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Summary

Sustainable carbon is a resource that will become crucial in the energy transition. At the
moment, however, both supply and demand of sustainable carbon are still limited, and the
associated legislative frameworks are under development. For the international aviation
and shipping sectors, the context is particularly complex.

The Dutch Ministry of Infrastructure and Water Management commissioned this study to
obtain a better understanding of the expected supply and demand for sustainable carbon
in aviation and shipping, as well as the state of the current legislative frameworks.

The analysis of supply and demand focuses primarily on the Dutch situation, but where
relevant, information is also presented for the European scope.

The net-zero target of the EU Climate Law for 2050 implies that any residual
emissions from aviation and shipping must be compensated through carbon
removal. Under current policies, the residual emissions in 2050 are expected to amount to
0.7-7.0 Mt COx for aviation and 4.0-13.0 Mt CO; for shipping (tank-to-wing/wake
emissions, TTW), as shown in Figure 1 and Figure 2. This would imply a significant need
for sustainable carbon.

Other climate targets for aviation and shipping do not result in a clearly defined demand
for carbon removal. The national CO» reduction targets for aviation are in-sector and
therefore do not allow compensation. The international ICAO net-zero target for 2050
permits various types of offsetting, which means that residual emissions can be
compensated in various ways. The IMO Greenhouse Gas Strategy is also an in-sector
target and does not allow for compensation.

Sustainable carbon for aviation and shipping September 2026
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Figure 1 — Comparison of tank-to-wing residual emissions of Dutch aviation vs EU Climate Law and ICAO
LTAG targets
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Figure 2 — TTW greenhouse gas emissions of Dutch shipping compared to EU Climate Law
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However, e-fuel production for aviation and shipping also requires significant
amounts of sustainable carbon at the production site. It is estimated that by 2050,

a total of 3.3-10.8 Mt of sustainable CO: is needed to meet the demand for e-fuels in these
sectors, as shown in Table 1. Whether this sustainable carbon is required in the
Netherlands depends on the location of the fuel production.
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n Sustainable carbon for aviation and shipping

Assuming around 70% imports, the Dutch demand for sustainable carbon for e-fuel
production is expected to be roughly 1.0-3.2 Mt CO, in 2050.

Table 1 — Bandwidth of expected Dutch demand for sustainable carbon (Mt CO3) for the production of e-
fuels used in Dutch aviation and shipping

100% domestic 70% import
2030 2040 2050 2030 2040 2050
Aviation 0.1-0.2 1.1-17 33-74 0.03 -0.06 0.33-0.51 1.0-22
Shipping 0.0-0.1 0.0-26 0.0-34 0.0-0.03 0.0-0.78 0.0-1.0
Total 0.1-0.3 1.1-43 3.3-10.8 0.03 -0.09 0.33-1.29 1.0-3.2

From a cost perspective, e-fuel prices are mainly driven by electricity costs. This makes
that regions offering low-cost solar PV or onshore wind, such as the Middle-East and
North-Africa, may have a significant competitive advantage in producing e-fuels. E-fuel
costs are relatively high but are expected to decline rapidly by 30 to 50% by 2050,
compared to 2030, largely due to declining costs of electrolysers and Direct Air Capture
(DAC) technologies resulting from economies of scale.

The estimated availability of sustainable carbon for removal in the Netherlands in
2050 is 34.1-35.1 Mt CO,, of which about 23.3 Mt could also serve as feedstock for
e-fuel production. Most of this potential comes from bio-CO- that is captured from
bioenergy plants and stored permanently in geological formations (BECCS), as can be
seen in Figure 3. Bio-CO; captured from industry, biochar, carbon stored in biobased
products and materials and mineralisation are also expected to be potential sources for
carbon removal. The various CCS-routes in the figure are all based on capturing
sustainable COa. This can then be used for carbon removal via CCS, or for other
applications such as feedstock for e-fuel production.

September 2026
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Figure 3 — Maximum potential for carbon removal in the Netherlands, in Mt per year
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Not all of this potential will become available for aviation and shipping, however. Other
sectors will also need to replace their fossil fuels with sustainable alternatives, and they
will also be looking for carbon removal options to compensate for any residual emissions.
These developments are still very uncertain, but demand for carbon removal for other
sectors in the Netherlands is currently expected to increase to 20-25 Mt CO- by 2050, and
demand for sustainable carbon in other sectors to up to 9.1 Mt CO..

It is very likely that sustainable carbon will be a scarce resource in the future.
Comparing these data for projected future demand and supply (Figure 4), we conclude
that under current scenarios, the combined demand for sustainable carbon from aviation,
shipping and other sectors may significantly exceed its availability.

Sustainable carbon for aviation and shipping September 2026
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Figure 4 — Comparing potential demand and supply of sustainable carbon in the Netherlands in 2050, in
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Supply and demand may only align if;
a. The full potential (or more) for carbon removal that was identified in this report is
indeed realised.
b. The lower range of future demand for carbon removal in aviation and shipping is
achieved.
c. Demand for carbon removal from other sectors remains significantly lower than
currently expected.
d. Demand for sustainable CO; for CCU-applications in the Netherlands (including e-

fuels for aviation and shipping) will be much lower than estimated.

Given the significant uncertainty of whether the identified potential for sustainable CO2 and

carbon
should

removal can indeed be realised in the future, these data illustrate that mitigation
be chosen over compensation if possible, in order to minimise residual emissions

and the resulting need for carbon removal.

n Sustainable carbon for aviation and shipping September 2026



e Content

Carbon removal is expected to be more cost-effective than production of e-fuels.
However, this does not necessarily mean that it represents a better use of the
available carbon. By 2050, carbon removal may be more cost-effective than the ETS
price, while e-fuels are expected to be either comparable to or somewhat higher than the
ETS price. However, both the cost estimates and the future availability of carbon removal
remain very uncertain. Furthermore, several factors are not captured in a comparison of
costs per ton COz, such as externalities related to air pollution, safety, etc.

Currently, only a global voluntary market for Carbon Dioxide Removal (CDR) exists,
no compliance markets have been established yet. Furthermore, CDR policies remain
limited, with the most relevant existing instrument being the Carbon Removal Certification
Framework (CRCF), an EU-level certification framework for CDR credits. Besides, the
European Commission announced that it will propose to create a limited linkage between
CDR and the EU ETS. This would probably increase future demand for high-quality,
permanent CDR credits.

Partly reflecting the immaturity of the CDR policy framework, several accounting
challenges remain, both in general and specifically for international aviation and shipping.
Most importantly, emissions from these sectors fall outside the scope of the National
Determined Contributions (NDCs) under the Paris Agreement. This implies there is
currently no clear incentive for the parties to compensate the residual emissions from
aviation and shipping.

Some accounting challenges are being addressed, for instance under the UNFCCC,
while others are directly related to the design of policy instruments. At EU level, the
announced linkage between CDR and the EU ETS could provide a valuable opportunity to
mandate the compensation of residual emissions from aviation and shipping through CDR.
The main limitation of using the ETS for this purpose lies in its current scope for aviation,
which does not include extra-EEA flights. This is not expected to change in the near future.

At global level, a potential policy option for establishing a CDR mandate for aviation could
be to build on the CORSIA framework, allowing only permanent CDR credits for offsetting
and gradually lowering the baseline towards zero by 2050. However, reaching consensus
on such a far-reaching adjustment of the current CORSIA framework would be politically
challenging.

For shipping, a separate global CDR mandate would be premature at this stage, as the
IMO Net-Zero Framework (NZF) does not permit out-of-sector CDR and aims instead to
eliminate all fossil-based emissions by 2050.

n Sustainable carbon for aviation and shipping September 2026
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1.1

1.2

Introduction

Introduction

Sustainable carbon is a resource that will become crucial in the energy transition. At the
same time, supply and demand of sustainable carbon are still at very small volumes and
the related legislative frameworks are under development. For the international aviation
and shipping sectors, the context is particularly complex.

The Dutch Ministry of Infrastructure and Water Management has commissioned this study
to obtain a better understanding of the expected supply and demand of sustainable carbon
for aviation and shipping, as well as the state of the current legislative frameworks.

With respect to supply and demand, the focus is on the Dutch situation, but where
relevant, information is also presented for the European scope. With respect to the policy
frameworks, the focus is on international and European policy, since these are the
legislative levels at which those policies are to be agreed on.

Outline of the report

The concepts of sustainable carbon and carbon removal are not straightforward, and
relatively new terms for both the aviation and the shipping sector. We therefore begin this
report with a first introduction of these terms, and some background to the relevance of
these topics for both sectors in the next section. The objective and scope of this study is
then described in Section 1.4.

This is followed by an overview of expected future developments in the international
aviation and shipping sectors (Chapter 2). This analysis focusses on the Dutch and
European demand for aviation fuels, as well as the corresponding greenhouse gas
emissions. The information presented in this chapter is based on existing scenario’s and
does not contain new forecasts.

For the aviation and shipping sectors, sustainable carbon plays a role in two main ways,
which will be discussed next.

First of all, international aviation and shipping are considered to be ‘hard to abate’ sectors
which are expected to be more difficult to decarbonise than some other sectors. Therefore,
a situation could arise in which there is a demand for compensation of residual
emissions (Chapter 3) in aviation and shipping in order to achieve the climate targets.

Sustainable carbon for aviation and shipping September 2026



e Content

1.3

1.3.1

We have also included a separate chapter to discuss the accounting of carbon removal
in these two sectors (Chapter 4).

Furthermore, sustainable carbon is a key resource for the production of sustainable
fuels (Chapter 5). Sustainable fuels are necessary to reduce the greenhouse gas
emissions of the aviation and shipping sector, hence there will be high demand for
sustainable carbon as a resource for fuel production.

To accommodate the demand for sustainable carbon for fuel production and
compensation of residual emissions, there should be sufficient supply of sustainable
carbon (Chapter 6). Currently, the supply is very low, and it is uncertain how much
sustainable carbon will be available in the future. Furthermore, there will be competition for
this carbon from multiple sectors. This chapter covers both aspects.

The analyses of the preceding chapters are then combined in, resulting in a comparison
of expected supply and demand for sustainable carbon, as well as a reflection on
cost-effectiveness of sustainable carbon (Chapter 7). We conclude this report with the
main conclusions and policy options (Chapter 8).

Background

In the coming years and decades, sustainable carbon will become increasingly relevant for
both aviation and shipping, for two reasons:

1. Sustainable carbon is an essential feedstock for the production of sustainable
e-fuels.

2. Sustainable carbon can be used to create carbon removal (sometimes called
negative emissions), to limit or reduce global warming and compensate for fossil
emissions.

What is sustainable carbon?

There is a lot of specific terminology that relates to the topic of this study. The specific
concepts and terms are easily confused. Therefore, we highlight the most important
concepts in Textbox 1. We have tried to relate our vocabulary as closely as possible to the
Dutch Roadmap Carbon Removal and European definitions from the Renewable Energy
Directive (EU, 2023b; Ministerie van KGG, 2025).

Textbox 1 - Terminology related to ‘Sustainable carbon for aviation and shipping’

Sustainable carbon is carbon that is extracted from the atmosphere. This can be achieved, for example,
through plant growth. If the resulting biomass is then used for power and or heat production, bio-CO, will be

released. This bio-CO, does not directly contribute to climate change when released into the atmosphere, as

Sustainable carbon for aviation and shipping September 2026
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fossil CO; does, since the carbon was taken up by the plant not too long ago1. Carbon can also be extracted
from the atmosphere through direct air capture (DAC), a technology that is currently under development
(more on this in Chapter 6). In the context of this report, the term sustainable carbon is typically used when

discussing sustainable CO, but it can take many (chemical) forms.

Carbon removal refers to processes that remove carbon from the atmosphere or from biogenic sources and
store this carbon either temporarily (in forests, soils or products) or permanently (BECCS, BioCCS, DACCS,
mineralisation — these terms will be further described in Chapter 6). This removal of carbon from the
atmosphere is a form of negative emissions of greenhouse gasses. Carbon removal is not the same as
emission reduction or avoidance of emissions: the latter two reduce the amount of (positive) emissions of
carbon. We highlight this difference based on the example of CCS: if fossil carbon is captured (for example
from industry) and stored it is called fossil CCS, which is a form of emission reduction. It prevents the release
of fossil CO; into the atmosphere. On the other hand, if sustainable carbon (from biogenic sources or the

atmosphere) is captured and stored, it is a form of carbon removal.

CDR CO:fromthe here and stores It durably
not CDR CDR
SO ) SECUTISRSSEPRTIENEN - 11 .o PR
4+ v 4 v 4+ + 4 \ A
umoiphou * v
>
biosphere +
! biogenc @
vrds forests and soils Inproducts
geological .
4 4 4+ ¥ v
tossd tossil tosst bioCCS DACCS,
emiasions ccs ccu mirscalisation

Source: Clearing the air? (The Netherlands Scientific Climate Council (WKR), 2024).

Carbon Capture and Utilisation (CCU) refers to the use of CO, in fuels or products. This CO, may originate
from fossil point sources or from non-fossil sources such as biogenic process emissions or direct air capture
(DAC). The origin of the CO, itself does not determine the regulatory classification of the resulting fuel under
the RED. When fossil CO, is used, the fuel is only classified as a Recycled Carbon Fuel (RCF) if the
underlying waste stream meets the conditions of Directive (EU) 2018/2001, Art. 2(35). The specific definitions

are provided in Section 5.2.

E-fuels (electrofuels) are synthetic fuels produced using renewable electricity as the primary energy
source. Renewable electricity is used to produce renewable hydrogen through electrolysis.

This hydrogen is then combined with a source of CO; (or nitrogen in the case of e-ammonia) to form
energy carriers such as e-kerosene, e-diesel or e-methanol. The climate performance and regulatory
classification of an e-fuel depend on both elements. E-fuels produced from hydrogen that meets the RED

requirements and from CO; of atmospheric, non-biological origin, such as CO, captured through Direct Air

Sustainable carbon for aviation and shipping

Note that this is intended to be an illustrative example, but it may be an oversimplification. Especially when using
woody biomass, there may be several decades between when the carbon was removed from the atmosphere and
the emission through combustion. This delay is called carbon debt, and can have impact on global warming.

September 2026
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1.3.2

Capture (DAC), are classified as Renewabel Fuels of Non-Biological Origin (RFNBO). Certain biogenic
process CO; streams (e.g. fermentation or biogas upgrading) may also qualify as CO, of “non-biological

origin” for RFNBO production, provided they meet the sustainability and eligibility criteria defined in the RED.

In contrast, when biogenic CO, from biomass conversion (such as combustion or gasification) is used, the
resulting fuel is generally classified as a biofuel, not an RFNBO, even if renewable electricity and hydrogen

are used in the synthesis.

Renewable hydrogen and ammonia are also classified as RFNBOs, although they contain no carbon.

Why is there a need for carbon removal?

As explained, the active removal of greenhouse gases from the atmosphere is called
carbon removal. A range of measures and technologies exist to achieve this effect, and
some will be more long-lasting than others.

As explained in the Dutch Roadmap of Carbon Removal, as well as in many European
and global research publications and policy documents, carbon removal will need to
become an essential pillar of future climate policy, for two reasons.

Firstly, carbon removal can be used to achieve the EU’s and Dutch goal to become
climate neutral in 2050: it can compensate any remaining (fossil) greenhouse gas
emissions. Current EU and Dutch scenarios that outline a climate neutral future all
demonstrate that we need to move towards significantly lower GHG emissions than in the
current situation, but they do not expect to achieve zero emissions. Carbon removal is
then an essential means to compensate for these emissions, and prevent a further
increase of atmospheric GHG concentration.

Secondly, once climate neutrality (‘net-zero’) is achieved, carbon removal can be a means
to actively reduce atmospheric GHG concentration, and thereby reduce an overshoot in
global temperature compared to the targets agreed on in the Paris Climate Agreement.
The need for carbon removal to offset global warming overshoot is therefore included in
both the EU and Dutch climate law, as well as in the Paris Agreement itself.

Definitions and terminology

In literature, various definitions are used to describe carbon removal?, particularly with
regard to the duration of the removal. Many sources distinguish between temporary and
permanent carbon removal. However, they often don’t specify an exact timeframe.
Temporary carbon removal can range from a few years to decades. However, this
means that the sequestered carbon will eventually return to the atmosphere, or at least,
there is no guarantee that it will not. For example, in the case of afforestation or forest
restoration, sustainable carbon is stored in the forest, but the forest may be harvested at

2 Sometimes in literature also denoted as carbon sequestration.

Sustainable carbon for aviation and shipping September 2026
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some point in time, or the trees will die due to disease, soil degradation or wildfire. It can
therefore have a temporary effect on climate change, but is less suited to compensate for
emissions that have a permanent or much longer lasting impact (which is the case for
most GHG emissions). Permanent carbon removal, on the other hand, can be used in
the offset fossil and residual emissions for an indefinite time. This typically refers to
geological or mineral storage for at least several centuries, with a very low probability of
premature CO- release.

In 2024, the European Carbon Removals and Carbon Farming (CRCF) Regulation entered
into force. The regulation provides a framework for the reliable certification of high-quality
carbon removal. The CRCF defines a period of several centuries for permanent carbon

removal, and at least 35 years for carbon storage in products and at least 5 years for

carbon farming(EU, 2024b).

Table 2 summarises the most important differences between temporary and permanent

carbon removal.

Table 2 — Temporary and permanent carbon removal

Temporary carbon removal
Decades at most

Often based on natural processes
Can be realised relatively quickly

Requires little energy or materials (but does require
space)

Often delivers positive co-benefits for nature and
biodiversity

Long-term storage cannot be demonstrably guaranteed

Therefore, not sufficiently certain to compensate
residual emissions

Examples: Afforestation and reforestation, carbon
storage in soils, biochar*, blue carbon, storage in
materials and products**

Permanent carbon removal

Centuries to millennia

Often based on technological and industrial methods
Technology not yet mature

Requires a lot of space, energy, and materials

Usually delivers few or no positive co-benefits

Permanent storage is demonstrable and can (almost) be
guaranteed

Can be used to compensate residual emissions

Examples: Biochemistry with CCS, Bio Energy & CCS
(BECCS,), Direct Air Capture & Storage (DACCS), Direct
Ocean Carbon Capture & Storage (DOCCS),
Mineralisation, Onboard Carbon Capture & Storage
(OCCS)

The storage duration is conditional: According to the EU Carbon Removal Certification Framework (CRCF),

biochar can qualify as permanent carbon removal if the carbon remains stable for more than 100 years. This must

be supported by scientific data such as the H/C ratio (hydrogen-to-carbon ratio) and its application in soil.

*k

Carbon storage in products depends on their lifespan and end-of-life treatment (e.g., incineration, recycling, etc.).

In some cases, carbon removal overlaps with other commonly used terms, such as CCU
and CCS. CCU (Carbon Capture and Usage) refers to the capture of CO2 and its use in
products. CCU can relate to both fossil and sustainable CO», but it is important to

Sustainable carbon for aviation and shipping
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1.4

distinguish between the two, their life-cycle climate impacts differ. When sustainable CO-
is stored via CCU in materials, e.g. in wood as a building material, in cement or for the
production of bio-plastics, this may constitute temporary carbon removal (depending on
the duration of storage). However, when COz is used for (e-)fuels, as feedstock in
horticulture or other short-lived chemical products, this does not qualify as carbon removal
since the stored carbon will return to the atmosphere. This does, however, not mean that
this type of CCU with sustainable CO does not have value, but its value is in GHG
mitigation, not in carbon removal. Aviation and shipping will need this carbon in the future
to produce e-fuels that meet their sustainable fuel demand, and reduce fossil fuel demand
and emissions. As explained above, in a climate-neutral future, any remaining (fossil)
emissions from these sectors must be balanced through carbon removal, ensuring net-
zero operation.

CCS (Carbon Capture and Storage) refers to the capture of CO2 and its subsequent
geological storage (e.g. under the seabed in the North Sea or deep saline aquifers). When
the captured CO: is of fossil origin, this constitutes emission reduction. If the captured CO>
is derived from biomass (biogenic origin, or bio-CO3) or directly captured from the
atmosphere, this constitutes permanent carbon removal.

Throughout this report, it is therefore important to always be aware whether an activity
achieves emission reduction or carbon removal, and whether the CO; that is discussed is
or fossil origin or (recently) extracted of from the atmosphere.

Objective and scope of this report

The various research questions that are addressed in this report are outlined in Annex A.

This report touches on many different fields of research. It was therefore necessary to
clearly define the scope of this work:

»  The quantification of the future demand for sustainable carbon for aviation and
maritime shipping (for compensation of residual emissions as well as the
production of e-fuels) focusses on bunker fuels sold in the Netherlands. This aligns
with the international CO, reporting of countries (UNFCCC).

»  Analyses of the future configuration of value chain in fuel production is based on
existing studies; this study does not contain new analyses or prognoses for the
future fuel production in the Netherlands.

*  Quantification of demand for sustainable carbon in other sectors is based on
existing literature, with minor updates where necessary.

»  The project focusses on the climate impact of CO2, CHs and N2O. Non-CO»
climate effects of aviation are out of scope (see Textbox 2).

+  The analyses of climate accounting encompasses the international, European as
well as national policy level.

Sustainable carbon for aviation and shipping September 2026
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Textbox 2 - Non-CO:2 climate effects of aviation

In this report, we focus on the emission of greenhouse gases CO,, CH, and N,O. For aviation, this means the
focus is on CO,, since the emission of CH, and N;O is negligible. However, other ‘non-CO, climate effects’

are of importance for aviation. The two most important non-CO, effects of aviation are due to:

1. Contrails, which can cause the formation of contrail-cirrus.
2. NOx-emissions, which lead to chemical reactions that influence CH, and O3 concentrations.
These non-CO; effects lead to a short-time increase of radiative forcing (hours to years) compared tot he

effects of CO, emissions (which have an effect for millennia).

With best estimates, the current warming due to historic aviation is caused for 1/3th by CO, and for 2/3th by
non-CO, climate effects (Lee et al., 2021). A comparison of the expected CO; and non-CO; climate impact of
current aviation strongly depends on the chosen metric and time horizon. Using GWP1qo, it is estimated that
there is a factor of 0.7 non-CO, climate impact for every 1.0 CO-impact for aviation in 2018. Current climate
policies are focussed on reducing CO; climate effects rather than non-CO, climate effects. Therefore, it can
be expected that even if CO, emissions are mitigated in the future, there will still be a significant non-CO,
climate impact (Lee et al., 2021). However, the uncertainties of the non-CO, climate effects of aviation are still
significant. The effects differ strongly per flight and are complex to model or measure and not all underlying
physical processes are well understood.

In this study, non-CO; climate effects are out of scope. This choice was made because of the following
reasons:

. There is barely any policy for non-CO, climate effects: there are no climate targets for the reduction
of these effects at the national, European or international level and there is no mitigating policy.
Since there are no targets, a comparison of expected emissions with target levels is not possible.

. The short-time nature of non-CO; effects make it fundamentally different from CO, emissions. For
CO. it is clear that permanent or very long time storage of CO, is needed to compensate for
emissions. With non-CO; this is not so clear.

. Including non-CO;, effects in this analysis would make it significantly more complex. This study is
already complex due to the many remaining uncertainties and policy questions. Including non-CO,
would add a level of complexity that was deemed too much for this study.

However, residual non-CO, climate effects of aviation could significantly increase the amount of residual
climate effects of aviation that need to be compensated for with carbon removals compared to the estimates

in this study.

It can be expected that there are residual non-CO, emissions, which are relevant for the total global warming.
We therefore do recommend to investigate how future systems to compensate for residual non-CO,

emissions could be designed at a later stage.

Sustainable carbon for aviation and shipping September 2026



2 Future developments in
aviation and shipping

2.1 Introduction

This chapter contains forecasts of energy demand and CO2 emissions in the international
aviation and shipping sectors. These forecasts are based on existing studies and focus
both on a Dutch and European scope for the years 2030, 2040 and 2050.

The uncertainties in these future developments are significant. We therefore report
bandwidths rather than point estimates for the future emissions and energy use. In the
text, we analyse the driving factors behind the expected future developments and the
related uncertainties in these developments.

2.1.1  How are greenhouse gas emissions calculated?

There are multiple conventions for calculating the greenhouse gas emissions of transport
activities. Since different conventions are used in different policy contexts, it is not always
easy to compare CO» emission estimates. It is important to note that different conventions
are used in this report, since the convention to calculate CO2 emissions depends on the
policy context. The main different scopes that are used for calculating CO2 emissions are
described below. This report focusses on the TTW, WTT and WTW scopes, since this best
aligns with existing policies:

*  The tank-to-wing (aviation) or tank-to-wake (maritime) emissions, which are
commonly denoted as TTW, are the emissions of combusting the fuel in the
vehicle. In this study, the CO, emissions of combusting renewable fuels are
counted as zero in a TTW scope, even though the emissions of combusting these
fuels are equal to the emissions of combusting their fossil counterparts.?

The reason to count these emissions as zero is that, unlike with the combustion of
fossil fuels, the carbon that is released to the atmosphere when combusting
renewable fuels are part of the short carbon cycle.* Emissions of other

3 There are also studies where the actual combustions emissions of all fuels are counted as TTW emissions. In
these calculations, no distinction is made between the TTW CO, emissions of fossil fuels and their renewable
counterparts. This method is not used in this study.

4 The carbon that is emitted to the atmosphere when combusting a biofuel was removed from the atmosphere when
the crops that are the feedstock of this fuel grew. These two processes cancel out in general, unless the carbon is
emitted in the form of different greenhouse gasses with a different global warming potential (such as methane).

Sustainable carbon for aviation and shipping September 2026



é Content

greenhouse gasses, such as CH4 and N20O, are counted as TTW emissions even
when the COz emission is counted as zero.

*  Well-to-tank (WTT) emissions are the emissions associated with the production
and transport of the fuels. In the production process, there are various steps with
associated energy use and greenhouse gas emissions. Also, emissions of leakage
and evaporation of fuel in the various steps of the fuel production and transport are
included in this scope.

*  When combining the WTT and TTW emissions, the resulting scope is called well-
to-wing or well-to-wake (WTW).5

These different scopes are shown schematically in Figure 5.

Figure 5 — Difference between WTT, TTW and WTW emissions
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2.2 Aviation

2.2.1 Relevant policy developments
ReFuelEU Aviation (EU) mandates the uptake of sustainable aviation fuels (SAFs) for
flights departing EU Airports. Fuel suppliers are required to blend an increasing
percentage of SAF, with a subtarget for the use of RFNBOs. The specific blending targets
are summarised in Table 3. In the period between 2025 and 2034, there is flexibility for

5 In some policy frameworks, emissions of renewable energy carriers are expressed as well-to-wing fossil fuel
comparators. These express the climate impact of renewable energy carries as a percentage of the well-to-wing
emissions of their fossil fuel counterpart. In CORSIA, fossil fuel comparators are calculated based on a well-to-
wing methodology (in ICAO terminology, this is called a “core LCA” scope). However, the scope of emission which
are included in the CORSIA Central Registry for both fossil kerosene and SAFs is tank-to-wing. Hence, the
CORSIA methodology combines aspects of a well-to-wing approach and aspects of a tank-to-wing approach (see
also Section 4.5.1). WTW fossil fuel comparators are also used in the European Renewable Energy Directive.
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2.2.2

fuel suppliers regarding the distribution of SAF-blending between airports. From 2035,
the mandates apply for each individual airport that is regulated by ReFuelEU Aviation.

Table 3 — ReFuelEU Aviation blending targets

2025 2030-2031 2032-2024 2035 2040 2045 2050
SAF blending mandate 2% 6% 6% 20% 34% 42% 70%
RFNBO submandate - Minimal:0.7% | Minimal: 1.2% 5% 10% 15% 35%

Average: 1,2% | Average: 2,0%

Since 2012, aviation is part of the EU ETS (EU). Airlines have to surrender emission rights
for their CO2 emissions. In the past, a part of these emission rights were allocated freely.
In the most recent EU ETS revision, it was decided that from 2026 onward all emission
rights will be auctioned(EU, 2023a). The scope of the EU ETS has been reduced
temporarily, multiple times, to intra-EEAS flights plus flights from the EEA to the United
Kingdom and Switzerland. In the 2026 EU ETS revision, it will be determined whether
there will be an extension of the EU ETS to include (part of) the extra-EEA flights. Also,
the inclusion of negative emissions (due to carbon removals) in the EU ETS is discussed
in the context of this EU ETS revision.

