of ethylene production worldwide
with 95 % of ethylene originating
from this process [17]. Propylene

is a product of steam cracking
(69 % of propylene produced in

Europe [18]) but is also produced

via other routes like fluid catalytic
cracking (FCC) in refineries,

through propane dehydrogenation
(PDH), or olefin metathesis.

-~ vito  [1] 5

Ammonia is synthesized via the
Haber-Bosch process using a
mixture of hydrogen and nitrogen.
Traditionally, natural gas serves as
the primary hydrogen source. In
many cases, urea production is
integrated on-site, allowing the
utilization of CO, process emissions
from the hydrogen generation in the
urea synthesis process.

Methanol is traditionally produced
catalytically using synthesis gas. In
Europe, synthesis gas is supplied
by two different methods: either
through steam reforming of natural
gas or by partial oxidation of oil
residues in refineries. In the latter
case, methanol production is
integrated within the refinery.
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2.1.2 Current feedstock s

The chemical industry depends on carbon-based feedstocks. Today, a large share of the chemical
production is derived from fossil feedstocks such as crude oil and natural gas. Well established supply
chains using pipeline systems ensure stable production of base chemicals and fuels in the largest plants
of chemical industry like refineries and steam crackers. A schematic example of the crude oil pipeline
network in the TCR is shown in Figure 4. The steam crackers of the TCR are connected to a cross-
border pipeline system ensuring the supply with naphtha feedstock and enabling the transport of cracker
products (mainly ethylene and propylene) to consumers. In a separate study the pipelines were further
investigated for possible future Hz transport options [20]. Waterways, railway systems and truck
transport are additional important transport vectors for the supply of chemical industry in the region [21].
Those transport vectors, however, were not investigated in the study.

Figure 4. Schematic map of the crude oil pipelines in the TCR.

The origin of carbon embedded in chemicals and derived materials is shown in Figure 5. About 60 %
of carbon in chemicals worldwide originate from crude oil, followed by natural gas with a 26 % share.
Despite increasing pressure to transition towards more climate-friendly production pathways, the
feedstock composition of the chemical industryin the TCR is expected to remain largely unchenged.
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Naphtha is a fraction of crude oil and hence a by-product of refining. It can also be obtained via other routes,
e. g. hydrocracking of pyrolysis oil (products: 40 % naphtha, 60 % diesel). Naphtha quality from crude oil
distillation varies widely on the origin of the crude. Origin here refers to the basin, as one country, like Norway,
can have very different crude compositions [17]. For steam cracking, naphtha with normal paraffins and little
iso-paraffin content is favourable since it increases the yield of ethylene while reducing the yields of fractions
like pyoil', pygas? and C42 and resulting in less coking? [22]. On the other hand, naphtha with high contents
of iso-paraffins is favourable for gasoline production since it resists engine knocking and raises the octane
number [23]. As a result, refineries select and process different crude oils for petrochemical production than
for gasoline production.

Pyrolysis oil (oailIsco okrn ofwbni oacsr ufidbei ooi | 6) is a dark brown liquid ol
plastic waste, at temperatures of around 500 °C.

2Pyrolysis gasoline or pygas is a naphtha-range product with high aromatics content.

SGroup of chemicals containing four carbon atoms, e. g. butene or butadiene.

4Coking refers to the build-up of elemental carbon on the furnace which must be burnt periodically to keep the process operational.

2%

26%

= Crude Oil
Natural Gas

= Coal

= Bio-based

= Recycling

Figure 5. Global supply for embedded carbon in chemicals and derived materials by type of feedstock, reference years: 2015-
2022. Own illustration based on data from [24].

The reasons for this are versatile: For some processes, Possible climate friendly
transitioning to renewable feedstocks requires major technical feedstock alternatives are
adjustments. In other cases, processes have been optimised Fischer-Tropsch-Naphtha from
for fossil feedstocks and the lack of experience with the syngas, upgraded pyoil using
properties of new climate friendly routes or feedstocks is biogenic or plastic waste or

renewable naphtha from e. g.

hindering investments. In the context of steam cracking, a
vegetable oil [25].

feedstock transition is technically feasible with minor
adjustments.

In existing plants, conventional feedstocks can be partially replaced by bio- or py-naphtha as well as by
pyrolysis oil, although the latter can only substitute around 10-15 % of the feedstock without additional
pretreatment. However, another issue of the renewable feedstocks is preventing operators from
investing into the transformation. While steam cracker products are upstream of the value chain, they
experience intense price pressure since they are lesser value products. On the other hand, the
capacities of these plants are huge and stopping and restarting them is extremely expensive. Hence,
security of supply is crucial for economically viable operation. While the overall (and constant)
availability of alternative feedstocks is still uncertain and expected to be limited, they are expected to
be much more expensive than the fossil-based feedstock which makes them unattractive in market
environment where price pressure is imminent and global competition is increasing. More details and
information can be found in Chapter 3.1 Novel pathways to producing key chemicals, p. 37.
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3C-VaCS'i Current status of the trilateral chemical region !:

2.1.3 Production data: 2019 -2024 trends

KEY INSIGHTS

I Since 2019, steam crackers in the TCR were operated below the aspired 95 % capacity utilisation,
resulting in declining olefin (ethylene, propylene) production in the region. This trend mirrors the
European trend, where the average steam cracker operation rates dropped from 83 % in 2019 and to
71 % in 2024.

T The sharpest decrease in the steam cracker ut i
Ukraine and has not recovered since.

1  The production of the main steam cracker products, ethylene and propylene, in Europe is demand-
driven and therefore relies on the downstream sector (e. g. packaging and the automotive industry).

Since 2019, a declining trend for the production of steam cracker products has been observed (Figure
6). For example, ethylene production in the Netherlands decreased by 25 %, from 2,012 kt in 2019 to
1,500 kt in 2024. Similarly, propylene production in the Netherlands fell by 27 %, from 1,625 kt in 2019
to 1,189 kt in 2024. A comparable 27 % decline in propylene production is also observed for Belgium,
where the production volume has decreased from 1,074 kt in 2019 to 780 kt in 2024.

A slightly smaller decline is observed in the Netherlands and NRW (see Figure 45, Annex A, p. 4) for
aromatic compounds , which are products coming both from steam cracking and other refinery
processes,. In the Netherlands, benzene production decreased by 12 % compared to 2019, while in
NRW, it declined by 17 % relative to 2020 (the data for 2019 was not available for NRW). In contrast,
benzene production in Belgium was fluctuating over the past few years, with the 2024 output even
exceeding the 2019 level by 26 %.

Ethylene LDPE HDPE
2500 2500 2500
@ © (o]
2 2000 2 2000 £ 2000
=} g =
£ 1500 £ 1500 £ 1500
o Q Q
=3 3 3
3 1000 B 1000 B 1000
o o o
£ 500 £ 500 £ 500
k k I | I K
) : P [ I [ | (1 [
2019 2020 2021 2022 2023 2024 2019 2020 2021 2022 2023 2024 2019 2020 2021 2022 2023 2024
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(=]
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Figure 6. Total production volumes of selected commaodities in the TCR from 2019 to 2024 reported in open statistical data from
Eurostat and Landesdatenbank NRW [26], [27]. Missing data for a specific region or year does not indicate an absence of
production of the commodity, but that the corresponding statistical data is not publicly available.
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3C-VaCS'i Current status of the trilateral chemical region l:

A particularly good indicator for the steam cracker utilisation . . .
rate is ethylene production: There is no other process of With chemical plants, a capacity
comparable significance to produce this commodity, and its utilisation of 100 % is usually
fraction within the product spectrum of a steam cracker is ,nOt a,Ch'evable dPe 10 necessary
. o . idle times for maintenance.
impacted only to a limited extent by process parameters like L :

i . . d K .. h Estimating two weeks of idle
cracking mtengty or ffae st.oc composition. The steam time, 95 % means that a plant
cracker capacity utilisations in the TCR and Germany are was running fdat f

compared in Figure 7. over the year.

m Belgium = The Netherlands m Germany  NRW
100%

90%

80%
70%
60%
50%
40%
30%
20%
10%

0%

2019 2020 2021 2022 2023 2024
Year

Steam Cracker Capacity Utilisation/%

Figure 7. Estimated capacity utilisation of all steam crackers located in the TCR and Germany. The analysis for the Netherlands
and Germany was based on total production data from Eurostat [26]. For Belgium and NRW, the estimation is based on
emission data [28], [29] using an emission factor of 1.73 tCO,/t ethylene [30] and information from company interviews, as the
production data for these regions was limited or identified as unreliable according to stakeholder feedback. Only years with
available data are shown.

Between 2019 and 2024, capacity utilisation for steam crackers in the TCR generally remained below

optimal levels and a clear downward trend was observed over this period. In NRW, the average capacity

utilisation of steam crackers declined from approx. 79 % in 2019 to about 66 % in 2023. The NRW

numbers were estimated using emission data and information from bilateral company interviews. This

data was not available for all years within the analysed period. Since a large share of German steam

crackers is located in the TCR, the German data can also serve as an indicator of the expected capacity

utilisation trend in NRW. The analysis of Eurostat data [26] shows that operation rates in Germany

began to fall with the onset of the energy crisis fol
from 91 % in 2021 to 75 % one year later.

For Flanders, our analysis suggests a utilisation of about 92 % in 2021. Emission data from the

UNFCCC GHG Inventory [28] was used for this region, as Eurostat production data indicated the
operation rate of about 48 % in this year, which was deemed implausible based on stakeholder
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3C-VaCS'i Current status of the trilateral chemical region !:

feedback. TotalEnergies, which operates two steam crackers in Antwerp with approx. 52 % of Flandersd

steam cracker nameplate capacity, has recently reported average steam cracker utilisation rates of

79 % for 2024-2025 [31]. Although the figure is global and TotalEnergies operates steam crackers

abroad (e. g., in France and the US), it still provides an insight on the ongoing trend. Given Europebo
lower chemical capacity utilisation since 2022 compared to the US [32], it is likely that the Flemish

crackers operated even below 79 % capacity. In 2020, the company reported a global utilisation rate of

83 %, rising to 90 % in 2021 [33] T in line with the trend observed in Flanders, reinforcing the

comparison.

In the Netherlands, capacity utilisation of steam crackers also declined, reaching only 43 % in 2024,
according to Eurostat data [26]. This correlates with the first announcement of the cracker closures in
the TCR (see 2.3.1 Evolving industrial landscape in the TCR: plant closures and new projects, p. 28)
coming from the Netherlands. The first closure in Q2 2024 (Geleen), however, did not lead to a
significant improvement of the Dutch capacity utilisation. One might assume that these closures would
lead to increased imports of cracker products from Flanders, North Rhine-Westphalia or regions outside
the TCR. However, our analyses did not reveal any such trends (see following Chapter 2.2.1 Trade
balances: current state and 2019-2024 trends, p. 15). This interpretation of the observations is subject
to a high level of uncertainty by incomplete publicly available data.

The negative trend in capacity utilisation in the TCR mirrors the decline in ethylene and propylene
production across Europe. Figure 8 and Figure 9 display the development of the European production
of ethylene, propylene and benzene in recent years in comparison to the corresponding car production
and the crude oil price. The graphs show that whereas the capacity utilisation for European steam
crackers was around 83 % in 2019, it declined to 71 % in 2024. The comparison with the car production
and oil price was done to demonstate whether the changes in production volumes of these commaodities
are supply- or demand-driven. Note that the capacity utilisation of European steam crackers is
represented by the ethylene capacity utilisation while benzene and propylene capacity utilisations not
only stand for steam cracker operation rate but also indicate to what extent refineries were operated
since both products also come from other processes.

While oil prices have shown substantial volatility over the past decades, tripling after the start of the Iraq
War in 2003 and dropping by a third in the aftermath of the 2008 financial crisis, steam cracker capacity
utilization has remained largely unaffected by these crises. This situation appears to have changed in
2022 with the onset of the Russian war against Ukraine. Since then, ethylene production in Europe has
steadily declined, and several steam crackers across the continent have announced closures (see
Chapter 2.3.1 Evolving industrial landscape in the TCR: plant closures and new projects, p. 28). This
development is particularly noteworthy considering that Figure 8 and Figure 9 show capacity utilization,
meaning that the actual decline in ethylene production is even more pronounced than the graphs
suggest, as the closure or temporary idling of steam crackers in the region has reduced overall capacity.
Propylene capacity utilization largely mirrors that of ethylene, as most propylene in Europe still
originates from steam cracking (approx. 69 % in 2024 [18]). However, this situation may change as
more ethane crackers, such as | NEOS6s Proj ased ONE, e
crackers. If propylene demand remains stable, additional production capacity from alternative routes
such as propylene dehydrogenation units (PDHSs) or fluid catalytic crackers (FCCs) would be required.

Benzene production, by contrast, appears to be more directly influenced by oil price fluctuations. This
is likely because a substantial share of benzene on the market does not originate from steam cracking
but from refinery processes (approx. 40 % in 2024 [18]), making its pricing more closely linked to crude
oil and less correlated with that of ethylene.
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European Production of Petrochemicals and The Global Crude Oil Price
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Figure 8. European production of ethylene, propylene and benzene from 1999 to 2024 and average annual crude oil prices
over the time period. Source of crude oil prices [34]. Production numbers from [18].

When comparing the annual number of cars produced in Europe with olefin (ethylene and propylene)
capacity utilization, similar trends can be observed. This is unsurprising, as the automotive sector is
one of the key downstream consumers of polymers and other chemicals derived from olefins. Figure 8
and Figure 9 highlight, that production of the steam cracker products is mostly demand and not supply
driven.
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Figure 9. Car production and ethylene and propylene production from 1999 to 2024 in Europe. Source of car production [35],
ethylene/propylene production numbers from [18].
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3C-VaCS'i Current status of the trilateral chemical region !:

In comparison to olefins, the production of polymers demonstrates a more heterogeneous dynamic,
varying by both commodity and region (Figure 6). In Belgium, production volumes of the analysed
polymers (LDPE, HDPE, and PP) remained relatively stable. Although they fluctuated throughout the
years, by 2024, they had recovered to early-2020s levels. In contrast, production in NRW declined
substantially: HDPE output fell by 19 % (from 1,126 kt to 915 kt) and polypropylene production by 23 %
(from 1,072 kt to 869 kt) in 2024 compared to 2019. In the Netherlands, LDPE production decreased
by 28 %, while PP output dropped by 26 %. Conversely, HDPE production remained relatively stable,
and production of Linear Low-Density Polyethylene (LLDPE) increased (see Figure 45, Annex A, p. 3).
Overall, although olefin production in the TCR is declining, the available data is insufficient to establish
a robust correlation with shifts in the production of specific polymers.

