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ABSTRACT

In 2022 the Dutch Energy System used some 2700 PJ of energy. Some 86% of its input was natural
gas, crude oil and coal. The other 14% were renewables. A network of power-generation units,
refineries and petrochemical complexes converted fossil resources into heat (700 PJ), power (400
PJ), transportation fuels (500 PJ) and chemicals (400 PJ). Some 700 PJ were lost due to conver-
sion and transport. CO2 emissions were 160 Mt in 2022 of which 65 Mt by industry and 30 Mt by
mobility. Transformation of this system into a Net Zero CO2 system calls for replacement of fossil
resources by renewable heat, power and carbon. Decarbonisation of heat & power for residential
and mobility is well underway at the moment. However, decarbonisation of industry and recarbon-
isation of shipping & aviation fuels, as well as recarbonisation of feeds for chemicals, is hampering
progress. This paper concludes that current policies, predominantly based on trading CO2 emis-
sion certificates (ETS) is insufficient for industry to justify investment decisions. A carbon tax of
100 €/t CO2 on top of ETS prices (currently some 70 €/t COy) is still insufficient for viable business
cases. This paper shows that a combination of mandated production volumes for renewable fuels
supported by opex subsidies, investors’ willingness to accept lower costs of capital, off-takers’
willingness to pay higher prices for green products and producers’ willingness to accept lower
returns on their investment, may drive industry towards viable business cases. Financial support
comes from government through their return of extra CO2 tax income and income from sales of
ETS certificates to producers, off-takers and investors (risk mitigation assurances). This paper
shows how QuoMare’s TDES (Transformation of the Dutch Energy System) is deployed to outline
a policy framework that provides robust incentives to industry to invest in decarbonisation and
recarbonisation projects.
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INTRODUCTION

In 2022, the Dutch energy system emitted some 160
Mt CO2: 20 Mt CO2 by residential, 30 Mt CO2 by mobility,
20 Mt CO2 by agriculture (mostly CO2 equivalents due to
CHa4 & N20 emissions), 25 Mt CO2 by electricity producers
and 65 Mt COz by industry [1].

The larger industrial CO2 emitters are: Tata Steel (12
Mt CO), fertilizer producers Yara & OCI (6 Mt CO3), refin-
eries (18 Mt COz2), naphtha crackers (6 Mt CO2) and the
chemical industry (23 Mt CO3). These CO2 emissions are
classified as scope-1 & scope-2 emissions. Refineries
produce 10 Mt transportation fuels that yield the 30 Mt
CO2 mobility emissions mentioned above. From a refinery

https://doi.org/10.69997/sct.191715

Syst Control Trans 4:2044-2050 (2025)

point of view these CO: emissions qualify as scope-3
emissions.

Scope-1and scope-2 COz emissions need to be de-
carbonised. Recarbonisation of fuels will address scope-
3 CO:2 emissions. In a fossil free scenario, cracker feed-
stocks face a similar recarbonisation challenge.

This paper shows that decarbonisation and recar-
bonisation are lacking economically viable business
cases. Hence, the challenge is to design a policy frame-
work that supports the energy transition stakeholders
(producers, product off-takers, investors and govern-
ment) to build viable business cases for the transfor-
mation of the Dutch industry. This paper outlines how
such a framework can be developed by using network
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optimisation principles with dedicated focus on the pet-
rochemical sector (refineries, crackers, chemical indus-
try). This paper builds on the TDES functionality pre-
sented at ESCAPE34, Florence, June 2-6, 2024 [2].

DECARBONISATION ECONOMICS -
GENERAL

Tata Steel

Tata Steel operates two Blast Furnaces (BF’s) and is
evaluating the economics to replace these BF's by two
Direct Reduction of Iron (DRI) facilities to eliminate its 12
Mt/a CO2 emissions. DRI can be done by either CH4 & CCS
or by Hz. The DRI - Hz option calls for an investment of 6
bin € (assuming a capital intensity of 850 € per ton of
steel) and 0,5 Mt/a of green H: (variable opex of 2.5 bin
€/a assuming @ 5000 €/ton Hy).

Fertilizer manufacturing (OCl & YARA)

Decarbonisation of 3 Mt/a NHs production by H2
calls for 0,5 Mt/a green Hz to avoid 6 Mt/a CO2 emissions.
The corresponding electrolyser investment is 3 bin € and
calls for 25 TWh electricity @ 80 €/MWh (2 bin €/a).

Refineries

Crude intake by the Dutch refineries is currently
some 52 Mt/a with reported CO2 emissions of 18 Mt/a. It
is assumed that these CO2 emissions can largely be re-
moved by Carbon Capture & CO: Storage (CCS) in the
North Sea @ capital intensity of 500 € per ton COz (9 bin
€) and variable opex of 100 €/ton CO2 (1,8 bin €/a).

Naphtha crackers

The main feedstock for the Dow, Shell and Sabic
crackers in the Netherlands is naphtha with some 4 Mt/a
of ethylene and some 6 Mt/a of other lower olefins & ar-
omatics as output. The cracking furnaces are fired by the
CHa product stream (2 min t/a), resulting in some 6 Mt/a
CO2 emissions. These emissions can be eliminated by
ATR (Auto Thermal Reforming) of CHas into H2 & CO2com-
bined with CCS. The ATR-CCS capex is estimated at 3.7
bin €. Variable opex of 1.05 bin € is for the additional in-
take of steam, oxygen and natural gas for the reformer
and utilities to capture and sequester COa.