The Renewable Energy Directive, RED (EU), includes criteria for the use of sustainable
fuels in transport, including aviation (EU, 2023b).

The Carbon Offsetting and Reduction Scheme for International Aviation (CORSIA) in
a global market-based measure of ICAO to address CO2 emissions of international
aviation:

*  From 2019, airlines are obligated to report their CO2 emissions from international
flights.

*  From 2021 on, flights between states that participate in CORSIA are additionally
subject to offsetting requirements, meaning that emissions above the CORSIA
baseline must be compensated by purchasing the corresponding amount of
carbon credits (called offsetting).

*  From 2024 till the end of the scheme in 2035, emissions must be lower than the
baseline emissions, which are set as 85% of the 2019 emission levels.

Future energy demand
In this section, we present the expected future energy demand in international aviation,
both for the Netherlands and the EU.

This analysis for the Netherlands is based on two sources, which both estimate the future
bunker fuel sales for aviation in the Netherlands:

8 EEA = EU27 plus Norway, Iceland and Liechtenstein.
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1. The Dutch Climate and Energy Assessment 2024 (KEV2024) is a recent study
which forecasts the energy use and CO; emissions in the Netherlands based on
existing and proposed policy (PBL, 2024a).

2. The Dutch WLO2025 is a scenario study which forecasts the future energy
demand and climate impact of the Netherlands in four scenarios (PBL, 2025).
These scenario’s are constructed based on two ‘axes’:

- One axis is economic growth. The high growth scenarios (high) assume a
significant global technological and economic growth. The low growth
scenarios (low), on the other hand, assume low global technological and
economic growth.

- The second axis is climate policy. In the increased ambition (fast) scenario’s,
it is assumed a quick transition to a climate-neutral is assumed, which
corresponds to a world in which is well likely to remain below 2 °C
temperature increase in the year 2100. In the decreased ambition (delayed)
scenario’s, it is assumed that countries do not succeed in limiting global
warming in line with the Paris Agreement, with a resulting temperature
increase of approximately 3 °C in 2100.

Figure 6 shows that an increasing uptake of sustainable aviation fuels is expected in all
scenarios. As it is assumed that SAF will remain more expensive than fossil aviation fuel,
SAF shares in the fuel mix depend fully on assumptions made in scenarios with regard to
EU blending regulations. KEV assumes that blending regulations of RefuelEU remain
unchanged, whereas WLO'’s increased and decreased scenarios respectively assume
more stringent and weaker regulation after 2040.

Figure 6 — Aviation energy consumption (PJ) in the Netherlands per fuel type in different scenarios in
2030, 2040, and 2050 (departing flights). 2030 is based on the KEV, 2040 and 2050 on the WLO
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Figure 7 shows the same data in a different presentation, which emphasizes the
developments of the total fuel demand. The bandwidth in the total fuel demand is largely
explained by the uncertainty of the economic developments. Since demand for aviation is
sensitive to income and price developments, those assumptions have a large effect on the
forecasted energy use. At the same time, capacity restrictions of airports limit the extent to
which growing demand can be met by supply of flights. This is the case in the WLO high
scenarios in 2040 and 2050. In these scenarios, demand exceeds the capacity and hence
aviation volumes are limited by the capacity constraints.

Figure 7 — Total aviation energy consumption (PJ) in the Netherlands in different scenarios in 2030, 2040
and 2050
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The analysis for the EU is based on the European Aviation Environmental Report 2025 for
2030, 2040 and 2050 (EASA, 2025a). The study projects future CO, emissions under
three scenarios: a low, base and high traffic scenario. The base scenario is the most likely
scenario and assumes moderate economic growth. The low scenario assumes lower
economic growth and higher energy prices, where the high scenario reflects strong
economic growth and correspondingly high growth in demand for aviation. The base and
high scenario assume SAF shares in line with ReFuelEU Aviation, while the low scenario
assumes a five-year delay of the SAF mandate (EASA, 2025a). The lifecycle CO>
emission reductions of bio-SAF and e-SAF are in line with the minimum requirements in
the RED (i.e. 65% for bio-SAF and 70% for e-SAF).

Figure 8 shows the aviation energy demand for departing flights from the EU27 and the
European Free Trade Association (EFTA). Using the ReFuelEU SAF shares, the minimum
CO: lifecycle reduction of bio-SAF and e-SAF and the fossil fuel baseline emission factor
of 94 g CO2-eq./MJ, we calculated the energy demand by fuel type.



The presented figure shows the increasing uptake of SAF. The main difference between
the scenarios is the expected economic growth and thus the expected demand for
aviation. The demand is highest in the high scenario. As mentioned before, in the low
scenario the ReFuelEU Aviation mandate is delayed by five years, resulting in less SAF
demand and higher demand for fossil fuels (almost equal in 2050 between the low and
base scenario).

In the scenarios, electric and hydrogen aircraft are assumed to enter the fleet in 2035 and
result in a 5% CO> reduction by 2050. The required energy for electricity generation and
hydrogen production is excluded in the figure below, because these energy carriers do not
require sustainable carbon and hence are not relevant for this study.

Figure 8 — Aviation energy demand (PJ) in the EU27+EFTA per fuel type per scenario in 2030, 2040 and
2050
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Figure 9 presents the same data in a different view. In this figure, the total fuel demand
can be easily compared between the scenarios. The bandwidth is largely explained by the
uncertainty in economic developments and corresponding demand for aviation.
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Figure 9 — Total aviation energy demand (PJ) in the EU27+EFTA in 2030, 2040 and 2050 in the three

scenarios
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2.2.3 Future greenhouse gas emissions

The expected future climate impact emissions of aviation can be determined based on the
forecasted energy use, which was discussed in the previous section. There are different
conventions for calculating CO, emissions, which each lead to a different estimate of the
emissions (see Section 2.1.1). We here present the tank-to-wing as well as the well-to-
tank CO; emissions, which together are the well-to-wing CO, emissions.

Figure 10 summarises the expected CO, emissions of international aviation in the
Netherlands in the KEV2024 and WLO2025 scenarios. The tank-to-wing emissions
estimates are directly presented in the underlying scenario studies. The corresponding
well-to-tank emissions were estimated in the following way:

»  For fossil kerosene, a tank-to-wake emission factor of 71,5 g CO»-eq./MJ was
used, similar to the KEV2024 and WL0O2025. For well-to-wake, an emission factor
of 94 g COz-eq./MJ, corresponding to the RED.”

»  For biofuels, the well-to-tank emission factor depends on the specific feedstock
and production process. Biofuels need to achieve at least 65% well-to-wing
emission reduction compared to fossil kerosene in order to meet the European
RED Il requirements. In this study, we have used this percentage to estimate the
well-to-tank CO2 emissions. In reality, it is likely that biofuels fuels will on average

7 ICAO uses a different well-to-wake emission factor of 89 g CO,-eq./MJ, we however align with the RED.
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achieve a larger emission reduction than the minimum requirement.? Therefore,
the well-to-tank emission estimate of biofuels can be seen as an upper bound.

* For RFNBO’s, the well-to-tank emission factor depends on the specific feedstock
and production process. RFNBO’s need to achieve at least 70% well-to-wing
emission reduction compared to fossil kerosene in order to meet the European
RED Il requirements. In this study, we have used this percentage to estimate the
well-to-tank CO2 emissions. In reality, it is likely that RFNBO fuels will on average
achieve a larger emission reduction than the minimum requirement. Therefore, the
well-to-tank emission estimate of RFNBQO’s can be seen as an upper bound.

Figure 10 — Aviation CO2 emissions in the Netherlands in different scenario’s in 2030, 2040 and 2050
(departing flights). 2030 is based on the KEV, 2040 and 2050 on the WLO

14 %?
~12 /% % ?
e % ”
10 ... |
2 . %F

Figure 11 shows the CO2 emissions of departing flights in the EU27 and the EFTA. In the
study, the emissions are already presented on a well-to-wing basis. We divide the total
well-to-wing emissions to tank-to-wing and well-to-tank emissions using the fossil fuel life
cycle baseline of 94 g CO»-eq./MJ, the minimum GHG reduction requirement of bio-SAF
and e-SAF in line with the RED and the well-to-tank emission factor of fossil kerosene 22 g
CO2-eq./MJ.

8 In 2024, the average WTW emission reduction of SAF that was blended in the EU was 91% compared to fossil

kerosene (EASA, 2025b).
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Figure 11 — Aviation CO2 emissions in the EU27+EFTA in different scenario’s in 2030, 2040 and 2050
(departing flights)
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Shipping

Relevant policy developments

The FuelEU Maritime (EU) regulation mandates the reduction of the average greenhouse
gas intensity of energy that is used onboard of ships(EP, 2023a). These reduction targets
are expressed relative to the 2020 greenhouse gas intensity level. The targets per year
are summarised in Table 4. FuelEU Maritime is a policy that is neutral with respect to fuel
choice: shipping companies can choose themselves what fuels they use, as long as they
meet the target.

Table 4 — FuelEU Maritime average carbon intensity reduction targets (compared to 2020 levels)

2025 2030 2035 2040 2045 2050

GHG intensity reduction targets 2% -6% -14,5% -31% -62% -80%

The methodology for determining the greenhouse gas emissions is based on the RED |III.

Maritime shipping is part of the EU ETS (EU) since 2024(EU, 2023a). All emissions of
voyages between EU ports and 50% of the emissions of voyages that either start or end
outside the EU are within the scope. From 2026 onward this entails the emissions of COo,
NzO and CH4.
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2.3.2

The latest Renewable Energy Directive, RED Ill (EU), included criteria for the use of
sustainable fuels in transport, including maritime shipping.

In July 2023, MEPC 80 adopted the 2023 IMO Strategy on Reduction of GHG
Emissions from Ships (IMO, 2025). To implement the goals of the IMO Strategy, the IMO
has introduced short-term measures and developed a medium-term package of measures,
the IMO Net-Zero Framework. This package includes a standard for the greenhouse gas
(GHG) intensity of international shipping energy consumption, combined with alternative
financial compliance options. The design of the IMO Net-Zero Framework was approved
by the MEPC 83 in April 2024. Adoption of the package was not agreed on during an
extraordinary MEPC meeting in October 2025. Instead, it was agreed to adjourn the
meeting by one year.

The draft IMO Net-Zero Framework includes the following key elements:

. GHG emissions (CO,, CH,4, N,O) are considered on a well-to-wake basis.

*  The package contains two sets of GHG intensity reduction targets: a stricter direct
target and a less stringent base target. Specific reduction targets have not yet
been established through 2050. Annual tightening of targets from 2028 through
2035 has been set, as well as the base target for 2040.

* A ship meeting the direct target does not incur additional compliance costs. In
contrast, ships exceeding the direct target must pay for their excess emissions
(i.e., emissions above the level that would have been achieved if the direct target
had been met), using two price tiers: a lower Tier | Remedial Unit (RU) price and a
higher Tier Il RU price.

*  The package provides various flexibility options.

*  Fuel neutrality: ships are free to choose any fuel, as long as the average annual
GHG intensity of their energy use meets the standard.

MEPC 81 adopted the 2024 Guidelines on Life Cycle GHG Intensity of Marine Fuels,
introducing methodologies for well-to-wake emissions calculation and a Fuel Lifecycle
Label for fuels (IMO, 2024a). These guidelines are still under development and are subject
to ongoing technical review. The precise definition of, for example, sustainability criteria
remains under discussion: some Member States advocate for strict, EU-comparable
requirements, while others warn that overly stringent standards could restrict access to
alternative fuels and limit investments.

Future energy demand
In this section, we present the expected future energy demand in international maritime
shipping, both for the Netherlands and the EU.

The analysis for the Netherlands is based on the same sources as aviation, i.e. the Dutch
Climate and Energy Assessment 2024 (KEV2024) for 2030 and the Dutch WL0O2025 for
2040 and 2050.

Sustainable carbon for aviation and shipping September 2026
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Figure 12 present the energy demand for international shipping in the Netherlands.

The uptake of biofuels and RFNBOs is expected to increase in the future. This increase is
caused by FuelEU Maritime, as the regulation mandates the reduction of the average
carbon intensity of the energy used. The uncertainty interval in the KEV24 is related to the
future bunker position of the Netherlands.

In the low scenarios in the WLO2025, the cargo handling in the Dutch seaports is
expected to decrease slightly until 2040, whereafter it will increase slightly to 2060. In the
high scenarios, the handled cargo is expected to grow slightly until 2040 and to grow
relatively sharply until 2060. This growth in cargo handling is offset by the expected
improvements in the energy efficiency of ships. In the high scenarios, the energy use per
ton kilometre is assumed to drop with 50% between 2018 and 2060, and by 30% in the
low scenarios. In addition, the WLO2025 assumes that the demand for bunkering in Dutch
ports will decline as a result of the energy transition. Fossil fuels are gradually replaced by
biofuels and RFNBOs which are likely to be produced cheaper elsewhere. Consequently,
a part of the bunkering demand is expected to shift to other locations. In the high
scenarios, the expected demand for RFNBOs in higher compared to the demand for
biofuels, while in the low scenarios there is a higher demand for biofuels.

Figure 12 — Shipping energy demand (PJ) in the Netherlands per fuel type in different scenarios in 2030,
2040 and 2050 (sold fuels for international shipping). 2030 is based on the KEV, 2040 and 2050 on the
WLO.
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Figure 13 shows the total energy demand for international shipping in the Netherlands.
The total energy is expected to decrease sharply after 2030, caused by the changing
bunker position of the Netherlands and the energy efficiency improvements of ships.

The total bunker fuel demand is expected to be greater in the delayed scenarios compared
to the fast scenarios both in 2040 and 2050.

Figure 13 — Total energy demand (PJ) in the Netherlands for international shipping in different scenarios
in 2030, 2040 and 2050
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The analysis for the EU is based on the impact assessment on a 2040 EU climate target
(EC, 2024). Three scenarios for 2040 and 2050 are developed, differing in the uptake of
different technologies, fuel types and the amount of carbon capture and removals. The
three scenarios (S1, S2, S3) share the same socio-economic assumptions, technology
costs, and post-2030 policy framework, all continuing the current decarbonisation trends of
electrification, renewables, and energy efficiency. They mainly differ in how far novel
technologies are adopted between 2030 and 2040. S1 follows existing policy trends with
limited new technologies. S2 adds wider carbon capture and

e-fuels deployment. S3 assumes a fully developed carbon management industry and
extensive e-fuel uptake. The impact assessment explores the GHG emission pathways for
different sectors in the 2030 to 2050 period, therefore no 2030 scenarios are presented
and thus no bandwidth is available.

September 2026
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Figure 14 present the energy demand in the EU for international navigation per fuel type.
The demand for fossil fuels has completely disappeared by 2050 in all three scenarios.®

In 2040, the demand for fossil fuels already shows a steep decline compared to 2030 in all
scenarios. In 2040, the demand for biofuels is highest, while in 2050 most energy is

expected to come from RFNBOs.

Figure 14 — Energy demand (PJ) in the EU (intra-EU and extra-EU) for international navigation per fuel
type in 2030 and different scenarios for 2040 and 2050
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Figure 15 present the total energy demand for international navigation in the EU until
2050. In the period 2030 to 2050, the total energy demand remains rather constant.
By 2030, the demand for fossil fuels is already lower than that for biofuels and RFNBOs.

9

It is not certain that all fossil fuel use of maritime shipping will be replaced by renewable alternatives in 2050.

However, since this is the assumption made in the impact assessment scenarios, we align with this assumption.

Sustainable carbon for aviation and shipping
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Figure 15 — Total energy demand (PJ) for international navigation in the EU (intra-EU + extra-EU) in 2030
and different scenarios for 2040 and 2050
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2.3.3 Future greenhouse gas emissions

Sustainable carbon for aviation and shipping September 2026

The expected energy consumption presented in the previous section can be converted
into GHG emissions. This can be done in several ways (see Section 2.1.1). Here, similar
to aviation, we present both the tank-to-wake and well-to-tank emissions, which are
combined the well-fo-wake emissions.

Figure 16 shows the expected CO, emissions of international shipping in the Netherlands.
In the KEV24 and WLO2025, the tank-to-wake emissions are directly provided in the
underlying scenarios. The well-to-tank emissions have been estimated in the same way as
for aviation, i.e. for biofuels we assume the minimum emission reduction percentage of
65% of the well-to-wake emission factor of fossil fuels as prescribed by the RED IlI.

For RFNBOs this is at least 70%. In practice, these reduction percentages are likely to be
higher, meaning that the presented well-to-tank emissions should be considered as an
upper bound.
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Figure 16 — International shipping emissions in the Netherlands in different scenarios in 2030, 2040 and
2050 (fuels sold)
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Figure 17 presents the CO2 emissions for international maritime transport in the EU.
We used a similar method to calculate the well-fo-tank emissions, as the emissions
presented in the impact assessment are direct emissions, i.e. the well-to-tank emissions
were not yet considered.

Figure 17 — EU emissions for international maritime (intra-EU + extra-EU) in 2030 and different scenarios
for 2040 and 2050
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2.4 Conclusions

In this chapter, the expected energy use and CO2 emissions were determined for the
aviation and shipping sectors in the years 2030, 2040 and 2050. The existing KEV2024
and WLO2025 scenarios were used for the Dutch forecasts for both aviation and shipping.
For the European forecast, the European Aviation Environmental Report 2025 was used
for aviation and the impact assessment for the 2040 climate target was used for shipping.

The range for the future CO. emissions in the Netherlands is the main result of this

chapter. These results are summarised in Table 5.

Table 5 — Bandwidth of expected CO2 emissions (Mt) in the Netherlands for international aviation and

shipping, both for the TTW and WTW approach

Sector Emission scope 2030
Aviation TTW 10.3-12.9
WTW 13.8-17.3
Shipping TTW 23.7-33.0
WTW 28.9-40.2

Sustainable carbon for aviation and shipping September 2026

2040

7.2-9.0

11.1-13.9

8.2-18.3

11.7-23.0

2050
09-7.0
4.7-125
40-13.4

71-17.8
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3 The need for carbon

3.1

3.2

removal to compensate
residual emissions

Introduction

This chapter focusses on carbon removal to compensate residual emissions. This is
structured as follows:

* In Section 3.2, the existing climate targets for international aviation and maritime
shipping (at the national, European and international level) are summarised.

»  Section 3.3 combines the emission estimates (developed in Chapter 2) with the
targets (Section 3.2) to determine whether it can be expected that the targets are
reached. If the residual emissions are higher than allowed by the climate targets,
there is a need for additional mitigation or compensation of those emissions.

»  The conclusions for this chapter can be found in Section 3.4.

Climate targets

The climate targets form the basis for the future need for carbon removal, since they
determine what constitutes residual emissions that need to be compensated. First the
general climate targets, which aviation and shipping are a part of, are discussed. This is
followed by an assessment of the targets specific for international aviation and
international maritime shipping.

Sustainable carbon for aviation and shipping September 2026
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3.2.1

General climate targets

The Paris climate agreement is a legally binding international treaty on climate change
(United Nations, 2015). It was adopted in 2015 by 195 countries. Its overarching goal is to
hold the increase in the global average temperature to well below 2 °C above pre-
industrial levels and pursue efforts to limit the temperature increase to 1.5 C above pre-
industrial levels. Countries report periodically in their Nationally Determined Contributions
(NDC'’s) how they intend to limit the climate impact. International aviation and shipping are
not part of these NDC’s and are not directly mentioned in the Paris Agreement. The IMO
and ICAO rather than individual countries are assigned the responsibility for the
decarbonisation of these international sectors. Both the IMO and ICAO have set climate
targets, which are discussed later in this section, with the aim to contribute to the Paris
Agreement.

The EU Climate Law (EU, 2021) is an EU regulation which requires the EU to meet the
climate targets that were set by the Green Deal:

» the intermediate target in 2030 is 55% emission reduction compared to 1990
levels;
* in 2050, net-zero greenhouse gas emissions must be obtained in the EU.

The target is for all EU Member States and sectors, without sub-targets per sector.
Therefore, the EU climate law does not prescribe that the international aviation and
maritime sectors in the Netherlands should achieve net-zero greenhouse gas emissions in
2050. However, any residual emissions from aviation and shipping above this level need
to be compensated for by carbon removals in the European Union.

Recently, a political agreement was reached in the Council about the 2040 climate target
(European Council, 2025). At the time of writing, the European Parliament has not voted
about this agreement yet. The agreed upon target required 90% emission reduction in
2040 compared to 1990 levels. Additionally, a maximum of 5% emission reduction can be
achieved using ‘high-quality’ international carbon credits from countries outside the EU,
starting in 2036.

Since the EU Climate Law covers all emissions on European territory, neither the tank-to-
wing nor the well-to-wing scope fully applies for emission calculation: the well-to-tank
emissions are within scope of the EU target if the fuel production is within the EU, whereas
well-to-tank emissions of imported fuels are not included.™ In practice, a sectoral
approach is often used in which the TTW emissions are attributed to aviation and the WTT

0 Well-to-tank emissions of fuels that are produced in the EU and exported also count for the EU climate targets,
since the fuel production is on EU territory.
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emissions to industry. We align with this convention in this study, by only counting the
residual WTT emissions as emissions of aviation that need to be compensated for."

Climate targets specific for aviation

ICAO has set two key global climate goals for international aviation, adopted through
Assembly Resolutions. The first goal is Carbon Neutral Growth from 2020 (CNG2020).
This goal was first endorsed by ICAQ’s 37th Assembly in 2010 (Resolution A37-19) and
reaffirmed at the 38th Assembly in 2013 and later sessions. It aims to stabilise net CO,
emissions from international aviation at 2020 levels. The goal is to be reached primarily
through CORSIA.

At the 415t ICAO Assembly in October 2022, a Long-Term Global Aspirational Goal
(LTAG) for international aviation to reach net-zero CO, emissions by 2050 was adopted,
to contribute to the Paris Agreement’s temperature goal. LTAG is a global target, that
applies for the total of all states. Residual emissions by one state therefore need to be
compensated for. The LTAG does not attribute specific obligations or commitments in the
form of emissions reduction goals to individual states. Instead, it recognises that each
State's special circumstances and respective capabilities will inform the ability of each
State to contribute to the LTAG within its own national timeframe. This accommodates the
different economic, social and technological possibilities that countries have to
decarbonise.

LTAG allows for compensation of residual emissions by out-of-sector carbon removal
credits or offsetting projects (which are not allowed by the Dutch national targets or the
European targets'?). The option to compensate for emissions with offsetting projects
significantly reduces the need to reduce emissions within the aviation sector. The target
does not prescribe a maximum level of residual emissions that is allowed and, as a
consequence, how many carbon removals or offsetting would be needed to achieve
climate neutrality. There is currently no market mechanism that ensures that the LTAG
goal is met (CORSIA, which is summarised in Section 2.2.1, is the main international
market mechanism) and there are no clearly defined expected contributions from countries
or airlines. It is therefore difficult to determine what the contribution of the Netherlands to
reaching the LTAG goal should be.

A well-to-wing emission calculation methodology is used in the LTAG.

" Emissions related to energy and fuel production in the Netherlands are covered in the carbon removal demand by
‘other sectors’, which is discussed in Section 6.4.

2. The proposed EU 2040 target does allow for out-of-sector compensation of a maximum of 5% of emissions with
‘high quality’ international carbon credits.
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The Dutch Civil Aviation Policy Memorandum 2020-2050 (Luchtvaartnota 2020-2050)
outlines the government’s strategy for aviation and is currently the basis for the Dutch
policy development (Ministerie van 1&W, 2020). It includes the following targets for the
reduction of CO, emissions from flights departing the Netherlands:

. in 2030, the CO emissions should be no higher than the 2005 baseline level,

* in 2050, the CO2 emissions should be no higher than 50% of the 2005 baseline

level;

* in 2070, the CO2 emissions should be zero.
These targets are in-sector targets, which means that compensation of residual emissions
with emission reductions or negative emissions in other sectors is not allowed. These
goals are derived from the Dutch Sustainable Aviation Agreement between the
government and different parties from the aviation sector (Duurzame Luchtvaarttafel,
2020).13

Although not explicitly stated, it is generally assumed that a tank-to-wing emissions scope
applies to these targets. The well-to-tank emissions of fuels produced in the Netherlands
are within the scope of the national climate law.

Climate targets specific for shipping

The International Maritime Organization (IMO) serves as the United Nations agency
responsible for regulating international shipping. At the 80" session of the Marine
Environment Protection Committee (MEPC 80) in July 2023, the IMO adopted the 2023
IMO Strategy on Reduction of GHG Emissions from ships. The 2023 IMO GHG
Strategy (resolution MEPC.377(80)) is a revised strategy of the 2018 Initial GHG Strategy,
strengthening its ambition and reflecting the increasing global pressure to align with the
Paris Agreement’s 1.5 °C temperature goal. The revised strategy introduces a
commitment to achieve net-zero GHG emissions by or around, i.e. close to, 2050. It also
sets indicative checkpoints to reach this net-zero GHG goal:

1. By 2030, the GHG emissions reduction should be at least 20%, striving for 30%,
compared to 2008;

2. By 2040, the GHG emissions reduction should be at least 70%, striving for 80%,
compared to 2008.

3. The IMO Net-Zero Framework, recently approved in April 2025 by the MEPC 83,
intends to give legal force and implementation details to the 2023 GHG Strategy.
The framework is structured so that it helps bridge the gap between aspirational
targets and enforceable, measurable obligations for the shipping sector. A global
fuel standard is currently under development. In combination with a global
economic measure, the reduction paths would no longer voluntary or aspirational
but legally binding. However, there is currently uncertainty about whether this

8 However, the Dutch Sustainable Aviation Agreement does not specify that emission reductions should be in-sector.
Therefore, the Civil Aviation Policy Memorandum 2020-2050 can be seen as a concretisation of these targets
which were agreed upon with the aviation sector.
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proposed fuel standard will be adopted, since in October 2025 the vote has been
postponed by one year due to significant pushback from certain states. If the
global fuel standard is adopted, ships must reduce, over time, their annual
greenhouse gas intensity (GFI) — which represents the average annual amount of
GHG emitted per unit of energy used. This GFl is calculated using a well-to-wake
approach, meaning that all life-cycle emissions from the fuels are taken into
account. Ships emitting above GFI thresholds will have to acquire remedial units to
balance their deficit emissions, while those using zero or near-zero GHG
technologies will be eligible for financial rewards. Out-of-sector carbon removals
are not permitted as a compliance mechanism to offset emissions under the
current draft, of The Net-Zero Framework. There is discussion ongoing about a
possibility for in-sector carbon removal through Onboard Carbon Capture and
Storage (OCCS), however implementation guidelines regarding this still need to be
worked out.

Comparing emission forecasts with climate
targets

In this section we compare the residual emissions in the different scenarios (Chapter 2) to
the existing climate targets for international shipping and aviation (Section 3.2).

We discuss per target how such a comparison should be made and whether the relevant
policy framework details how any residual emissions above the target level should be dealt
with. We define ‘residual emissions’ as all remaining greenhouse gas emissions in a given
year. In general, there are two ways in which residual emissions can be reduced to levels
which are consistent with the targets:

1.

First of all, additional mitigation measures can reduce the residual emissions and
hence the need for compensation. The Roadmap Carbon Removal states that
carbon removal and mitigation of residual emissions should not be on equal
footing and residual emissions should be minimised against socially acceptable
costs’(Ministerie van KGG, 2025). Additional mitigation within the aviation and
shipping sectors should therefore be the first priority. The emissions that cannot be
reduced further are often called ‘unavoidable residual emissions’. However,

in practice, it is difficult to establish what exactly are “unavoidable” emissions.
Residual emissions that are not mitigated can be compensated for, to mitigate
their global warming effect. It differs per policy instrument whether out-of-sector
compensation is allowed and, if so, what the requirements are for this
compensation.
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Aviation

Residual emissions compared to European and

international targets

Both the EU Climate law and the ICAO LTAG have a net-zero emissions target in 2050.
Therefore, all residual emissions of aviation departing the Netherlands have to be either
mitigated (so that there are no residual emissions) or compensated for. When considering
the options for compensation, there are significant differences between the EU Climate
Law and the ICAO LTAG:

* The EU Climate Law is a target for the whole European Union, which includes all
Member States and sectors. Therefore, the target does not dictate that emissions
of aviation itself should be zero in 2050. Compensation of residual emissions with
carbon removals within the EU is a possibility.