Ammonia is produced at four sites in the TCR (Antwerp, Dormagen, Geleen and Sluiskil) with a total
nameplate capacity of approx. 3.9 Mt/a. The Netherlands accounts for the largest share (around 74 %)

wi th OCI Nitrogends plant in Gel een .9Mtal] Methanola 6 s maj
production in the TCR is more limited. In 2019, three sites produced methanol with a total nameplate
capacity of about 1.7 Mt / a : BP&6s refinery in Gelsenk,irarmenQClShs |

larger plant (1 Mt/a) in Delfzijl (acquired by Methanex in June 2025) [36]. However, production at Delfzijl
is not in operation since 2021 due to unfavourable natural gas prices, and the Wesseling site was
permanently closed in 2024 [37], leaving around 280 kt/a of methanol production in NRW. Although
recent production data for methanol and ammonia is not publicly available, capacity utilisation here is
likely to have been below optimal levels in recent years, similar to the trend observed for steam crackers.

2.2 Trade flows between regions

2.2.1 Trade balances: current state and 2019 -2024 trends

KEY INSIGHTS

1 Depending on the commodity group, the TCR had different trade balances in 2024:

1 Net importer of olefins, with country-specific variations: Belgium i heavy importer of ethylene
and propylene, the Netherlands i significant net exporter of olefins.

Overall, the TCR is a net exporter of polymers.

The region was a net importer of ammonia and methanol: while ammonia is imported primarily

for domestic consumption, over 60 % of methanol is re-exported in Belgium and the

Netherlands, positioning the major ports in the TCR as a transit hub.

9 Since 2019, an overall decrese of trade flows, both imports and exports, is observed. A general decline
in polymer net exports, particularly in NRW, is seen, which can be attributed to lower local demand, as
well as weaker demand in the rest of Germany.

1  While there are no significant net imports of polymers in primary form from China to the TCR, large
volumes of finished consumer goods are entering the European market. This can result in a decrease in
local polymer demand and impact upstream and downstream industries negatively.

1
1

The trade flows of the analysed commodity groups for BE-NL-NRW are shown in Figure 10. Since no
detailed statistical data for Flanders was available, data for Belgium was used instead. This data can
still serve for derivation of reasonable conclusions for the TCR, given that all Belgian steam crackers
are located in Flanders and that the region accounts for approximately two-thirds of the total turnover
of Bel g imicahls) @asticshand life sciences sector [38].
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3C-VaCS'i Current status of the trilateral chemical region !:

In 2024, the BE-NL-NRW region was a net importer of olefines (ethylene and propylene) with a net
import balance of approximately 340 kt. The trade in these products is characterised by substantial
export and import flows between the three regions (see Chapter 2.2.3 Main trade partners, p. 21 for
more details). At the same time, the BE-NL-NRW cluster had a significant trade surplus of around
3,556 kt for polymers (polyethylene, polypropylene, and PVC) which are mostly exported to other EU
countries. For other analysed bulk chemicals (ammonia and methanol), the region was a net importer,
with a trade deficit of 383 kt for ammonia and 2,348 kt for methanol.

Methanol, BE-NL-NRW trade
Methanol, Imports

Methanol, Exports

Ammonia, BE-NL-NRW trade
Ammonia, Imports

Ammonia, Exports

PE + PP + PVC, Imports
PE + PP + PVC, Exports

.
-

PE + PP + PVC, BE-NL-NRW trade | I
I

Ethylene + Propylene, BE-NL-NRW internal trade flows
Ethylene + Propylene, Imports
Ethylene + Propylene, Exports

0 1000 2000 3000 4000 5000 6000 7000
Trade volume, kt

rest of Germany other EU non-EU m BE-NL-NRW internal trade flows

Figure 10. Exports, imports and regional trade volumes for olefins, polymers and other bulk chemicals (methanol and ammonia)
for the BE-NL-NRW region in 2024, based on data from [27] and [39]. The BE-NL-NRW trade was estimated as the a sum of
the volumes traded between Belgium, the Netherlands, and North Rhine-Westphalia. Does not include the trade flows between
North Rhine-Westphalia and Germany, as the data is not available in the statistics.

The trade data for individual regions highlights several country-specific variations (Figure 11). In the
case of olefins , Belgium was overall a net importer of both ethylene and propylene in 2024. For
instance, the net import of ethylene in 2024 was 1,055 kt, in contrast to the Netherlands (net export of
712 kt) and NRW (net export of 67 k t ) . Bel gi umds net eiempchsmaler (0D kt)
but still notable, whereas both the Netherlands and NRW were net exporters of this product, with 457 kt
and 21 kt, respectively. The generally lower amounts of propylene compared to those of ethylene in the
trade balances and production data are in agreement with the average steam cracker output. A
comparison between the exported volumes of the analysed commodities and domestic consumption of
olefins (Annex A, Table 7, p. 3) shows that in the Netherlands, the volumes of ethylene and propylene
for exports and domestic consumption are of similar magnitude. In contrast, in Belgium, the domestic
market is crucial for the local steam cracker operations, since exports of these commodities from
Belgium are negligible. Our analysis of trade data did not indicate any statistically significant impact of
the plant closures that occurred before 2024 on the imports or exports of the commodities under
investigation. One might assume that the European overcapacities would fill these gaps [40]; however,
there is insufficient data to verify this assumption.
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3C-VaCS'i Current status of the trilateral chemical region !:

m Ethylene
Propylene

HC4

W Pygas, C5+

B Fuel gas (CH4, H2)

H Fueloil

M Losses

Product distribution of a generic European steam cracker. The majority (>80 %)
of the feedstock in Europe is usually naphtha with some LPG or gasoil.

While being a net importer of olefins as feedstocks, Belgium appears to have a viable polymerisation
hub, converting imported and locally produced olefins and acting as a net exporter of polymers : PE
(net export of 562 kt LDPE and 297 kt of HDPE), PVC (net export of 264 kt) and PP (net export of
160 kt) in 2024. The comparison between the trade and production data demonstrates that HDPE
production is more export-oriented (Table 7, Annex A, p. 3) than PP production in Belgium. The same
is observed for the Netherlands. For PP, the volumes consumed at the domestic markets are higher
than exports for all three regions.

For HDPE and PP produced in NRW, the domestic consumption (within NRW and the rest of Germany)
is approximately twice as high as the exports to other countries that demonstrate a crucial role of the
German polymer market for the region.

In comparison to other parts of the TCR, the Netherlands exhibited higher net exports of aromatics in
2024. Specifically, net benzene exports amounted to 699 kt, and p-xylene exports reached 222 kt, while
toluene showed net imports of 83 kt.
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3C-vVaCS'i
Trade balances in 2024
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Figure 11. Comparison of the trade (export and import) and production data in Belgium, the Netherlands and NRW in 2024.
Based on [26], [27], [39]. Does not include the trade flows between North Rhine-Westphalia and Germany, as the data is not

available in the statistics.
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3C-VaCS'i Current status of the trilateral chemical region !:

On the regional level, only the Netherlands are a net exporter of ammonia . In case of methanol , both
high import and export flows can be observed in Belgium and the Netherlands. Given that methanol
production within the TCR accounted for only about 280 kt/a nameplate capacity by the end of 2024,
and was located in NRW (see Chapter 2.1.3 Production data: 2019-2024 trends, p. 11), this highlights
the role of the Belgian and Dutch ports as major transit hubs for this commodity.

An analysis of UN Comtrade6 slata demonstrates that in 2024, Belgium, the Netherlands and North
Rhine-Westphalia imported approximately 4,200 kt of methanol from non-EU countries. At the same
time, Eurostat data indicate that the total EU27 methanol imports accounted for approximately 6,300 kt
during the same period. This suggests that roughly 67 % of the total EU27 import entered the continent
via the TCR.

In contrast, imported ammonia largely remains within the region, as exemplified by the case of Belgium.
This high level of domestic ammonia consumption in Belgium can be attributed to its substantial fertiliser
production [41]. In 2019, almost one-third of Belgian fertiliser exports were destined to France (2,200 kt)
[42].

2.2.2 Influence of recent political developments

The last five crisis years have not passed without affecting trade flows in the region. Our analysis of net
trade flows shows that, when comparing 2019 data to recent numbers from 2024, both exports and
imports have decreased in size. This trend is clearly visible when comparing the net trade flow diagrams
(Figure 46, Annex A, p. 4).

The developments for individual product groups observed in the last years differ across the three
regions (Figure 12). Positive values indicate net exports of a commodity while negative values indicate
an import surplus. NRW faced dropping net export quantities across all analysed commodity groups. In
particular, net polymer exports from NRW to the markets outside the TCR have seen a drastic decrease
over the past five years:

1 PE:-92 kt or -20 % to other EU countries, -96 kt or -36 % to non-EU countries;
M1 PP: -85kt or -34 % to other EU countries, -82 kt or -92 % to non-EU countries.

At the same time, the total export of olefins, as well as polymers from the Netherlands increased from

2019 to 2024. An interesting observationis t hat , whil e the Netherlandbs 202
NRW were below the amount of 2019 (-70 kt), this was over-compensated by increased exports to

Belgium, the rest of Germany and other EU countries (+235 kt) (Figure 46, Annex A, p. 4). Furthermore,

net trade surpluses for aromatics reported by the Netherlands have been increasing since 2022, driven

by rising export volumes, while import levels have remained relatively stable. The trend may be

explained by a decline in local demand, following the closure of styrene and cumene plants in the

Netherlands in 2023 and another cessation of propylene oxide styrene production announced in 2026

(see Chapter 2.3.1 Evolving industrial landscape in the TCR: plant closures and new projects, p. 28).

The cumene plant alone had a nameplate capacity of 735 kt/a [43] and thus required up to 480 kt/a of

benzene feedstock. Another factor may be the shift in crude oil origin processed in the EU: in 2023,

imports from Russia declined by 84 % compared to 2020, compensated by imports from other regions,

for instance, from Norway [44]. The naphtha fractions of the crude oil from some of Nor way 6 s r eser vo
are rich in aromatics [22], potentially affecting benzene yields in refineries and steam crackers.
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Figure 12. Trends in trade balances for analysed commodities in 2019-2024. Positive values indicate net-exports of a
commodity while negative values indicate an import surplus. Based on the data from [45]. Does not include the flows between
North Rhine-Westphalia and Germany, as the data is not available in the statistics.

The changes in trade flows observed in recent years were not limited to the TCR. Since the three
countries within the TCR display distinct trade dynamics, their flows were also assessed separately.
Germany, as a major trading partner of the region, has been affected as well. In 2019, Germany was a
net importer of propylene from other EU member states (115 kt) (Figure 46, Annex A, p. 4) with the
largest net imports originating from Portugal and Spain. The highest single net import volume of
propylene to Germany, however, came from the Netherlands (184 kt). By 2024, Germany had become
a net exporter of this commodity to the rest of the EU, a shift driven by both increasing export volumes
and declining imports. Imports of ethylene to Germany also decreased over this period. Imports of
olefins from non-EU countries (United Kingdom, Norway, and the US) to Germany (excluding NRW)
also declined sharply by 2024. Net ethylene imports fell from 161 kt to 42 kt (-74 %), while net propylene
imports decreased from 204 kt to 24 kt (-88 %). Another indication of weakening demand in Germany
was the reduction in net exports of PE and PP from Belgium and the Netherlands. These trends can
likely be attributed to the ongoing crises of the German automotive and building sectors, which
represent major downstream consumers of these polymers. In 2019, Germany (excluding NRW)
recorded net PE imports of 816 kt; by 2024, this figure had dropped to 652 kt (-20 %). However, for
Belgium and the Netherlands, these reduced exports to Germany were largely offset by increased
shipments to other regions.

In general, the trade data analysis demonstrates that the decline in polymer production observed in the
TCR, for instance, in the Netherlands or North Rhine-Westphalia, appears to be primarily driven by
weakening local demand. Neither our data nor that of other sources, such as Plastics Europe, show
high import flows of olefins or polymers in primary form from China to Europe. However, as established
earlier (see Figure 9), olefin production is fundamentally consumer-driven. Although not analysed in
detail, as it is beyond the scope of this study, it is evident that China exports large volumes of plastic-
based consumer goods to Europe [16]. The entire value chain of these products typically lies outside
the EU. Nevertheless, it remains uncertain, wether European consumers would puchase similar
guantities of such products, e. g. plastic table ware, if they were sold at prices reflecting European
production costs. However, these imports are expected to exert at least some influence on the
European market. The example of China illustrates that it is not only individual segments of the value
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3C-VaCS'i Current status of the trilateral chemical region !:

chain that are at risk of relocation, but in some cases whole production lines from olefin to polymer to

finished plastic products such as plastic toys are gradually shifting outside of Europe.

For the other analysed commodities, a spike in net trade balances for methanol was observed in 2020.

This development resulted from reduced imports, while exports remained relatively stable. It may be

associated with weaker demand for downstream methanol derivatives such as formaldehyde or MTBE

during the pandemic. The net trade balance turned negative again in 2021 and declined further in 2022,
consistent with the closure of OCI 6s[46] @ahisgwntlkey han ol [
contributed to the subsequent increase in net imports.

2.2.3 Main trade partners

KEY INSIGHTS

1 For the analysed commaodities, the intensity of two-way trade is particularly strong at the TCR level. This
highlights the vital role of a highly integrated infrastructure network within the region to enable this trade.

i  Steam cracker products are commonly traded on regional markets.

I Some products, such as benzene and C4, are also attractive for non-European countries.
1 Reduction of the steam cracker capacities would probably not lead to higher imports of
ethylene/propylene but lead to increased imports of the downstream products.

1 Over 70 % of exports of analysed polymers were for the European market. This underscores both the
significance of the domestic European market for the TCR, as well as the importance of the TCR-based
polymer producers for the customers across Europe.

1 Ammonia and methanol, the other key bulk chemicals, are currently largely imported into the TCR from
non-European suppliers. The reliance on only few critical trade partners combined with an unstable
geopolitical environment, highlights the need to maintain strategic production capacities, develop
diversification strategies, and ensure infrastructure that enables a rapid shift to alternative suppliers
within the TCR.

1 In 2024, just two countries accounted for about 71 % of total imports of methanol into the BE-
NL-NRW region: the USA (37 %) and Trinidad and Tobago (34 %). For ammonia, three
countries supplied 78% of t%),drinidee gnd dabags (23 %Np ¢
and the USA (13 %).

The products of the chemical industry in the TCR are traded with various partners: local companies,
companies in neighbouring countries, situated in other European countries or across the world.

The regional distribution of trade flows for analysed commaodities in the Netherlands, Belgium and NRW
is presented in Figure 10, p. 16. In 2024, The local trade within the BE-NL-NRW region accounted for
the following shares:

9 Olefins (ethylene and propylene): 67 % of exports and 58 % of imports,
1 Polymers (PE, PP, PVC): 19 % of exports and 41 % of imports,

1 Other bulk chemicals: 50 % of exports and 34 % of imports for ammonia, and 35 % of exports and
19 % of imports of methanol.

This underscores the intense trade interconnections between Belgium, the Netherlands, and NRW. For
exports, both the EU and Germany (excluding NRW) served as key trading partners, together
representing 52 % of total exports for the analysed commaodities. In contrast, non-EU countries played
a more significant role on the import side, particularly due to ammonia and methanol, which were
imported in large volumes.