*+ The ICAO LTAG is a target for ICAQO as a whole. Within the LTAG, each state has
to determine its own contribution. Residual emissions can be offset (see Section
4.4).

The EU Climate Law also has an intermediate target for the year 2030. For this target, the
possibilities for compensation of emissions are similar to the 2050 target. The difference is
that in 2030 the EU greenhouse gas emissions need to be reduced by 55% compared to
1990. When comparing the emissions of aviation to 1990 levels, a significant growth in
emission levels is expected for 2030. This is because the aviation sector has expanded
quite a lot since that moment in time, with aviation volumes expected to increase even
more in the future. The growth in emissions compared to 1990 levels in the aviation sector
creates the necessity for average emission reductions higher than 55% in other sectors.

An EU target of 90% emission reduction for the year 2040 compared to 1990 levels would
lead to a significant amount of residual emissions from aviation departing the Netherlands
that need to be compensated for by other sectors. It is expected that CO2 emission of
aviation will have been reduced to some extent in 2040, due to increasingly strict climate
policy, but not nearly by 90% compared to 1990. Therefore, this target would require
significant additional emission reductions or negative emissions in other sectors.

The proposed target for 2040 does include the possibility to compensate a maximum of
five percent of remaining emissions in the EU with negative emissions outside the EU.
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Figure 18 — Comparison of tank-to-wing residual emissions of Dutch aviation vs EU climate law (*) and
ICAO LTAG targets
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(*) For the EU Climate Law, well-to-tank emission of fuels that are produced in the EU also count. However, these are
not counted for the residual emissions in aviation: they are counted as industrial emissions.

Civil Aviation Policy Memorandum 2020-2050

For the targets of the Dutch Civil Aviation Policy Memorandum 2020-2050, it is specified
that the targets are in-sector. If the expected emissions are higher than the target levels,
extra mitigation therefore is the only option to ensure that the targets are met. When
comparing the targets to the expected CO2 emissions, we can conclude that:

+  The bandwidth of the expected CO, emissions in 2030 is for a large part above the
target level. This implies that the target will likely not be met in 2030 with current
policy. The target in 2030 is surpassed by 0 to 2,2 Mt in 2030.

* In 2050, the majority of the bandwidth is below the target level. Therefore, it seems
more likely that the target is met in 2050 compared to 2030. However, this is not
completely sure. The bandwidth of residual emissions that need to be mitigated in
order to meet the target is 0 to 1,5 Mt in 2050.
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Figure 19 — Comparison of the expected TTW CO2 emissions to the targets of the Dutch Civil Aviation
Policy Memorandum in 2030 and 2050
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Shipping

Residual emissions compared to European and

international targets

Also for shipping, both the EU Climate law and the IMO 2023 Strategy have a net-zero
emissions target in 2050. Therefore, all residual emissions of shipping from the
Netherlands have to be either mitigated (so that there are no residual emissions) or
compensated for. In both methodologies, the well-to-wake emissions of technologies, fuels
or other energy sources are relevant. However, compliance with these targets is
significantly different:

+ The EU Climate Law is a target for the whole European Union. Therefore, the
target does not dictate that emissions of shipping itself should be net-zero in 2050.
Compensation of residual emissions within other sectors or Member States within
the EU is possible.

*  The targets of the 2023 IMO GHG Strategy are for international shipping as a
whole. The Net-Zero Framework (NZF) provides the legal- and implementation
framework for the strategy’s climate targets. This framework, in its current form,
does not allow for out-of-sector compensation (see Section 4.4.2).

Following from the NZF, in 2050 all emissions have to be mitigated or compensated within
the sector, leading to zero residual emissions. Figure 20 shows that this could become
problematic, the bandwidth in 2050 still projects positive emissions for shipping from the
Netherlands.
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Therefore, either mitigation action from the NZF still makes sure that there are zero
residual emissions left for shipping, or the framework is still altered to also include out-of-
sector compensation.

Both the EU Climate Law as the 2023 IMO GHG Strategy also have an intermediate 2030
target. The EU target is significantly stricter though, with 55% GHG emissions reduction
compared to 1990, while the IMO target is 20% GHG intensity reduction compared to
2008. This can be explained by the significant growth of shipping emissions since 1990,
with shipping volumes expected to increase even more in the future. This growth in
emissions compared to 1990 levels in the shipping sector creates the necessity for
average emission reductions higher than 55% in other sectors. The IMO target of 20% is
expected to be reached.

The 2040 IMO target of 70% GHG emissions reduction compared to 2008 levels is within
the bandwidth of projected emissions for shipping from the Netherlands. Meaning there is
a chance that the target will be reached, but there could also be small residual emissions.
The EU target is with 90% reduction compared to 1990 again significantly stricter, leading
to large residual emissions that need to be compensated for. Therefore, this target would
require significant additional emission reductions or negative emissions in other sectors.
The proposed target for 2040 does include the possibility to compensate a maximum of
three percent of remaining emissions in the EU with negative emissions outside the EU.

Figure 20 — WTW greenhouse gas emissions of Dutch shipping compared to 2023 IMO GHG strategy
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Figure 21 — TTW greenhouse gas emissions of Dutch shipping compared to EU Climate Law

40

35

30

EU climate law goal 2030
(=-55% 1990 level)

EU climate law goal 2040
(=-90% 1990 level)*

EU climate law goal
2050 (net-zero)

1990 2030: residual 2030: residual 2040: residual *2040: residual 2050: residual 2050: residual
emissions emissions that emissions emissions that emissions emissions that
require mitigation require mitigation require mitigation
or compensation or compensation or compensation
= Historic emissions = Lower bound residual emissions Bandwith residual emissions #

(*) Forthe EU Climate Law, well-to-tank emission of fuels that are produced in the EU also count. However, these are

not counted for the residual emissions in the shipping: they are counted as industrial emissions.

3.4 Conclusions

In this chapter, the expected CO, emissions from aviation and shipping were compared to
the climate targets at national, European and international level. The resulting bandwidth
for expected residual emissions is summarised in Table 6. For the EU Climate Law targets
and the Dutch national targets for aviation, a TTW scope is used. The international ICAO
and IMO targets are WTW, hence we also compared them to WTW emissions. Also, the
different targets specify different possibilities for compensation of residual emissions:

ICAO does allow for compensation of residual emissions, both with carbon
removal and with offsets that represent emission reductions in other sectors.

Also, this target is a global target, so compensation between countries is possible.
IMO does not allow for compensation of residual emissions out of sector. This
target is a global target, so compensation between countries is possible.

The EU Climate Law does currently not allow for compensation outside the EU.
The proposed 2040 target does include the possibility of compensating a
maximum of 5% of emissions outside the EU territory. It is an overall target for the
EU, therefore compensation between sectors and EU Member States is possible.
The Dutch targets for aviation do not allow out-of-sector compensation. Since this
is a specific target for aviation in the Netherlands, mitigation within the aviation
sector is the only way to meet this target.
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Table 6 — Bandwidth of expected residual emissions from Dutch aviation and shipping that need to be

mitigated or compensated for to meet the climate targets in the years 2030, 2040 and 2050

Sector Geographic scope
Aviation ICAO (LTAG)
EU (Climate Law)
NL (Civil Aviation Policy
Memorandum)
Shipping IMO (IMO GHG Strategy)

*k

EU (Climate Law)

Specifics 2030
WTW scope No target
TTW scope** 8.2-10.8
TTW scope 0.0-2.0
WTW scope 0.0
TTW scope** 8.0-17.0

2040
No target
6.7 - 8.6"

No target

0.0-7.0

5.0 - 16.0*

2050
4.7-125
0.7-7.0

0.0-1.5

71-17.8

4.0-13.0

This target still needs to be approved by the European Parliament and allows for a maximum of 5% compensation

outside the EU.

Well-to-tank emissions of fuels produced in the EU are part of the EU climate law. These are counted as residual

emissions of other sectors (see Section 6.4).
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4.2
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Carbon removal
accounting

Introduction

This chapter assesses challenges in carbon removal accounting and describes how policy
instruments to mandate compensation of residual emissions in aviation and shipping by
carbon removal may be designed, taking these challenges into account.

First, Section 4.2 explains the basic concepts related to carbon removal: the different
methods for carbon removal that exist, the objectives of carbon removal and the policy
context at global, European and national level.

In Section 4.3, we identify the various accounting challenges that are associated with
carbon removal, distinguishing general accounting challenges and challenges specifically
for international aviation and shipping.

Next, Section 4.4 analyses the relevant climate mitigation policies for aviation and
shipping, covering instruments under ICAO and IMO as well as the EU ETS, which may be
used as a basis for developing a carbon removal mandate for these sectors.

Section 4.5 then proceeds to provide the outlines of how viable such a mandate would be,
depending on the geographical scope, and how the previously identified accounting
challenges could be overcome.

Lastly, Section 4.6 presents the main conclusions of this chapter.

Carbon removal methods and policies

As was briefly explained in the Introduction, Carbon Dioxide Removal (CDR) refers to
anthropogenic activities that remove CO; from the atmosphere and store it durably.
These activities thus generate ‘negative emissions’, effectively extracting CO> from the
atmosphere, as opposed to emission reductions, which only lower (positive) emissions of
CO, or other GHGs towards the atmosphere.
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Methods for carbon removal

CDR methods are generally categorised into industrial methods and methods based on
natural processes.

Industrial methods make use of Carbon Capture and Storage (CCS) technologies to store
the removed CO; geologically, for instance in empty natural gas fields, for a period of at
least several centuries. This is usually referred to as ‘permanent storage’. The CO- to be
stored can either be captured directly from the atmosphere (Direct Air Carbon Capture and
Storage — DACCS), from the ocean (Direct Ocean Carbon Capture and Storage —
DOCCS), from the incineration of biomass to obtain bio-energy (Bio-Energy Carbon
Capture and Storage — BECCS) or from biorefinery processes in which biofuels are
produced and COs is released during the process (Bio Carbon Capture and Storage —
BioCCS).

CDR can also be obtained by methods based on natural processes, such as
photosynthesis in trees and crops, storage of organic carbon in soils and weathering of
certain types of minerals. It is key to note that to realise CDR, these processes need to be
enhanced actively by human intervention. Only additional capture and storage of CO, as a
result of this human intervention, such as afforestation (planting trees), counts as CDR.
Natural sinks that are untouched by human action and would absorb carbon anyway, such
as existing forests, are not considered representing CDR.

Most CDR methods based on natural processes cannot ensure that the carbon captured
will be stored for several centuries, such as with CCS-based methods. This is for instance
the case for afforestation/reforestation and carbon sequestration in soils. Therefore, these
methods are referred to as ‘temporal CDR’ instead of ‘permanent’. To be sure, this
distinction does not imply that for instance a planted forest was not meant to remain in
place for a very long time; it rather expresses the reality that this cannot be guaranteed,
as land use change by future generations or wildfires are genuine risks which
materialisation cannot be excluded, which would lead to the re-emission of the stored
carbon into the atmosphere, thereby nullifying the CDR activity.

A small number of CDR methods based on natural processes is usually considered to be
permanent. This mainly applies to Enhanced Rock Weathering (ERW) and, under some
conditions, to biochar application. All CDR methodologies, in particular the permanent
ones, are discussed in more detail in Section 6.2.

Objectives of carbon removal

It is generally accepted that, besides GHG emission reductions, removing carbon from the
atmosphere will be necessary to meet the temperature goals of the Paris Agreement.

To what extent CDR is needed depends on emission reduction pathways, but according to
the IPCC, CDR is part of all modelled scenarios that limit global warming to 2 degrees
Celsius by 2100 (IPCC, 2021).
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More in detail, several objectives can be assigned to carbon removal, mostly linked to
different timelines. The IPCC distinguishes three objectives for CDR (Tamme, 2022):

1. Inthe near term, CDR can further reduce net GHG emission levels.

2. In the mid-term, it can balance residual emissions to help reach net-zero or climate
neutrality objectives.

3. Inthe long term, it can achieve and sustain net-negative emissions, which would
make it possible (in theory) to decrease the global temperature again in case the
Paris temperature goals have been overshot.

Other publications define slightly different objectives. The Dutch Scientific Climate Council,
for instance, distinguishes only two objectives: to limit and reverse the temperature
overshoot and to compensate for residual emissions (WKR, 2024a). Its European
counterpart, the European Scientific Advisory Board on Climate Change (ESABCC),
formulates two similar CDR objectives that align with the provisions of the European
Climate Law: to counterbalance any residual emissions by 2050 and to achieve net-
negative emissions beyond 2050(ESABCC, 2025).

It is not a coincidence that the two scientific bodies do not reiterate the first objective
mentioned by the IPCC, on reducing net emission levels in the short term. Among scholars
and policymakers, there is a hesitation to frame CDR as an instrument to bring down net
emissions in the short term, as this could discourage current emitters from investing in
emission reductions: this is referred to as ‘mitigation deterrence’.

Another important nuance in defining the objectives of CDR is that, again according to
most scholars and policymakers, compensating residual emissions is only possible with
permanent removals (ESABCC, 2025; WKR, 2024a). Temporal removals by definition run
the risk that the stored carbon will be released into the atmosphere at some point in the
future, while the emitted GHGs it is supposed to compensate will remain in the
atmosphere for at least centuries. As is shown in Section 6.2, permanent CDR methods
are generally more expensive and less technologically developed than temporal CDR
methods. Indeed, almost all carbon removals that have been realised so far are based on
natural processes leading to temporal carbon storage(Smith et al., 2024).

Because of the risk of mitigation deterrence and the technological immaturity of permanent
CDR methods, CDR policies mostly focus on delivering sufficient permanent carbon
removals by 2050 to compensate for any residual emissions. These policies are described
in more detail in the next section.

Regulating CDR at global level

Currently, carbon removals are, contrary to emission reductions, generally not mandated
by public authorities. They are almost exclusively realised through the development of
private carbon removal projects, such as reforestation or biochar application, that can be
developed anywhere in the world. The net carbon removal that is achieved by a project is
represented by a certain amount of carbon credits, where one carbon credit stands for
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1 tonne of CO2 removed. Carbon credits are being issued by so-called certification
schemes, like Verra, Gold Standard and Puro.earth.

Carbon credits can be sold on the voluntary carbon market (VCM), which is a virtual,
global market that is self-regulated. The certification schemes are private entities as well
and define their own requirements and criteria for projects to be eligible to their scheme.
Even so, they generally comply with overarching (private) standards such as that of the
Integrity Council of the Voluntary Carbon Market (ICVCM). This global market is called
voluntary since it does not involve any obligation for companies or other entities to
purchase carbon credits.'* Demand is driven mainly by companies that wish to do so in
order to achieve internal net-zero goals or showcase their commitment to climate action.

It is important to note that carbon credits that represent carbon removals only make up a
tiny share of the VCM. The large majority of credits on the market has been issued for
emission reduction or evaded emissions projects. In general, prices of carbon removal
credits are higher than those of other types of credits, and credits for permanent removals
are still higher than those for temporal removals (Smith et al., 2024).

Under the global climate policy architecture, the UNFCCC, some regulatory elements are
being brought into the global carbon market. In 2024, UNFCCC COP29 in Baku agreed on
the operationalisation of Article 6 of the Paris Agreement, which provides a framework for
using emission reduction or carbon removal established in other countries (called
Internationally Transferred Mitigation Outcomes or ITMOs in this context) towards
countries’ NDCs, as well as a new mechanism for trading high-quality carbon credits
(UNFCCC). Although this will not transform the VCM in a compliance market, as countries
are not obliged to make use of ITMOs, it is expected that the implementation of Article 6
will lead to a less fragmented global carbon market and a higher supply of high-quality
carbon removal credits (OPNA, 2024).

Regulating CDR at EU level

The EU has recognised the importance of CDR for achieving its climate targets, in
particular the 2050 climate neutrality target, expecting around 450 Mt CO-eq. of removals
to be necessary by 2050 (EC, 2024). Although both the ESABCC and several NGOs
called for separate targets for emission reductions, permanent and temporary removals,
such targets were not included in the Commission’s proposal for a 2040 climate target
(EC, 2025b).

The main EU CDR policy instrument established so far is the Carbon Removal and
Carbon Farming Regulation (CRCF), which entered into force in December 2024.

™ A market that is not voluntary, because purchasing carbon credits is compulsory for certain parties, is called a
compliance market. An important example is the EU ETS, which is a compliance market for emission reductions.
Compliance markets for carbon removals do not exist yet at any significant scale.
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The CRCEF offers a regulatory framework for certifying carbon removals, carbon farming
and carbon storage in products across Europe (EU, 2024b). Under the CRCF, a detailed
methodology is being developed for each CDR method. These methodologies will be
adopted in the form of Delegated Acts by end 2025 or early 2026. Even though CRCF
compliance is voluntary, it is expected to establish an important standard and to play a key
role in the further development of the EU’s CDR policies.

By July 2026, the Commission will publish a review of the EU’s Emission Trading System
(ETS), including a proposal to link permanent carbon removals, in particular BioCCS and
DACCS, to the ETS (EC, 2025b). Although the details of such a link are not clear yet, this
would probably enable sectors under the ETS, including aviation and shipping, to comply
with the ETS by deploying carbon removal credits instead of ETS allowances to some
extent. In turn, this would probably strongly enhance demand for permanent removal
credits.

Lastly, the Commission is considering possible designs for an EU-wide purchasing
programme for permanent removals to stimulate the CDR market and boost investment
and innovation in permanent CDR methods (EC, 2025a).

Dutch CDR policies

At the Dutch national level, CDR policy development is still in its early stages. In March
2025, the ministry of Climate Policy and Green Growth (KGG) published a Roadmap on
CDR (Ministerie van KGG, 2025). This Roadmap defines a set of principles for Dutch CDR
policies and distinguishes several stages in CDR policy development. It does not set a
target for CDR, but identifies an indicative CDR volume of 20-25 Mt annually in the period
2040-2050 to be taken into account. The Roadmap has not yet been adopted by
Parliament in the light of the October 29 parliamentary elections in the Netherlands.

Besides the Roadmap, the Dutch government has recently opened up existing subsidy
schemes (SDE++ and Clean Energy Technology Partnership) for the development of
industrial CDR technologies. In December 2025, the dedicated Innovation Programme for
CDR will be launched, encompassing subsidies and other types of support for parties who
are involved in research, development and commercialisation of CDR."

Accounting challenges for CDR

We deploy a wide interpretation of accounting in this study, including all issues related to
Monitoring, Reporting and Verification (MRV), auditing, guaranteeing the environmental
integrity of reported CDR and accounting for CDR towards different regulatory systems
and targets (UNFCCC, ICAO/IMO and EU).

5 Innovatieprogramma voor koolstofverwiidering: subsidies en ondersteuning | RVO.nl
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4.3.1

Before assessing the various accounting challenges, it is important to note that currently,
no specific policy instruments are in place that mandate a sector or certain parties to
actually compensate their (residual) emissions by carbon removals. This concept of
compensation is implied by climate neutrality targets at the national and European levels,
but these targets cover several sectors collectively'® and do not stipulate any breakdown
of residual emissions across sectors. Also, as they are formulated at territorial level, they
don’t automatically imply a specific obligation on the GHG emitting actors to arrange for
sufficient carbon removals to compensate for residual emissions.

This is relevant here, because most accounting challenges cannot be solved in a general
sense, without reference to a specific instrument. Indeed, accounting rules are meant to
ensure that a particular policy instrument complies with certain accounting principles, and
hence depend on the design of the instrument at hand. Therefore, in the next sections of
this chapter we do not limit ourselves to assessing the accounting challenges proper, but
also sketch how possible CDR policy instruments could look like, including the accounting
aspects and how these could be addressed. In doing so, we stay close to the relevant
existing instruments (such as CORSIA, the EU ETS and IMO’s Net-Zero Framework —
Section 4.4), since building on these existing regulations seems the most promising way to
arrive at an obligation for shipping and aviation to compensate for their residual emissions
with CDR (Section 4.5).

General accounting challenges for CDR

There are several challenges related to CDR accounting in general, which are briefly
described below, including possible directions for addressing them. In the next subsection
we assess additional accounting challenges that are specific to aviation and shipping.

*  The quality and integrity of the carbon removals should be guaranteed. This
includes that net negative emissions achieved by projects are calculated across
the value chain, a robust MRV framework is in place and the carbon removals
achieved are additional. In principle, all VCM certification schemes have their own
rules and criteria to meet these objectives, but differences across schemes are
substantial and the integrity of certain credits in the VCM has been subject to
severe critique (Romm et al., 2025). By introducing the CRCF, the EU has tried to
set a new standard as a public entity, but also the proposed CDR methodologies
under the CRCF have been criticised for not meeting basic integrity requirements
(Oko Institut, 2025).

6 In fact, there is an important difference here between the scopes of the EU and NL climate neutrality targets. This
will be discussed below in Section 4.3.2.
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Several CDR methods are not yet compatible with the UN emission
inventories. Under the UNFCCC architecture, all countries have to annually
submit an inventory of their territorial GHG emissions and sinks. While some CDR
methods, based on natural processes and the use of harvested wood, are covered
in the most recent'” IPCC Guidelines for National Greenhouse Gas Inventories,
some others are not, in particular industrial methods like DACCS and carbon
storage in (non-wood) materials. To fill in this gap, an IPCC working group is
preparing a Methodology Report on CDR Technologies and CCUS, which should
be finalised in draft by the end of 2027 (Oko Institut, 2024).

Under the emission inventories’ rules, GHG emissions are currently offset
by natural sinks. Although this is logical given the original objective of the GHG
inventories, namely to obtain a figure for a country’s net emissions, and
defendable as long as it applies to purely natural processes, in terms of CDR
policy it is not desirable that residual emissions could be compensated by
temporary CDR. This should be reflected in the way carbon removals are taken
into account in the inventories.

Project-based CDR does not naturally fit into NDCs. In line with the territorial
GHG inventories, the Paris Agreement revolves around NDCs that reflect
countries’ commitments with respect to net emission reduction within their own
territory. For instance, only removals achieved on European territory can count for
the EU’'s NDC. Most CDR projects, in contrast, are being realised outside Europe
and are, in addition, often cross-border in nature, which means emissions and
removals within the project’s lifecycle could materialise in different countries. Also,
as is clear from the above, accounting rules deployed by the certification schemes
of the VCM may be different from those governing the emission inventories. Lastly,
CDR projects are private undertakings, developed to monetise the carbon credits
that arise from projects. Although CDR project developers certainly contribute to
climate change mitigation at the physical level, the removals they achieve currently
do not necessarily count towards NDCs or the EU’s 2050 climate neutrality
objective (Tamme, 2024).

Double-counting needs to be prevented. Trading credits or transferring them
between countries runs the risk of double-counting carbon removals. Additionally,
a complex value chain of a CDR project could lead to double-counting of
emissions, for instance across countries. Lastly, it is key that CDR credits, once
formally deployed, should be retired from the market. This all requires a detailed
and robust international tracking system of carbon credits(Ministerie van KGG,
2025). In principle, Article 6 arrangements under the Paris Agreement should
account for this, but the system is still under development and untested yet. It was
also criticised for including loopholes (Carbon Market Watch, 2025).

7" The most recent full guidelines are from 2006, with a 2019 refinement.
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4.3.2

Accounting challenges for aviation and shipping

Below, we identify three accounting challenges for CDR that exist for shipping and
aviation, additionally to the challenges described above.

International aviation and shipping emissions are not directly covered by the Paris
Agreement’s system of nationally determined contributions (NDCs). This is because,
unlike domestic emissions, these emissions occur across borders, making it difficult to
assign responsibility to individual states. Since the Kyoto Protocol (1997),

the responsibility for international aviation and shipping is with two UN specialised
agencies - the International Civil Aviation Organization (ICAO) for aviation and the
International Maritime Organization (IMO) for shipping.

As was mentioned above, parties under the Paris Agreement are obliged to prepare and
submit national greenhouse gas (GHG) inventories. Emissions from fuel used for
international aviation and shipping must be calculated and included in inventory reports’®,
but distinguished from the domestic emissions, as ‘memo-items’."® The ‘memo-item’ nature
means that while emissions are reported, they do not count toward Parties’ national
emission totals under the Paris Agreement.

To be sure, countries are still allowed to include measures to mitigate emissions from
bunker fuels used for international shipping and aviation in their NDC, but they cannot be
held accountable for not doing so. Therefore, the current global climate policy architecture
does not contain any incentive for countries to mandate aviation and shipping to
compensate their emissions through CDR, as within this architecture managing these very
emissions are not the responsibility of individual countries.

The scope of climate laws and climate targets for aviation and shipping varies
across jurisdictions. As a consequence of the special position of international aviation
and shipping in the global climate policy architecture, countries and blocks like the EU
have struggled with how these sectors should be taken into account in their climate targets
and the laws stipulating these targets. In the European Climate Law, the 2050 climate
neutrality target is formulated in terms of balancing ‘GHG emissions and removals
regulated in Union law’ (Art. 2) (EU, 2021). Since extra-EU flights are being regulated by
EU law, for instance through the ReFuelEU Aviation Regulation (SAF blending obligation),
flights to third countries should be considered to fall under the scope of the EU’s climate
neutrality target.?® The same is true for international shipping, which is regulated by the
FuelEU Maritime Regulation and the EU ETS, both for departing and arriving ships.

Decision 18/CMA.1 of the Conference of the Parties, serving as the meeting of the Parties to the Paris Agreement
The split between ‘domestic’ versus ‘international’ aviation in reporting is determined by the departure and arrival
location rather than the nationality of the airline.

There is some ambiguity about arriving flights. These are not regulated by the blending obligation or the EU ETS,
which currently applies only to intra-EEA flights. On the other hand, the EU has formally committed to CORSIA,
which does regulate arriving flights (from most countries) as well, but CORSIA is regulated by ICAO.
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4.4

In contrast to this, the Dutch Climate Law stipulates that the climate neutrality target only
applies to emissions that are included in the UN emission inventories, which excludes
international bunkers (Art. 2.3) (Rijksoverheid, 2023). That means that currently, the Dutch
Climate Law does not imply any target or emission reduction obligation for international
aviation and shipping (CE Delft, 2025b).

At a global level, ICAO and IMO have been assigned as the regulatory bodies responsible
for managing international aviation and shipping emissions, respectively. They have
developed their own targets and frameworks, which in some cases may lead to friction
with European policies.?!

This difference in scope between global, EU and Dutch climate targets further complicates
the accounting of emissions and CDR for international aviation and shipping, as it sends
an unclear message about the responsibility of these sectors to strive for climate
neutrality.

Lastly, there are differences in the extent to which carbon removals can be realised
in-sector, although these are not as clear-cut between aviation and shipping at the one
hand and domestic sectors at the other hand as is the case for other challenges described
above. Some domestic sectors have opportunities to realise CDR in-sector, for instance
the energy sector through BECCS. This generates a straightforward way to account for net
emissions of such sectors: carbon removals could be offset against emissions. In aviation,
there is no way to achieve CDR in-sector.?? This means that aviation will have to
compensate for residual emissions only through the procurement of permanent carbon
removal credits. So for aviation, CDR is achieved in other sectors by definition.

For shipping, the situation is different, as there is the option of On-board Carbon Capture
and Storage (OCCS, see also Section 6.2). If fuels are deployed that obtained their carbon
from biogenic sources or directly from the atmosphere, and if the captured CO; is
permanently stored after the end of the ship’s itinerary, OCCS may be considered as in-
sector CDR.

Relevant regulations in aviation and shipping

In this section, we look into relevant existing policy instruments for aviation and shipping,
on which we can build for our design of a CDR mandate for these sectors. We describe
the relevant regulations at ICAO, IMO and EU level, respectively.

2! For instance in relation to the possible extension of the EU ETS for aviation to include extra-EEA flights, see also

Section 4.5.1.

22 Here, we only consider CDR that would capture the emissions of aviation itself (i.e. of planes). It is possible to
produce SAF and store the CO, that is released during the production process, but we do not consider that as
CDR achieved by the aviation sector, as this would risk double-counting.
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4.4.1 Aviation (ICAO): CORSIA and LTAG
CORSIA

CORSIA is a global initiative developed by the International Civil Aviation Organization
(ICAO) to address carbon emissions from international flights. It was adopted in 2016 as
part of ICAQ’s goal to achieve carbon-neutral growth for international aviation after 2020
(see also Section 3.2.2). CORSIA is a baseline-and-offset system. This is different from
the EU ETS, which is a cap-and-trade system. The main goal of CORSIA is to offset CO,
emissions of international aviation that exceed baseline levels by requiring airlines to
purchase carbon offsets from approved environmental projects. These carbon offsets are
referred to as CORSIA Eligible Emissions Units (CEEU). CORSIA operates in phases,
starting with a pilot phase (2021-2023) followed by a first phase (2024-2026), both of
which are voluntary for participating countries. From 2027 onward, participation becomes
mandatory for most nations, except for the least developed and small island states.

In terms of the accounting rules implemented by ICAO to make CORSIA work, a
distinction can be made between:

. accounting rules to assess the demand for CEEU;

» accounting rules regarding the supply of CEEU.

Figure 22 provides a schematic overview of CORSIA including the accounting rules
regarding both the demand and supply of CEEU.

Figure 22 - Schematic overview of CORSIA including accounting rules demand and supply CORSIA
Eligible Emissions Units
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Source: Own elaboration.

Sustainable carbon for aviation and shipping September 2026



é Content

Accounting rules to assess the demand for CEEU

The first step to assess the demand for CEEUs is to monitor the CO, emissions of
international aviation. For this, airlines need to report their annual verified CO2 emissions
of international aviation to their State authority. Each ICAO Member State then reports
annual CO2 emissions of its airlines to ICAQ. ICAO publishes CO2 emissions from global
international aviation in the CORSIA Central Registry (CCR). The CO2 emissions
published in the CCR are aircraft engine combustion emissions and do not include any
emission reduction from SAFs.

The CORSIA baseline is 2019 emissions for the pilot phase (2021-2023) and 85% of 2019
emissions for the voluntary first phase (2024-2026) and mandatory second phase (2027-
2035). This baseline is specified in the ICAO resolution with respect to CORSIA. Member
States can notify their participation in CORSIA by submitting an official letter to ICAO.

For 2026, 130 states have announced to voluntarily participate in CORSIA. On the basis of
criteria in ICAO resolution A39-3, 4 major aviation countries are expected to also join
CORSIA for the mandatory phase from 2027 onwards. Offsetting requirements only apply
to the flights between the ICAO Member States which have signed up to CORSIA.

Airlines can reduce their offsetting requirements by using Sustainable Aviation Fuels
(SAF) or Low Carbon Aviation Fuels (LCAF) recognised under CORSIA. These fuels are
referred to as CORSIA Eligible Fuels (CEF). The emissions in the CCR minus the
emission reductions from CEF are in fact the residual CO2 emissions of international
aviation. Accounting rules for airlines to claim emission reductions from CEFs relate to: i)
approving CEFs under a sustainability certification scheme (SCS); ii) calculate claimable
emissions reductions from CEF; and iii) submit documentation including purchase records
and batch certificates, proof of sustainability certification and reported CEF quantities.
These records are verified by independent Verification Bodies established under the
CORSIA MRV system.

In the 2025 CORSIA Periodic Review?3, the offsetting requirements reduced by the
emissions reductions from the use of CEF are referred to as the final offsetting
requirement. This final offsetting requirement has to be met by the supply of CEEU.

Accounting rules regarding the supply of CEEU

In ICAOQ, the TAB (Technical Advisory Body) evaluates carbon offset programmes.

The TAB has approved six Emissions Unit Programmes to supply CEEU for the first phase
(2024-2026)%*. Carbon offset programmes must generate units that represent emissions
reductions, avoidance, or removals.?> Emissions Unit Eligibility Criteria (EUC) for
CORSIA have been adopted by ICAO.?¢ Finally, CORSIA includes a mechanism to
prevent double counting. For each CEEU, an ICAO Member State must provide a Letter of

2 https://www.icao.int/ CORSIA/corsia-periodic-review

24 https://www.icao.int/sites/default/files/environmental-protection/CORSIA/Documents/CORSIA EEU Oct2024.pdf
% These can both be temporary and permanent removals.

% https://www.icao.int/sites/default/files/environmental-protection/CORSIA/Documents/ICAO_Document_09.pdf
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Authorisation (LoA) declaring that the emission unit (which fulfils the EUC) will be used for
CORSIA instead of the NDC. In accordance with Article 6.2 of the Paris Agreement,

a country must adjust its national greenhouse gas balance (Corresponding Adjustment),
which ensures that CEEU are not included in national emission reductions. A proposal for
a European Council Decision?” establishes further rules for CEEU for European airlines.
One of these rules is that CEEU must originate from an ICAO Member State that is a party
to the Paris Agreement.

Demand & supply of CEEU and use of CDR

The 2025 CORSIA Periodic Review estimates cumulative offsetting requirements could
range from 950 to 1500 Mt of CO for the period 2024-2035.28 The review shows the
implementation of CORSIA is expected to meet the goal of stabilizing net CO, emissions
from international aviation at 2020 levels.?° However, until 2035 there is no trend showing
a reduction of emissions towards net-zero carbon emissions by 2050.

For the first phase of CORSIA (2024-2026) the Periodic Review estimates the offset
requirement to 133 Mt in case of the Mid-traffic growth traffic scenario. For a moderate
CEF scenario, around 10 Mt of the offset requirement could be covered by the claiming of
emission reductions from CEF. This would imply a demand for CEEU of around 123 Mt of
CO- emissions in 2024-2026. Currently, only a small part of this demand is covered by
formally authorised CEEU supply — see Textbox 3.

Textbox 3 - Supply and demand of CEEUs

According to the 2025 CORSIA Periodic Review the approved Emissions Unit Programmes have the potential
to issue more than sufficient emissions units (i.e. an estimate of 1 to 2 billion emissions units is mentioned in
relation to the first phase of CORSIA). In line with the overall VCM, the programmes approved for CORSIA
primarily generate emission units which reflect emission reduction or emission avoidance, and hence the

proportion of units which reflect CDR is small.

In 2024 the Government of Guyana's issued a Letter of Authorisation (LoA) for 4.64 million CORSIA-eligible
units to be used for the 2024-2026 CORSIA compliance period. Guyana's host-country authorisation ensures
the environmental integrity of the carbon units by the prevention of double-claiming between CORSIA and its
NDC. According to the 2025 CORSIA Periodic Review, as of April 2025, the known supply of CORSIA EEUs
with an LoA reached approximately 18.4 million units. Hence, given the expected demand of 123 million units,
there is a gap in the supply of CORSIA EEUs with attestation of about 105 million units. It is expected the
supply of CORSIA EEUs with attestation will increase in the coming years which is critical to ensure airlines

can fulfil their offsetting requirements for the first phase of CORSIA.

27 https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52025PC0127

% For the CORSIA pilot phase (2021-2023) there is no offsetting requirement

2 Hereby, the 2019 CO, emissions level for international aviation is taken as a proxy for the 2020 emission level
expected prior to the COVID-19 global pandemic
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4.4.2

The price of emission units vary significantly. In the 2025 CORSIA Periodic Review, a
price band of $ 10 to 40 per tCOe is estimated for the first phase. These prices reflect
units related to emission reduction or emission avoidance. Prices per tCO.e for CDR are
generally much higher (see also Section 6.2). Because of the sufficient availability of lower
priced emission units which reflect emission reduction or emission avoidance, it can be
expected CDR will not play a significant role in fulfilling the CORSIA offsetting
requirements in the first phase. Section 4.5 of this report discusses how CDR could be
integrated in a CORSIA type of system for the period after 2035.

LTAG

In ICAQ’s LTAG of net-zero carbon emissions by 2050, Carbon Dioxide Removal (CDR) is
recognised as one of the measures needed to address residual emissions from
international aviation that cannot be fully abated through technological and operational
improvements or the use of sustainable aviation fuels (SAF). The discussion on the role of
CDR is however still in an early stage, and there is currently no legal framework within
ICAO for addressing residual emissions by CDR.

ICAO’s 2025 Environmental Report®°, which is a key discussion document at the 42"
ICAO Assembly, includes discussions on the potential of CDR in relation to residual
emissions:

+ CDRis discussed as one of the tools to offset residual emissions that cannot be
eliminated through technology, operations, or sustainable fuels alone. That is, after
all feasible reductions within the aviation sector (technology and operational
improvements, SAF) very likely there will be residual CO, emissions in 2050, and
CDR will be needed to reach the LTAG.

+ ltis discussed how credits or emissions units that involve CDR may play a part in
offset schemes.

*  Challenges are identified such as ensuring permanence of storage, verifying and
accounting correctly for removals, ensuring that CDR methods are robust, and
developing appropriate regulatory frameworks.

+ CDRis expected to expand as a central tool to balance residual emissions in the
approach to 2050.

Shipping (IMO): Net-Zero Framework (NZF)

The Net-Zero Framework (NZF) of the International Maritime Organization (IMO) brings
the legal basis and implementational framework to the 2023 IMO GHG Strategy, which
sets the aim for net-zero GHG emissions by or around 2050 for international shipping.
If adopted, this new legally binding framework would include requirements on GHG fuel
intensity for ships, in combination with a pricing and reward mechanism.

30 https://www.icao.int/environmental-protection/envrep2025
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The new regulations were approved at MEPC 83 in April 2025, but were not adopted in
October 2025. Instead, the decision is delayed for a year, due to which entry into effect will
be 2029 at the earliest. The NZF applies to ships of over 5,000 GT engaged in
international trade. While the legal framework of the NZF is in place, a large amount of
work remains for the IMO to develop and amend the necessary guidelines before the
regulations enter into force.

The NZF includes two interlinked elements:

1. A technical element, setting gradually more stringed reduction requirements to a
ship’s annual GHG Fuel Intensity (GFI); and

2. An economic element, including a two-tiered pricing of GHG emissions above the
GFI requirements, whereby the proceeds go towards rewards for use of zero or
near-zero GHG emission fuels and to support the implementation of NZF.

3. The reduction requirements are based on a GFIl metric considering life-cycle GHG
emissions per unit of energy on board a ship (gCO2-eq./MJ). This includes
electricity delivered to the ship, wind propulsion and solar power.

- The GHG emissions are calculated from a well-to-wake perspective, including
emissions related to extraction, cultivation, production and transportation of
the fuel, in addition to emissions from combustion or conversion of the
energy, and any methane slip, on board the ship.

- How electricity is delivered to the ship, wind propulsion and solar power will
be accounted for is yet to be decided and therefore not covered in guidelines.
For example, for wind propulsion, the guidelines will specify whether the
energy provided should be measured through design criteria or through on-
board measurements.

There are two tiers of requirements for the annual attained GFI for a ship: a Base target
and a more stringent Direct Compliance target. Each ship is required to meet the Direct
Compliance target, either by reducing its attained GFI, by purchasing Remedial Units (RU)
from the IMO Net-Zero Fund or transfer of Surplus Units (SU) from other ships.

The regulations include annual GFI reduction factors to 2035. The Base target for 2040 is
set to 65%, while the annual reduction targets for the years 2036 to 2040 for both sets of
targets will be negotiated by the MEPC by 1 January 2032. (DNV, 2025; IMO, 2025)

The current draft regulations of IMO’s Net-Zero Framework only allow for in-sector
reduction measures. Therefore, compensation with out-of-sector Carbon Dioxide
Removal (CDR) plays no role in reaching net-zero emissions in or around 2050 in the
currently developed framework. Note that this is very different from in the LTAG for
international aviation, where compensation with out-of-sector CDR is recognised as one of
the key measures needed to address residual emissions.

However, one could question whether this ambition of reaching zero GHG emissions
within the international shipping sector is realistic by 2050. This would mean that all ships
should transition to zero GHG emission technologies, fuels and/or energy sources by
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2050. Since the GHG emissions are considered on a well-to-wake basis, the fuels should
have a 100% lifecycle reduction factor by then. In the current 2024 IMO LCA guidelines
(MEPC, 2024) only hydrogen and ammonia would apply for this, however work is still
ongoing on the development of a sustainable fuels certification framework, including draft
guidelines. Many roadmaps, for example IEA’s Net Zero by 2050 Roadmap (IEA, 2021),
do assume residual emissions for both aviation and shipping.

Guidelines for the NZF are still under development at this moment, and the current focus
of the framework is mostly on the years up to 2035, at least for the targets. Therefore,

it could be that at a later stage, if parties view the net-zero 2050 goal as too ambitious to
reach in-sector, the framework is still revised such that it also allows for compensation with
out-of-sector CDR. However, in the current framework this is not possible.

There are discussions ongoing about including in-sector CDR in the Net-Zero Framework.
The 2024 IMO LCA guidelines list Onboard Carbon Capture and Storage (OCCS) as an
option to reduce GHG emissions. In OCCS, COz is captured from exhaust gases after
combustion, after which it is stored onboard of the ship and later offloaded at a port, from
where it can be transported for permanent storage. Pending further methodological
guidance to be developed by the IMO, this option is currently not allowed to be used in the
calculation of a ship’s GHG emissions, but could be an option in the future under the NZF
framework. In theory, this option could allow for carbon removals within the international
shipping sector. If for example a ship is solely propulsed by e-fuels, and the CO- from the
exhaust gases after combustion are captured and stored, this leads to net negative
emissions. Under the NZF framework, this could lead to Surplus Units (SU). These could
then be sold to other ships which do not comply with the compliance targets. This system
of in-sector CDR through OCCS could help in reaching the net-zero 2050 goal.

EU: Emission Trading System (ETS)

The EU ETS is a compliance market for emission reduction, mandating parties in specific
sectors to submit allowances for each tonne of CO»-eq. emitted, while the cap determining
the amount of allowances that annually enters the market decreases by a pre-set annual
linear reduction factor. Originally, the EU ETS was designed for the power sector and
energy-intensive industry sector, and it is also referred to as the stationary ETS or the
ETS-1.%

In 2012, aviation was included under the ETS. Emissions covered include only COo,

no other GHGs or non-CO; impacts. Initially, its scope was proposed to include both intra-
EEA and extra-EEA flights, but following objections from third countries, it was limited to
apply only to intra-EEA flights.32 However, the European Commission, in its 2026 report on
the ETS review, may include a legislative proposal to extend the scope of the ETS to all

31 Mainly to distinguish it from the ETS-2 for mobility and the built environment. In this study, the ETS-2 is not
relevant, so when referring to the EU ETS we mean the ETS-1.

32 Including flights from EEA airports to airports in the UK and Switzerland.
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flights departing from EEA airports, if it finds that CORSIA is not sufficiently in line with the
Paris Agreement and ICAO’s LTAG.33

From 2024 on, also the maritime sector has been included under the EU ETS, with a
phase-in period for the amount of ETS allowances to be submitted, which will be
concluded by 2026. It applies to ships with 5,000 or more gross tonnage?*, which have to
surrender allowances for 100% of emissions on intra-EEA itineraries and 50% on
itineraries that start or end at a port in the EEA. In terms of GHGs, the ETS for shipping
includes CO; and, from 2026 on, also methane and N2O. The 2026 ETS review will assess
whether offshore and cargo ships with a gross tonnage of 400-5,000 tonnes should also
be included in the ETS.

Under current legislation, the ETS cap would reach (almost) zero in 2039.3% However,
the cap for aviation is calculated differently and will only reach zero in 2045 (Oko-Institut,
2025). This means that by 2040, only a limited amount of allowances would enter the
market. As ETS allowances do not expire, allowances stocked by companies in previous
years could still be used, and the Market Stability Reserve will also release residual
allowances that it absorbed earlier when the market would lose liquidity. However, as all
sectors under the ETS expect significant residual emissions by 2040, there may still be a
shortage of allowances in the period 2040-2050.

One way of addressing this shortage could be to allow carbon removals to play a role in
the ETS. As was already mentioned in Section 4.2.4, the Commission announced that the
ETS review will also include a proposal to do so. For now, it only considers BioCCS and
DACCS for establishing a link between CDR and the ETS, avoiding discussions on
permanence of other methods such as biochar. How this proposed link will look like, for
instance whether it would set a fixed ratio between CDR credits and GHG emissions,
whether there would be a maximum to the emissions that could be compensated through
CDR or who would be responsible for issuing eligible CDR allowances, is still uncertain.

3 Directive (EU) 2023/958, Article 1 (10). According to the current Directive, the ETS scope will already be extended
to include flights to third countries that have not signed up to CORSIA by 2027 (except for LDCs and SIDS).

From the start in 2024, passenger and cargo ships are included. From 2027, also offshore ships (> 5,000 GT) are
in scope.

Strictly speaking, though, the current ETS legislation only covers the fourth trading period, 2021-2030.
Extrapolation of the current annual reduction factor yields that it would almost hit zero by 2039, but if new
legislation would reduce the reduction factor after 2030, this moment would shift in time. This is not unrealistic, as
from the perspective of the EU’s climate policy architecture, there seems to be no obvious reason why the ETS
sectors should reach zero (net) emission already around 2040. The linear reduction factor of the ETS is designed
to deliver a 62% reduction in 2030 with respect to 2005 emission levels.

34
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4.5

4.5.1

Directions for CDR for aviation and shipping

Perspective of a CDR mandate

Before we proceed to discuss how the identified accounting challenges could be
addressed, we have to consider the different possible geographical scopes of an
obligation to compensate residual emissions by CDR and their viability.

Aviation

The first option is an instrument that obliges airlines to compensate their residual
emissions from flights departing from the Netherlands. From the Dutch perspective,

all departing flights are international (there are no commercial domestic flights within the
Netherlands) and a significant share of the departing flights are under the ETS (intra-EEA).
Currently, there is no legal obligation for the Dutch aviation sector to achieve net-zero in
2050, since aviation and shipping are outside the climate neutrality target of the Dutch
Climate Law, but this could be changed — see our study on Exploration of aviation climate
targets for a detailed description of policy options (CE Delft, 2025b). Still, since all flights
departing from the Netherlands are international, all Dutch aviation emissions are outside
the scope of the Dutch NDC, meaning there is currently no natural way, based on existing
frameworks, to account for the compensation by CDR of residual aviation emissions of
flights departing from the Netherlands. Besides, a CDR mandate that only applies to flights
departing from the Netherlands obviously would create regulatory differences between the
Netherlands and neighbouring countries, possibly leading to competitiveness impacts and
carbon leakage.

Another option is to design a CDR mandate at EU/EEA level. The EU Climate Law would
support this, as its 2050 climate neutrality target does include all flights which depart from
an airport in the EEA, including both intra-EEA flights and outbound extra-EEA flights.

As for the target and NDC for 2030, all flights covered by the EU ETS are, by definition,
in scope of the EU’s current NDC (EU, 2024a).%¢ This means that at EU level, at least for
intra-EEA flights, there is the option to account for residual emissions from aviation and
CDR to compensate them through the EU’'s NDC. However, currently the CDR projects
creating the necessary credits are limited to those taking place on EU territory, as the
Climate Law does not allow for compensation by CDR in third countries.>” Compared to
the option of a national mandate, an instrument at EU or EEA level would guarantee a
level playing field on a much wider scale.

% And communication with Marc Balder (RVO), 30-31 October, 2025. Also in the new NDC of the EU, published on
5 November 2025, aviation is included with a scope equal to that of the ETS (EU, 2025).

7 With a view to the Commission’s proposal for a 2040 target, in which a limited amount of international credits would
be allowed, this may change in the future. An advantage of EU-based projects may be that their quality could be
better monitored than projects in third countries, through the CRCF.
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In particular, future linkage of CDR with the ETS could play a role in forcing airlines to
compensate their emissions from these flights with CDR. As explained above, it is
currently not clear yet how the Commission envisages this linkage and how accounting of
CDR within the ETS framework would take place, but the relevant proposal will be
published relatively soon, by July 2026. In case airlines carrying out flights within the EEA
would experience a shortage of ETS allowances towards 2040, this linkage would
probably allow them to use CDR credits instead of ETS allowances to some extent.

This would enable a cost-driven trade-off between reducing emissions, purchasing ETS
allowances (if still available) or purchasing CDR credits (to the extent required). In the
latter case, this would effectively lead to compensation of residual emissions by CDR.

In terms of accounting, the most notable challenge of using the ETS as an instrument for
compensation of residual emissions by CDR is its scope, which is currently limited to intra-
EEA flights. As explained above, in 2026 the Commission will also draft a proposal on the
possibility of an ETS scope extension, but from a geopolitical perspective chances are
very slim that the ETS will be extended to include extra-EEA flights in the near future. In
particular, the 42nd ICAO Assembly adopted a Resolution that recognises only CORSIA
as a global market-based measure applying to emissions from international aviation,
implying that the ETS could not take such a role outside the EU’s territory. This suggests
that new attempts to extend the ETS’s scope will probably meet with fierce resistance from
third countries. If the ETS scope would indeed remain limited to intra-EEA flights, this
implies that it would not provide an incentive for compensation of residual emissions from
extra-EEA flights.

Thirdly, a global perspective for a CDR mandate for aviation could be further explored.
This has the clear advantages that it creates a global level playing field and that it could
align with the UNFCCC climate architecture, in which aviation is not regulated in national
NDCs but through ICAO. How such a CDR mandate could be implemented in a concrete
policy instrument, and how to overcome the associated accounting challenges, is
discussed in Section 4.5.2 below. The downside to this perspective is the need for global
consensus for such a mechanism, which is politically not very likely in the short term.

Shipping

For shipping, the policy context with respect to a national or EU-level CDR mandate is
mostly similar to that of aviation. International shipping is outside the scope of the Dutch
Climate Law but inside the scope of the European Climate Law. In the EU’s new NDC,
which was submitted during the finalisation of this study, the NDC’s scope for maritime
aligns by definition with that of the ETS (EU, 2025).38

% In the EU’s previous NDC, the scope for the maritime sector was, in contrast to aviation’s, not defined by the ETS
but simply limited to all voyages between EU Member States (intra-EEA) (EU, 2024a).
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However, the ETS scope for maritime does include voyages starting or ending outside the
EU (for 50% of their emissions), in contrast to the ETS for aviation. This means that it
would be possible to deploy the ETS for compensating residual emissions from shipping
both for intra-EEA voyages and (partly) for extra-EEA voyages. Still, this could be based
only on CDR achieved on EU territory, given the current limitations set in the EU’s Climate
Law.

Looking at the global level, the situation is also different for the maritime sector,
compared to the aviation sector. As explained in Section 4.4.2, out-of-sector CDR does
not play a role in reaching net-zero emissions in or around 2050 according to the current
NZF. It remains unclear if this excludes CDR altogether, as with OCCS shipping does
have an in-sector CDR option. But against the background of the NZF targets beyond
2035 still having to be defined, as well as its unclear status following the very recent
postponement of the decision on its adoption, introducing a global instrument to
compensate residual shipping emissions by CDR would be at least premature, and could
even be counterproductive towards the objective to fully eliminate fossil-based emissions
in international shipping by 2050.

Addressing the accounting challenges

From the above, it follows that both for aviation and shipping, the expected linkage of CDR
with the ETS offers a useful opportunity to create an incentive for compensation of residual
emissions by CDR. How exactly CDR will be accounted for depends on the details of the
Commission’s proposal, which we therefore cannot pre-judge in the context of this study.

At the global level, for shipping there is no clear need for a separate CDR mandate at this
moment, and we recommend to wait for further developments around the NZF.

For aviation, one of the policy options for a CDR mandate is to build on CORSIA and align
with LTAG. This policy option is described in more detail below. The elaboration of this
policy option is to be regarded as a test case in order to assess in broad terms how the
identified accounting challenges could be addressed.

All accounting challenges are revisited briefly in a more general sense in Textbox 4,
exploring what options exist, or are already underway, to address them.

Textbox 4 - Accounting challenges revisited

Below, the accounting challenges described in Section 4.3 are listed, including a brief explanation on how our

proposed instruments may address them or how they could be overcome otherwise.

General CDR accounting challenges

1. Quality and integrity of carbon removals. Integrity of permanent carbon removal credits is at the
basis of any system in which residual emissions are compensated by CDR. Certification

frameworks such as the CRCF and associated auditing mechanisms should guarantee this.
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Whether this is indeed ensured under current voluntary standards like the ICVCM or the proposed
methodologies of the CRCF is outside the scope of this study. For any concrete instrument,

the way carbon removal credits are then deployed to compensate for emissions should also ensure
environmental integrity and transparency. How this is translated into accounting rules depends on
the design of the instrument, and is described in the main text for our proposal for a post-2035
instrument for aviation.

CDR methods not included in UN inventory guidelines. This issue is being assessed by the
IPCC working group mentioned in Section 4.3.1. It can be expected that the guidelines will be
adjusted based on its report, which is due by end 2027.

In the UN inventory system, emissions are offset against natural sinks. The most
straightforward way to address this challenge would be to include territorial permanent and
temporal CDR as new, separate categories into GHG inventories, next to the existing categories of
GHG emissions and natural sinks. This way, reporting on CDR would be additional and
transparent, without presuming any kind of compensation of emissions by CDR in the reporting
format.

Project-based CDR does not fit into NDCs. Rules on transferring ITMOs under Article 6 of the
Paris Agreement would enable CDR achieved in third countries to count for the Dutch or EU NDC.
Other challenges related to the project-based nature of CDR, for instance related to cross-border
value chains, with positive and negative emissions occurring in different countries, must be solved
by coordinating and aligning between the accounting rules for the projects, such as the CRCF (see
challenge 1), and the rules for the UN inventories (see challenge 2 and 3).

Double-counting needs to be prevented. In principle, Article 6 rules are supposed to address
risks of double-counting. Loopholes that are identified in these risks should be addressed under the
UNFCCC. In the context of CDR, it is especially important that credits representing removals are
being nullified and taken out of the system as soon as they have been deployed as compensation

for emissions in any NDC in a given year.

CDR accounting challenges for shipping and aviation

1.

International shipping and aviation not covered by NDCs. A possible solution to this challenge
would be to voluntarily include shipping and aviation emissions into the Dutch or European NDCs.
However, as other countries are not expected to do so, this would not lead to a level playing field
nor be in line with the practice of global climate policy. Since the UNFCCC clearly assigns ICAO
and IMO to manage international aviation and shipping emissions, respectively, regulating CDR
within the framework of these organisations, as we propose in the main text, would fit best in the
current climate policy architecture and would ensure a global level playing field. It would also be a
work-around for some of the challenges related to NDCs mentioned above. On the other hand,

it does not easily allow for an instrument that only looks at compensation of Dutch or EU-level
emissions.

Different scope of climate neutrality targets between NL and EU. This issue could be solved to
amend the Dutch Climate Law to include international aviation and shipping, either under the
existing climate neutrality target or under a separate net-zero target for these sectors. These policy
options have been explored in more detail in our study on Exploration of aviation climate targets
(CE Delft, 2025b).
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& In-sector CDR options are not the same for aviation and shipping. The fact that aviation
cannot achieve CDR in-sector is not a fundamental problem, but implies that the integrity of
permanent carbon removal credits, and the way these are accounted for to compensate for residual
emissions, are even more important to ensure environmental integrity. Compensating emissions by
CDR in another sector at another place naturally comes with more risks in terms of accounting and
liability than compensating within the same sector. For shipping, this issue is less relevant, as there
is an option for in-sector compensation (OCCS) and the current regulatory framework for shipping

seeks to avoid the need for compensation by CDR in the first place (see main text).

Aviation — Post-2035 instrument (follow up of CORSIA)

The current design of CORSIA sets its end date at 2035. The ICAO resolution on CORSIA
states that a ‘special review will take place by the end of 2032 on termination of the
scheme, its extension or any other improvements of the scheme beyond 2035, including
consideration of the contribution made by aircraft technologies, operational improvements
and sustainable aviation fuels towards achieving ICAO’s environmental objectives.’

This review could result in an international agreement on a post-2035 instrument.