>~vito [ 5e < DECHEMA

21



3C-VaCS'i Current status of the trilateral chemical region !:

Based on the available trade data statistics [45], we identified ten main partners for the analysed
commodities traded with the Netherlands (Figure 13), Belgium (Figure 47, Annex A, p. 5) and North
Rhine-Westphalia (Figure 48, Annex A, p. 6), summarised on the corresponding maps. All maps, both
for export and import flows, reveal a common feature: a bright spot in Northwest Europe, indicating the
high intensity of trade flows (in value terms) among the three countries. Across all three regions, and
for nearly all analysed commodity groups, each TCR country counts the other two among its top three
trading partners. This highlights the critical role of intra-regional linkages for companies across the
steam cracker value chain.

More specifically, trade data shows that olefins are predominantly traded at the regional (TCR) level.
The active two-way trade between Belgium, Germany, and the Netherlands is remarkable, with the
shares of the TCR in absolute exports and imports commonly being close or even above 50 %. Such
strong trade flows are only possible due to the well-developed infrastructure (particularly pipeline
networks for olefins, see Figure in the infobox below) and the logistics routes established over decades.
It is important to note that steam cracker products are, in general, mostly traded on regional markets
due to the transport and logistics limitations.

Besides the trade flows between the TCR countries for these commodities, also the United Kingdom
used to play an important role as a supplier of olefins for the TCR. For instance, the Netherlands have
sourced approximately 20 % of analysed olefins from the United Kingdom, for Belgium this was
approximately 18 %. This, however, may change in the future: in the beginning of 2026, one of the two
remaining steam crackers in the United Kingdom is scheduled to be shut down, removing more than
hal f of tsétleylene pradoction gapacity [47].
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The |ifeline of the regi «ivaere ARG pipeline, an ethylenedpipaitewlyichi s
links the ports of Rotterdam and Antwerp with cracker operators and chemical production sites across the
Netherlands, Flanders, and North Rhine-Westphalia. Propylene pipeline networks are also in place in the
three considered countries. However, there is currently no cross-border propylene pipeline. Further
information about the fossil-based pipeline system and its potential repurposing in the context of the energy
transition can be found in [20].
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Exports from
the Netherlands

Total export value, Mio. USD

117,3
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© Australian Bureau of Statistics,

ial Data Edi(,'l\rllfcrﬁs’oft, Navinfo, Open Places, Op:

Olefins (ethylene, propylene, Polymers (PE, PP, PVC):
butadiene) and isoprene: (rest of) Germany (21 %), Belgium
TOP 3 partners by Belgium (51 %), (rest of) Germany (12 %), NRW (10 %)
value (% of the totat | (27 %): Spain (5 %)
EHORVEG Aromatics (benzene, toluene, Ammonia and methanol:
commodity group) . .
p-xylene): (rest of) Germany (23 %),
Belgium (50 %), USA (21 %), NRW (18 %), Belgium (15 %),
NRW (9 %)
Imports to Total import value, Mio. USD [
the Netherlands 68,1 897,7

B Unterstiitzt von Bing

, Overture Maps Fufidation, TomTom, Wikipedia, Zenrin

TOP 3 partners by
value (% of the total
import value for the
commodity group)

Olefins (ethylene, propylene,
butadiene) and isoprene:

Belgium (26 %), NRW (21 %), United

Kingdom (20 %)

Aromatics (benzene, toluene,
p-xylene):

Belgium (30 %), NRW (18 %),
(rest of) Germany (15 %)

Polymers (PE, PP, PVC):
Belgium (37 %), (rest of) Germany
(11 %), United Kingdom (11 %)

Ammonia and methanol:
USA (31 %), Trinidad and Tobago
(25 %), Venezuela (9 %)

Figure 13. Ten main import and export partners of the Netherlands in 2024 for the analysed commodities. Based on the data
from [45]. See Annex A for Belgium (Figure 47, Annex A, p. 5), North Rhine-Westphalia (Figure 48, Annex A, p. 6) and
methodology. Does not include the flows between North Rhine-Westphalia and Germany, as the data is not available in the

statistics.
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On the export side, an interesting product group in terms of trade partner engagement are C4 products

(butadiene, butene) and isoprene. In 2024, each of the TCR regions focused on different key export

markets (Figure 14). In the case of NRW, the EU market i particularly France, which accounted for
approximatelyhal f of NRWO&s net i1 G4fcriticapiroportasce. inmconttadt, B4lgium

exported significant volumes of C4 products to non-EU destinations, with Saudi Arabia alone receiving

aroundone-t hi rd of Bel giumdés tot al net amajoppan df theirneT®e Net he
exports across the following countries: China, Spain, France, and the rest of Germany.

Aromatics are also traded largely within the TCR but are additionally exported overseas, for example

to the US, which accountedfor21% of t he Netherl andsd t 6t af Bedgauimds
exports in 2024. The analysis of the net trade balances shows that in 2024, over half of the Netherlands'

net exports of p-xylene and approximately one-fifth of its benzene exports were destined for the US.

This, as well as the exports of C4 products, can be explained by the differences in cracker feedstocks

typically used in various regions around the world. Lighter feedstocks are more cost competitive in terms

of ethylene but do not yield heavier products like butadiene or aromatics.

While European steam crackers are mostly designed to crack naphtha, a heavy crude oil fraction, it is not
like this in all countries around the world. Worldwide, half of ethylene is produced by naphtha steam

crackers while the other half originates from ethane cracking [20]. Currently, the crackers in Middle East

and the USA are mostly run on lighter feedstock (ethane, LPG), while in the Asia-Pacific region naphtha is
the most common feedstock. Currently, there is a global trend on applying lighter feedstocks like ethane,
which yields cheaper ethylene (price difference to naphtha-based ethylene: 200 USD/t-400 USD/t [17]) but

is lacking other products like propylene, C4 and aromatics. This trend towards lighter feedstocks for olefin
production can be observed on the example of Chinese capacity expansion[48] as wel | as |
steam cracker in Antwerp (Project One by INEOS [49]). The old European steam crackers are designed for
a specific density of feedstock, which makes switching to lighter feedstocks possible only after

refurbishments.
C4 (Butene + Butadiene) p-Xylene —
2024 2024 I

|
— France DE SP

Benzene ]
I I Saudi Arabia
2024 I
- EU
France - TCR USA
[ INon-EU
v r T T T T T 1 in kt/a r t T T T T inkta
S0 0 50 100 150 200 250 300 -200 0 200 400 800 800
Net impo_rts Net exports from the region Netimports  Net exports from the region
to the region to the region

Figure 14. Net trade balances for C4 products in BE-NL-NRW in 2024, and for benzene and p-xylene in the Netherlands in
2024. The analysis does not include the flows between North Rhine-Westphalia and Germany, as the data is not available in
the statistics.

For polymers , the market is more diversified. However, most products from the TCR are sold within
the European market, pointing out the importance of the domestic European demand for the chemical
industry in the TCR. On the other hand, the TCR is an important supplier of polymers to other European
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countries. PVC stands out for being significantly traded with non-EU partners. For instance, the United
Kingdom accountsfor19% of t he Net herl andsd PVC exportsnglewhil e T
destinati on PY®exporBflew vgth 22 06 s

It is worth noting that NRW exports much bigger volumes of the analysed products than it imports while

the opposite can be said about Germany. In 2024, NRW exported almost as much PE and PP to other

European countries (approx. 1,300 kt) as the combined imports of these products to Germany
accounted for (approx. 1,800kt ) . Consi dering the size of NRW and it
chemical hubs, this is remarkable.

Other bulk chemicals such as ammonia and methanol largely explain the presence of non-European
countries on the maps of the main trade partners. In 2024, the Netherlands were the only net ammonia
exporter within the TCR, supplying both the EU and the TCR markets, while all three regions were net
importers of methanol. Methanol adds South American countries such as Trinidad and Tobago and
Venezuela, as well as the US, or Middle Eastern partners (e. g. Oman), to the list of the main trade
partners. For ammonia, also Russia can be added. The net trade flows of ammonia from non-EU
countries to Belgium were the largest net trade flows in terms of volume in 2019 (Figure 46, Annex A,

p. 4).
Methanol
2019 2024 4. .
U?A Trinidad and Tobago (TT) Trinidad and Tobago (TT)
P N
‘ USA
]
11 e
r T T T T ™ in kt/a T T T T T ™ inkt/a
-3000 -2000 -1000 0 1000 2000 -3000 -2000 -1000 0 1000 2000
Netimports to the region  Net exports from the region Net imports to the region  Net exports from the region
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|
|
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| |2Y
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Figure 15. Net trade data analysis: distribution of the net exports and imports over different trade partner groups for methanol
(above) and ammonia (below). Based on the data from [45]. The analysis does not include the flows between North Rhine-
Westphalia and Germany, as the data is not available in the statistics.
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Our analysis of net trade flows demonstrates that the share of the US in methanol imports has increased
significantly over recent years (Figure 15). Trade data also indicates that large volumes of methanol
enter Europe through Dutch ports, as the Netherlands re-export significant quantities. On the one hand,
the good infrastructure and high level of integration allow for efficient transport and re-distribution, but
the dependencies on non-EU suppliers remain.

Another observation from the net trade data analysis presented in Figure 15 is that, in some cases, only
a few non-EU partners account for a large share of total net imports. In 2024, just two countries
accounted for about 71 % of total imports of methanol into Belgium, the Netherlands, and NRW: the US
(37 %) and Trinidad and Tobago (34 %).

For ammonia, three countries supplied 78 % ofther e g i o0 n & sRussia(@2%4), Trmidad and Tobago
(23 %), and the US (13 %). Belgiumdé s | ar ge v ol u nimpsrts aré dua to isosigmifigant
fertiliser production that is an important supply source for Europe [41], [42]. The strong reliance on only
few partners makes the supply of these key bulk chemicals vulnerable to an unstable geopolitical
environment. At the same time, it highlights the importance of maintaining strategic production
capacities within the TCR and in Europe in general, to ensure resilience against potential market
disruptions or political shifts in major supplier countries.

2.3 Competitiveness of current value chain s

KEY INSIGHTS

1  Announced plant closures, resulting from the ongoing industry crisis and strategic portfolio reviews, have
affected companies across multiple segments of the chemical value chain in the TCR, including
upstream operations (refineries and steam crackers), intermediates production, polymers and specialty
chemicals, as well as mechanical polymer recycling.

i1 For steam crackers, announced closures amount f
global overcapacity and the commissioning of new plants operating with lighter feedstocks will put
addi tional pressure on theerb@Rtrs. conventional s

9 The current production costs of European ethylene depend largely on the price of feedstock and
are higher than in other parts of the world. This is one of the factors that negatively impacts the
cost competitiveness of steam crackers in Europe.

1 The closure of individual plants at integrated industrial sites cannot be viewed in isolation, as it
increases risks for both downstream and upstream partners, as shown by recent examples in the TCR.
However, it is hard to predict if a specific closure will result in a Adomino ef
value chain or if the impact is a change of supplier.

1 Most large projects in the TCR that recently began operations or are nearing completion were decided
before the current crisis. New, large-scale investments today appear more challenging. Some
companies which are also located in the TCR invest abroad, driven by factors such as lower energy
and feedstock prices or higher expected market demand.

1 The example of chemical recycling projects show that companies often begin with smaller-scale
plants to test commercial viability before commiting to a large-scale alternative production route.

The upstream sector with a high energy demand and high volumes of processed feedstocks which
includes steam cracker production, has been particularly affected by the rising production costs.
According to data from Cefic and ICIS [50], the ethylene cash costs for European steam crackers
reached 885 USD/t in 2023, or approximately 850 EUR/t in 20252. This cost is more than three times
higher than in North America (281 USD/t in 2023) and about 2.5 times higher than in the Middle East

31 EUR =0,924 USD in 2023. EUR 2023 to EUR 2025 = x1,04
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(348 USD/t). The feedstock price is the primary cost driver for conventional steam cracking and is,
therefore, the main reason for the regional differences. The use of lighter and cheaper feedstocks, such
as ethane, leads to lower ethylene costs. The European producers however largely rely on naphtha as
described in Chapter 2.2.3 Main trade partners, p. 21.

For the facilities that are using naphtha as their main feedstock, the production cost gap is relatively low
as shown by the analysis in Chapter 3.5.2 Competitivity comparison in a global policy context, p. 70 for
Europe and China. However, CO2 costs for Europe differ compared to other regions and add a
substantial extra share to the production costs.

The deterioration of cost competitiveness, together with global overcapacities, weak local demand, and
stringent regulatory frameworks, has already triggered an alarming wave of capacity reduction in the
European chemical sector. This trend poses a threat to jobs, wellfare creation, know-how and impacts
other actors across the value chain.

Figure 16 below shows the distribution of steam cracker products. The lighter inner circle represents the
weight distribution of products (in t) coming, on average, from a European steam cracker, whereas the outer
circle represents the distribution in terms of their value (in USD/t). The production cost allocated to each
fraction are close to its weight share in the product mix.

HVCs
mm Ethylene
mmm Propylene
2024 BE 4
Benzene

. = TDluene

mm Xylenes

Figure 16: Value distribution of steam cracking products, based on average export prices from Belgium in 2024. Inner
circle represents the weight distribution of the products while the outer circle depicts the corrosponding value in USD/t.

The value distribution is shown for Belgian exports in 2024 and was evaluated based on the trade volumes
(in USD and t) from UN Comtrade. The value distributions for the other regions were in line with this example.
Figure depicts an annual average; actual temporary prices might vary.
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2.3.1 Evolving industrial landscape in the TCR: plant closures and new
projects

During the past five crisis years, the chemical industry was under significant pressure. In 2022-2025, a
lot of companies in the TCR have announced strategic reviews of their business . This has already
led, for example, to restructuring and the divestment of business units. In the TCR, there have been
several announcements illustrating this trend, among them:

1 Evonik has finished several restructuring measures selling their polyester business (Witten, NRW)
and allocating polyolefins production to its C4 business (Marl, NRW) [51];

1 BP is monitoring opportunities to sell the Ruhr Ol refinery site in Gelsenkirchen [52] and Shell is
considering selling chemical assets in Europe [53] which may affect the TCR sites in Rotterdam-
Moerdijk and Shell Energy and Chemichals Park Rheinland near Cologne;

1 SABIC has announced its withdrawal from the European market, affecting polymer production
facilities and steam crackers across the TCR: in Geleen (the Netherlands), Genk (Belgium) and
Gelsenkirchen (NRW) [54].