In line with CORSIA, the post-2025 instrument could be a ‘baseline-and-offset’ system.
The post-2035 instrument could include mandates to compensate residual emissions with
CDR. Also, the instrument could be aligned with the LTAG to achieve net-zero emissions
for international aviation in 2050.

For some aspects of the post-2035 instrument, the current CORSIA could be taken as a
starting point. The CORSIA accounting rules for the monitoring, verification and reporting
of CO2 emissions of international aviation which are in place could be duplicated. Also,

as described in Section 4.4.1, under CORSIA accounting rules have been put in place for
the assessment and claiming of emission reductions from Sustainable Aviation Fuels.
These accounting rules could allow for the assessment of residual CO2 emissions of global
international aviation for also the period 2035.

The baseline emissions in the post-2035 could be reduced to bring it more in line with the
LTAG to achieve net-zero CO2 emissions for international aviation by 2050. This would
imply a gradual decline of the baseline from 85% of 2019 emissions in 2035 (end of
CORSIA) to a much lower level in 2050. In this respect, it is noted that ICAO recognises
different national capabilities for less developed Member States and that implementation
of the LTAG should be in accordance with each state’s national circumstances.

Similar to CORSIA, in the post-2035 instrument for any year the baseline can be
compared with the residual emissions in order to assess the amount of international
aviation emissions which need to be offset. Moving towards the LTAG will not only depend
on the baseline, but also on the participation of ICAO Member States. In this respect, it is
noted the 130 ICAO states which have currently voluntary signed up to CORSIA together
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with the 4 states which are expected to join the mandatory phase from 2027 onwards take
account for about 85% of the global international aviation emissions.

In CORSIA, offsets which represent emissions reductions or avoidance in other sectors
stabilise emissions through 2035. By mid-century, other sectors will be eliminating their
own emissions, leaving no large “elsewhere” to offset against. In order to move towards
the LTAG, a post-2035 instrument for international aviation should therefore pivot from
neutralisation to in-sector reductions and offsets reflecting permanent CDR for residual
emissions. From the perspective of current accounting rules for the supply of credits under
CORSIA, this implies that there need to be stricter accounting rules ensuring that a
growing share of residual emissions are covered by permanent CDR.

The post-2035 instrument needs to address the CDR accounting challenges identified in
Section 4.3 of this report. Regarding the quality and integrity of credits, the requirement
could be that only permanent carbon removal credits should be used in a post-2035
instrument to offset residual emissions. This would mean the certification framework,

as applied by ICAOs TAB and laid down in the EUC for CORSIA (see Section 4.4.1),
should be adjusted. The new certification framework has to ensure CDR methods allowed
under a post-2035 instrument for international aviation emissions are compatible with the
UN emission inventory guidelines and in line with IPCC Methodology Reports.

Assuming a new certification framework for a post-2035 instrument ensures the use of
permanent CDR to offset residual emissions, it would not be allowed to use offsets
which reflect natural sinks or other temporary carbon removals. The accounting rules for
a post-2035 instrument has to prevent double counting. For this, accounting rules could
be put in place which are similar to CORSIA. First of all there has to be a procedure to
assign carbon removal credits to international aviation. Under CORSIA this is done by
requiring ICAO Member States to submit an LoA by which a certain amount of credits is
made available towards international aviation. Also for CDR to be made available for a
post-2035 instrument, such a procedure can be followed. A second requirement to avoid
double counting is that CDR made available for a post-2035 instrument are taken out of
the NDC of the ICAO Member State submitting an LoA (corresponding adjustment).

The rules under Article 6.2 of the Paris Agreement do prescribe how a permanent CDR
credit could be transferred from a national NDC towards an instrument not based on an
NDC like CORSIA, although there are challenges here with the so-called consistency
check by reviewers, as they cannot fully establish how and when a transferred credit is
used within CORSIA.* This way, the issue that international aviation is not covered by
NDCs can in principle be overcome. More in general, aligning the accounting rules for a
post-2035 instrument, developed under the responsibility of ICAO, with the Article 6
framework could strengthen transparency and integrity of the instrument. Opposite to
maritime shipping, in-sector CDR is not possible for aviation. This implies a new

3% Communication with Marc Balder 30 October 2025. In the terminology of Article 6, CORSIA is an example of an
Other International Mitigation Purpose (OIMP).
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4.6

certification framework for a post-2035 instrument to address international aviation CO2
emissions will only relate to CDR in other sectors.

Clearly there are a lot of details to be further elaborated for a post-2035 instrument using
CDR in a post-2035 follow-up system of CORSIA which could move net CO2 emissions of
international aviation towards ICAOs LTAG. However, from a broader perspective,

it seems there are ways to address the main accounting challenges. The main challenge
will be to reach international political agreement for such a follow-up scheme on CORSIA,
also taking into account that ICAO recognises different national capabilities for less
developed Member States. Also it still remains to be seen how CORSIA works in practice
and what lessons are to be learned over the coming years when actual offsetting will take
place.

Conclusions

In this chapter, we first explored the concept of CDR and the existing policy framework.
We found that currently there is only a global voluntary market for CDR, and no
compliance markets. Furthermore, limited policies are in place yet, with the most relevant
existing instrument being the CRCF, an EU-level certification framework for CDR credits.
Besides, the European Commission announced that it will propose to create a limited
linkage between CDR and the EU ETS. This would probably increase demand for high-
quality permanent CDR credits in the future.

Next, we identified several accounting challenges for CDR. The existence of these
challenges also reflect the fact that there are still limited CDR policies in place, as most
accounting issues cannot be addressed outside the context of concrete policy instruments.
In addition to general CDR accounting challenges, we also found some particular
challenges for shipping and aviation, most importantly the fact that emissions from
international shipping and aviation are outside the scope of the NDCs of the parties under
the Paris Agreement, which implies that there is no strong incentive for parties to mandate
compensation of residual emissions from these sectors.

We then looked into possible ways to address the identified challenges. Some accounting
challenges could be addressed by ongoing approaches, such as the upcoming IPCC
methodology report, and by aligning accounting rules of ICAO and IMO with those of the
UN inventory guidelines and Article 6. Other accounting challenges are directly related to
the design of policy instruments. Therefore, we explored possible directions for policy
instruments that would mandate the compensation of residual emissions from aviation and
shipping by CDR.

At EU-level, the announced linkage of CDR with the ETS could offer a useful opportunity
for such an instrument. Aviation and shipping emissions under the ETS are within the
scope of the EU’s NDC. Airlines and shipping companies could choose to use permanent
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CDR credits if further emission reductions or submitting ETS allowances would not be
feasible. The main limitation of using the ETS to this aim is the current scope of the ETS
for aviation. This scope does not include extra-EEA flights, and we expect that this will not
change in the near future, even if the Commission would publish a proposal for extending
the ETS scope by July 2026. Also, as stipulated by the European Climate Law, currently
only CDR achieved on EU territory could be deployed to compensate for residual
emissions.

At global level, a policy option for a CDR mandate for aviation could be to build on the
CORSIA framework, but only allow permanent CDR credits for offsetting and gradually
lower the baseline towards zero in 2050. Such an approach would align with the current
UNFCCC architecture and with ICAO’s LTAG. Article 6 of the Paris Agreement already
explicitly allows for the transfer of credits under an NDC towards other mechanisms such
as CORSIA, although there are remaining transparency challenges. On the other hand,
this policy option would not be suitable to account for the compensation of emissions of
only Dutch or European flights, as it would not be based on NDCs. Furthermore, reaching
consensus on such a far-reaching adjustment of the current CORSIA framework would be
politically challenging.

For shipping, a separate global CDR mandate would be premature at the moment, since
the NZF does not allow for out-of-sector CDR and aims to eliminate all fossil-based
emissions by 2050.
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5 Sustainable carbon as
feedstock for e-fuel
production

5.1 Introduction

E-fuels are synthetic fuels produced from renewable hydrogen and captured CO (or
nitrogen in the case of e-ammonia). They enable the use of renewable electricity in sectors
that are difficult to electrify directly, such as aviation and maritime shipping. In this chapter,
the focus is on RFNBOs (e-fuels that comply with the sustainability and GHG-performance
requirements of the Renewable Energy Directive). This choice is made because the
uptake of e-fuels will be mainly driven by the RED and related policies.

This chapter quantifies the sustainable carbon required for e-fuel production for aviation
and shipping in the Netherlands up to 2050. This analysis is based on the fuel demand
scenarios in Chapter 2. Section 5.2 summarises the policy rules that determine which CO
sources are eligible for e-fuel production. The following sections describe the main
production pathways, their cost structures and expected cost developments. They also set
out the key uncertainties, including the future fuel mix, policy choices at EU and national
level, and whether e-fuels will be produced domestically or imported. Together, these
elements provide indicative ranges for sustainable carbon demand and expected cost
developments relevant to the Dutch context.

5.2 Eligibility of carbon sources and production
conditions under European and Dutch
regulations

Key components of the RED

The eligibility of CO2 sources for e-fuel production is primarily governed by the Renewable
Energy Directive (RED Il, Directive (EU) 2018/2001, as amended by RED |Il, Directive
(EU) 2023/2413 (EU, 2023b)). Before going into detail, it is important to understand that
the key component of the RED Il framework is the mandatory GHG-intensity reduction
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target for transport. This target requires EU Member States to achieve a 14.5% reduction
in the greenhouse gas intensity of energy used in transport by 2030 (Directive (EU)
2018/2001, Article 25(1), as amended by Directive (EU) 2023/2413). In addition to the
overall GHG-intensity target, RED Il introduces specific subtargets that further steer the
deployment of renewable fuels. This also includes a minimum share of Renewable Fuels
of Non-Biological Origin (RFNBOSs) in transport energy consumption of at least 1% by
2030.

Although the RED defines its targets at the level of final energy consumption, so to speak
the demand side, it also sets detailed requirements for the production of renewable fuels.
This includes the origin and sustainability of CO3, the renewable character and
additionality of hydrogen, and minimum life-cycle greenhouse gas (GHG) reduction levels.
For this reason, the RED is the central legal framework determining which CO, streams
can be used for RFNBO or biofuel production.

Sector-specific regulations for aviation and maritime
shipping

Building on these RED III targets, the sector-specific regulations for aviation and shipping
determine how renewable fuels, and the underlying RED-eligible CO- streams, are
recognised for compliance in each sector. While the RED sets the sustainability and
eligibility rules for fuel production, ReFuelEU Aviation and FuelEU Maritime define how
these fuels count towards sectoral obligations.

+ ReFuelEU Aviation (Regulation (EU) 2023/2405 (EP, 2023b)) imposes binding
blending mandates for sustainable aviation fuels (SAF), including a dedicated sub-
target for RFNBOs starting in 2030. Only fuels that meet the RED sustainability
rules, including RED-eligible CO, can be counted towards these obligations.

*  FuelEU Maritime (Regulation (EU) 2023/1805 (EP, 2023a)) regulates the GHG
intensity of maritime energy use on a well-to-wake basis, requiring a gradual
reduction in the GHG intensity of onboard energy use from 2025 onwards.
Although it does not set a binding sub-quota for synthetic fuels, RFNBOs receive
strong incentives, notably double counting from 2025 to 2034, and the
Commission may introduce a mandatory RFNBO share if uptake remains
insufficient. These incentives apply only to RFNBOs produced using CO, streams
that comply with RED criteria.

Because both sectoral regulations rely on the RED definitions of renewable fuels, RED lII
remains the decisive framework governing which CO> streams can be used for e-fuel
production in the Dutch context.
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Relevance at the national policy level

The Netherlands implements the amended RED and this GHG-reduction requirement from
2026 onwards through the national transport obligation (‘jaarverplichting’, from 2026 on
‘brandstoftransitieverplichting’). The system of tradable emission reduction units (ERE =
emissie-reductie-eenheden) covers road transport, inland shipping and maritime shipping,
but does not include aviation, as aviation fuel supply obligations are governed directly by
ReFuelEU. A fuel only counts towards the Dutch target when it meets the RED
sustainability and GHG-performance rules, which makes the origin of CO; a direct national
compliance issue.

CO2 sources for RFNBOs

Carbon dioxide is a feedstock rather than an energy carrier. The Renewable Energy
Directive (RED) regulates e-fuels through energy policy, where it defines renewable fuels
based on the origin of their energy content and not on the carbon source itself.

Within this legal framework, RED Il specifies which CO2 sources may be used to produce
compliant RFNBOs. These rules are operationalised through two delegated acts:
Commission Delegated Act (EU) 2023/1184 (EC, 2023a), defining the conditions under
which electricity counts as renewable, and 2023/1185 (EC, 2023b), specifying eligible CO-
sources and the methodology for calculating GHG savings.

Eligible

*  COy captured from the atmosphere via Direct Air Capture (DAC) is explicitly
recognised as non-biological origin (Directive (EU) 2018/2001, Art. 2(36),
as amended).

+  Certain biogenic process emissions, such as CO; from fermentation or biogas
upgrading, may also qualify as non-biological origin when they meet the
sustainability criteria in Article 29 and the RFNBO methodology (Commission
Delegated Regulation (EU) 2023/517).

Non-eligible

» Biomass conversion COz (e.g. from biomass combustion or gasification) is
generally not considered non-biological origin, meaning that fuels produced from
these streams fall under the biofuel framework rather than qualifying as RFNBOs
(Directive (EU) 2018/2001, Annex IX).

. Fossil point-source CO, may be used as a feedstock for fuel synthesis; however,
its use does not in itself make the resulting fuel a Recycled Carbon Fuel (RCF).
A fuel is classified as an RCF only if the underlying waste stream meets the
conditions defined in Directive (EU) 2018/2001, Art. 2(35). RCFs do not count as
renewable energy under the RED. Their accounting and GHG-calculation rules are
defined in Commission Delegated Regulation (EU) 2023/1185, which applies the
same minimum 70% GHG-saving threshold as for RFNBOs. Whether a fuel counts
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as renewable energy under the RED is determined by the energy carrier and the
underlying waste stream, not by the CO, molecule used in synthesis. The use of
fossil CO, does not, in itself, classify a fuel as a Recycled Carbon Fuel (RCF).
How a fuel produced using fossil point-source CO; is classified depends entirely
on whether the waste stream or exhaust gas meets the criteria set out in the RED.
Accordingly, references to CO, being “excluded” should be understood as the
underlying waste stream not meeting the definition, rather than an exclusion of
CO, as such.

Formal definition of RCFs

According to Article 2(35) of Directive (EU) 2018/2001, ‘recycled carbon fuels’ means:

“Liquid and gaseous fuels that are produced from liquid or solid waste streams of non-renewable origin which
are not suitable for material recovery in accordance with Article 4 of Directive 2008/98/EC, or from waste-
processing gas and exhaust gas of non-renewable origin which are produced as an unavoidable and

unintentional consequence of the production process in industrial installations.”

If material recovery is possible, or if a CO,-rich gas stream is intentionally produced for energy purposes, then
the waste stream does not qualify under this definition, and the resulting fuel is not an RCF. In other words,

it is the waste stream that is excluded, not the CO, molecule.

In the remaining of the report, we base ourselves on this definition. Given the complexity of this definition and

for readability purposes, we do not repeat it every time RCFs are discussed.

Although recycled carbon is non-eligible for RFNBO production, the use of RCFs is
relevant for the development and market uptake of RFNBOs. The RED framework
foresees a phase-out of RCFs. The limited window in which fossil CO, may still be used
for fuel production comes from the Commission’s RFNBO guidance, which indicates that
fossil CO2 from power-sector point sources may be used until around 2036, and fossil CO2
from other industrial sources until approximately 2041, after which such sources are
expected to be phased out. RCFs may therefore play a limited short-term role where
sustainable (biogenic or DAC) CO- supply is constrained. The RED framework provides
Member States the option to temporarily acknowledge RCFs as renewable fuels. In the
Netherlands, the national implementation of the RED, however, does not recognise RCFs
as renewable fuels. Consequently, RCFs are not eligible for credit generation or support.
Their relevance is primarily transitional: broader acceptance and high use of RCFs in other
Member States could temporarily reduce demand for sustainable CO», whereas a faster
EU-wide phase-out would accelerate the shift to fully renewable carbon sources.
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5.3
5.3.1

Qualifying conditions for renewable electricity
Alongside the carbon-source rules described above, the Renewable Energy Directive and
its implementing act on RFNBOs (Commission Delegated Regulation (EU) 2023/1184)
also define the conditions under which electricity used for hydrogen production qualifies as
renewable. his matters because CO: eligibility alone is not sufficient: both the carbon
source and the electricity input must meet RED criteria for the resulting fuel to count as an
RFNBO.
To ensure that e-fuels are additional to the energy transition, the delegated act requires
that:
+  from 2028 onwards, electricity must come from newly built renewable capacity,
not from existing installations;
* hydrogen production must be temporally correlated with renewable generation,
which is monthly until 2030, and hourly thereafter;
+ the electricity must be sourced within the same or a directly connected bidding
zone as the electrolyser.

Together with the carbon-source requirements in Delegated Regulation (EU) 2023/1185,
these rules determine whether a project’s hydrogen and CO: inputs qualify as renewable
and whether the resulting e-fuel can be certified as a Renewable Fuel of Non-Biological
Origin (RFNBO).

Based on the eligibility criteria and the remaining sustainable CO, options (biogenic and
DAC), the following sections analyse the main e-fuel production pathways, cost structures
and carbon requirements for aviation and shipping.

Most relevant production pathways

Aviation
As shown in Figure 23, the relevant production pathways for aviation lead to one e-fuel:
e-kerosene.

E-kerosene can be produced from renewable electricity, water and captured CO..
Sustainable CO- (biogenic or air-based) can be combined with renewable hydrogen, made
using electrolysis of water with renewable energy, to create the semifinished product
syngas. The syngas can be used to produce e-kerosene via two production pathways.
Firstly, it can be used directly in a Fischer-Tropsch process to produce e-kerosene.
Alternatively, it can be used to product e-methanol (which is already a useful fuel for
shipping). The e-methanol can then be upgraded to e-kerosene through an Alcohol-to-Jet
process.
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This leads to two main e-fuel routes for aviation:

1. CO: (biogenic or air-capture) and hydrogen can, using a Fisher-Tropsch process,
produce e-kerosene.

2. CO2 (biogenic or air-capture) and hydrogen can create e-methanol, which can be
upgraded in an Alcohol-to-Jet process to produce e-kerosene.

Figure 23 — Production pathways, including feedstocks and semi-finished products, for the production of

e-kerosene for aviation

Alcohol-to-Jet

E-kerosene

Fischer-Tropsch

Renewable

Electrolysis

Source: CE Delft analysis, based on (t. Deloitte, 2025; Grahn et al., 2022)

Shipping

Figure 24 shows the production pathways for the three most promising e-fuels for
shipping: e-methane, e-methanol and e-ammonia. For e-methane and e-methanol
sustainable CO; (biogenic or CO, from Direct Air Capture) can be combined with
renewable hydrogen, made using electrolysis of water with renewable energy, to create
the semifinished product syngas. This syngas can be used to produce either e-methane,
via methanation, or e-methanol, via methanol synthesis.

Ammonia has also been considered as a high potential e-fuel for shipping. E-ammonia has
the advantage of not generating any CO2 when used, since it is based on nitrogen (N2).

Nitrogen can be separated from the air, which can then be combined with renewable
hydrogen using a Haber-Bosch process to produce e-ammonia. This leads to three main
e-fuel production routes for shipping:

1.  E-methane is produced from biogenic or air-captured CO> combined with
hydrogen via a methanation process.

2.  E-methanol is produced from biogenic or air-captured CO and hydrogen through
methanol synthesis.

3. E-ammonia is produced from nitrogen and hydrogen using the Haber-Bosch
process.
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Figure 24 — Production pathways, including feedstocks and semifinished products, for the production of e-
fuels for shipping
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Source: CE Delft analysis, based on (ABS & CE Delft, 2024; Grahn et al., 2022).
5.4 Carbon demand for e-fuels

54.1 Aviation

Due to the increased use of e-fuels following from the RefuelEU Aviation blending
obligation requirements, the demand for sustainable carbon as a feedstock will grow
rapidly in the future. To quantify the national demand for CO., we start by calculating the
total amount of sustainable carbon required if all aviation fuels consumed in the
Netherlands are produced domestically, assuming no imports and full national production.
This represents a maximum-demand scenario for sustainable carbon linked to Dutch
aviation energy consumption, based on the fuel demand projections from the KEV and
WLO presented in Section 2.2.2. Later in this section, we discuss the expected level of
import.

Figure 25 shows the resulting sustainable carbon demand for various scenarios of aviation
e-fuel use in the Netherlands. We show the CO. demand as if only one fuel type is used
(either FT or ATJ) to meet the RFNBO demand. Fuel and energy demands are expressed
on a lower-heating-value basis. Conversion factors and efficiencies used for translating
energy demand to fuel quantities.*° The two bars can thus be seen as a bandwidth for fuel
mixes of FT and ATJ e-kerosene.

40 CO, feedstock requirements are based on Concawe (2024): 3.715 kg CO, per kg fuel for the Fischer—Tropsch (FT)
route and 3.186 kg CO, per kg fuel for the Alcohol-to-Jet (ATJ) route. The higher FT ratio reflects a broader
hydrocarbon product slate (e-kerosene, e-diesel, naphtha), while ATJ yields more jet fuel with fewer by-products.
Values correspond to CO, required for producing 1 kg of e-kerosene.
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Figure 25 — Sustainable carbon demand for aviation e-fuels used in the Netherlands in different scenarios
in 2030, 2040 and 2050 (departing flights)
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Note: the carbon demand is plotted for a scenario where 100% of the RFNBO demand is with FT
e-kerosene (dark blue bars) and a scenario where 100% is ATJ e-kerosene (light blue bars). Realistically,
there will be a mix of these two fuels and the two bars give a bandwidth of the carbon demand.

The carbon demand in the short term is still quite low, with 0.1 to 0.2 Mt in 2030. This is
due to the low 2030 RFNBO subtarget in the RefuelEU Aviation blending obligation.

The demand is however expected to increase rapidly, in all scenarios. In 2040 the demand
is estimated to be between 1.1 and 1.7 Mt CO.. In 2050 the demand varies per scenario
from 3.3 Mt for only ATJ e-kerosene in a low economic growth and delayed climate
ambitions scenario to 5.8 Mt CO; for only FT e-kerosene in a high economic growth and
faster climate ambitions scenario.

Shipping

For maritime shipping, there are no binding RFNBO subtargets that need to be met.
Instead, the FuelEU Maritime regulation and the proposed IMO Net-Zero Framework
mandate the reduction of the average greenhouse gas intensity for energy that is used
onboard of ships. Both the KEV and WLO scenarios expect this to be achieved partly by
using RFNBOs, see Section 2.3.2. The production of e-fuels such as e-methanol, e-diesel
and e-ammonia requires either sustainable carbon or nitrogen. To estimate the potential
maximum demand for sustainable carbon in this sector, we assume that all e-fuels
consumed by ships bunkering in the Netherlands are produced domestically, without
imports. This represents a maximum-demand scenario, reflecting the upper bound of
sustainable carbon requirements for the Dutch maritime sector under the fuel demand
scenarios described in Section 2.2.2.
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Figure 25 displays the demand for sustainable carbon from e-fuels sold for international
shipping in various scenarios. Fuel and energy demands are expressed on a lower-
heating-value basis. Conversion factors and efficiencies are used for translating energy
demand to fuel quantities.*’ We show the CO, demand as if only one fuel is used to meet
the expected RFNBO use in the scenario. The bars thus represent a bandwidth of carbon
demand based on possible fuel mixes. While the ratio of CO2 required per kg fuel for
e-methane is highest, we find that the overall CO, demand for e-methanol is higher. This is
due to the fact that the energy content (caloric value) of e-methane is much higher than
the energy content of e-methanol.

The overall sustainable carbon demand from shipping strongly depends on the future fuel
mix. If e-ammonia gains a large market share, the total carbon requirement decreases,

as e-ammonia is produced from nitrogen and hydrogen and contains no carbon.
Conversely, if carbon-based e-fuels such as e-methanol dominate the mix, the sustainable
carbon demand will be significantly higher. Therefore, the amounts shown in the figure
should be seen as a bandwidth of potential demand.

Figure 26 — Sustainable carbon demand for shipping e-fuels used in the Netherlands in different
scenarios in 2030, 2040 and 2050 (sold fuels for international shipping)
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Note: the carbon demand is plotted for a scenario where 100% of the RFNBO demand is fulfilled with
e-methanol (dark blue bars), a scenario where 100% is e-methane (light blue bars) and a scenario with
100% e-ammonia (e-ammonia has no carbon demand). Realistically, there will be a mix of these three
fuels and the bars give a bandwidth of the carbon demand.

41 CO, feedstock requirements are based on Concawe (Concawe, 2024): 1.4 kg CO; per kg fuel for e-methanol
(stoichiometric ratio) and 3.0 kg CO;, per kg fuel for e-methane (slightly above the stoichiometric ratio). E-ammonia
uses nitrogen instead of carbon and therefore has no CO, demand.
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5.5

For the short-term, the CO2 demand for shipping e-fuels is expected to be low, with 0 to
0.1 Mt in 2030. Depending on the scenario and the e-fuel used, this could increase rapidly
in the long-term. For 2040 the carbon demand is between 0 to 2.6 Mt. For 2050 the carbon
demand is between 0 to 3.4 Mt. The O represents a scenario where only e-ammonia is
used, which requires no CO..

Cost structure and expected developments

The cost of making e-fuels is determined by a number of factors such as the electricity
price, price of electrolysers or the synthesis costs. In this section, we will give an overview
of the main factors that influence the cost of e-fuels.

Electricity price

E-fuels get their name from the large amounts of electricity used in their production.
Electricity prices therefore play a decisive role in the cost of e-fuels. With a renewable
electricity price of € 50/MWh the cost contribution to the e-fuel price is already € 80-
120/MWhsel (or € 20-35/GJ) depending on the e-fuel, before considering any investment.
This is already higher than the cost of fossil kerosene at ~€ 60/MWh (IATA, ongoing).

Next to this, the amount of hours electricity is available annually (full-load hours) also plays
a critical role as it directly influences the load factor of fuel production. The load factor
represents the average fuel output over a year, relative to the maximum fuel production
capacity. The combination of price and availability is therefore important (IEA, 2024).

The available combinations of renewable electricity costs and full-load hours varies
strongly between world regions, as illustrated in Figure 26 (Concawe, 2024). In Northern
Europe (EU-N) there is a large potential for offshore wind. Although the amount of full-load
hours is quite good, the option of offshore wind is currently expensive. Costs are expected
to decrease in the future, but stay relatively expensive. Germany (EU-C) offers potential
for large-scale PV/wind hybrid power stations at former lignite mining regions. Full-load
hours are low, however the costs are slightly better than Northern Europe. Southern Spain
(EU-S), the Kingdom of Saudi Arabia (KSA), Australia, Chile and Morocco are all sunny
regions with large potential for PV and onshore wind. These regions therefore offer the
best full-load hour and electricity cost combinations. The renewable electricity costs for the
Netherlands are comparable to Northern Europe (EU-N), and therefore used in the
analysis. Due to the reliance on offshore wind, these costs are expected to stay relatively
high.
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Figure 27 — Cost of renewable electricity in different world regions (€ct/kWhe)
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Source: (Concawe, 2024).

Electrolyser plant

The renewable electricity is used in an electrochemical process called electrolysis where
water molecules are split into hydrogen and oxygen. To keep the resulting gases apart,
the reacting compartments are separated by an electrolyte. The electrolyte type defines
the main technologies: alkaline electrolysis (AEL), polymer electrolyte membrane
electrolysis (PEMEL) and solid oxide electrolysis (SOEL).

Table 7 shows an overview of the costs and efficiency ranges according to a recent
literature review (Grahn et al., 2022). CAPEX or capital expenditures represent the initial
investment costs of the plant. OPEX represent the operational expenditures per year
including, for example, maintenance and stack replacement. The efficiency (lower heating
value based) represents how much of the energy from the renewable electricity is
converted into usable energy from combustion of the hydrogen. For the short term the
average of the central values for AEL and PEMEL is used in our analysis, for the long term
the average of PEMEL and SOEL is used.