Additional measures of this kind can be also expected in the near future, as some companies are still
reviewing their strategic direction. An even more alarming trend, however, is the continuing series of
plant closure announcement s across the chemical sector since 2022. As shown in the map of
announced plant closures in the TCR (Figure 17), the entire chemical value chain is affected, including,
for example*:

1 Refineries : cessation of crude oil distillation and fuel production at the Rheinland refinery (Shell)
near Cologne in 2025. The refinery will be restructured for other products [55];

1 Steam crackers : in total, three steam crackers will be closed until 2027 (see discussion below);

1 Other bulk chemicals : stop of cumene production by Olin in Terneuzen announced in 2023 [56],
production of titanium dioxide (TiO2) Venator in Duisburg [57] in 2024 and by Tronox in Rotterdam-
Botlek in 2025 [58]; cessation of chlorine and sodium hydroxide production by INEOS in Rheinberg
[59], as well as phenol and acetone production by INEOS in Gladbeck [60] both announced in 2025;

I Feedstocks for polymers and resins : cessation of terephthalic acid production by INEOS in Geel
in 2023 [61]; stop of styrene monomer production by Trinseo in Terneuzen in 2023 [62] and by
LyondellBasell/Covestro in Rotterdam announced in 2025 [63]; cessation of caprolactam
production by Fibrant in Geleen [64] as well as epichlorhydrin production by INEOS in Rheinberg
[59] announced in 2025;

1 Polymers and resins : stop of PET production by Indorama in Rotterdam in 2024 [65], cessation
of PVC production by Vynova in Beek [66], and epoxy resin production by Westlake in Pernis [67];

1 Multiple facilities for mechanical recycling of polymers: the closures are related to the overall crisis
in the European plastic recycling industry, which experienced the largest ever capacity reduction
(300 kt) in 2024. Half of this reduction originated from the Netherlands and the United Kingdom
[68].

4 In view of the continuously changing situation of plant closures resulting from current dynamics, this list may not fully reflect the most
up-to-date status. It provides examples of the changes occuring in the chemical sector. It is recommended that readers independently

verify the latest developments.
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Considering the total nameplate ethylene capacity of steam crackers in the EU in the end of 2024 (20.3 Mt)
and the actual ethylene production of 11.6 Mt [26], the average European capacity utilization rate amounted
to approximately 57 %.Taking into account the announced closures in 2025 (Italy: -970 kt; the Netherlands:
-565 kt) and 2027 (Germany: -565 kt; Belgium: -550 kt), along with the commissioning of a new ethane
cracker in Antwerp (+1,450 kt), the resulting capacity utilization, assuming unchanged production volumes,
would rise to approximately 60 %, which remains well below optimal levels.

Base (bulk) chemicals m Other specialty and consumer chemicals ~ ® Polymers, resins and fibers Steam cracker
= Intermediates u Polymer recycling = Refinery processes

Titanium dioxide
u Propylene oxide, styrene, TPA
W PET, epoxy resins ®

Phenol, acetone, chlorine, titanium dioxide
® Cyclohexanone/cyclohexanol, ECH

/ = Polyamide 6,6
| i“ : :

u Herbicides
® Crude oil destillation

o L=

u Styrene m Caprolactam
Cumene u PVC, Cellulose acetate
m Glass fibers, butyl rubber ~7

TPA: Terephthalic acid; ECH: Epichlomydrih.

Figure 17. Plant closures in the TCR: ceased production in 2022-2025 and announced closures for 2026-2027. The size of the
circles does not correlate with the nameplate capacity. State: January 2026, non-exhaustive list.

Within the steam cracker value chain, the closure of three steam crackers with a combined ethylene

capacity of 1,665 kt per year has been announced in recent years i about 17% of the TCRO&s t
ethylene steam cracker capacity in 2021. The crackers in Terneuzen (Dow) [69] and Geleen (Sabic)

[70], [71] (1,115 kt/a in total) have already been shut down, while the closure of the Antwerp cracker of
TotalEnergies (550 kt/a) has been announced for 2027 [69].

Europe, like the rest of the world, has large overcapacities in terms of steam crackers, which leads to
uneconomic capacity utilisation [40]. In light of the continuing energy crisis with increased feedstock
costs, decreasing downstream production and growing competition with producers in lower-cost
regions, the announced closures of steam crackers in the TCR hint at a market driven rationalisation
[72].

The announced closures must be viewed in a broader, interconnected context rather than in isolation.
The closure of a single company within a chemical cluster often affects both upstream and downstream
partners. Especially existing and planned feedstock and energy supply systems may be affected. One
example of the impact weakening downstream demand can have is the Terneuzen site, where the
closure of the steam cracker was announced following the shutdown of cumene and styrene plants [73].
Both cumene and styrene production units used cracker products (ethylene, propylene and benzene)
as feedstocks. Another example is the closure of the TiO2 (pigment) production in the Port of Rotterdam
that has directly affected [rd]hSmilarly thedosuse fscapmladtamr i ne s u
production at the Chemelot site (Geleen, the Netherlands) is reducing the H: offdake from other
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companies at the site thus affecting their businesses [64]. While these examples illustrate how plant
closures can negatively affect both the upstream and downstream parts of the value chain, the extent
of these impacts and the available mitigation options vary substantially depending on the specific
process and site location. In this context, the transportability and economic feasibility of sourcing a
commodity that is no longer produced within the chemical park play a particularly crucial role.

Other factors impacting the future of the steam cracker value chain in the region are cancellations and
the lack of new investment decisions for ~ projects aiming to reduce emissions and support utilisation
of alternative feedstocks for polymer production. Vioneo for example has recently cancelled its planned
methanolZoslefins (MTO) plant in the Port of Antwerp-Bruges (300 kt polymers per year) and relocated
the investment to China [75]. Several chemical recycling projects have also been abandoned, including
Neste® planned pyrolysis facility in Vlissingen [76] and the Blue Cycle recycler in Heerenveen [77].
These cases illustrate the difficulty of retaining investments in more sustainable technologies in Europe
in general. As the Vioneo case illustrates, globally active companies can shift investments to regions
offering low-cost feedstocks, such as bio-methanol in this example. In addition, lowZriced virgin plastics
and limited market demand for sustainable products further undermine investments in new facilities in
Europe [76].

At the same time, the investment decisions for several new commercial -scale chemical plants have
been taken in 2018 and 2019, before the ongoing crisis. They have either begun operation in recent
years (Figure 18) or are currently under construction, with commissioning announced for the upcoming
period. Among these are two olefin production facilities, both of which are not the conventional naphtha-
based steam crackers. The first is an ethane cracker (Project ONE, INEOS) with a nameplate capacity
of 1,450 kt/a of ethylene, and the second is a PDH plant (PDH2, Borealis) that will add approx. 740 kt/a
of propylene to the existing production capacity at the site. Both facilities are located in Flanders
(Antwerp and Kallo). With these new olefin production facilities going online, even more closures of
existing steam crackers might be possible. The plants are expected to use lighter feedstocks, such as
ethane and propane, which are currently cheaper than naphtha i the main feedstock used by steam
crackers in the TCR at present (see Chapter 2.1.2 Current feedstocks, p. 9).

There are also ongoing transformation projects in the refinery sector in the TCR. For example, Shell's
Rheinland refinery is being converted away from fuel production and a base oil plant is being
constructed, which is expected to be completed by 2028 [78]. Similarly, Neste plans to double the
capacity of its Rotterdam biorefinery by 2027 (from 1.3 Mt to 2.7 Mt of renewable products per year)
[79].

Alongside the closure of multiple mechanical recycling facilities and chemical recycling projects in the
Netherlands discussed above, several chemical recycling plants for polymers have begun operation in
recent years or are currently under construction within the TCR. It is worth noting that despite the trend,
these projects remain at a small commercial scale: some of them can process 10-20 kt/a of polymer
waste, other can operate at a higher scale producing up to 50 kt/a pyrolysis oil. For comparison, a
conventional average European naphtha steam cracker with a nameplate capacity of 550 kt/a of
ethylene would require approx. 1,700 kt of naphtha feedstock at a capacity utilisation rate of 90 %. This
implies that substantial additional recycling capacity will be needed to achieve large-scale use of locally
produced py-oil or py-naphtha as steam cracker feedstock. Some ongoing projects have already
incorporated expansion options during the initial planning phase. However, the realisation of these
options will depend on the results of the smaller plants, especially whether these projects prove their
commercial feasibility.
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Figure 18. New commercial scale facilities (2022-2025) and those announced for commissioning in 2026-2028. Only projects
with a nameplate capacity above 10 kt/a were considered. The size of the circles does not correlate with the nameplate
capacity. State: January 2026, non-exhaustive list.

New investments, however, do not balance the announced capacity closures in Europe, with the TCR
being no exception. The recent European Closures and Investment Radar report by Cefic and Roland
Berger [19] highlight a growing imbalance between closures and investments, showing the largest
negative net effect (investments minus closures) in Germany (-8.0 Mt) and the Netherlands (-6.9 Mt).
Belgium remains the only country with a neutral balance (+0.1 Mt) in 2019, which is insufficient to
counteract the threatening overall capacity loss for the chemical industry across the TCR.

2.4 Stakeholder perspectives on the current state of the TCR

KEY INSIGHTS
I The SWOT analysis captured the following perspectives from chemical companies in the TCR:

i The TCR bears clear advantages for chemical production due to its location, infrastructure
density and integration.

i The higher costs compared to global competitors for energy and feedstock due to domestic
policies and the dependence imports are considered the crucial weakness.

9 Increasing the resilience against dependencies on imports and external competition, through
e. g. circular economy, is an important opportunity for the TCR.

i The position on the value chain determines which factors are considered threatening
(upstream: high energy and feedstock costs and limited availability of cost-competitive
alternatives).

To gain a comprehensive and realistic understanding of the situation, and to ensure that industry
perspectives and feedback were fully considered, we conducted a SWOT analysis with key
stakeholders from the chemical sector to assess their view of the current state of the TCR. For detailed
methodology see Chapter SWOT Analysis, Annex A, p. 7. During the workshop, 22 professionals from
18 companies located in the Netherlands, Flanders and North Rhine-Westphalia i from refineries to
polymer- and specialty chemical producers i participated, as well as representatives from the chemical
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associations and politics. From the evaluation of the bilateral interviews with the companies, which we
held prior to the workshop, we could assign the current Strengths, Weaknesses, Opportunities, and
Threats (SWOT factors) of the chemical industry in the TCR to three categories, which we refer to as
fields of action:

1 Security of supply (including both energy and fossil feedstock)
1 Business development

T Alternative feedstocks

The SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis is a method typically used for strategic
planning and business analysis. It facilitates the identification of internal and external factors which may
contribute to an organization's relative advantages or disadvantages. Through the correlation of internal vs.
external factors, it enables the development of strategies to advance on specific topics. We utilized the SWOT
approach at our first stakeholder workshop to capture the perspectives of the companies in the TCR on (i)
the current state of the region and (ii) relevant future strategies and developments.

We conducted three individual SWOT analyses, each with a focus on one of the three fields of action,
with the aim to obtain specific and structured insights into the generally broad range of topics. During
the first part of the workshop, the stakeholders assessed the current state of the TCR regarding the
given focal points, by defining the most impactful SWOT factors. This was done by an anonymous
voting of predefined and factors, which were evaluated by all participants prior to the voting. The
detailed results are given in Figure 19 - Figure 22.

STRENGTHS OF THE TCR

Alternative Feedstocks |
Business Development | S
Security of Supply

0% 10% 20% 30% 40% 50% 60% 70%  80%  90%  100%

mS1l mS2 mS3 mS4 mS5 mS6 mS7 mS8

S1 High population density
S2 High infrastructure density (including pipelines)

S3 Geographic location (harbours, possible suppliers/customers, offshore wind in proximity)

S4 Long history and experience in the chemical industry

S5 Locally stable political conditions (e. g. low interest rates)

S6 High level of integration and inter-company cooperations (Verbund)

S7 Availability of skilled workers (engineers, technicians, scientists etc.)

S8 High density of know-how with many opportunities for cooperations (academia and industry)

Figure 19. Stakeholder voting for the most important strengths of the TCR.

Across all three fields of action, similar selections of only four out of eleven possible strengths, each
recei vi ng 18ousadf 2D possible fotes) indicate clear key advantages of the chemical industry
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in the region. High level of integration and inter-company cooperations (Verbund) appears across all
three fields of action, representing the most dominant strength and a defining characteristic of the
industry itself. It is followed by high infrastructure density, geographic location and high density of know-
how with many opportunities for cooperations. These factors partially overlap and collectively
characterise the TCR, reflecting the regional advantages for chemical companies. Interestingly, the
stakeholders from companies located upstream in the value chain showed a higher level of consensus
regarding the key strengths than those positioned downstream. The latter group identified a broader
range of factors, reflecting the greater diversity of requirements within their business activities.

WEAKNESSES OF THE TCR

0% 10% 20% 30% 40% 50% 60% 70% 80% 90%  100%

aWl mW2 mW3 mW4 mW5 mW6 mW7 mW8 mW9
aWl0mWlleaWl2eWi3mWl4mWismW16mW17m W18

w1 High level of integration (strong dependence on specific suppliers and customers)

w2 Different paces of refinery and chemical industry transformation

W3 Dependence on energy and feedstock imports

w4 High density of energy intense production (competition for (sustainable) energy/feedstock)
W5 Lack of skilled workers (engineers, technicians, scientists etc.)

W6 Challenges of transforming an optimised system (economically optimised for fossil feedstock)
w7 Geographic location (risk of floodings/droughts, limited availability of biomass)

w8 Infrastructure bottlenecks (e. g. bridges, rail capacities, canals)

w9 Old production facilities that require modernisation

W10 Lack of experience with alternative energy, feedstocks and processes

Wil Lack of space
W12 High energy costs
W13 High feedstock costs

w14 Competition/position of the other industries

W15 Availability of natural ressources
W16 Economy of scale
w17 Valley of death (gap between implementation of new technologies and profitability on industrial scale)

w18 Lack of demand

Figure 20. Stakeholder voting for the most important weaknesses of the TCR.
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The weaknesses present a similarly clear picture, with the challenges of transforming an optimised
system playing an important role across all three fields of action. High costs for energy and/or feedstock
are also recognised as a key weakness throughout the fields; however, companies upstream in the
value chain viewed this issue more critically than those downstream. This may be due to downstream
processes being generally less energy intensive and hence less affected unless alternative feedstocks,
which the companies may be interested in utilising, come into play (further discussion on
downstream/upstream parts of the value chain is in Chapter 2.1.1 Analysed chemical value chains i
Focus: steam cracker value chain, p. 6). Old production facilities that require modernisation was
identified as another obstacle to business development and supply security. Additionally, the
dependence on energy and feedstock imports was considered as significant weakness.

OPPORTUNITIES FOR THE TCR
Alternative Feedstocks

Business Development

Security of Supply

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

m0]l mO2 m0O3 mO4 mO5 mO6 mO7 m0O8 m0O9 m0O10 mO11 m0O12

o1 Increase resilience/lower dependence on imports through circular economy
02 Economy of scale: Efficient circular economy through integrated and large volume processes

03 Development of know-how for new "green" technologies

04 Repurposing of the existing infrastructure

05 Development of new sustainable businesses/products (e. g. driven by customer needs)
06 Better public image of the petrochemical industry/companies

o7 Increased sustainability of production through use of alternative feedstock

08 Clear bans and quotas render/speed up transformation

09 Utilisation of potential for heat integration and efficiency

010 Climate change targets of EU (Green Deal)
011  Utilisation of carbon storage potentials (e. g. depleted gas fields in North Sea)

012  Decreasing prices for alternative feedstocks

Figure 21. Stakeholder voting for the most important opportunities for the TCR.