Table 7 — Electrolysis cost and efficiency values in the near- and long-term

Technology Post Near-term (2030) Long-term (2050)
AEL CAPEX (€/KW¢) 800 (400-1,300) 470 (380-560)
OPEX (% of CAPEX) 2-9% 2-5%
Efficiency (LHV basis) 67% (63-71%) 68% (66-70%)
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Technology Post

PEMEL CAPEX (€/KW))
OPEX (% of CAPEX)
Efficiency (LHV basis)

SOEL CAPEX (€/KWq)
OPEX (% of CAPEX)
Efficiency (LHV basis)

Source: (Grahn et al., 2022).

Near-term (2030)
1.040 (500-2,400)
2-11%

64% (58-69%)
1280 (450-4,250)
2-3%

78% (76-81%)

Cost of carbon and nitrogen sources

Long-term (2050)
545 (400-950)
2%-5%

68% (62-71%)
380 (300-450)
2-3%

79% (75-83%)

Sustainable carbon for aviation and shipping

Table 8 shows an overview of carbon costs for point-sourced carbon (for the production of
RCF), biogenic carbon, air-sourced carbon (Direct Air Capture) and nitrogen (for the
production of ammonia). As will be discussed in Section 6.2.2, costs for direct air capture
are very uncertain since currently no large-scale units are commercially in operation,
therefore we find a large bandwidth of costs. Also here, regional differences play a role,
both in price and availability. For example, DAC requires large amounts of renewable
electricity, leading to lower DAC prices in regions as MENA. Due to the relatively high
renewable electricity price in the Netherlands, DAC would be relatively costly here.

Table 8 — Carbon and nitrogen production costs in €/ton

Source Near-term (2030) Long-term (2050)
Point-sourced carbon (RCF) 50 (20-260) 25 (10-100)
Biogenic carbon 100 (30-180) 50 (0-110)
Air-sourced carbon 300 (25-778) 90 (15-105)
Nitrogen capture 9 (8-10) 7 (5-14)

Source: Biogenic and air-sourced carbon costs from Chapter 6 of this report and Grahn et al. (2022) 42,
point-sourced carbon and nitrogen costs from (Grahn et al., 2022).

E-fuel synthesis

Hydrogen and carbon can be combined to give a variety of fuel products using three
technologies: methanation, methanol synthesis and Fischer-Tropsch (FT) synthesis.

The produced methanol could be further synthesized via an Alcohol-to-Jet process. Next
to this, hydrogen and nitrogen can be combined to produce ammonia in the Haber-Bosch
synthesis. Table 9 gives an overview of the costs and efficiencies of these different
technologies.

42 Recalculations are made. For example, TNO estimates CAPEX for DAC of 600 €/tCO, and 38 €/t/CO, OPEX for
2030. Assuming 20 year lifetime and 5% interest rate, this becomes 118 €/tCO, of captured CO,.
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Table 9 — Costs and efficiencies for e-fuel synthesis

Synthesis

Hydrogen to ammonia

Hydrogen to methane

Hydrogen to methanol

Methanol to kerosene

Hydrogen to kerosene

Post

CAPEX (€/KWhe)
Efficiency (LHV basis)
CAPEX (€/KWye)
Efficiency (LHV basis)
CAPEX (€/KWye)
Efficiency (LHV basis)
CAPEX (€/KWe)
Efficiency (LHV basis)
CAPEX (€/KWye)

Efficiency (LHV basis)

Source: (Grahn et al., 2022).

Other costs or revenues

Other cost components usually play a smaller role in the total e-fuel costs:

Near-term (2030)
1,300 (1,300-2,200)
79% (61-79%)

450 (125-1,350)
83% (70-83%)

700 (300-1,200)
84% (69-89%)
1,000

74%

1,600 (400-2,100)

66% (59-78%)

Long-term (2050)
800 (580-1,100)
79% (61-79%)
250 (75-700)

83% (70-83%)
300 (200-650)
84% (69-89%)
500 (370-900)
74%

750 (300-1,030)

66% (59-78%)

«  The production of e-fuels requires purified water. For this we use a cost of € 1/m?3
(Brynolf et al., 2017).
+  Some e-fuels need additional fuel processing after fuel synthesis. To be used in
shipping, the gaseous fuel e-methane still requires liquefaction. Liquefied methane
(LNG) is already used in shipping. Liquefaction costs of € 370/kW CAPEX and
€ 10/kW OPEX are used (Grahn et al., 2022).

Depending on the operating profile of the e-fuel production plant, hydrogen storage may
be needed. In our analysis we assume that fuels will be produced without hydrogen
storage. The production of e-fuels generates by-products that could bring revenue
streams. The primary by-products are excess heat (from electrolysis and fuel synthesis)
and oxygen from electrolysis, but also naphtha or other fuel gases could be by-products
from the fuel synthesis. The byproducts from the fuel synthesis are excluded in our
analysis by using allocated yields. Potential revenues from excess heat or oxygen are not

included in the harmonised fuel production costs.

To compare the production costs of different e-fuel options in a harmonised way we use a
system lifetime of 25 years and an interest rate of 5%. Costs represent € 2019.

m Sustainable carbon for aviation and shipping
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5.5.1 Auviation

Based on the described data, we can calculate the short- and long-term expected costs for
the two production routes of e-kerosene.

In the long-term, electricity costs dominate the cost structure even more. This increased
the cost gap between e-kerosene production in the Netherlands and Morocco to 47% to
51%. The Netherlands has a structural disadvantage in producing aviation e-fuels.

Figure 28 shows the short-term (2030) expected cost structure for both production in the
Netherlands and Morocco. We can conclude several things from this figure:

*  The costs of e-kerosene will be 4 to 7 times higher compared to the price of fossil
kerosene, projected at € 60/MWh for 2030 (IATA, ongoing; NLR & SEO, 2025).

»  The highest cost terms are the electricity costs (34-56%), electrolyser costs (21-
30%) and CO2 costs (9-32%). The fuel synthesis costs are relatively small
(7-13%) and the purified water costs are negligible (<1%).

*  For shipping, total e-fuel production costs are estimated to be 36-50% higher in
the Netherlands than in Morocco. This is primarily due to lower renewable
electricity costs in North Africa (Concawe, 2024; IRENA, 2024).

+  These relative differences assume that large-scale renewable generation and
e-fuel production capacity abroad can develop in parallel with demand and that
certification and transport infrastructure allow such fuels to be traded as RED-
compliant RFNBOs.

+ If we compare the cost of biogenic CO, e-fuel production in the Netherlands (the
Netherlands has significant biofuel production and therefore high biogenic CO-
potential) to Direct Air Capture e-fuel production in Morocco (low biofuel
production, but high potential for cheap solar and wind electricity) we find that the
cost difference shrinks to about 13% higher costs for the Netherlands.

+ DAC based e-fuels are 18 to 26% more expensive in the short-term than biogenic
COg2 based e-fuels. Therefore, it is likely that in the short-term, mostly biogenic
CO, based e-fuels will be used to fulfil the RFNBO sub-target. Here, the
Netherlands could play a role, since it has significant biofuel production already.

*  The ATJ route is slightly more expensive than the FT route (6-8%). The overall
ATJ route has a slightly worse efficiency because of the two-step conversion from
hydrogen to methanol, and then from methanol to kerosene.

Figure 29 shows the cost structure in the long term (2050). The total e-fuel costs are
almost halved compared to 2030 (34 to 47% lower). Compared to fossil kerosene,
projected at € 70/MWh for 2050 (NLR & SEO, 2025), e-kerosene is now 2 to 4 times more
expensive. Especially, electrolyser and Direct Air Capture (DAC) costs are set to fall
rapidly. As electrolyser and DAC production is scaled up and shifts from bespoke projects
to standardised, modular mass manufacturing, costs are expected to decrease
significantly. Economies of scale and design innovations lead to lower materials and
balance-of-plant costs (e.g., less precious metal in PEM stacks; cheaper, longer-lived

Sustainable carbon for aviation and shipping September 2026



é Content

sorbents in DAC). Higher efficiencies and better integration with low-cost renewables and
waste heat reduce energy use and operating costs, while maturing supply chains,
standardisation, and financing familiarity decrease investment costs and soft costs (IEA,
2024).

In the long-term, electricity costs dominate the cost structure even more. This increases
the cost gap between e-kerosene production in the Netherlands and Morocco to
47 to 51%. The Netherlands has a structural disadvantage in producing aviation e-fuels.

Figure 28 — Short-term (2030) expected cost structure for the production of e-kerosene via the Fisher-
Tropsch (FT) route and Alcohol-to-Jet route (ATJ) in either the Netherlands or Morocco. The costs are
given for both CO2 from Direct Air Capture (DAC) and Biogenic sources (Bio).
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Figure 29 — Long-term (2050) expected cost structure for the production of e-kerosene via the Fisher-
Tropsch (FT) route and Alcohol-to-Jet route (ATJ) in either the Netherlands or Morocco. The costs are
given for both CO2 from Direct Air Capture (DAC) and Biogenic sources (Bio).
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5.5.2 Shipping

Figure 30 displays the short-term (2030) cost structure for the shipping e-fuels. Several
things can be concluded from this figure:

+  Compared to the price of fossil VLSFO, estimated at € 40/MWh (ABS & CE Delft,
2024), the cost of shipping e-fuels are 5x to 8x higher.

»  The overall most important cost items are electricity (36-61%), the electrolyser
(22-34%) and CO2 (8-33%), except for e-ammonia which does not require CO2 but
N2. The nitrogen costs are however negligible.

»  The total production costs of e-fuels are significantly higher in the Netherlands
than in Morocco (36 to 50%) due to the difference in renewable electricity costs
(see aviation).

+ The DAC-based e-fuels e-methanol and e-methane have 16 to 28% higher costs
compared to their Biogenic CO2 based alternatives. From these, e-methanol is
slightly more costly than e-methane (0-5%). E-ammonia, which is based on
nitrogen, has similar costs to the Biogenic CO, based e-methanol and e-methane.

Figure 31 shows the long-term (2050) cost structure. Again, electrolyser and CO; costs
are expected to decrease significantly. Our analysis shows that the total e-methanol and
e-methane costs drop by about 40% and the e-ammonia costs drop by ~30% compared to
2030. Compared to fossil VLSFO, estimated at € 70/MWh (ABS & CE Delft, 2024 ) in 2050,
the cost of shipping e-fuels are now 2 to 3 times higher. In the long term, electricity costs
become even more important. Hence, the competitive disadvantage of the Netherlands,
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with relatively high renewable electricity prices, becomes an even bigger factor. The cost
difference between production in the Netherlands vs Morocco is now 49 to 55%.

Figure 30 — Short-term (2030) expected cost structure for the production of e-methanol, e-methane and e-
ammonia in either North-Europe or Morocco. The costs are given for both CO2 from Direct Air Capture
(DAC) and Biogenic sources (Bio).
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Figure 31 — Long-term (2050) expected cost structure for the production of e-methanol, e-methane and e-
ammonia in either North-Europe or Morocco. The costs are given for both CO2 from Direct Air Capture
(DAC) and Biogenic sources (Bio).
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5.6

5.6.1

Cost ranges of e-fuels compared to other
alternative fuels

In this section, we compare the costs of e-fuels to other alternative fuels for both aviation
and shipping. Note that production cost of the fuels do not represent future market prices,
which may be higher than the production costs due to mark-ups.

Aviation

Figure 32 shows the e-fuel cost from the previous section compared to the cost of
alternative aviation fuels found in relevant studies, both for 2030 and 2050. The light blue
bars represent the cost ranges, the dark blue data points represent the weighted average
fuel price. We find that both e-fuels (FT and ATJ) are on average more costly than any of
the alternative fuels. The cheapest alternative fuel is Hydro processed Esters & Fatty
Acids (HEFA), at 65% lower cost in 2030 and about 50% lower cost in 2050 compared to
the e-fuel cost. HEFA is currently the most used SAF in Europe, with the majority derived
from used cooking oil as feedstock (EASA, 2025a). Although it is relatively cheap, its
feedstocks are limited. Advanced biofuels (A.Bio) are also on average significantly
cheaper than e-fuels (43% in 2030, 27% in 2050). These fuels are also made using the
Fischer-Tropsch or Alcohol-to-Jet processes, however use biomass as feedstock and
therefore do not qualify as RFNBO. Recycled carbon fuels (RCFs) can be produced
through the same Fischer—Tropsch (FT) or Alcohol-to-Jet (ATJ) synthesis routes as
renewable e-fuels, but using fossil point-source carbon as feedstock. As a result, their
production costs are estimated to be 15% lower in 2030 and 7% lower in 2050 than for
RFNBOs, although they are not renewable and therefore not eligible under the RED.
Hydrogen (H>) is about 50-60 % cheaper per unit of energy than e-fuels, since no carbon
feedstock or synthesis step is required. However, its low volumetric energy density and
need for new aircraft technology (and infrastructure) limit its use to short- and medium-
range flights.

The cost of all alternative fuels are expected to decrease significantly in the long term
(2050). Costs of advanced biofuels drop by 25% and costs of RCFs by about 35%,
hydrogen sees a 45% decrease. The cost drop is lower for HEFA with 11%, it is expected
that the average cost of hydrogen is lower than the average cost of HEFA in 2050.

Also included in the figure are the price of fossil kerosene (black line) and the price of
fossil kerosene plus carbon costs by the EU ETS (black dotted line). In 2030 all alternative
fuel costs are higher than the fossil kerosene price, also when including the EU ETS costs.
In 2050 this is different. While all alternative fuel prices are still higher than the kerosene
price, when including the EU ETS costs HEFA and hydrogen will become cheaper. The
average cost of advanced biofuels is expected to be about equal. The e-fuels and RCF will
still be slightly more costly (30 to 40%), however the difference is orders of magnitude
lower than it currently is.
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5.6.2

Figure 32 — Cost comparison of aviation e-fuels (FT and ATJ) to other alternative fuels and fossil
kerosene with and without EU ETS carbon pricing in 2030 and 2050
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Sources: E-fuel (FT and ATJ) and RCF cost ranges based on CE Delft analysis (minimum, maximum and
average values from previous section); HEFA, A.Bio and H2z cost based on (NLR & SEO, 2025).

Shipping

Figure 33 presents the costs of e-fuels for shipping, which were discussed in the previous
section, and compares them to other alternative shipping fuel costs from literature. We find
that the costs of biofuels are significantly lower in the short-term than in the long-term.
Hydrotreated Vegetable Oil (HVO) and Fatty Acid Methyl Ester (FAME) have the lowest
cost, and are about 60% cheaper than shipping e-fuels. Biomethanol and biomethane (bio-
m) have about 45% lower costs. Recycled Carbon Fuel (RCF) is almost as expensive as
e-fuels, with only 8% lower costs. In the long-term however, we find that the cost of e-
fuels, biomethanol/biomethane and RCF are quite similar. This is caused by on the one
hand dropping costs of e-fuels and RCF due to economies of scale, and on the other hand
rising costs of biomethanol/biomethane due to more expensive feedstocks.

Also plotted are the cost of fossil VLSFO (black line) and cost of VLSFO plus EU ETS
costs (black dotted line). In the short-term, only the HYO/FAME cost comes close to the
costs of VLSFO + ETS. However, the costs are still approximately 25% higher. In the long-
term the e-fuels, RCF and biomethanol/biomethane are all about equal to the VLSFO +
ETS cost. The cost of HYO/FAME is expected to be significantly cheaper by then (~35%).
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5.6.3

Figure 33 — Cost comparison of shipping e-fuels (e-methanol, e-methane and e-ammonia) to other
alternative fuels and fossil VLSFO with and without EU ETS carbon pricing in 2030 and 2050
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Sources: E-fuel (e-methanol, e-methane and e-ammonia) and RCF cost ranges based on CE Delft
analysis (minimum, maximum and average values from previous section); biofuel costs based on (ABS &
CE Delft, 2024).

Level of import

According to the cost assessment, the share of imported e-fuels is projected to exceed
domestic production, which will in turn substantially lower the demand for carbon sourced
within the Netherlands. The following national and international sources were used to
establish a range for the expected import share, which aligns well with both European
policy outlooks (IEA, Agora) and national analyses:

Berenschot & Kalavasta (2023, Integrale Energiescenario’s 2050) have defined a
medium scenario | which 72% import is assumed and a high scenario in which
90% import is assumed.

PBL (WLO, 2025): shows that in high-ambition scenarios, the Netherlands
primarily act as an import and transit hub, while domestic production remains
limited to about 20-40% of fuel consumption.

IEA (2021, Net Zero by 2050): projects that the EU will depend on imports for
70-80% of e-fuels and hydrogen carriers, given the limited potential for renewable
electricity production in densely populated Member States.

Agora Industry (2024): expects 60-85% of synthetic fuels in Europe to be
imported, mainly from North Africa and the Middle East.

Transport & Environment (2023): estimates that 60-90% of e-kerosene production
will take place outside the EU, depending on policy choices and production costs.
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5.7

5.7.1

In conclusion, an import share of 60-80% by 2050 appears most plausible for the
Netherlands. Up to 90% import is also conceivable in a scenario in which other regions
focus heavily on large-scale e-fuel production, with lower production costs in solar- and
wind-rich areas.

Imported RENBOs must meet identical RED criteria as RFNBOs produced in the EU.
Under Article 7 of the RED, renewable electricity used for their production can only be
counted once towards a renewable energy target, meaning double counting between
producing and consuming countries is not permitted unless formal cooperation
agreements under Articles 9-11 are in place.

Opportunities and risks for the Netherlands

The Netherlands face both shared and sector-specific opportunities and challenges in the
emerging e-fuel landscape. While large-scale domestic e-fuel production is currently
unlikely to be cost-competitive compared with regions offering abundant low-cost
renewable energy, the Netherlands is well positioned to play a strategic coordinating and
enabling role in Europe’s future carbon and e-fuel system.

Shared opportunities
The Netherlands’ strong industrial base, port and energy infrastructure, and regulatory
expertise provide several advantages:

Infrastructure and hub function

Existing port, refining and storage facilities in Rotterdam, Amsterdam and other industrial
clusters together with the planned national CO2 and hydrogen backbones can anchor the
Netherlands as a logistics and distribution hub for e-fuels in North-West Europe.
Integration of CO2 capture, transport and utilisation networks could also stimulate early
markets for biogenic and DAC-based CO..

Knowledge and governance role

The Netherlands is widely recognised for its strong institutional frameworks for
sustainability certification, traceability and energy regulation, as reflected for example in its
early implementation of RFNBO certification pilots (RVO, 2025) and its well-established
biofuel accounting and compliance systems of the Dutch Emissions Authority.

This enables a leading role in developing and harmonising book-and-claim systems,
RFNBO verification and life-cycle accounting, which will be crucial for transparent cross-
border e-fuel trade.
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5.7.2

Intermediate-product opportunities

Beyond finished e-fuels, the Netherlands could also play a role in importing and upgrading
intermediate products, such as e-methanol or e-syngas, performing the final synthesis or
refining steps domestically. This builds on existing refinery and chemical know-how and
mitigates dependence on fully imported end-products.

Shared risks

Several structural and systemic factors may constrain competitiveness or flexibility:

High renewable-power costs and spatial limitations

Offshore wind electricity remains more expensive than onshore wind or solar elsewhere,
and domestic renewable capacity is already in high demand. This limits cost-effective
large-scale synthesis within the Netherlands. However, future electricity-price projections
differ widely. Scenario studies indicate that with targeted policy action, accelerated
offshore-wind deployment, grid reinforcement, large-scale storage and market-design
reform, the Netherlands could achieve internationally competitive electricity prices by
2050, potentially enabling selective domestic production.

Uncertain development of export regions

Large-scale RFNBO production in solar- and wind-rich countries such as Morocco, Egypt
or Chile is not guaranteed to materialise at the pace or scale often assumed. Realisation
depends on political stability, financing, grid expansion, certification frameworks and
export logistics. Early Dutch and EU engagement is therefore essential to de-risk future
import dependence.

Competition for sustainable CO-

Biogenic and DAC-based CO; are scarce and needed for other mitigation and removal
strategies (e.g. BECCS, DACCS). This may restrict eligible CO2 for fuel synthesis once
fossil-derived COz is phased out after 2040 (see Chapter 6).

Import dependence and exposure

Heavy reliance on imported e-fuels or renewable electricity increases exposure to
international price and supply fluctuations, as well as sustainability and traceability risks in
global value chains.

Policy and certification uncertainty

Continuous refinement of additionality, temporal-correlation and cross-border-crediting
rules can create investment uncertainty for both producers and users.
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5.7.3

5.7.4

Sector specific aspects

Although the underlying drivers are largely similar, certain risks and opportunities manifest
themselves differently in aviation and shipping, reflecting differences in policy timelines,
fuel demand profiles, and logistical infrastructure:

Aviation

The aviation sector faces earlier and stricter policy obligations under ReFuelEU Aviation
compared to the shipping sector, particularly the binding sub-quota for Renewable Fuels of
Non-Biological Origin (RFNBOs). This creates short-term opportunities for domestic
demonstration projects, for instance, small-scale e-kerosene plants using biogenic CO.

to deliver guaranteed compliance volumes and to develop certification experience. In the
long term, however, most e-kerosene consumed in the Netherlands is likely to be imported
from regions with abundant renewable power. The Netherlands’ key role could then be as
a trading and certification hub, ensuring supply-chain transparency and compatibility with
EU sustainability requirements.

Shipping

The maritime sector operates under the FuelEU Maritime Regulation, which provides a
gradual greenhouse-gas intensity reduction rather than binding sub-quotas. This gives
more flexibility in the short term but implies a larger demand for e-fuels in the long run.
Rotterdam’s global position as a bunkering port, combined with its petrochemical and
hydrogen infrastructure, offers a strong foundation for becoming a major import, blending,
and distribution centre for e-methanol, e-diesel and e-ammonia. Early coordination
between port authorities, energy companies and shipping lines can reinforce this role.

Options for policy actions

The Netherlands’ comparative advantage lies primarily in system coordination rather than
large-scale molecule production. Key strategic options for policy actions therefore include:

. Investing in infrastructure integration (CO, and H, backbones, import terminals,
port conversion) to anchor the Netherlands’ hub role;

+  Establishing strategic partnerships with low-cost renewable regions (e.g. Iberian
Peninsula, North Africa, Nordic countries) to secure long-term import flows;

»  Supporting pilot-scale DAC and biogenic CO, utilisation projects to build
experience with long-term eligible carbon sources; and

* Leading EU efforts on book-and-claim systems, RFNBO verification and cross-
border sustainability accounting.

*  Positioning the Netherlands as a processing hub for intermediate products (e.g.
imported methanol or synthesis intermediates), enabling domestic value creation
without relying on large-scale renewable energy availability.
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5.8

In summary, while domestic e-fuel production will likely meet only a modest share of
national demand, the Netherlands can capture significant value as a logistics, certification
and governance hub within Europe’s emerging e-fuels system.

Conclusions

In this chapter, the future e-fuel demand from Dutch aviation and shipping from Chapter 2
have been combined with the carbon requirements for the most relevant e-fuel production
pathways, and a realistic share of imports. Table 11 presents the resulting bandwidth of
expected Dutch sustainable carbon demand for the production of aviation and shipping e-
fuels, both for a scenario with 100% domestic production and for a realistic import share
(70% based on the range of 60-80%).

Under a 100% domestic production scenario, the total CO2 demand for sustainable e-fuels
ranges between 3.3 and 10.8 Mt in 2050. When accounting for a realistic import share of
around 70%, the Dutch carbon demand is expected to fall to roughly 1.0-3.2 Mt in 2050.43
This illustrates that the extent of import will be a key determinant of the national
sustainable carbon requirement, with domestic CO, demand decreasing proportionally as
import dependence increases.

Table 10 — Bandwidth of expected Dutch sustainable carbon demand (Mt CO,) for the production of e-fuels used in

Dutch aviation and shipping

100% domestic 70% import
2030 2040 2050 2030 2040 2050
Aviation 0.1-0.2 1.1-17 33-74 0.03 -0.06 0.33-0.51 1.0-22
Shipping 0.0-0.1 0.0-26 0.0-34 0.0-0.03 0.0-0.78 0.0-1.0
Total 0.1-0.3 1.1-43 3.3-10.8 0.03 - 0.09 0.33-1.29 1.0-3.2

Also, key factors influencing e-fuel cost have been studied. From this, we conclude the
following:

*  The highest cost item is the electricity cost. This makes that sunny regions offering
low cost PV or onshore wind, such as the Middle-East or North-Africa, have a
significant competitive advantage in producing e-fuels. The Netherlands has
relatively high electricity cost due to its reliance on offshore wind, making domestic
e-fuel production around 40 to 50% more expensive. Therefore, e-fuels will most
likely be imported to a large degree in the long run.

4 The upper end of this range is (roughly) in line with the estimate of PBL in (PBL, 2024b).
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In the short-term, e-fuels will likely be produced mostly from Biogenic COg,

as Direct Air Capture (DAC) capabilities are still developing and expensive.

This creates short-term opportunities for domestic demonstration projects,

for instance, small-scale e-kerosene plants using biogenic CO, to deliver
guaranteed compliance volumes and to develop certification experience.

E-fuel cost are expected to drop rapidly, with about 30 to 50% by 2050 compared
to 2030, mostly due to decreasing electrolyser and DAC costs from economies of
scale. Compared to fossil aviation and shipping fuels, e-fuel cost drop from a
factor of 4-8 to 2-4 times. When including EU ETS cost, the cost difference
vanishes for shipping in 2050, for aviation there still is a (small) cost gap. Biofuels
have overall lower costs, although feedstocks are limited.
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6 Potential supply of

6.1

sustainable carbon and
carbon removal

Introduction

Given the expected growth of demand for sustainable carbon for carbon removal and
e-fuel production that followed from the previous chapters, the question arises whether
supply will be able to meet this demand. Whereas the previous chapters focussed on the
demand side, this chapter assesses the potential supply.

This requires a three-step approach:

Step 1: An assessment of the potential for carbon removal in the Netherlands. For the
purpose of this study, it is useful to distinguish between two different categories of carbon
removal:

1. CCS-based technologies. Sustainable CO2 may be captured from biobased
energy or fuel production, from biochemical production processes, or via direct air
or ocean capture. The captured sustainable CO2 can then be stored permanently
in abandoned oil or gas fields, or aquifers, resulting in carbon removal. These
routes are called Bio-CCS, BECCS, DACCS or DOCCS - these terms will be
explained below.

2. Other technologies. Various other technologies can also lead to carbon removal,
examples are biochar or mineralisation technologies.

Step 2: An assessment of the potential supply of sustainable CO; for e-fuel
production in the Netherlands. This follows directly from the results from the first step:
the sustainable CO- that may be captured for CCS (Category 1) can also be used as
feedstock for e-fuel production. This is then called carbon capture and usage, CCU.
The other technologies for carbon removal (Category 2) do not produce ‘free’ CO; that
would also be suitable for e-fuel production.
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6.2

Step 3: An assessment of the potential competing demand from other sectors and
for other applications. Aviation and shipping are not the only sectors with growing
demand for both carbon removal and sustainable CO2, demand from other sectors is
therefore likely to impact the supply for aviation and shipping. Residual emissions in other
sectors will also need to be compensated with carbon removal, and the sustainable CO;
that can be used for e-fuel production can also be used as a feedstock for plant growth in
greenhouses, for example.

Potential for carbon removal

There are many different technologies to achieve carbon removal. These technologies
differ in many aspects, with one categorisation — CCS-based and other technologies —
already introduced above. Table 11 summarises the most relevant CCS-based
technologies and the most important conditions for their implementation. The CO3
captured by these technologies can also be used to produced sustainable carbon for e-
fuel production. In other words, rather than channelling all captured CO; into permanent
geological storage, industries with capture technologies could also allocate (part of) this
carbon to CCU applications such as e-fuel production. Table 12 summarises the most
relevant other carbon removal technologies and the most important conditions for their
implementation. These technologies are all described further in the remaining part of this
section. For more detailed information on the technologies, their potential and
technological readiness we refer to the ‘Routekaart Koolstofverwijdering’ (Ministerie van
KGG, 2025), the report ‘De lucht klaren?’ by the Dutch Scientific Climate Council (WKR,
2024a) and a study by CE Delft (CE Delft, 2023).