A key opportunity, that was identified across all fields of action by stakeholders regardless of their

position along the value chain, is to increase resilience/lower dependence on imports through e. g.

circular economy. The development of know-how for green technologies, as well as sustainable

business cases and products was also selected as an important opportunity in all three fields of action.

Other important opportunities are the repurposing of existing infrastructure and achieving sustainable

production using alternative feedstocks. Th e selection clearly hi ghlights
commitmenttot h e Bustéinability goals but also its fear over rising cost and the loss of competitivity

on a global market.
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THREATS FOR THE TCR

Alternative Feedstocks [N S S
Business Development: NN N S R
Security of Supply | S

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

ETleT2mT3mT4mTomTomT/mT8mTORTIONT1lmTI2ETI13m T14mT15mT16MT17 mT18

T1 Insufficient infrastructure development for future demands

T2 Loss of infrastructure

T3 Insufficient availability of alternative feedstocks

T4 Insufficient availability of sustainable energy and electricity

T5 Supply gap due to faster phase-out of fossil resources than phase-in of alternatives

T6 Rising energy prices

T7 Rising prices/limited availability of fossil feedstocks

T8 Volatile political decisions (e. g. disabling plans on longer time scales)

T9 High transformation-related spendings (CAPEX, supplier financing, offtaker agreements etc.)
T10 Bans of certain substances

T11 Drop out of (local) suppliers and/or customers

T12 Challenges caused by climate change (low water, floodings)

T13 Lack of subsidies (e. g. for transformation investments)

T14 Rising prices of alternative feedstocks making them uncompetitive

T15 Different political development in the countries (e. g. hindering transformation decisions)
T16 Long time scales and complicated approval procedures (e. g. permitting of new infrastructure)

T17 Carbon leakage
T18 Cheap imports, e. g. from Asia

Figure 22. Stakeholder voting for the most important opportunities for the TCR.

Regarding threats, st akehol dTdis, aléng with thevleng liseof tareatlse s s c o n
identified during the interviews, indicates a wide variety of challenges affecting different parts of the
value chain. The common threats were (i) the energy prices remaining high or even rising (across all
three fields of action) and (ii) the limited availability of alternative feedstocks and energy (specifically
concerning Alternative Feedstocks). Volatile policies as well as long and complicated permitting
procedures were also recognised. One threat emphasised primarily by refinery and cracker operators,
is the high transformation related costs combined with the absence of a suitable subsidy mechanism,
which is not surprising, considering their product cost containing the highest feedstock fraction and
having tight margins (further discussion on downstream/upstream parts of the value chain is Chapter
2.1.1 Analysed chemical value chains i Focus: steam cracker value chain, p. 6). Overall, this outcome
underscores the current inability of the industry, particularly of companies at the upstream part of the
value chain, to take investment decisions in sustainable technologies, given the unfavourable CAPEX
and OPEX perspectives.
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3 ONOAEWAEAEAE9ONf éEE

This chapter focuses on projecting future energy and selected feedstock costs and infrastructure needs
for the TCR and Europe. First, different biomass based production pathways and biomass availability
projections for the TCR are outlined in 3.1.1 below. Next, alternative carbon feedstock from recycled
plastics pathways and their projected availability based on waste collection is estimated in 3.1.2. Futher
oniti ncludes an oV eeathylene wroducfion praresesyalddsan assessment of future
scenarios to estimate cost ranges for key energy carriers such as electricity, fossil fuels, CO2, Ha,
methanol and other biobased and e-fuels, considering different production and import pathways. An
overview of the different 3C-VaCS scenarios and the olefin production routes that are included, is
available in Table 9. A discription of the different olefins production routes can be found in Table 10 and
the scenario results are presented in Tables (Table 11, Table 12, Table 13, Table 14,

Table 15, Table 16, Table 17, Table 18 and Table 19) in Annex B.

Regional cost comparisons help identify potential shifts in value chains and competitiveness challenges.
Future electricity and feedstock demand for selected processes and production sites are analysed
under various supply options, combined with geographically detailed estimates of future needs for
electricity, H2 and CO2. Based on these insights, implications for energy infrastructure, primarily H2 and
CO2 networks are explored. Finally, a cost comparison (3.5) is made with regions outside of Europe, in
light of the relevant policies (Chapter 3.6).

3.1 Novel p athways to producing key chemicals

KEY INSIGHTS

9 Biomass-derived olefin and aromatics production proceeds via methanol, ethanol, or bio-naphtha
routes, with methanol pathways requiring high energy input, generating CO2 during syngas
conditioning, and depending on high-temperature fluidised-bed reactors and capital-intensive
separations.

i Alternative biomass cracker-feed routes such as pyrolysis + hydrotreating and Fischeri Tropsch
synthesis yield bio-naphtha but face technical barriers including high H2 demand, catalyst instability,
and overall energy intensity; only second-generation feedstocks (per RED II) are considered in the
TCR.

i European biomass availability is projected to rise from 437,5 million dry tons (MDT) in 2020 to 525-
800 MDT in 2030 and 875-1.338 MDT in 2050, with the study assuming that up to 30 % of total
biomass could be allocated to the chemical/materials sector.

T The i mport of solid biomass from outside the EU
over long distance and strict RED Il sustainability requirements.

i Plastic-to-chemicals pathways include physical recycling and chemical recycling (pyrolysis,
gasification, depolymerisation), with pyrolysis yielding low naphtha fractions (16 %) and thus large
feedstock needs; inthe3C-VaCS scenari os, pyr olOoyepy-albléendinginnc | ud
existing crackers.

i There is a large potential in the TCR collect and sort plastics to increase its reuse both for mechanical
and chemical recycling. This in combination with the availability of know-how, logistics and processes
as described in Chapter 2.4. However today, exact plastic waste availability figures in the TCR are
constrained by data inconsistencies, high export shares and undocumented or accumulated flows.
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3.1.1 Biomass based pathways to produce olefins and aromatics

Biomass derived production routes for olefins and aromatics offer alternatives to fossil-based
pathways by converting lignocellulosic resources or biogas into methanol, ethanol, or bio-naphtha,
which can then be transformed into platform chemicals. Methanol pathways, including biomass
gasification and biogas reforming, produce syngas intermediates that are catalytically upgraded, though
they require substantial energy input and show significant CO2 release inherent to syngas conditioning.
Downstream methanol upgrading via MTO enables production of ethylene, propylene, BTX other
aromatics. These processes rely on high-temperature fluidised bed reactors and complex separation
systems with large associated investment costs.

Alternative cracker-feed routes such as fast pyrolysis with hydrotreating and biomass-based Fischer-
Tropsch synthesis generate bio-naphtha suitable for steam cracking, although they face technical
challenges including high H2 demand, catalyst instability, and energy intensity. Both bio-methanol and
bio-naphtha as alternative feedstock to produce olefins is being evaluated in this study. These
pathways, along with other alternatives such as ethanol to olefins are described in greater detail in
Annex F, page 1. However, the biomass based pathways included in the 3C-VaCS study are covering
some, rather than all possible technologies out there.

The different types of available biomass in the TCR are sugar-based, oil-based, lignocellulosic and
other organic wastes and residues. The potential availability of only second-generation options like
lignocellulosic and other organic wastes and residues are considered for biobased production in this
study due to concerns related to food security, competition for arable land, and ethical considerations.
Thus, the focus is set on feedstock categories listed under the Renewable Energy Directive (RED II)
as in Annex F. Biomass availability in the TCR

These second -generation feedstocks include:

9 Lignocellulosic biomass, such as agricultural and forestry residues including straw, wood chips, and
sawdust. These materials are widely available in Europe, particularly in countries with large forestry
industries such as Sweden, Finland, and Germany.

1 Other organic wastes and residue feedstocks (non-oil based), which include municipal solid waste
and industrial residues.

1 Other organic wastes and residue feedstocks (oil and fat based), which include used cooking oils,
crude tall oil and tallow. In Europe, the collection and processing of used cooking oils have
expanded, especially in countries such as the Netherlands and the UK, where waste-to-biofuel
initiatives are well established.

1 There are several studies in the literature which assess the biomass potential in Europe like the
European commission [83], [84], [85], Oak Ridge National laboratory [86], bioenergy KDF [87] and
Concawe study [88], [89]. The Concawe study was used in this study as it had a better
disaggregated availability data for the TCR with different biomass types. The Concawe study [90]
supported by Bb]projects &nancrease inatdtal bioenergy potential from 175 Mio. t
of Oil Equivalent (Mtoe) in 2020 to a range of 210 to 320 Mtoe by 2030 and 350 to 535 Mtoe by
2050 in Europe. In terms of biomass availability, this corresponds to 437.5 Million dry tons (MDT)
in 2020, increasing to 525 to 800 MDT by 2030 and 875 to 1,338 MDT by 2050. By 2050, the study
estimates that 360 Mtoe annually (900 MDT) will be required, with an additional 15 Mtoe per year

expected to be imported. However,due t o i t gypendtieggoler leng distance and strict
RED Il sustainability requirements, import of solid biomass from outside the EU are not considered
in this study.
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Three scenarios have been analysed in the Concawe study, 2030:
1 Low biomass mobilisation (Scenario 1 - Low)

1 Improved mobilisation in selected countries due to improvements in cropping and forest
management practices (Scenario 2 - Medium)

1 Enhanced availability through research and innovation (R&l) measures as well as improved
mobilisation due to improvements in cropping and forest management practices (Scenario 3 - High)

From the three scenarios, an average of the Concawe scenarios 1 and 3 is taken, of which 20-30 % of
the volume is assumed to become available in the chemical and materials industry, according to a study
from the Nova-Institute [92]. The upper bound of 30 % is taken as the available biomass to calculate
the maximum bio methanol or bio naphtha in this study as the goal of the project is to assess the
maximum potential of alternative feedstocks, either domestically sourced or imported, to replace fossil
based petrochemical production. Though the TCR and in extension the countries Belgium, Germany
and the Netherlands have limited biomass resources on their territories to replace current fossil
feedstock in the chemical industry, European biomass potential could complement this deficit.

3.1.2 Plastic waste based pathways to produce olefins and aromatics

Plastic waste can be converted into olefins and aromatics through physical recycling (mechanical and
dissolution) or chemical recycling (depolymerisation, pyrolysis, and gasification). Mechanical recycling
preserves polymer structure but suffers from contamination sensitivity and polymer degradation, limiting
recyclability and making it unapplicable for food or medical grade polymers. Chemical recycling enables
processing of mixed or contaminated plastics by converting them into monomers, pyrolysis oils, or
syngas suitable for downstream petrochemical routes.

Pyrolysis followed by steam cracking of pyrolysis oil yields olefins and aromatics, though low naphtha
yield (around 16 %) necessitates large waste input and possibly heavy-oil crackers.

Gasification produces syngas that can be catalytically upgraded to methanol and further converted to
olefins (MTO) or aromatics (MTA), offering flexibility for mixed-plastic waste.

In this study, only pyrolysis of plastic waste process has been used in the scenarios, with a maximum
of 10 % blending pyrolysis-oil (py-oil) in existing naphtha crackers.

Available plastic waste, as alternative cracker feedstock in the Netherlands, Germany and Belgium, is
mapped in different waste categories and regional production potential. Data on plastic types,
production, exports, and waste handling from basis years 2022-2023 sources were analysed. Plastics
are classified into thermoplastics and thermosets, a distinction crucial for determining suitable chemical
recycling technologies due to differing thermophysical properties. Following analysis provides a
snapshot of plastic flows across key consumption sectors, including packaging, construction,
electronics, household goods, agriculture, and other applications, with stock and unknown fractions
represented in the Sankey diagrams below, Figure 23, Figure 24, Figure 25 as well as in Annex H.
Plastic waste availability in the TCR. Like the biomass based alternatives, the plastic waste based
pathways included in the 3C-VaCsS study are covering some, rather than all possible technologies out
there.

Plastic production, usage, export, and waste treatment data for the Netherlands were compiled from
Conversio [93], Circular Plastics NL [94], and Statista sources covering 2022-2023 [95] (Figure 23).
Unfortunately, the data sources use different basis years which introduce limitations that were not
further analysed. The Netherlands produces 6.7 Mt of plastics, with 17 % from recycled sources, and
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exports most of its production, reducing the potential for chemical recycling. Only 34 % of produced
plastics are processed domestically, with packaging (41 %) and construction (26 %) as the main
application sectors. Of the 1.95 Mt of plastic waste generated, 86 % is thermoplastic, and while 266 kt
of pre-consumer waste is easily recycled, 1,103 kt of post-consumer waste is collected despite
contamination challenges. PVC end-of-life treatment is poorly documented and classified as unknown.
Overall waste handling results in 409 kt recycled, 583 kt incinerated, and ~550 kt exported or

accumulated, with study uncertainties

discrepancies.
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Plastic waste import
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Raeyclad post cosumer plastic
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Figure 23. Plastics waste flow in the Netherlands in 2022. Own representation with data from [93], [94].

Plastic production, usage, export, and waste treatment data for Germany were compiled from
Conversio (2022) [96] and Basel Action Network (2023) [97] (Figure 24), though differing basis years
introduce limitations and unanalysed discrepancies. Germany produces 12.85 Mt of plastics, with 19 %
from recycled sources, and uses most domestically, while main sectors include packaging (27 %),
construction (21 %), automotive (9 %), and electrical & electronics (9 %). A large mismatch exists
between production and collects waste, with 6.3 Mt collected but ~4.9 Mt remaining undocumented,
accumulated, or embedded in exported products. Of the collected waste, 91 % is thermoplastics, with
non-recycled thermosets assumed available for gasification and non-recycled thermoplastics (excluding
PVC) assumed suitable for pyrolysis, while PVC end-of-life handling remains unclear. These
ssumptions, combined with data gaps and inconsistent reporting years, constrain the accuracy of
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Plastic production
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Figure 24. Plastic waste availability in Germany in 2023-2024. Own representation with data from [98].

Plastic production, plastic intermediate products (7,285 kt) and plastic end-products (2,380 kt), usage,
export, and waste treatment data for Belgium (Figure 25Figure 25) were compiled from Plastics Europe
[99] and OVAM [100], though differences in basis years introduce limitations and unanalysed
discrepancies. Belgium produces 7.3 Mt of plastics, with only 5% from recycled sources, while
domestic consumption is low (1.2 Mt) and most plastics or plastic products are exported, making
recycling challenging. Major application sectors include packaging (28 %), construction (22 %),
automotive (9 %), and electrical & electronics (9 %). Only 0.6 Mt of plastic waste is collected, of which
60 % is incinerated, 39 % recycled, and 2 % landfilled, while 270 kt is exported and 100-300 kt remains
undocumented. The lack of detailed polymer-type data limits further analysis, and for estimation
purposes the waste composition is assumed to resembl e

Plastic sxport
4802 kt

Fossil based Plastic production Product export
7282 kt 1201 kt

g Post consumer recyclate
204 kt

Pre consumer recyclate
160 kt

543 kt
Plastic processing Plastic waste
2380 kt Export or Unknown or in use
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Incinerated
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Product import _———
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Figure 25. Plastic waste availability in Belgium in 2022-2023. Own representation with data from [99], [100].
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3.2 Scenarios investigated in this study

To explore alternative emission reduction strategies for the chemical sector, multiple scenarios are
defined, each providing a different outlook. The scenarios are composed of several existing and novel
production processes, starting from a general objective of minimising the total system cost. It is
important to note that model technology decisions are made through a cost minimisation which includes
an assumed carbon tax of 185 EUR/tCO2 in 2030 and 480 EUR/tCO2 in 2050, based on climate
neutrality by 2050 modeling for different sectors of the EU Commission [101]. Energy transport and
storage costs are not included in the scenarios, as these aspects will be accounted for in the H2 and
CO: infrastructure analysis that follows.

Five 3C-VaCS scenarios:

1 Limited Biomass: what if we could utilise all biogenic carbon resources, domestically
available in each of the TCR countries? This local biomass, based on wood chips, is available
at a cost of 107 EUR/t for chemical and refinery sectors to produce either bio naphtha,
blanded in existing naphtha crackers, with a maximum of 15 % based on available local
biomass, or bio methanol with a maximum of 19 %. In addition, a maximum of 10 % of the
current feedstock of existing naphtha crackers can be replaced by pyrolysis oil from plastic
waste.

1 Maximum Biomass : what if we could have access to all the EU imported sustainable
biomass, besides the local biomass? The EU imported biomass in form of wood pellets is
available at a higher cost at 230 EUR/t for chemical and refinery sectors. The higher cost
reflects a scarcity effect of biomass in the EU, where biomass is traded at different prices.

1 Net Zero: what if we would reduce direct CO2 emissions of the chemical industry to near
100 %? In this scenario, biogenic emissions are substracted from remaining fossil emissions.

1 RED Ill: here we apply EU RED llI policies for industry, only allowing industrial green Hoa.
1 Global Efforts : in this scenario we allow import of half fabricates such as green Hz, methanol

and ammonia from outside the EU, at lower cost. The impact on industrial activity and
infrastructure is analysed for each process.

OLEFIN PRODUCTION ROUTES

Based on olefins industrial blueprint used in the EU-AIDRES study [102] and our own analysis, following
production routes have been used to calculate the cost of one ton ethylene in the TCR, both for existing
and future technologies. Ethyelene is one of the main outputs from a naphtha streamcracker, besides
propylene, C4 and BTX. The cost distribution across all steamcracker fractions are spreadout somewhat
similarly as shown in Chapter 2.3, making cost calculations for ethylene an adequate proxy for all
outputs. Currencies and costs of energy and feedstock have been updated to 2025 figures.

The total ethylene production cost is minimised in all scenarios, meaning the lowest cost production
route is selected and applied on all existing steam crackers and passed on to the Hz and CO:
infrastructure models, to calculate volumes of H2 and CO2for each scenario. Carbon Dioxide Removal
(CDR) are turned on, using the Emission Trading System (ETS) prices/CO2 shadow cost as mentioned
in Table 18, Annex B for biogenic CO2 emissions which are captured and permanently stored. The
effects of CDR are further highlighted in the H2 and CO:2 infrastructure model results. Ethylene
production routes are based on the EU-AIDRES energy intensive industrial data set, where industrial
blueprints (models) have been developed, including process integration of heat and cold flows.
Electricity prices have been grouped in three price ranges; realistic, optimistic and conservative, to allow
for uncertainties in future electricity production costs, transmission and distribution investments and
taxes & levies, typically for large industrial off takers.
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An overview of the 3C-VaCS scenarios calculations and main assumptions for the olefin production
routes are available in Annex B:

Table 9. Overview of olefins production routes per 3C-VaCS scenario.

Table 10. Description of olefin production routes used in the 3C-VaCS scenarios

Table 11. Cost and CO2 related paremeters for olefin production routes used in de 3C-VaCS scenarios
Table 12. Overview of bio-naphtha production costs for 2030 and 2050.

Table 13. Overview of imported bio-naphtha production costs for 2030 and 2050.

Table 14. Overview of local bio-methanol production cost (EUR/t) for 2030 and 2050.

Table 15. Overview of imported bio-methanol production cost (EUR/t) for 2030 and 2050.

Table 16. Calculation of the local bio-naphtha potential based on the biomass availability in Belgium, the
Netherlands and Germany.

Table 17. Calculation of the local bio-methanol potential based on the biomass availability in Belgium, the
Netherlands and Germany.

Table 18. Main input assumptions, pathways to produce ethylene.

1) Pyrolysis + Steam Cracking:  Polyolefin-rich plastic waste is thermally decomposed into pyrolysis
oil, which is hydrotreated and distilled to produce naphtha, diesel, and vacuum gas oil. Although roughly
only 16 % of product is naphtha, all fractions can be steam-cracked to yield olefins. The route is
technically feasible but requires very large waste volumes and heavy-oil cracker adaptation to be
material-efficient. In this study, a maximum drop-in of pyrolysis oil of 10 % in existing naphtha crackers
is assumed (Annex G. Plastic waste based pathways for the production of olefins and aromatics).

2) Biomass -derived Fischer 1 Tropsch (FT) synthesis converts gasified biomass into long-chain
hydrocarbons using cobalt- or iron-based catalysts at 200-300 °C and 20-50 bar. FT liquids can be
fractionated to yield bio-naphtha (C5-C10), a high-purity, sulphur-free stream suitable as a renewable
drop-in feedstock for steam cracking to produce olefins and aromatics. Process conditions and catalyst
design strongly influence light-hydrocarbon yields, and ongoing research targets optimisation for
naphtha production rather than traditional middle distillates. The reference process converts 759 kt
woody biomass into 53 kt naphtha alongside 111 kt other fractions (Annex E. Biomass based pathways
for the production of olefins & aromatics.

Plastic waste can technically replace partly fossil feedstocks for producing base chemicals, but the
scalability of these routes depends on feedstock purity, technology maturity, energy integration, and
economic viability. Pyrolysis-based routes are closest to commercialisation but demand significant
upgrades in cracker flexibility. By combining these production routes where e. g. bio-naphtha blend is
allowed in existing oil-based naphtha crackers or by electrifying the heat of an existing naphtha cracker,
a multitude of production routes and associated costs have been calculated. Also, different future Hz
and electricity price assumptions are leading to new outcomes. However, for the sake of comparing
different results in this report, a selection of input assumptions has been made, reflecting the most
important trends in production technology and impact of feedstock and energy costs.

3) Methanol to olefins
1 Methanol is fed to the methanol to olefin (MTO) fluidised bed reactor operating at 30 bar and
450 °C. The MTO process produces ethylene and propylene along with other by-products
(l'i ke methane, ethane, propane, C46s, benzene).
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1 Methanol from lignocellulosic biomass gasification is produced via pretreatment, oxygen-
blown gasification at 850 °C, and catalytic syngas conversion at 300 °C and 80 bar. The
process has high electricity and cooling demand due to air separation and syngas
compression. Around 50 % of the biomass becomes methanol, while the remaining carbon is
emitted as biogenic CO:2 to achieve the required H2/CO ratio (Annex E. Biomass based
pathways for the production of olefins & aromatics).

A discription of other novel routes to produce olefins and aromatics from plastic waste, such as
dehydregonation of ethanol to ethylne and gassification of plastic waste to syngas-methanol can be
round in Annex G. Besides production of olefins, there are many chemicals being produced in the TCR
for which electrification production routes exist, be it with additional investments for high temperature
heat parts. In the AIDRES study [104], E.qg. for the production of polyethylene (PE): energy transition
pathways shift from natural gas to electricity or green hydrogen, cutting direct emissions to near zero.
Having access to low cost electricity becomes a key energy vector, indirectly determining total
emissions via grid intensity. Whereas for producting ethyl acetate,
production is far more energy-intensive than PE, with high natural gas use in conventional routes but
strong emission reductions (up to 96-100%) when shifting to electricity pathways.
Electricity plays an even larger role here, driving both higher energy consumption and the
decarbonisation potential, making grid carbon intensity critical.

3.3 Ethylene production ¢ ost analysis 2030-2050

KEY INSIGHTS

fI Blended bio-naphtha ethylene production remains one of the most expensive pathways (2,664 EUR/t
Ethylene in 2030), by 2030 driven by costly EU-imported bio-naphtha and rising biomass prices, whereas
ethane cracking with CCS is the lowest-cost option (974 EUR/t Ethylene).

9 Even with CDR credits valued at the EU ETS carbon price, both MTO and bio-naphtha routes cannot fully
offset their higher feedstock and conversion costs by 2030, making them less competitive than fossil or
CCS-integrated pathways.

i Between 2030 and 2050, under given CO2 shadow prices (up to 480 EUR/t CO2), several alternative
routes, including bio-naphtha, py-oil blends, and imported bio-methanol, become cheaper than fossil
naphtha cracking (985 EUR/t), when taking the assumption that carbon dioxide removal can accounted
for as a revenue stream.

9 Carbon pricing strongly reshapes relative economics: ethane cracking with CCS reaches fossil parity at
only 70 EUR/tCOz2, while blended bio-naphtha, py-oil, and other CCS pathways become competitive at
and ETS price of 220-340 EUR/tCOz2; biogenic MTO requires an ETS price of 340 EUR/ACO: for cost
parity.
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Ethylene production cost results 2030

In 2025, naphtha based ethylene in the EU is produced at around 850 EUR/t production cost, as
compared with other regions in Chapter 2.3 Competitiveness of current value chains, p. 26. By 2030, and under the
assumptions outlined in Tables (Table 11, Table 12, Table 13,Table 14, Table 15, Table 16, Table 17, and Table 19
in Annex B), ethylene production via a blended bio-naphtha route is projected to reach ethylene costs
of 2,664 EUR/, placing it among the more costly options (

Figure 26). This pathway assumes the use of 15 % domestically produced bio-naphtha at 1.364 EUR/t
and 85 % EU-imported bio-naphtha at 1,971 EUR/t. The elevated cost of imported bio-naphtha is
primarily driven by higher biomass feedstock prices (230 EUR/t) resulting from increased market
demand, compared with 107 EUR/t for domestic biomass. Ethane steam cracking combined with
carbon capture represents the lowest-cost ethylene production route in 2030 at 974 EUR/t ethylene,
marginally below the cost of the 2030 fossil naphtha-to-olefins reference pathwayand above today¢
(2025) fossil based naphtha production cost of 850 EUR/t ethylene. Alternative naphtha feed-in routes,
such as bio-naphtha or plastic-waste-derived pyrolysis oil i when blended into existing crackers and
paired with carbon capture, exhibit higher production costs. These cost increases stem from the price
premium of bio-naphtha and from limitations associated with the allowable blend ratios and technical
constraints of introducing pyrolysis oil into conventional naphtha crackers. A similar pattern is observed
for the (bio)methanol-to-olefins route, where the availability and price of low-cost biomass strongly
influence bio-methanol production costs. Although both bio-naphtha and bio-methanol pathways can
generate CDR credits, valued at the same rate as CO2 emissions under the EU ETS, these credits are
insufficient to offset their inherent cost disadvantages relative to fossil-based routes. Finally,
electrification of process heat in existing naphtha crackers, replacing methane and off-gas combustion
(the primary sources of direct CO2 emissions), results in an ethylene production cost slightly above
2,000 EUR/.
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Table 2. Olefins productions results per scenario with CDR on. Upper values=2030, lower values=2050.

# | SCENARIO

3
o <
< p=
= ©)
©) m
m =
a )
E |
= <
I =

NET ZERO
GLOBAL EFFORT

Olefin production route in 2030/2050

(cost per olefines, scenario dependent see Table 11)

Total cost-optimised H, demand in BE-NL-DE for 6 AIDRES 0 0 0 0 0
sectors, optimistic average H; prices of 3,9 EUR/t in 2050 ( 0 0 1,4 27,5 0

Table 18). (Twhiyear)

Total cost-optimised CO, capture potential (biogenic and 70,5 81,5 37,6 70,5 16,6
fossil) across 6 AIDRES sectors in the TCR in 2050.
(Mt/year)
Fossil naptha (Mt/year) 27,6 27,6 20,7 27,6 0
20,7 0 20,7 20,7 0
Ethane (TWhlyear) 314 314 314 314 314
31,4 31,4 31,4 31,4 31,4
Natural gas (TWhlyear) 5,8 5,8 20,6 5,8 5,8
20,6 5,8 5,8 5,8 20,6
Py-Oil (Mt/year) 0 0 2,7 0 0
2,7 0 2,7 2,7 0
Biomethanol (Mt/year) 0 0 0 0 49,4
0 49,4 0 0 49,4
Bionaphtha (Mt/year) 0 0 4,1 0 0
4,1 0 4,1 4,1 0
Electricity (TWh/year) 6,7 6,7 15.6 6,7 5
15,6 5 15,6 15,6 5
1  Methanol to olefines using 100 % EU imported bio-methanol X

+ carbon capture.

2 e-Methanol (based on co-electrolysis) to olefins. X X X X

3  e-Methanol (based on co-electrolysis) to olefins + carbon X X X X
capture.

4 Naphtha cracker using 15 % local bio-naphtha and 85 % EU X X

imported bio-naphtha.

5  Naphtha cracker using 15 % local bio-naphtha and 85 % EU X X
imported bio-naphtha + carbon capture.

6  Naphtha cracker using 15 % local bio-naphtha and 85 % EU X X
imported bio-naphtha + electrification of heat.

7  Methanol to olefines using 19 % local bio-methanol and X X X
81 % EU imported bio-methanol.
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Methanol to olefines using 19 % local bio-methanol and
81 % EU imported bio-methanol + carbon capture.

Naphtha cracker using 75 % oil based naphtha, 15 % local
bio-naphtha and 10 % py-oil.

Naphtha cracker using 75 % oil based naphtha, 15 % local
bio-naphtha and 10 % py-oil + carbon capture.

Naphtha cracker using 75 % oil based naphtha, 15 % local
bio-naphtha and 10 % py-oil + electrification of heat.

81 % imported e-methanol to olefins with 19 % local bio-
methanol.

81 % imported e-methanol to olefins with 19 % local bio-
methanol + carbon capture.

Naphtha cracker using 100 % oil based naphtha.

Naphtha cracker using 100 % oil based naphtha + carbon
capture.

Naphtha cracker using 100 % fossil based naphtha +
electrification of heat.

Methanol to olefins.

Methanol to olefins + carbon capture.