Table 11 — Overview of relevant CCS-based carbon removal technologies and their main prerequisites.

Technology Removal Short description Prerequisites
duration

Bio-CCS: Bio-CO, capture ' Permanent CO; capture from biochemical Auvailability of CCS

from industry production from biobased infrastructure, sufficient

(biochemistry, biofuels, feedstocks (e.g., ethanol, biogas, biomass availability.

etc), with CCS for carbon biofuels) and underground storage.

removal:

BECCS: Bio-CO, capture Permanent CO; capture from biomass Availability of CCS

from biomass power combustion and underground infrastructure, sufficient

plants, with CCS for storage. biomass availability.

carbon removal

DACCS: Direct air capture | Permanent Direct air capture of CO, and High electricity and water

(DAC), with CCS for underground storage. consumption, availability

carbon removal of renewable energy, CO,
infrastructure.
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6.2.1

Sustainable carbon for aviation and shipping

Technology

DOCCS: Direct ocean
capture (DOC), with CCS
for carbon removal

OCCS: Onboard Carbon
Capture and Storage

Removal
duration

Permanent

Permanent***

Short description

Removing CO, from seawater and
storage (electrochemical process).

Ship CO; capture by:

1. Extracting it from exhaust
gases (post-combustion);

2. Removing carbon from fuel to
produce hydrogen for energy
use (pre-combustion).

Prerequisites

Coastal location,
availability of renewable
energy, access to CO;
transport infrastructure.

Integration into ships,
storage capacity,
availability CO, transport
and offloading
infrastructure, fuel penalty,
capture rate.

Table 12 — Overview of relevant other carbon removal technologies and the main prerequisites

Technology

Mineralisation

Biochar

Carbon storage in
products and materials

Removal duration

Permanent

Temporary*

Temporary**

Short description

Reaction of CO, with rocks (such
as olivine) into solid minerals.

Carbon-rich material from
pyrolysis of biomass.

CO, storage in biobased
construction materials and
products (wood, bioplastics,
etc.).

Prerequisites

Availability of volcanic
rock, imports, space for
spreading.

Biomass availability, soil
type, stability of biochar.

Sufficient biomass, fibre
crops, market outlets for
end products.

*  The storage duration is conditional: According to the EU Carbon Removal Certification Framework (CRCF),
biochar can qualify as permanent carbon removal if the carbon remains stable for more than 100 years.
This must be supported by scientific data such as the H/C ratio (hydrogen-to-carbon ratio) and its application in

soil.

*k

Carbon storage in products depends on their lifespan and end-of-life treatment (e.g., incineration, recycling, etc.).

*** Assuming, CO, captured onboard vessels eventually will be transported to permanent storage locations.

BioCCS and BECCS

Technology description

BioCCS and BECCS are two terms that are used to indicate technologies that capture
biobased CO; from industrial processes, and store this in geological locations — typically in
abandoned offshore oil and gas fields. They can both be considered methods for carbon
removal because they permanently remove CO; that the biomass has taken up from the

atmosphere.

Biochemistry with CCS, in this report indicated as bioCCS, refers to methods that capture
and store biogenic CO- that is emitted in industrial and/or chemical processes. When
biomass is used as a biobased feedstock, some of the carbon content of the biomass may
be released during the conversion processes. This is sustainable CO; that can be
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captured and stored. Not all biochemical processes are suitable for bioCCS, however.
Only those that result in significant emissions of bio-CO, allow for cost-effective CO2
capture. Examples of processes with bio-CO» emissions that could be captured are
bioethanol production, biomass gasification plants or conversion of biogas to biomethane.
BioCCS can also be used in steel production that uses biomass as a substitution for coal
in the Hisarna process.* Many other biobased processes do not lead to significant
emissions of bio-CO-, but rather ensure that the biobased carbon remains in the products
that are produced.

Bio-energy with CCS, here abbreviated as BECCS, captures CO- from biomass
combustion and stores it underground. This can be implemented in biomass power plants
or waste-to-energy facilities, as well as in other biobased combustion processes such as in
high-temperature industrial heat production from biomass or biogas, or in biogas combined
heat and power plants (CHP) (CE Delft, 2023).

Potential and scalability

BioCCS together with BECCS are estimated to have a potential of up to 6.2 Mt COz/year
in 2030, increasing to 22.2 Mt COz/year by 2050 in the Netherlands (WKR, 2024a)
(excluding Hisarna). The details behind these data can be found in Table 13 (based on
(CE Delft, 2023), excluding Hisarna).

The future potential for bio-CCS in the Netherlands strongly depends on the extent to
which suitable biobased industry will be located in the Netherlands, which is currently still
uncertain. (CE Delft, 2023) estimates that the maximum potential for bio-CCS amounts to
6 Mt/year in 2050, captured from biomass gasification plants. Bioethanol plants were not
taken into account, but could increase this potential if located in the Netherlands.

Likewise, the potential for BECCS mainly depends on the future development of biomass
energy production. As can be seen in the table, the total BECCS potential may increase to
16.2 Mt/a in 2050. The potential for BECCS on biomass power plants was considered nil,
since Dutch policy aims to close large scale biomass power plants. BECCS on smaller
scale biogas or biomass CHP was not included, due to the relatively high cost of CO>
capture and transport in smaller scale projects.

4 Currently not part of the Tata Steel Netherlands sustainability roadmap.
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Table 13 — Maximum potential for carbon removal with bioCCS and BECCS in the Netherlands, in Mt per
year (CE Delft, 2023)

Technology Maximum potential Cost
. _ . . (€/tonne)
Technological | Realistic Realistic = Cumulative
2030 2050 between
2030-2050
Bio-CO, capture from | Biomass gasification 23 6 83
industry with CCS in combination with
(bio-CCS) fuel production
Bio-CO, capture from | Biomass power plants 12-19 >0 >0 >0 40-100
bioenergy plants with Bi bined heat 0 4 40 50-100
iogas combined hea -
CCS (BECCS) 9
and power (CHP)
Biomass high 50-60 25 74 99 60-110
temperature heat
production
Biobased share of 1.4 4.8 62 60-80

waste incineration
*  This potential depends strongly on future policy.

COg capture is a mature and commercially available technology that can be applied at
both existing and new industrial facilities at large scale. The most common method uses
chemical solvents, which are widely available.

The limited availability of sustainable biomass as well as available CCS-infrastructure can
be constraining factors for all of these pathways.

Furthermore, the biogenic CO, captured via these pathways can be used for other
applications, which may significantly limit the future potential of bioCCS and BECCS.
This is discussed further in the following sections of this chapter.

Both bioCCS and BECCS require the availability of sufficient geological CO; storage
capacity. With a national geological storage capacity under the North Sea of roughly
1,700 MtCO_ and a capacity of about 1,300 MtCO- in onshore aquifers, this should be
enough for several decades of storage (WKR, 2024b). TNO’s ADAPT and TRANSFORM
scenarios show that meeting climate goals requires 40 MtCO./year storage in ADAPT and
15 MtCOs/year in TRANSFORM, for storage of both fossil and sustainable CO,. ADAPT
assumes prolonged fossil use, while TRANSFORM relies on deep decarbonisation.

Both highlight the need for more non-fossil CO, storage to offset residual emissions (TNO,
2025).
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Cost

In terms of costs, recent work by Deloitte estimates that depending on the source of the
COo, the levelised costs of CCS deployment currently range between 20-300 €/tonCO-,
see Figure 34 (Change Inc., 2025a; Deloitte, 2025). These estimates account for capture,
transport and storage. In this report, BECCS cost range between about 100-300
€/tonneCO.. Earlier work by (CE Delft, 2023; WKR, 2024a) estimates that costs of bioCCS
in Europe can range between 0-110 €/tonneCO- towards 2050. The differences between
the literature sources are likely due to different assumptions on the various cost items,

but have not been investigated further in the scope of this report.

Figure 34 — Range of levelised cost of CCS deployment in €/tonneCOx.
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6.2.2 DACCS

Technology description

Direct Air Capture and Carbon Storage (DACCS) refers to technologies that remove CO>
directly from the atmosphere. Air is drawn through an installation that contains a liquid,
solid, or membrane that captures the CO., which is then extracted, purified, and stored.
Storage would then take place permanently in depleted gas fields deep underground, as
with bioCCS and BECCS.

Potential and scalability

Currently, DACCS is still a technology in development, and it is applied only on a very
small scale. Its future potential in the Netherlands is therefore uncertain (CE Delft, 2023;
ESABCC, 2025), but given the low technology readiness and relatively high costs
compared to biogenic CO2 capture, DACCS is typically expected to play only a limited role
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in the Netherlands, at least until 2050. Literature estimates range from 0-18 Mt CO. per
year by 2050 (CE Delft, 2023), with CE Delft concluding that currently the most realistic
estimate of the potential in 2050 is zero. TNO scenarios (TRANSFORM and ADAPT)
also assume DAC(CS) deployment only from 2050 onwards, with a potential of 7,5 —
10,3 Mt/year (TNO, 2025). PBL also assumes modest DACCS deployment in 2050 (PBL,
2024c), WKR concludes the potential is as yet unknown (WKR, 2024a). In this report,
we therefore assume zero potential for DACCS in the Netherlands in 2050.

Scaling up DAC remains challenging because air capture is very energy-intensive. CO>
makes up only 0.04% of air, meaning large volumes of air must be processed to capture
significant amounts of CO.. Large-scale deployment requires highly efficient filters,
optimized chemical sorbents, and abundant renewable energy to drive the process without
offsetting its climate benefits (CE Delft, 2023; Change Inc., 2025b). CCS infrastructure is
also necessary to transport and store the captured CO: in suitable geological formations,
such as depleted gas or oil fields, or aquifers.

As with the biobased routes, CO2 captured via DAC can also be used to produce e-fuels,
but that reduces the potential to achieve permanent carbon removal via DACCS,
assuming a limited supply of renewable energy to power the DAC processes.

Cost

In terms of costs, the WKR report ‘De lucht klaren’ estimates DACCS at a maximum of

€ 540 per ton of CO_ avoided in 2050 (WKR, 2024a). Estimates of roughly $ 300-600 per
ton COo, or € 276-5524° per ton CO,, are reported by IEAGHG*¢ for DACCS in 2050 (IEA
& GHG, 2021)

TNO uses techno-economic data for DAC technology in the ADAPT and TRANSFORM
scenarios, estimating investment costs of € 600 per ton CO in 2030 and € 450 per ton
CO2 in 2040. Fixed and variable costs are estimated at € 38 per ton COz in 2030 and € 22
per ton CO, in 2040 (TNO, 2025).

A recent BloombergNEF analysis indicates that the average cost of DAC*” could decline
by approximately 50% within the next five years, to just under $ 500 per ton CO,.
However, achieving large-scale deployment will require further cost reductions, with a
target of around $ 100 per ton CO, which widely regarded as necessary for widespread
adoption. The analysis concludes that reaching this threshold within the coming decades
remains highly uncertain (BloombergNEF, 2025; Change Inc., 2025b).

4 Converted from USD using an exchange rate of 1 USD = 0.92 EUR.

4 |EAGHG reports similar DACCS cost for 2030 and 2050, which likely reflects its uncertainty in future
developments.

47 This does not yet include the costs of CCS.
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6.2.3

DOCCS

Technology description

Direct Ocean Carbon Capture and Storage (DOCCS) is a technology that removes CO2
from seawater using electricity. Seawater naturally contains dissolved CO2, which makes it
a natural storage medium. The process works by taking CO- out of the water, returning the
treated water to the ocean, and storing the captured CO, underground. Again, this
captured carbon can also be used for e-fuel production.

The electrochemical technologies involved are typically (but not limited to) electrolysis or
electrodialysis:

+  Seawater electrolysis: This process splits seawater into an acidic (COx-rich, low-
pH) and basic stream. CO; from the acidic stream is captured, after which it is
mixed back together with the basic stream before going back to the ocean;

»  Seawater electrodialysis: This process uses electricity and selective membranes
to separate dissolved salts in the seawater. This process naturally creates zones
of higher and lower acidity, which can then be used to separate CO, from the
water.

It should be noted that the impact of DOCCS on global climate change differs from that of
the biobased CCS routes and DACCS. This technology removes atmospheric CO2 by
releasing low-carbon seawater into the surface ocean, where it re-equilibrates with the
atmosphere and stores atmospheric CO.. Furthermore, this technology may have some
unintended environmental impacts on marine ecosystems, which will need to be studied
further (Hooper G & PR, 2025)

Potential and scalability

DOC technology development is still in its early stages, so the potential for the technology
at this point can be roughly estimated based on ongoing pilot projects. The Dutch startup
Sea02 is piloting an electrodialysis system that removes CO; from seawater using only
electricity and water. A 250 ton CO- per year pilot is planned for 2025, with the goal of
scaling to 1 MtCO. annually by 2030 and ultimately 1 GtCO2 by 2045 (SeaO2, 2024).
Brineworks is another Dutch company that is developing technology to extract both CO»
and hydrogen from seawater by using seawater electrolysis. Seawater is split into CO, and
hydrogen. The captured CO2 can then be stored, while the hydrogen serves as a clean
energy source (Brineworks, 2024).

Scaling up DOCCS requires meeting several key conditions. DOCCS facilities need to be
located near the coast to ensure direct seawater access and minimize transport costs.
Because electrochemical separation requires electricity, large-scale deployment depends
on the availability of affordable renewable energy. Additionally, CCS infrastructure is
necessary to transport and store the captured CO. in suitable geological formations, such
as depleted gas or oil fields, or aquifers.
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6.2.4

Cost

DOCCS is still in early development. Hence, accurate cost projections will still be relatively
unreliable and possibly underestimated. While several studies and companies have
provided indicative cost estimates for DOC technology, the overall costs of complete
DOCCS systems remains largely unknown due to the absence of large-scale
implementation.

Brineworks aims to use DOC to extract CO2 and hydrogen from seawater for the
production of e-fuels such as e-methanol and sustainable aviation fuel, for carbon dioxide
removal or CCUS applications. In terms of cost, they claim their technology is designed to
be cost-effective (<$ 100 per ton tCO-) operating on renewable energy (Brineworks,
2024). Companies like Captura, which also aims to develop DOC installations, estimate
the costs to be within $ 100-200 or € 92-1848 per ton co2 (Captura, 2024).

Onboard Sustainable Carbon Capture

Technology description

Onboard Carbon Capture (OCC) is a method to reduce emissions from ships by capturing
CO; before it is released into the atmosphere. This can be done through pre-combustion,
where COs: is removed from the fuel before it is burned (e.g. by converting LNG fuel into
hydrogen and COy), or through post-combustion, where COz is captured from exhaust
gases after combustion. In both cases, the CO: is stored on the ship and later offloaded at
a port, from where it can be transported for permanent storage or reuse. Besides pre-
combustion and post-combustion, a third OCC option is oxy-fuel combustion, which burns
fuel with pure oxygen and recirculated exhaust to produce a CO2-rich stream, enabling a
higher capture rate at the same time. Captured carbon can eventually end up in different
forms: as a compressed gas, a liquid, or a solid locked in minerals (DNV, 2025). Once
delivered to shore, this CO2 can then be stored in geological storage locations (OCCS) or
used for other applications. OCCS can only count as carbon removal if the CO, — and
therefore the fuel — is sustainable (biobased or e-fuel).#®

Potential and scalability

Considering the current status of this technology and the significant developments that
need to take place before large-scale capture of sustainable CO, can be achieved with this
technology, it seems realistic not to assume any significant potential for this technology for
the period until 2050.

4 Converted from USD using an exchange rate of 1 USD = 0.92 EUR.
4 OCCS on a fossil fuel would result in CO,-mitigation.

Sustainable carbon for aviation and shipping September 2026



e Content

Cost

Because a global OCCS supply chain is not yet in place, most studies and projects have
estimated installation and operating costs for different propulsion systems. Work by W.
Wang (2023) currently estimates these costs to be in the range of € 35-390 per ton CO..
This range concerns LNG and diesel-type ships with a CO2 capture rate of approximately
60-90%. No specific mention has been made for 2030 or 2050 specifically. Therefore,
given the absence of an established OCCS supply chain at present, this estimate is likely
more representative of conditions expected around 2050. Similarly, earlier work by Maersk
(2022) estimate a CO, abatement cost of $ 220-290 per ton CO, specifically for a newly
built very large crude carrier.

6.2.5 Mineralisation

Technology description

Mineralisation is a way to remove CO- from the air by letting it react with certain types of
rock, like olivine or basalt. This reaction turns the CO; into solid minerals that stay locked
safely for a very long time. Normally, this happens slowly through a natural process called
weathering, however this process can be accelerated by grinding the rock and spreading it
over large areas, such as farmland. This is commonly called enhanced weathering or
enhanced rock weathering.

Potential and scalability

The realistic maximum potential for mineralisation as a carbon removal method in the
Netherlands is estimated at approximately 5,4 Mt COz/year towards 2050 (CE Delft, 2023;
WKR, 2024b).

Important prerequisites for carbon removal through mineralisation include the availability of
suitable minerals like olivine and basalt, which must be imported for use in the
Netherlands. Other prerequisites are sufficient space for spreading the ground rock and
control of potential contaminants like nickel released during accelerated weathering.
Finally, the process requires cheap, renewable energy for mining, transport, and grinding
to ensure that total life-cycle CO2 emissions do not exceed the amount removed.

Cost

Costs towards 2050 are estimated to range between € 50-70 per ton COz in the WKR
study (WKR, 2024a). A study by Ecorys estimates the cost to be approximately € 84 per
ton CO- in 2030 (Ecorys, 2023).
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6.2.6

Biochar

Technology description

Biochar is a carbon-rich material made by heating organic waste (e.g., wood residues,
crop leftovers) without oxygen, a process called pyrolysis. Its properties, such as porosity,
pH, and carbon stability, depend on the feedstock and production method, which influence
its effectiveness for applications such as soil improvement and carbon storage.

Beyond agriculture, biochar also has potential in construction, soil conditioning, soil
filtration and industrial applications (e.g. enhancing biogas production from digesters).
The permanence of carbon storage through biochar depends on its composition and
stability, and sustainable biomass availability remains a key requirement (CE Delft,
2025c).

Biochar is not a direct feedstock for e-fuel production, which relies on CO2 and (green)
hydrogen.

Potential and scalability

The largest potential for biochar use in the Netherlands lies in arable farming, but at
present, Dutch farmers are generally unwilling to pay for this because they do not see any
added value. This means that financial or policy incentives, such as sharing revenue
through potential carbon certificates, are necessary to make its adoption feasible.

The business case for biochar is highly dependent on factors such as the type of biomass
feedstock used, the production method and associated co-products, the application (e.g.
arable farming, agriculture, construction, steel, etc.), and the possibility of selling carbon
certificates. The technical demand for biochar in the Netherlands is estimated to be 2 to 6
times higher than the available biomass (CE Delft, 2025c). However, the realistic potential
today is very small or almost zero for most uses, including arable farming, which has the
highest technical potential. Without extra regulations or financial incentives, demand from
farmers is practically negligible.

Cost

Biochar prices in the Netherlands vary widely, ranging from about € 200 per ton biochar for
low-quality material to € 2,000 per ton biochar for high-quality material. In CE Delft’s recent
desk study on biochar applications and potential, a cost range of € 350-1,000%° per ton
was assumed for high-quality biochar (CE Delft, 2025c). Other work by Ecorys estimates
the biochar price to be approximately € 119-597 per ton CO2 in 2030 and approximately

€ 26-106 per ton CO> in 2050 (Ecorys, 2023). However, This price range highlights that

%0 The underlying assumption here was that biochar should be suitable for agricultural use.
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6.2.7

6.2.8

104

the economic feasibility of large-scale deployment will strongly depend on production
costs, its application, and the biochar quality.

Carbon storage in products and materials

Technology description

Carbon can also be stored in products and materials, for example in wood used for
construction, which keeps the carbon that trees absorbed while growing during their
lifetime in the material itself. However, this carbon storage is only temporary, since the
carbon is released again when the wood decomposes or is burned in a waste incineration
plant at the end of its use (where it can be captured and stored, but that carbon removal
potential then falls under BECCS).

Another example of carbon storage in products and materials are bioplastics. Chemical
products such as plastics are also increasingly made from plant-based resources instead
of fossil resources, such as bioplastics from sugarcane or maize. However, the lifetime of
many plastic products is relatively short, and the COz is released again when incinerated
(again, which creates potential for BECCS). Hence, the carbon storage in plastic products
is generally not considered as carbon removal that can be used to compensate (fossil)
CO2 emissions with a permanent climate effect.

Potential and scalability

Nevertheless, since this type of carbon storage may have a temporary effect, and total
carbon stored in products and materials is likely to increase over time, it may still be useful
to include in this overview. Important prerequisites for carbon storage in materials and
products are sufficient supplies of fibre crops or other biomass as raw materials, along
with strong market demand to ensure the finished products can be sold and used. In
principle, many products can already be replaced by biobased counterparts, but cost are
typically higher than fossil-based production. Towards 2050, the WKR and CE Delft
estimate that the maximum potential equals 3.8 Mt per year in wood as construction
material, and 0 Mt for bioplastics and other biobased materials. The latter is based on the
assumption that the Dutch economy will be circular by 2050, with no net increase in
biomaterials in the economy (CE Delft, 2023; WKR, 2025).

Cost

WKR estimates that towards 2050 cost of temporary carbon storage in materials and
products could range between € 60-80 per ton CO2 (WKR, 2024a).

In summary: potential for carbon removal

Based on these findings, the total maximum potential for carbon removal in the
Netherlands towards 2050 amounts to approximately 34.1-35.1 MtCO., see Table 14.
However, these estimates are all still very uncertain, and realising this potential requires a
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6.3

wide range of developments, including sufficient sustainable biomass availability, an
effective policy framework to support these technologies, biobased industry and energy
production in the Netherlands and limited sustainable CO2 demand for other applications.
On the positive side, some of the technologies that are still in development — in particular
DACCS, DOCCS and OCC — may turn out to be more successful than anticipated. These
are currently considered to have a limited potential in 2050, but this may change over time
if research leads to further innovations and the technologies can be rolled out on a larger
scale faster than expected.

Table 14 — Maximum potential for carbon removal of the various technologies discussed in this section, in
2030 and 2050, in the Netherlands (in Mt CO2/year)

Carbon removal technology Potential (2030) Potential (2050)
Bio-CO, capture from industry (biochemistry, biofuels, etc.) with CCS 2.3 6
for carbon removal (bio-CCS)

Bio-CO, capture from bioenergy plants with CCS for carbon removal 3.9 16.2
(BECCS)

Direct air capture with CCS for carbon removal (DACCS) 0 0
Direct ocean capture with CCS for carbon removal (DOCCS) 0 1.0
Onboard sustainable carbon capture and storage 0 0
Biochar 0 1.6-2.6
Carbon storage in biobased products and materials 0.8 3.9
Mineralisation 0.7 5.4
Total 7.7 34.1 -35.1

Potential supply of sustainable carbon for e-
fuels production

As explained before, the carbon capture routes that were discussed in the context of
carbon removal can also serve as a strategic source of sustainable carbon for e-fuels for
Dutch shipping and aviation. Instead of directing all captured sustainable CO; into
permanent geological storage (CCS), it can also be used for CCU, by converting it into
synthetic fuels and other energy carriers. In this way, carbon capture provides a
sustainable carbon feedstock that reduces reliance on fossil sources, thereby reducing
(fossil) CO2 emissions and further supports the transition to climate-neutral transport.

We therefore assume that the potential of all carbon removal technologies that use CO-
capture is also the potential of sustainable carbon capture for e-fuels. The supply potential
towards 2050 then amounts to approximately 23.2 MtCO- for the carbon capture pathways
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6.4

listed in Table 15.5" The same uncertainties and conditions that were mentioned in the
previous section apply to these estimates: realising this potential requires a wide range of
favourable developments, and if any of the DAC, DOC and OCC technologies develop
faster than currently anticipated, their potential may increase from the current estimate of
zero in 2050.

Table 15 — Maximum potential for sustainable carbon from the various technologies discussed in the
previous section, in 2030 and 2050, in the Netherlands (in Mt CO2/year)

CCU pathway Potential (2030) Potential (2050)
Bio-CO, capture from industry (biochemistry, biofuels, etc.) 23 6
Bio-CO, capture from biomass power plants 3.9 16.2
Direct air capture (DAC) 0 0
Direct ocean capture (DOC) 0 1.0
Onboard sustainable carbon capture 0 0
Total 6.2 23.2
Cost

The costs of sustainable CO- for e-fuels production are inherently difficult to estimate due
to the wide variety of technologies and feedstocks. A reasonable approximation can be
obtained by starting from the established costs of carbon removal and adjusting for the
components that are avoided or altered in a CCU context, such as storage, transport, and
injection. In other words, the potential cost of providing sustainable carbon for usage can
be approached as the cost of carbon removal minus the costs associated with long-term
geological storage. Without storage, costs then roughly range between € 35-180 per ton of
CO,, depending on the application (see Figure 34). CO-transport can add an extra cost,
depending on the distance between the e-fuel plant and the source of the sustainable
carbon. This estimate is in line with other literature. PBL estimates the cost of CCU,
depending on application, to be around € 34-96 per ton CO, (PBL, 2025). Other work by
(G.G.R.D.P. IEA, 2021) places estimates within similar range: $ 30-100 per ton of CO-
captured.

Future demand for sustainable carbon from
other sectors

It follows from the previous sections that any available sustainable carbon that can be
captured from biobased industry or bioenergy production can be used for either e-fuels
production or for carbon removal via CCS — both applications need the same feedstock.

5 This equals the total potential of carbon removal, from Table 14, minus the potential for biochar, carbon storage in
products and materials, and mineralisation.
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Similarly, demand for sustainable carbon is likely to develop in many other sectors that
aim to meet their climate goals. Other transport sectors, industry, agriculture, etc. also
need to replace their fossil fuels with sustainable and renewable energy sources, and they
will also be looking for carbon removal options to compensate for any residual emissions.

Research on the future demand of sustainable carbon for the Netherlands has been
limited so far, but a first estimate for the period until 2040 was developed in (CE Delft,
2025a), see Figure 35. Two scenarios were presented in that report, reflecting low and
high demand, to take the uncertainties into account. Clearly, especially demand from
carbon removal is expected to increase significantly in the coming decades, as announced
in the ‘Routekaart Koolstoverwijdering’ (Ministerie van KGG, 2025). The Dutch ambition is
to achieve 20-25 Mt CO2 removed per year, in the period between 2040 and 2050. The
‘high’ scenario in the figure assumes that this ambition is fully met, with 25 MtCO, carbon
removal in 2050, wherease the ‘low’ scenario assumes 10 MtCO, carbon removal in 2050,
reflecting the current uncertainty whether this ambition will indeed be realised. Since the
assessment in the Routekaart focusses on national climate goals, this does not include
carbon removal needed to compensate for residual emissions in aviation and shipping.
Compensating the residual emissions estimated in Chapter 3 would therefore require
additional carbon removal.

The ‘high’ scenario for carbon demand for synthetic fuels that is included in the graph,
3.5 MtCOz in 2040, is based on the scenarios developed by PBL in (PBL, 2024b).

This is demand for domestic transport only, i.e. excluding synfuels demand for aviation
and shipping.5? The share of these sectors in this total varies roughly between 40-65%,
depending on the scenario.

%2 The PBL report provides data on total production of synfuels, and on the split between international and domestic
transport. The share of international transport in total synfuels demand is roughly between 40-65%, depending on
the scenario. The estimate of 3.5 MtCO., in this graph is based on these data and assuming a 50/50 split between
international and domestic transport.
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Figure 35 — Development of future demand for sustainable CO: in the Netherlands, for other applications
than aviation and shipping (in Mt/year)
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More detailed information on the main data sources and assumptions behind these
scenarios can be found in (CE Delft, 2025a).

There are currently no comprehensive data on potential demand for sustainable COz in the
Netherlands in 2050. It is to be expected that demand for most, if not all, applications is
likely to increase further after 2040, for further CO, emission reduction and carbon
removal. However, this demand will only be realised under the right conditions, including
(but not limited to) an effective policy framework to encourage this shift from fossil to
sustainable CO; and to significantly increase carbon removal. Given the many challenges
in these developments, it could be argued that as a rough estimate, the ‘low’ scenario for
2040 might be a realistic estimate for 2040, and the ‘high’ scenario for 2050.

The future market for both carbon removal and sustainable CO; use is likely to be strongly
policy-driven. Since these policies are not yet in place and still in development, it is
currently difficult to predict how much of the potential sustainable carbon will become
available for aviation and shipping, and how much will be used by other sectors. Likewise,
without a clear policy framework for the various sustainable carbon applications in place, it
is difficult to provide insight in how the carbon will be divided between carbon removal and
the various CO2-mitigation options including e-fuel production. The Dutch Carbon Removal
Roadmap and the ongoing EU policy developments on carbon removal provide a starting
point for the policy discussions and developments that can shape the developments and
future market framework for sustainable carbon.
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6.5

Conclusions

An assessment of the potential supply of sustainable carbon for e-fuel production and
carbon removal for aviation and shipping requires a three-step approach:
1. Assessing the potential for carbon removal in the Netherlands.
2. Assessing the potential supply of sustainable CO; for e-fuel production in the
Netherlands.
3. Assessing the potential competing demand from other sectors and for other
applications.

The total potential for carbon removal in the Netherlands is still very uncertain, but based
on recent literature and current status of the various technologies, the total maximum
potential for carbon removal in the Netherlands towards 2050 is estimated to be
approximately 34-35 MtCO; in 2050, see Figure 36. Realising this potential requires a
wide range of developments, including sufficient sustainable biomass availability, an
effective policy framework to support these technologies, biobased industry and energy
production in the Netherlands and limited sustainable CO, demand for other applications.
On the positive side, however, some of the technologies that are still in development —in
particular DACCS, DOCCS and OCC — may turn out to be more successful than
anticipated.

Figure 36 — Maximum potential for carbon removal in the Netherlands, in Mt per year
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A large part of this carbon removal potential consists of technologies were sustainable
COgz is captured, and then stored in suitable CCS locations. This sustainable CO; can,
however, also be used as feedstock for e-fuel production. This does not constitute carbon
removal because the CO: is emitted during fuel use. The maximum potential supply of
sustainable CO2 amounts to 23.3 Mt in 2050 (the sum of the potential for bio-CCS,
BECCS, DACCS, DOCCS and OCCS, in Figure 36).

Not all of this potential will become available for aviation and shipping, however. Other
sectors also need to replace their fossil fuels with sustainable alternatives, and they will
also be looking for carbon removal options to compensate for any residual emissions.
These developments are still very uncertain, but a rough estimate of how demand from
other sectors may develop is shown in Figure 37. Potential demand for carbon removal is
estimated to grow to 20-25 Mt in 2040/2050, the target set in the 'Routekaart
Koolstofverwijdering’. This does not take into account aviation and shipping, so any carbon
removal demand for these sectors will be additional to this. Furthermore, demand for
sustainable carbon will develop from synthetic fuel production for other transport modes
and sectors such as horticulture and the chemical industry. We estimate this to increase to
1.5 Mt CO2 in 2040, and 9.1 Mt CO- in 2050.

Figure 37 — Demand for carbon removal and other applications of sustainable carbon from other sectors,
in Mt per year.
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/ Synthesis: comparison
of demand, supply and
cost

7.1 Introduction

This chapter combines the information from the earlier chapters in this study, to assess:

*  Will supply of sustainable carbon and carbon removal meet demand in the aviation
and shipping sectors?

*  How do the cost of sustainable carbon use for carbon removals compare to its use
for e-fuel production, and how do these compare to the costs of additional
mitigation measures of climate impacts in aviation and shipping?

7.2 Demand versus supply

There is a future demand for sustainable carbon within the aviation and maritime sectors
for the production of e-fuels and for carbon removals to compensate for residual
emissions. Furthermore, there is expected demand from other sectors, for the same
reasons: for use as feedstock and for carbon removals. At the same time, it is expected
that supply of sustainable carbon can increase in the future. In this section, we compare
the expected demand and supply. Figure 38 contains a schematic representation of the
supply and demand for sustainable carbon.

Since supply and demand for aviation and shipping is not yet expected to scale up
significantly in the coming years and for simplicity, we only present the data for 2050 in
this section. More details on earlier years can be found in the previous chapters.
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7.2.1

7.2.2

Figure 38 — Schematic representation of supply and demand of sustainable carbon

Compensation of residual
emissions

(Chapter 3)

E-fuel production Total demand for sustainable carbon Demand from other sectors
(Chapter 5) (Chapter 6)

-

Is there sufficient supply of sustainable
carbon to meet demand?

Total supply of sustainable carbon
(Chapter 6) A

Demand for sustainable carbon for aviation and shipping
Starting with the future demand for sustainable carbon to compensate for residual
emissions, we can refer back to the results of Chapter 3 (see Section 3.4). With the
caveats in mind that were mentioned in Chapter 3 and as well as in Chapter 4 (including
the current lack of targets and legislation), we can conclude that total demand for carbon
removal may amount to a total of 0.7-7.0 Mt in 2050 for aviation, and 4.0-13.0 Mt for
shipping, under the current scenarios. Both sectors combined create a demand for
carbon removal of 4.7-20.0 Mt in 2050. This amount can be reduced by implementing
additional CO»>-mitigation measures.

Secondly, there is demand for sustainable carbon for e-fuel production for aviation and
shipping, as discussed in Chapter 5 (see Section 5.8). This assessment concluded that
total carbon demand for e-fuels in aviation and shipping in the Netherlands increases
rapidly between 2030 and 2050, to 3.3-7.4 Mt CO. in 2050 for aviation, and 0-3.4 Mt for
shipping. Combined, this amounts to a total demand of 3.3-10.8 Mt sustainable CO; as
feedstock for e-fuel production for Dutch aviation and shipping. However, it is currently
uncertain whether this e-fuel production will take place in the Netherlands or abroad.
This, of course, determines how much of this demand for sustainable CO; will be in the
Netherlands. When accounting for a realistic import share of around 70%, the Dutch
sustainable carbon demand for e-fuel production is expected to increase to roughly
1.0-3.2 Mt in 2050.

Demand for sustainable carbon by other sectors

Other sectors also need to replace their fossil fuels and CO- with sustainable alternatives,
and they will also be looking for carbon removal options to compensate for any residual
emissions. As concluded in Section 6.4, demand for carbon removal in the Netherlands
for other sectors is expected to increase to 20-25 Mt CO- in 2040 and 2050. In
addition, it is to be expected that demand for sustainable carbon will also develop in other
transport modes and sectors, such as horticulture and chemical industry. We estimate
this demand to increase to up to 9.1 Mt CO- in 2050.
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7.2.3 Potential total supply in the Netherlands

7.2.4

Sustainable carbon for aviation and shipping September 2026

Potential supply for carbon removal is still very uncertain, but current estimates suggest
that a potential of up to 34.1-35.1 Mt CO: could be developed in the Netherlands, by 2050,
under the right boundary conditions (see Section 6.2).

Potential supply of sustainable carbon for e-fuel production amounts to
approximately 23.2 MtCO- for 2050. It is important to note that this amount of COz is also
included in the potential for carbon removal, since it can also be stored in permanent
geological storage (CCS). Therefore, if part of this potential supply is indeed used for e-
fuel production, the potential for carbon removal decreases by roughly the same amount
(in Mt).

Comparison of supply and demand
Combining these results leads to insight in whether supply of sustainable carbon and
carbon removal can meet future demand in the aviation and shipping sectors.

Figure 39 and Table 16 show potential supply and demand for sustainable carbon for
CCU-applications such as e-fuels. The wide range of demand for aviation and shipping
reflects the uncertainty with regard to where the synfuels are produced: the lower value of
the range assumes that 70% of e-fuels demand in the Netherlands is imported, the upper
value assumes all is produced in the Netherlands. With an estimated total potential supply
of 23.2 Mt sustainable CO; for e-fuel production and other CCU-applications, supply would
be sufficient for e-fuel production for aviation and shipping in the Netherlands.

Figure 39 — Potential supply and demand of sustainable carbon that could be used for e-fuel production in
the Netherlands in 2050 (in Mt COz2/yr)
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Table 16 — Potential supply and demand of sustainable carbon that could be used for e-fuel production in
the Netherlands in 2050

Mt CO,
Supply of sustainable CO; for e-fuel production 23.2
Demand from other sectors 9.1
Demand from aviation and shipping 1.0-10.4
of which Aviation 1.0-7.4
Shipping 0.0-3.4
Total demand for sustainable CO; 10.1-19.5

Table 17 combines the key results on carbon removal demand and supply. In the table,
two different figures for potential supply are provided. The first is the total potential for
carbon removal, assuming that all sustainable CO, that can be captured will be stored.
The second potential takes into account that part of this CO: is likely to be used for CO»-
mitigation, for example for e-fuels production. As shown in the previous table, this may
increase to 10.1-19.5 Mt COx/year, which would then have to be subtracted from the total
potential for carbon removal. Assuming that CO»-mitigation is preferred above carbon
removal as stated in the Routekaart Koolstofverwijdering (Ministerie van KGG, 2025),
the remaining 14.6-25.0 Mt CO./year may be the more realistic estimate of the carbon
removal potential in 2050.

This shows that potential supply of carbon removal is unlikely to meet demand in 2050, if
current emission scenarios will become reality. The gap between supply and demand may
be as big as 30.4 Mt CO; per year, even without any CCU. Supply and demand may only
match if

a. The full potential (or more) for carbon removal that was identified in this report is
indeed realised.

b. The lower range of future demand for carbon removal in aviation and shipping is
achieved.

c. Demand for carbon removal from other sectors turns out to be significantly lower
than currently expected.

d. Demand for sustainable CO; for CCU-applications (including e-fuels for aviation
and shipping) will be much lower than estimated.
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Figure 40 — Potential supply and demand of carbon removal in the Netherlands, in 2050
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Table 17 — Potential supply and demand of carbon removal in the Netherlands, in 2050

Mt CO,
Supply of carbon removal — total 34.1-35.1
Supply of carbon removal, taking into account estimated 14.6-25.0
potential demand for CCU
Demand for carbon removal from other sectors 20-25
Demand for carbon removal from aviation and shipping 4.7-20.0
of which Aviation 0.7-7.0
Shipping 4.0-13.0
Total demand for carbon removal 24.7-45.0
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7.3

7.3.1

Cost-effectiveness of sustainable carbon

In this section, we compare the cost-effectiveness of sustainable carbon for carbon
removals to compensate for residual emissions, the use of sustainable carbon for e-fuel
production and the costs of additional mitigation of climate impacts (see Figure 41).

A comparison of these insights can inform us about the likeliness that these options will be
adopted by the market.

Figure 41 — Schematic representation of the expected costs of carbon removals, e-fuel production and

other mitigating measures

[ Costs of carbon removals (Chapter 6) ]

' N\
How do the costs of carbon removals
. : compare to the costs of e-fuel Costs of other mitigating measures
ot iiclproduetionl(Choptenn) production or the costs of mitigation (Chapter 7)
of climate impacts?
(. J

Cost of carbon removals
The costs of carbon removals are discussed in Chapter 6, the resulting cost estimates for
the different carbon removal techniques are summarised in Table 18.

Table 18 — Summary of cost estimates for carbon removal techniques

Technique Cost estimate (€/ton CO, removed)
2030 2050
BioCCS and BECCS 90 - 310 0-110
DACCS ~600 85 - 540
DocCcs* N/A 92 -184
Onboard Sustainable Carbon Capture N/A 35-390
Mineralisation ~84 50 -70
Biochar 119 - 597 26 - 106
Carbon storage in products and materials N/A 60 - 80

*  Estimate for DOC. Costs for DOCCS are therefore underestimated and may turn out higher than reported here.
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7.3.2 Cost of e-fuel production
The costs of e-fuel production were discussed in Section 5.5. The numbers are converted
from €/MWh to €/ton CO- avoided, from a Well-to-Wake perspective®3, the resulting cost
estimates for the different e-fuels are presented in Table 19 for aviation and in Table 20 for

shipping.

Table 19 — Summary of cost estimates of e-fuel production for aviation

Fuel Type Cost estimate (€/ton CO, avoided WTW)
2030 2050

e-kerosene (FT) 1,080 (800 — 1,360) 650 (500 — 800)

e-kerosene (ATJ) 1,150 (860 — 1,450) 690 (540 — 850)

Table 20 — Summary of cost estimates of e-fuel production for shipping®*

Fuel Type Cost estimate (€/ton CO, avoided WTW)
2030 2050
e-methanol 900 (660 — 1,150) 550 (420 — 680)
e-methane 820 (610 — 1,030) 520 (400 — 640)
e-ammonia 850 (680 — 1,020) 580 (450 — 700)

7.3.3 Cost of other mitigating measures
Additional mitigation of CO2, emissions reduces the need for carbon removal for the
compensation of residual emissions. Mitigation by extra use of e-fuels does not reduce the
total need for sustainable carbon (as discussed in the previous section), but other
mitigation options do reduce the need for sustainable carbon. There is a diverse range of
other mitigation options, such as:

+ Efficiency improvements by fleet renewal or more efficient use of existing fleet.
Efficiency improvements which are economically attractive to airlines or shipping
companies given existing policy are already accounted for in the baseline
scenario. Additional efficiency improvements could become economically
attractive if additional policies are implemented that incentivise efficiency in fuel
use. Examples of such policies are kerosene taxes and (additional) CO- pricing.
It is not straightforward to estimate the cost-effectiveness of additional efficiency
improvements, since the marginal costs increase when more improvements need
to be made.

% Using 94% LCA emission savings on 94gCO,eq/MJ for aviation and 95% for shipping on 929gC0O,eq/MJ (ABS & CE
Delft, 2024; Concawe, 2024), renewable electricity assumed.

% Note that the three shipping e-fuels have different engine efficiencies. We have compensated for this using 42% for
methanol, 40% for ammonia (Wallington et al., 2024)and 45% for methane (Thomson et al., 2015)compared to
46% for conventional diesel engines (Wartsila, 2025).
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7.3.4

. Biofuels such as HEFA, bio-ATJ or bio-FT are also a mitigation option, which was
already discussed in Section 5.6. There, the costs of biofuels were estimated to be
in the range of 106-336 euros per MWh for aviation in and 65-150 euros per MWh
for shipping in 2030. In 2050, the expected costs are of 82-214 euros per MWh for
aviation in and 68-202 euros per MWh for shipping.

*+ New technologies and fuels such as hydrogen and electric aviation or new types
of ships could become options in the future, if aircraft with sufficient size and range
will be certified. The expected costs of hydrogen are 77-180 euros per MWh in
2030 and 55-154 euros/MWh in 2050. Apart from the fuel costs, the operational
costs and vehicle costs are also relevant. Since the TRL of these technologies is
still relatively low, those cost estimates are difficult to make.

+ Demand reduction by taxation or capacity restriction of airports and seaports can
also be a way for governments to mitigate CO, emissions, without technology
costs but with other types of economic and social impacts.

Since both aviation and maritime shipping are included in the EU ETS, the EU ETS price
is a relevant indication of the costs of efficient mitigation measures.%® Mitigation for a cost
lower than the EU ETS price is efficient and can be expected to be done in the baseline
scenario. Additional mitigation can be done at higher costs. The range of the expected EU
ETS price in 2030 and 2050 can therefore provide an indication of the price point for
efficient mitigation options, assuming existing policy. These are:

* 7310 134 euros per ton CO; in 2030 (based on the KEV2024);
» 257 to 713 euros per ton in 2050 (based on the WLO2025).

Comparison of costs

In this section, we compare the cost estimates summarised in the previous sections. It is,
however, important to note that comparing cost of carbon removals to costs of e-fuels or
other mitigation options is difficult, and the following important caveats need to be made:

*  Most importantly, the comparison of costs alone does not inform which option is
preferable. This is a comparison on only one relevant dimension, which excludes
other relevant other external effects such as air pollution, safety, etcetera.

+ ltis generally considered that mitigation of emissions, for example by using
sustainable synfuels to replace fossil fuels, is preferable over carbon removals, for
a number of reasons:

- The availability of sustainable carbon is limited and mitigation reduces the
need for carbon removals, mitigation options should therefore in general be
preferred (Ministerie van KGG, 2025);

% However, it should be noted that: 1) extra-EU emissions from aviation are currently exempt from the EU ETS, 2)
the EU ETS only reflects the costs of efficient mitigation in the EEA, and 3) costs of WTT emissions are only
included in the EU ETS if the fuel production is within the EEA.
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- Carbon removals create a new industry with polluting activities, costs and
other considerations that are not needed if the emissions can be mitigated;

- ltis not always certain whether the carbon removal technologies can
guarantee that the removed carbons do not (partly) find their way back to the
atmosphere over time;

»  There are significant uncertainties in the future cost estimates. These uncertainties
are probably not all accounted for in the uncertainty intervals which are presented
in this study.

+  There may be differences in scope for the different cost estimates, which could
lead to an unjust comparison.

Figure 42 illustrates how the expected costs of carbon removals and e-fuel production for
aviation and shipping compare in 2030 and 2050. It can be seen that the range of
expected costs for carbon removals are lower compared to the costs of e-fuel production.
It should be noted that this is a one-dimensional comparison that cannot be used to draw a
conclusion on which of these two options are a better use of the available carbon. The
range for the expected EU ETS price is also shown in this figure as a measure for the
costs of other effective mitigating measures: the EU ETS price denotes the cost level at
which it is efficient for the market to invest in mitigation of co2> emissions. Additional
mitigation options could be more cost-effective than carbon removals and e-fuels
production, especially in 2030. Any emissions that can be mitigated without the need for
scarce sustainable carbon reduce the residual emissions and hence the need for
sustainable carbon.

Figure 42 — Comparison of WTW costs for aviation and shipping to the costs of carbon removals®®

1,600

1,400

1,200

1,000

800

600 —— —

400 — —

(€/ton CO, mitigated or removed

200 —

0
Carbon  e-fuels e-fuels EUETS Carbon e-fuels e-fuels EUETS
removals aviation shipping price  removals aviation shipping price

2030 Cost range 2050 a

56 The figure compares the cost estimates for carbon removals and e-fuel production with the EU ETS price range in
a WTW scope. For the carbon removals, CO,-emissions related to the activities in order to remove the carbon are
not included. Emissions related to the production of the fuels (both the TTW emissions of the e-fuel production and
the TTW emission of the fossil fuel that did not need to be produced compared to the baseline) are included.
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7.4

Conclusions

Comparing demand and supply for carbon removals leads to the conclusion that under the
current scenarios, supply of carbon removal is unlikely to meet demand in 2050. Supply
and demand may only match if;
a. The full potential (or more) for carbon removal that was identified in this report is
indeed realised;
b. The lower range of the future demand for carbon removal in aviation and shipping
is achieved;
c. Demand for carbon removal from other sectors remains significantly lower than
currently expected;
d. Demand for sustainable CO; for CCU-applications (including e-fuels for aviation
and shipping) will be much lower than estimated.

The potential demand for sustainable CO, for e-fuel production for aviation and shipping
can be met by potential supply, if the potential for sustainable carbon capture is realised in
line with the developments outlined in Chapter 6.

Looking at the cost-effectiveness of the various technologies (in terms of €/ton CO;
reduced or removed), we can conclude that whereas cost-effectiveness of both carbon
removals and e-fuel production are significantly higher than the expected EU ETS-price in
2030, the predictions for 2050 are more favourable. In 2050, carbon removals may be
more cost-effective than the ETS-price, and e-fuels are either comparable to or somewhat
higher than the ETS-price in 2050. However, these cost estimates are still very uncertain.
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8 Conclusions and policy

options

Main conclusions

The net-zero target of the EU Climate law in 2050 implies that any residual
emissions from aviation and shipping need to be compensated for by carbon
removal. The expected residual emissions in 2050 with current policy are 0.7-7.0
megatonnes CO; for aviation and 4.0-13.0 megatonnes CO- for shipping. This would imply
a significant need for carbon removal, on top of the carbon removal needed to
compensate for residual emissions in other sectors.%” The other targets for aviation and
shipping do not lead to a well-defined demand for carbon removal: the national CO»-
reduction targets for aviation are in-sector and therefore do not allow for compensation,
the international ICAO net-zero target for 2050 allows for various kinds of offsetting, which
means that residual emissions can be compensated for in various ways. The IMO
Greenhouse Gas Strategy is also an in-sector target that does not allow for compensation.

E-fuel production requires significant amounts of sustainable carbon at the location
where the fuel is produced. It is expected that in 2050, a total of 3,3-10,8 megatonnes of
sustainable CO; is needed to meet the demand for e-fuels. Whether this sustainable
carbon is needed in the Netherlands depends on the location of the fuel production.
Assuming an import share of around 70%, the Dutch sustainable carbon demand for e-fuel
production is expected to be roughly 1.0-3.2 Mt in 2050.

The availability of sustainable carbon in the Netherlands for carbon removal is
expected to be up to 35,1 megatonnes in 2050, of which about 23.3 megatonnes
could also be used for production of e-fuels and other CCU applications. The
majority of this availability comes from bio-CO; that is captured from bioenergy plants with
CCS (BECCS). Bio-CO> captured from industry, biochar, carbon stored in biobased
products and materials and mineralisation are also expected to be future potential sources
for carbon removal.

57 This demand for carbon removal would therefore be additional to the targets set in the Dutch Routekaart
Koolstofverwijdering (Ministerie van KGG, 2025), which focusses on domestic sectors only.
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It is very likely that sustainable carbon is a scarce resource in the future.

The demand for sustainable carbon by the aviation and shipping sectors (both for e-fuels
and carbon removal) as well as the expected demand from other sectors is significantly
larger than the availability. Furthermore, whether the identified potential for carbon
removal can indeed be realised is still far from certain. This illustrates that mitigation
should be chosen over compensation if possible, so that the amount of residual emissions
and hence the need for carbon removal is minimised.

Carbon removal is expected to be relatively cost-effective compared to production
of e-fuels. However, it should not be concluded from this that it is therefore a better
use of the available carbon compared to the production of e-fuels. Cost-effectiveness
of both carbon removals and e-fuel production are significantly higher than the expected
EU ETS-price in 2030, but the predictions for 2050 are more favourable. In 2050, carbon
removals may be more cost-effective than the ETS-price, and e-fuels are either
comparable to or somewhat higher than the ETS-price in 2050. However, both the cost
estimates and the future availability of carbon removal are still very uncertain.
Furthermore, there are various considerations that are not captured within a comparison of
costs per ton COy, such as other externalities (air pollution, safety, etc.).

Policy options

Policy options for the accounting of carbon removals in the aviation- and maritime
sectors. Some accounting challenges for CDR require a review of the UN GHG emission
inventory system. This includes the new methodology report that is being prepared under
the IPCC. Other challenges, for instance on preventing double counting, are in principle
addressed by the rules under Article 6 of the Paris Agreement. Where applicable, rules
under ICAO and IMO should be aligned with Article 6 as much as possible. As it will
probably be linked to CDR, the EU ETS could play a role in CDR for shipping and aviation.
A key limitation here is that the ETS for aviation is not expected to cover extra-EEA flights
soon. Also, currently only CDR achieved on EU territory would be eligible under the ETS.

Policy options to create a market for sustainable carbon in the aviation and
maritime sectors. When it comes to e-fuels, demand is already created by the ReFuelEU
Aviation and FuelEU Maritime blending mandates. For aviation, the RFNBO sub-mandate
guarantees a demand for sustainable carbon, whereas the FuelEU Maritime mandate
leaves flexibility for the fuel choice. There is currently no policy instrument that
incentivises, let alone mandates, the compensation of residual emissions by carbon
removals.

Establishing a linkage between CDR and the ETS could effectively create such a mandate
for emissions under the scope of the ETS, and would probably lead to an increase in
demand for high-quality permanent CDR credits in Europe. At global level, an interesting
policy option for a CDR mandate for aviation would be to build on the CORSIA framework
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but only allow permanent CDR credits for offsetting, and gradually lower the baseline to
zero in 2050. This would align with the current UNFCCC architecture and with ICAQ’s
LTAG, but politically be very challenging to reach consensus on. For shipping, a separate
global CDR mandate would be premature at the moment, since the NZF does not allow for
out-of-sector CDR and aims to eliminate all fossil-based emissions by 2050.

Policy options to reduce demand for sustainable carbon in the aviation and
maritime sectors. Additional mitigation of emissions would reduce the need for
sustainable carbon. Given the scarcity of sustainable carbon in the future and the general
preferability of mitigation over compensation, policy options to further reduce in-sector
emissions should first be considered. Policy at the international level, or otherwise the EU
level, are more effective than national policy.

Policy options to realise the Dutch potential for carbon removal. A range of carbon
removal technologies with significant potential has to be identified, but there is currently no
policy framework or financial incentive to develop these routes. The policy strategy
outlined in the Routekaart Koolstofverwijdering provides a starting point for the necessary
developments, but needs to be further developed and implemented,

Recommendations for future research

This is a first study with the focus on sustainable carbon for aviation and shipping in the
Netherlands. Therefore, the analysis was not exhaustive and there is potential for future
research to build on this work. We recommend to:

*  Further analyse the expected residual emissions once there is more clarity about
the IMO measures to reach the targets from the IMO GHG Framework and the
2040 EU Climate target;

*  Further analyse the implications of the possible inclusion of carbon removals in the
EU ETS once the EC Proposal is published;

*  We recommend investigating how future systems to compensate for residual non-
CO. emissions could be designed at a later stage, since it can be expected that
there are residual non-CO, emissions, which are relevant for the total global
warming;

»  Regularly update the estimates for the costs of carbon removal and e-fuels, since
these technologies are still very early in the scale-up curve.
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A Research questions

This report was drafted to address the research questions that are summarised in Table
21. The structure of the report does not exactly reflect these research questions, all
research questions are, however, addressed in the report.

Table 21 — Overview of research questions

Carbon removal for compensation of residual emissions

Residual
emissions

Carbon
accounting

What are the expected residual emissions in international aviation and maritime shipping?

What is the potential role of carbon removal for meeting the different existing climate targets
(national, EU, ICAO/IMO)?

What is the demand for carbon removals due to compensation of residual emissions in other
sectors?

How does the total demand for carbon removal (aviation, maritime shipping and other sectors)
relate to the availability of carbon that can be removed from the atmosphere? What are the
implications for the aviation- and maritime sectors?

Which are the most promising options for an accounting system for carbon removal to
compensate for residual emissions in the aviation and maritime shipping sectors?

How do the possibilities for such an accounting system relate to the existing UN-agreement
that states that the international aviation- and shipping sectors are excluded from national
emission accounting?

How do these options guarantee that high quality carbon removal is used to compensate for
residual emissions? (in relation to the existing voluntary market as well as Article 6 of the Paris
Agreement, in which a mechanism for international trade of carbon credits is detailed)

How do these options prevent the risk of double counting of emissions? In this respect, what
does the agreement mechanism of national governments, to remove negative emissions from
national emission accounting and allocate these to aviation or maritime shipping, look like?

Technologies for the removal or use of sustainable carbon

Availability and
scalability

What technologies are available for the removal and use of sustainable carbon? What is the
availability of these technologies, what is the TRL-level, and what are the market
developments?

What impediments are there for the use of carbon removal technologies at scale? (e.g.: lack of
legislation)

What is needed to ensure the required scale-up of these technologies?
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Carbon removal for compensation of residual emissions
Affordability What is the (bandwidth of the) expected cost of removed carbon per available technology?

How do the costs of carbon removal compare to the costs associated with mitigation of
emissions?

Sustainable carbon for the production of e-fuels

Demand What is the demand for (carbon-containing) e-fuels for the aviation and maritime shipping
sectors based on current policies?

Price How does the price of sustainable carbon affect the price of e-fuels? How does this relate to
the cost of e-fuels which are made from other carbons (e.g. recycled carbon fuels)

What is the expected development of the costs of sustainable carbon and e-fuels over time?

When could sustainable carbon as a resource become competitive? What does this depend
on?

What do the answers to the above questions imply for the market for e-fuel production in the
Netherlands?
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