Ethane cracker with H, and CH,4 used for heat + carbon
capture.
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Production cost of 1 ton ethylene in 2030
3000

Green Hz price, ~10£/kg

ETS/CO= shadow price, 185 £/ton CO2

Opaque bar, with negative CDR credit
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Figure 26. Ethylene production routes and cost in TCR by 2030. Own modelling work, based on [102].
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Ethylene production r oute description

Naphtha cracker using 15 % local bio-naphtha and 85 % imported EU bio-naphtha + carbon capture
Naphtha cracker using 100 % fossil based naphtha + electrification of heat

Methanol to olefins using 100 % imported EU bio-methanol + carbon capture

Methanol to olefins using 19 % local bio-methanol and 81 % imported EU bio-methanol + carbon capture
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Naphtha cracker using 75 % oil based naphtha, 15 % local bio-naphtha and 10 % py-oil + carbon capture
Naphtha cracker using 100 % oil based naphtha + carbon capture
l Naphtha cracker using 100 % oil based naphtha (reference route)
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Ethane cracker with H, and CH, used for heat + carbon capture

Ethylene production cost results 2050

In the 2050 outlook, several notable shifts in ethylene production costs emerge. Multiple alternative
pathways are projected to achieve lower production costs than the fossil naphtha reference route
(Figure 27). These include bio-naphtha and pyrolysis oil blend-in feedstocks combined with carbon
capture, yielding costs of approx. 985 EUR/t ethylene, as well as the MTO route using 19 % locally
produced i based on the maximum available biomass in the Netherlands, Belgium and Germany, as
desribed in Chapter 3.1.1, and 81 % EU-imported bio-methanol, which remains slightly more expensive
but still competitive. The primary driver behind these cost reductions is the negative CDR credit
associated with capturing and permanently storing biogenic CO2 emissions. Ethylene production based
entirely on EU-imported bio-methanol also results in lower costs than the fossil benchmark. The future
adoption of bio-methanol may additionally be supported by its potential use as a marine fuel, which
could stimulate market expansion and investment in methanol transport and handling infrastructure.
However, long-term biomass prices and the availability of sustainable biomass for chemical production
remain subject to significant uncertainty. In contrast, electrification of heat supply in naphtha steam
crackers is projected to be the most expensive production route under assumed electricity prices of
approx. 100 EUR/MWh (including generation costs, grid tariffs, and taxes).

>~ vito Encrgy E< DECHEMA

48



3C-VaCS'i Future perspectives ;:
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Production cost of 1 ton ethylene in 2050
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Figure 27. Ethylene production routes and cost in TCR by 2050. Own modelling work, based on [102].

Ethylene production route description

Naphtha cracker using 100 % fossil based naphtha + electrification of heat

Naphtha cracker using 15 % local bio-naphtha and 85 % EU imported bio-naphtha + carbon capture
Naphtha cracker using 100 % oil based naphtha (reference route)

A wWwN P

Methanol to olefins using 100 % EU imported bio-methanol + carbon capture
Naphtha cracker using 100 % oil based naphtha + carbon capture

o

Ethane cracker with H, and CH, used for heat + carbon capture
YA Methanol to olefins using 19 % local bio-methanol and 81 % EU imported bio-methanol + carbon capture
B Naphtha cracker using 75 % oil based naphtha, 15 % local bio-naphtha and 10 % py-oil + carbon capture

ETS/CO; shadow price evaluation across ethylene production routes in 2050

Forecasting a future EU ETS price is inherently uncertain, particularly given the long-term horizon to
2050 and the expectation, under current Green Deal targets, that industrial emissions will need to fall
by around 95 %. Nevertheless, developing a range of ETS or CO2 shadow price scenarios remains
essential for exploring plausible technology shifts, feedstock transitions and investment decisions. In
this analysis, the CO:2 shadow price is defined such that emitters of fossil-based CO: pay
480 EUR/tCO2, while captured and geologically stored biogenic CO: receives an equivalent credit,
allowing a balanced comparison of fossil and biogenic value chains. As shown in , introducing such a
carbon price signal substantially alters the relative competitiveness of ethylene production routes.
Several pathways, including fossil-based routes with partial blending of bio-naphtha or pyrolysis oil and
equipped with CCS, become cost competitive with the current TCR fossil-based naphtha benchmark
when the carbon price reaches 220 EUR/tCO: in the period leading up to 2050. Ethane cracking, using
hydrogen rich off-gas for fuel and capturing and storing combustion CO2 emissions, becomes cost-
equal with the reference production route at a much lower CO:z price of 70 EUR/tCO2. More advanced
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configurations, such as plastic-waste-based pyrolysis oil combined with CCS, also converge towards
or below the cost of classical steam cracking as carbon prices rise toward 482 EUR/tCO2, as seen in.

Biogenic MTO, where renewable methanol is catalytically converted into ethylene and propylene,
requires a CO: price of roughly 340 EUR/tCO2 reach parity with naphtha cracking. This underscores
that while MTO offers long-term defossilisation potential, its cost competitiveness is highly sensitive to
both carbon pricing and biomass feedstock availability. Carbon pricing, whether market based or
applied as a CO2 shadow price, plays an important role in shifting the economic balance among
competing ethylene production pathways and can materially influence the direction of defossilisation.

ETS/COz shadow price evaluation,
ethylene production costs in 2050
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Figure 28. ETS/CO, shadow price evaluation of ethylene production cost in 2050. Own model results based on [104].

EU import ed bio-naphtha price evaluation , ethylene production routes in 2050

Bio-naphtha can be co-cracked in conventional naphtha steam crackers with minimal or no modification,
leveraging the extensive existing infrastructure of large-scale crackers. Bio-naphtha can also be mixed
in combination with plastic waste based py-oil. This production route is shown in Figure 28 at 602 EUR/t
local bio-naphtha, including CDR. In contrast, bio-methanol requires conversion via MTO, which
requires more conversion steps, making it more capital-intensive. Bio-naphtha routes are more aligned
with refinery technologies and have higher TRLs. Ethylene and propylene yields are also typically higher
with cracking bio naphtha in addition to valuable aromatics, whereas MTO can achieve higher propylene
and larger C4 fractions, but no aromatics are obtained. Bio-naphtha production cost is estimated
between 1,364 EUR/t and 1,971 EUR/t in 2030 and 602 EUR/t and 1,390 EUR/t in 2050, depending on
the cost of biomass and CO2 shadow price as in Table 18, including CDR, making it cost competitive
only towards 2050.
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EU imported bio-naphtha price evaluation,
ethylene production cost in 2050
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Figure 28. Bio-naphtha price evaluation of ethylene production cost in 2050. Own model results based on [102] and Table 12.

3.4 Infrastructure analysis for Hz and CO2 pipelines

KEY INSIGHTS

9 Blue H2 and CCS-integrated retrofits remain more economical than most green Hz supply routes, as
electricity cost dominates the levelised cost of hydrogen (60-70 %). The study results for the TCR show
that green Hzis less competitive, only becoming a prominent option under conditions where CCS and
biomass are restricted or unavailable. The use of hydrogen is primarily as a feedstock rather than an
energy carrier.

9 All scenarios feature a cross-sectoral and cross-border CO2 network as a cost effective solution, not only
on a short term but also on a long term.

9 Infrastructure planning must prioritise coordinated H2-CO2 network development, with pipeline
repurposing preferred over new-build options to limit system costs and avoid stranded assets.

9 Carbon capture dominance across industries and policy scenarios highlights the need for forward-looking
planning. Cross-border coordination between carbon network operators (CNOs) in the TCR should allow
for timely and efficient deployment of the CO2 value chain.

I More studies and inquiries are needed to determine the possible suppliers (and offtakers) to correctly
determine the routing and the dimensioning of hydrogen and CO2 networks, minimising the risk of
underutilisation, especially of the Hz network.

9 Recognising bio-CCS in the EU ETS as carbon dioxide removal significantly increases capture volumes
and biomass use but als comes with potential implications for sustainable biomass cycles and
investments in CO2 transport and storage capacities.
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3.4.1 Hydrogen infrastructure

Hydrogen modelling approac h

Future industrial demand for Hz and its geographical distribution remains highly uncertain, yet it is crucial
for designing and sizing E u r o pftuses Hz infrastructure, especially in industry-dense regions.
Industrial uptake will depend on cost competitiveness of H: relative to alternatives such as
electrification, biofuels, CCS/CCU, or continued fossil-based production combined with higher CO:2
costs under the EU ETS. Ideally, such choices would be modelled endogenously but integrating detailed
industrial transitions with the spatial and temporal resolution required for infrastructure analysis creates
significant computational challenges. As a result, most national and EU models rely on exogenous H2
demand estimates for likely adopter, e. g. ammonia, chemicals, primary steel, and refineries, which are
then regionalised based on emissions or production capacity. Refinery light liquid fuel output is assumed
to reduce with roughly 70 % by 2030, in line with Concawe report [103]. To overcome these limitations,
we developed a workflow that links the AIDRES industrial dataset [104] with a dedicated H:
infrastructure model, allowing the identification of optimal technology pathways under different Hz price
scenarios.

The workflow consists of three key steps:

I Scenario -Specific Demand Estimation for Each Industrial Site : This step, implemented using
the 3C-VaCS assessment tool, is described in Annex B.

9 Identification of Industrial Clusters as Potential H., Demand Hubs : These clusters of the TCR
(including six AIDRES industrial sectors, Annex B), which serve as focal points for regional demand
allocation are further elaborated in Annex C. H2 infrastructure model

91 Industrial Clustering.

1 Scenario -Specific H Infrastructure Optim isation: This step is detailed in the subsequent
sections, focusing on the development of optimised H: infrastructure tailored to scenario-driven
demand patterns.

Estimating industrial H> demand within the 3C-VaCS study and designing an optimal H: infrastructure
depend on the underlying low-carbon Hz supply in the TCR. To capture this, the study applies five
supply scenarios, each generating Hz price estimates together with other energy and feedstock prices.
This enables the model to determine optimal production pathways for each industrial product under
different H2 supply conditions.

Hydrogen supply scenarios

1. Inland Blue H »: Blue H2 produced onsite SMR/ATR units equipped with carbon capture.

2. Green Hz Import: Pipeline import of green Hz produced in renewable-rich regions (e. g., Spain)
using dedicated renewable generation; levelised cost of hydrogen (LCOH) used as the import price,
with Blaregnies-Monss as the feed-in point.

3. Offshore Green H ,: Green H: produced on offshore platforms integrating wind turbines and
electrolysis, transported to shore via subsea H: pipelines using TYNDP2024¢ offshore hub
locations.

5 Belgian town located at the border to France.
6 Ten-Year Network Development Plan of 2024.
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4. Decentral Inland Green H 2: Green H2 from inland electrolysis located near industrial sites,
powered by newly installed local solar PV and/or onshore wind in accordance with RED IlI
additionality rules.

5. Imported H. Derivatives: Overseas import of Hz carriers (e. g., ammonia) to ports, followed by
dehydrogenation at terminal locations.

Out of scope

Bottom-up industrial
Intercorrelated assumptions on demand scenarios

Industriai sites: energy vector and CO2 prices

- Geographical data 1. Limited Biomass

- Production capacities

. /

4 Blueprints: N

Data processing {ool:

2. Maximum Biomass

- Optimal route selection based on demand 3. Net Zero
scenario
- Green hydrogen consumption level in the|
selected optimal routes

AIDRES
industrial
database

4. RED Ill

- Representative routes for each
sector
- Energy and feedstock
consumption, emissions, and
\ costs per route Y,

5. Global Effort

LCOH Calculation per
scehario

Green hydrogen
production scenarios

Figure 29. Inputs to the H, infrastructure model.

Hydrogen infrastructure ¢ ost optimisation

In this study, we employ the integrated version of the Hypatia modelling framework, to optimise the
investment and operation of green H: infrastructure in the TCR. The model minimises the total
discounted system cost over time, while satisfying a range of operational constraints, such as storage
arbitrage and hourly renewable electricity availability based on technology-specific capacity factors and
investment constraints, such as the maximum technically feasible capacity of centralised Hz storage
units (e. g., salt caverns) within each region. The system to be optimised encompasses both the
capacity and generation of the technologies across the considered green Hz supply chain, including
dedicated renewable electricity technologies to electrolysis, Hz storage and transport infrastructure (see
Figure 30).
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Inputs: Qutputs:
+ Investment periods and + Optimal network
interannual temporal configuration
resolution
- Optimal pipeline
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o Demand nodes High temporal resolution: {resampled) hourly flow
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o Import ports/gates + Optimal storage capacity
o Coastal areas LEAST COST OPTIMIZATION and opertaion
. . Min obj = total discounted cost + Optimal supply
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- for optimistic H2 price optimization model
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. Supply technologies and Flexible optimization modes:
~ f *+ LP - continuous pipe capacity
techno-ecnomic parameters MILP - min allowed pipe capacity

Line pack and pipe storage

Figure 30. An overview of the inputs and outputs of the H, infrastructure optimisation model. Own work.

While the full mathematical formulation is detailed in Annex C. H: infrastructure model, key
modifications in this study include a broader geographical scope and the adoption of a linear approach
that models pipeline infrastructure through continuous flow capacities. This simplification omits the
potential economies of scale associated with pipeline sizing. In new pipeline investments, costs typically
exhibit economies of scale, meaning that increasing pipeline capacity leads to less-than-proportional
cost increases. This is primarily because certain cost components, such as labour, excavation, and
permitting, do not scale linearly with pipeline diameter. In contrast, repurposed pipelines bypass many
of these construction-intensive activities (e. g., trenching and pipe laying), resulting in a cost structure
that scales more linearly with capacity (reflected in the cost figures provided by European H2 Backbone
[105]). Repurposed pipelines would potentially dominate a cost-optimal network configuration due to
significantly lower investment costs compared to newly built connections. As a result, the overall impact
of this modelling assumption on infrastructure layout remains limited in the context of repurposing-
dominated scenarios.

To explore the impact of different H2 supply strategies on infrastructure needs, we group the green H:
production pathways, introduced earlier in the text, into two overarching categories, central and
decentral production scenarios, representing two contrasting extremes. These are defined as follows:

1 Central: This scenario includes centralised production and supply pathways, comprising offshore
H2 production, green ammonia imports with onshore dehydrogenation, and pipeline-based green
H2 imports from southern Europe. Both centralised Hz storage in salt caverns and decentralised
storage in liquefied Hz tanks are modelled as flexibility options to balance intermittent supply with
the assumed flat hourly H2 demand across industrial clusters.

1 Decentral: This scenario represents distributed, inland Hz production via electrolysers located
within the industrial clusters of the TCR. As in the central scenario, both centralised (salt caverns)
and decentralised (liquefied Hz tanks) storage technologies are included. The model captures trade-
offs between local storage integration with distributed electrolysers and investments in a
transmission network to access centralised storage.
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Figure 31 illustrates the system boundaries and key technological components included in each
scenario. For the green Hz import pathway from southern Europe, renewable Hz production and storage
in Spain are modelled endogenously based on regional renewable availability. A dedicated pipeline
route is assumed from northern Spain, passing through France and terminating in eastern Belgium
(Hainaut-Mons cluster), following the prospective European H: infrastructure map [106]. This
connection is treated as new-build infrastructure. In contrast, the green ammonia import pathway is

modelled exogenously, with prices incorporating terminal handling, shipping costs (based on [107],
assuming Morocco as the point of origin).
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Figure 31. System boundary for green H; infrastructure analysis in this study across both central and decentral H, production
scenarios. Own work.

All assumptions regarding the cost and performance parameters of technologies within the system
boundary, including renewable electricity generation, H2 production and storage, and both new and
repurposed pipeline infrastructure, are detailed in Table 20, Table 22 and Table 24of Annex C. H2
infrastructure model Given the critical role of storage in balancing intermittent renewable supply with
stable industrial H. demand, the techno-economic characteristics of available storage technologies are
explicitly represented in the model. Governing formula can be found in Annex C. H2 infrastructure model

Hydrogen infrastructure results

This section assesses how selected green Hz supply and demand scenarios influence the optimal scale
and spatial configuration of Hz infrastructure in the TCR, with the aim of testing its robustness for long-
term planning. Using the linear investment and operational optimisation model described in the previous
section, optimal infrastructure layouts are determined for the long-term (2050) horizon. The analysis
considers two green Hz supply scenarios, centralised and decentralised, together with the demand

scenarios introduced earlier. Overall, green Hz uptake across the different demand scenarios can be
grouped into the following categories:

Energy
Ville
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1 Green H; adoption by both the refinery and fertili ~ ser sectors: This outcome occurs under
stringent policy conditions represented by the RED Ill and Net Zero scenarios. In both cases, the
fertiliser sector replaces on-site grey Hz production via steam methane reforming with green Hz
purchased from the market (with a total volume of 27.5 TWh/a. Under the RED Il scenario,
refineries use green Hz only for marginal hydrotreatment (with total volume of 0.9 TWh/a) for
producging fossil-based products, integrated with carbon capture and storage (CCS). In contrast,
under the Net Zero scenario, refineries shift to a production mix based on Fischer-Tropsch synthesis
and biomethanol pathways, resulting in slightly lower green H2 demand (1.4 TWh/a).

1 Green H; adoption only by the refinery sector: In all other demand scenarios, including Global
Effort, Limited biomass, and Maximum biomass, RED Il is cost-competitive solely for marginal
hydrotreatment applications in refineries.

NET ZERO/RED I OTHER DEMAND SCENARIOS

CENTRAL
~
Flow capacity (GW)
Flow capacity (GW)

— Optimal New

~ = Optimal Repur — = Optimal Repur

DECENTRAL

Flow capacity (GW)

Figure 32. Optimal H; infrastructure layout in 2050 in the TCR across defined demand and supply scenarios under optimistic
calculation of Levelised Cost of H, (LCOH). Own work.

The infrastructure optimisation results as in Figure 32, indicate that pipeline repurposing consistently
emerges as the preferred option, with the overall network topology mainly shaped by where repurposing
opportunities already exist. Repurposed long-distance pipelines are often more cost-effective than
newly built shorter segments, and although supply and demand assumptions influence the placement
of import terminal connections, centralised storage sites, and routes toward industrial clusters, their
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impact on the broader topology remains limited as it already connected to existing clusters. That is why
the H2 pipelines, as a transit between North Rhine-Westphalia and industrial clusters, are mainly
installed in the Netherlands, as salt caverns are present and more pipelines which can be refurbished
are available, whereas in Belgium a hydrogen network would mainly consist of new pipelines. Across
all scenarios, total hydrogen flow volumes stay relatively low, pointing to a potential long-term risk of
underutilised pipeline infrastructure. For production and storage, the results show that offshore
hydrogen production and ammonia imports with dehydrogenation are not cost-competitive in the
centralised scenario, primarily due to high capital costs for offshore wind and electrolysis platforms,
combined with dehydrogenation energy losses and terminal handling costs. Under the decentralised
scenario, underground geological Hz storage accessed via dedicated pipelines is more cost-effective
than decentralised liquid storage tanks at industrial sites, owing to lower energy capacity costs and
reduced storage losses despite slower response times and added network investment needs.
Consequently, centralised salt cavern storage stands out as the most economical flexibility option,
underscoring the importance of enabling timely permitting for such facilities to support future hydrogen
system development.

The LCOH is estimated using a cost-based approach that annualises electrolyser, storage, and
dedicated renewable generation costs. A stylised single-node optimisation model, initially excluding Hz
transport infrastructure, determines the optimal mix of renewable generation and electrolyser and
storage capacities based on hourly renewable availability under each supply scenario, meeting a
constant 1 GW Hz demand profile throughout the year. This method explicitly accounts for renewable
variability, which governs electrolyser utilisation and storage operation. By including Hz storage directly
in the cost calculation, the analysis estimates the cost of reliably meeting a defined H2 demand profile,
rather than just production cost, resulting in a more realistic representation of end-use H: prices and
highlighting the value of cost-effective storage in reducing system-wide LCOH formulated in
Equation 1.
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Equation 1. Levelised Cost of Hydrogen.

In this study, the above methodology is referred to as an optimistic H2 price scenario, as it assumes
flexible electrolyser operation within a cost-based framework and does not rely on retail electricity
prices, which in the TCR include high grid fees and tariff components. To assess the robustness of the
results, a sensitivity analysis is therefore conducted to examine the impact of more realistic Hz price
assumptions on industrial green Hz adoption across the different demand scenarios. Table 24, Annex
C, represents the LCOH values under both optimistic and realistic Hz price scenarios.

Under these more realistic Hz price assumptions, the Net Zero scenario yields a result broadly
comparable to those obtained under the optimistic pricing case. In contrast, the RED Il scenario results
in green Hz adoption only within the fertiliser sector Figure 33, driven by stringent policy requirements
that mandate minimum shares of renewable H: in this sector. All other demand scenarios lead to near-
zero green Hz uptake across industrial sectors. In other words, when assuming realistic green Hz prices
that account for grid fees, taxes, and levies, together with a conservative operating assumption of
baseload electrolysis without Hz storage, green Hz is not cost-competitive for most industrial
applications compared to alternative bio-based or fossil-based pathways integrated with CCS.
Exceptions arise only under stringent EU-level policy frameworks, such as RED Il or Net Zero industry
targets, where regulatory constraints effectively enforce green Hz adoption.
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RED Il NO POLICY RESTRICTION (E. G., RED Ill/ NET ZERO)

DECENTRAL

~—— Optimal New Connection
= = Optimal Repurposed Connection

== Optimal Repurposed Connection

Figure 33. H; infrastructure under realistic calculation of LCOH across the TCR in 2050. Own work.

Hydrogen infrastructure conclusions

Industrial activities remain a major source of EU greenhouse gas emissions, accounting for roughly one
fifth of the total despite significant reductions since 1990. Meeting EU climate targets therefore requires
deep defossilisation of energy-intensive industries, moving beyond incremental efficiency gains toward
structural shifts in production systems. Many emerging defossilisation pathways depend on renewable
and low-carbon inputs or CCS, all of which demand dedicated infrastructure and long-term investment.

91 In this policy landscape, EU instruments such as the ETS, the Clean Industrial Deal, the Net-Zero
Industry Act, and the revised RED Il play central roles by combining carbon pricing, industrial
support, and sustainability criteria for fuels. RED Il particularly affects the economic viability of Ha-
based pathways by defining renewable Hz requirements, while the 2024 ETS reform, including the
integration of CDRI such as bio-CCS, shapes incentives for CCS-based industrial routes.
Understanding how EU policy influences low-carbon technology choices and infrastructure needs
is therefore essential. Findings are shared with industrial stakeholders and network operators (e. g.,
Fluxys, Gasunie and OGE) through related projects such as the Trilate Project [108] and
stakeholder meetings in the course of the 3C-VaCS project.

I Limited cost competitiveness of green H.: Across harder-to-abate sectors (steel, refineries,
fertilisers, high-value chemicals, glass and cement), green Hz from onshore hybrids, offshore
production, or imports (e. g., Spain) is generally not cost-competitive, even under optimistic
assumptions, such as flexible electrolysers with low-cost storage, ETS prices of 480 EUR/tCOF,
and natural gas at 32 EUR/MWh. CCS-based and bio-based options typically deliver lower-cost
defossilisation.

1 Conditional viability of green  H>: Green Hz becomes viable only under restrictive conditions,
specifically when CCS and domestic biomass are excluded and negative emissions from bio-CCS
are not credited. Under such constraints, green Hz may play a role in refinery hydrotreatment or in
direct reduction of iron in steelmaking where CCS (e. g. used to produce blue Hz) is unavailable.
Regulatory requirements such as RED Il may still mandate green Hz use in fertiliser production,
even when CCS-equipped SMR remains more cost-effective.
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1 Implications for H: infrastructure planning:  Robust network planning must be grounded in
sector-specific cost thresholds and operational flexibility enabled by strategic infrastructure
investments. Although network investments can link cost-effective production, demand clusters,
and storage sites, green Hz adoption remains viable only under restrictive assumptions. This
highlights the need for coordinated planning across Hz and COz2 value chains, as well as awareness
of domestic green-fuel alternatives, to avoid overestimating H. demand and creating underutilised,
capital-intensive pipelines.

9 Priority of pipeline repurposing: Infrastructure optimisation consistently favours repurposing
existing pipelines over new-built infrastructure, with topology largely shaped by available
repurposing opportunities. The Netherlands has more pipelines which can be repurposed than
Belgium. Repurposed long-distance pipelines are often more cost-effective than newly constructed
short links. Early coordination of H2 and CO: planning is therefore essential to prevent stranded
assets and avoid high tariffs for early adopters.

1 Non-binding market interests:  Discussions with CNOs in Flanders, the Netherlands, and NRW
reveal competitive dynamics between Belgpotenialsand t he
H2 demand and CO:2 removals. While competition may reduce tariffs, coordinated tariff structures
and joint evaluation of infrastructure options are required to avoid tariff stacking and underutilised
assets, especially under non-binding demand indications.

I Cost advantage and system role of blue  H2: is generally more cost-competitive than inland or
offshore green Hz production, as green Hz imports from Southern Europe, or ammonia imports with
dehydrogenation suffer from reconversion losses and terminal costs. Since many clusters already
operate SMRs, retrofitting CCS and transporting CO2 to storage sites is typically cheaper and less
risky than building entirely new SMR+CCS hubs with new pipeline networks.

1 Levelised costs of H»: LCOH analysis shows renewable electricity is the dominant cost driver of
green Hz (60-70 %), followed by electrolyser CAPEX ( &8@%), while storage and transport
contribute relatively little. Reducing green H: costs therefore requires lowering electricity costs and
enabling highly flexible operation, supported by affordable storage options like salt caverns.

3.4.2 Infrastructur e implications for CO 2 networks

The Industrial Carbon Management strategy (Feb 2024) highlights the EU vision on the need for

significant amounts of carbon capture (>400 MtCO32) by 2050 [109], partly related to utilisation (CCU),

but mainly to storage of fossil CO2 emissions (CCS) and to storing air-captured or biogenic captured

emissions (CDR: Direct Air Capture CCS or DACCS, biBioenergy CCS or BECCS). While CO: capture

typically represents the largest cost component, transportation and storage should not be neglected.
Together these elements anreablitenhmrehérr®detboastshhbi
region and proximity to North-Sea storage locations, the BE-NL-NRW region has a high potential to

deploy industrial carbon capture solutions, with the chemical industry playing a central role.

CO: infrastructure mode lling a pproach

Understanding the potential volumes of CO:z that could be captured in the future under various
scenarios, as well as the associated transportation and storage needs, is crucial for coordinating the
CO:2 value chain developments and avoiding costly capital investment lock-ins. More specifically, by
using a scenario-approach and looking at economies of scale, this study aims to understand the impact
of the following aspects and answer the related questions:
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1 EU carbon pricing : How does CDR crediting influence the CO: value chain in terms of bio-
CCSlfossil-CCS adoption and resulting volumes and pipeline routing? (cf. five base scenarios
without vs. with CDR credits)

1 Industry relocation : How do increased imports affect scale economies that are essential in the
rollout of a CO:2 value chain? (cf. Global effort scenario)

1 Biomass use : Which scenarios are most reliant on biomass recourses? (cf. limited vs. maximum
biomass scenarios)

Methodology

A European spatially resolved carbon capture, transport & storage (CCTS) model has been used. It
optimises the total costs of the capture decision in relation to other decarbonisation options together
with the cost of transport and storage components. A similar modelling scope Figure 29 and workflow
(Figure 30) as the one used for Hz is applied to examine the role of industrial carbon capture within the

TCR.
e Chemicals (Olefins, PE, PEA) A Underground storage sites
¢ Fertiliser (ammonia, urea, nitric acid) B Terminals
®  Refineries X Cluster entroids
e Stecl (primary, secondary) === Candidate connection
*  Cement ®  Emitters
e (Glass

Figure 34. Modelled TCR region, six industry sectors, candidate pipelines, storage locations and terminal points. Own work.

Industrial data such as location, products and production volumes, is obtained from the AIDRES
database [102], similar to the the H: infrastructure model (Figure 35). This includes geographical data
from six main industries as shown on Figure 34. First, a data processing step selects two types of routes
per production facility in correspondence with the applied scenario: (i) the minimal total expenditure
(TOTEX) route and (ii) the minimal TOTEX route without carbon capture. In some cases, (i) and (ii) are
equal if the minimal total cost route does not involve capturing. In the other case, when (i) involves
carbon capture, the production route in (ii) serves to provide information on the value of connecting a
certain emitter to the CO: value chain. In other words, when the cost difference between (i) and (ii) is
very small, the connection costs of the carbon capture site to the CO2-backbone might surpass the
costs of the alternative decarbonisation route (ii). In this way, the CCTS optimisation model will decide
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not to connect the emitters to the backbone, and they will decarbonise differently. Connection to the
CO:2 network occurs via industrial cluster points as shownw i t h imhrkersinigure 34.

Several novel routes have been added to the AIDRES database [102], covering the use of bio-methanol
and bio-naphtha in the chemical sector. Biogenic emissions from biorefineries producing bio-methanol
or bio-naphtha from local biomass are assumed to be captured at existing refinery facilities. The total
volume of emissions captured from bio-naphtha or bio-methanol production .from local biomass is

all ocated to refineries (or their respective cluster
refinery output relative to total BE-NL-NRW production.
CO, infra model:
CC, T&S cost-
optimization
Trade- offs
between:
1) Costof
capturing &
investing in
T&S
infrastructure
Cost of non-
capture route
Data processing tool:
Calculation of total production cost for each
production route
Selection of cost optimal route from industry
perspective
Selection of 2" best production route
without carbon capture. (could be equal o
first best)
Figure 35. CCTS model inputs and outputs, including a data processing step. Own work.
Besides industrial data, data for transport and storage (T&S) are fed to the model. T&S components
are optimised together with the capture decision. Candidate pipelines are extracted from the Scigrid
database [110] containing a collection of open-source European gas transport data. The pipeline
construction cost data is extracted from Rubin et al. [111] (see Figure 3.8.1-3) and verified with the
Danish Energy Agency database [112]. Repurposing existing natural gas pipelines is not included within
the model. Storage and booster pump data has been derived from the IEA database [113]. Note that
the model does not allow to store CO:2 in UK territories for the year 2030. This is related to different
ETSs (UK ETS, EU ETS), which do not allow storage of CO: in UK sinks to date. In 2050 UK storage
sites are included assuming the permission for CO: storage.
We model pipelines and storage sites using lump-sum investment costs. That means that each
component has an initial fixed cost. This mi mi scdleseconomies associated with the concept of
Anet work externalityo, where infrastructuwluechamosts de

when the captured and transported volume increases. Hence, a mixed integer linear programming
formulation is implemented as shown in
Figure 36. Pipelines furthermore scale linearly with capacity and length.
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