Chemical Industry

Olefins and aromatics are upgraded into industrial
chemicals and polymers. Some 8,4 Mt/a CHa4 is consumed
for the production of (high temperature) heat and power.
The resulting 23 Mt/a of CO2 emissions can be avoided
by a combination of industrial heat pumps & e-boilers (20
TWh E-power @ 80€/MWh) and 1 min ton/a H: firing (@
5000 €/ton H2) to meet the high temperature require-
ments. Capex for heat-pumps & boilers is estimated at 1.1
bin €.
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Break Even CO, Emission Trading Scheme
(ETS) Prices

Total Annualised Costs (TAC’s) have been calcu-
lated to test the economic viability of decarbonisation
technologies discussed above. TAC is the sum of costs
of capital (on annuity basis, but for simplicity sake set at
6% of capital expenditure), fixed opex for operations and
maintenance (set at 4% of capex) and variable opex be-
ing feedstock costs and utility costs. The Break-Even ETS
price is the price to be paid for an ETS certificate to
match the TAC per ton of CO: to be captured. From the
Break-Even ETS prices summarised in Table 1 below, it
may be concluded that apart from CCS to remove and
store CO: ex refinery furnaces, other technologies lack a
solid business case to justify implementation. The pro-
jected CO:2 price of 220 €/ton by 2050 for ETS certifi-
cates (Figure 1) is simply too low. ETS certificate pricing
is expected to increase from 70 €/ton CO; in 2025 to
some 220 €/ton CO2 in 2050 based on supply-demand
unbalances for ETS certificates as predicted by TNO [5].

Table 1: Summary Break-Even ETS prices

TATA Steel OCI & YARA fineri Crack Ch

CO2? emissions 2022 {Mt/a) 12 6 18 6 3
Decarbonsation technology DRI - H2 H2 s ATR-CCS E&H2
Capex {bln € 6.0 30 9.0 37 1.1
Cost of Capital {bln €fa) 036 018 054 022 0,07
Fixed Opex {bin €/a) 024 012 036 015 0,04
Variable Opex {bin €fa) 250 2,00 1,20 1,05 6,60
TAC {bin €/a) 310 230 270 142 6.71
Break Even ETS price {€fion CO2) 258 3 150 237 292
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Figure 1: Projected cost ETS certificates in €/ton CO2

RECARBONISATION ECONOMICS -
GENERAL

Recarbonisation projects for the production of re-
newable transportation fuels and feeds for the naphtha
crackers will also be difficult to justify economically. As
an example, the economics for the production of bio-
methanol are outlined in Figure 2 below. Typically, meth-
anol prices range between 400 €/ton and 500 €/ton. The
example shows that a Break-Even Value of 770 €/ton
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methanol would be needed for a Return on Investment
(ROI) of 0% and some 900 €/ton to deliver an ROl of 5%.
ROl is the ratio between annual Net Income After Tax
(NIAT) and project investment (capex) and a key-indica-
tor for the profitability of a capital project.

Hours per annum 8760
Aavailability (36) a0
Price hio-methanol (€/t) | 895
Cost of Capital (%] B%
Fixed Opex (%) A%
Capital intenstiy (€/1pa) 2500
Capex (bln €) 13
Depreciatian [%) 10%
Income tax 5%

0,:60 t/h @ 60 £/t
BFW: 115t/h @ 20/t

Flux:25t%/h @ 15€/t

€0,: 110 t/h @ 50 &/t

Biomass-to-
Methanol

Biomass Feed: 300 t/h @
150 €/ton __{

—-{ Rest biomass: 30 t/h @ 30 €/t ‘
—H segasthe-2sen |

Econoimics
Income (min £/a) 5951
Feedcosts % Variable

Opex (min €/a)

Fixed Costs (min &/a) -50,9
Cost of Capital {min £/a) | -76,3
Margin [min €/a} 63,4
Depreciation (min €/a)  127,1

Bio-coal export: 10 t/h @
125€/t

Moisture: 95 t/'h

-404,6

Basis income tax {min €/a) -63,7
Income tax (min €/a} 00

| Waste water:s0h @ -15 €/t | NIAT émin €/a) 63,4
ROI (%) 5,0%
L[ Residual Offgas: 75 t/h @ 160 €/t |
Mathanol @ ROl = 0% 770

Figure 2: Biomass To Methanol Economics

TDES & INDUSTRY TRANSFORMATION
SCOPE

Transforming the Dutch industry sector into a sys-
tem that is largely based on renewable energy resources
in an economically viable manner, requires a systemic
analysis of a large set of decarbonisation and recarboni-
sation investment options. To this end, QuoMare devel-
oped TDES (Transformation Dutch Energy System).

TDES is an optimisation methodology based on an
MP-MILP (Muli-Period Mixed Integer Linear Program-
ming) algorithm that evaluates a set of decarbonization &
recarbonisation investment options (integer variables) on
a year-to-year basis from today towards 2050, together
with unit capacities (continuous variables) and subject to
various constraints (like CO- reduction targets, availabil-
ity of resources and product demand). The objective is to
determine a lowest cost transformation pathway.

The combined decarbonisation & recarbonisation
challenge and option space for petrochemicals is outlined
in Figure 3.

kN [ Scpe1gaco, 18 mya
52 min t/a
Naphtha (13 min t/a) Naphtha Scope-182 CO, 6 MY/a
ke |
e e ﬁ—-{ Paraffins & Heavies: 1 min t/a
i ELVENIE l—vl Transportation Fuels: 10 min t/a
Fuel: & min t/a ¥ [ scope o, 30Mi/a
‘ Naphtha & Fuels Export
] 10413 =23 min t/a
! Renewable Carbon ] Lower Olefins & Aromatics: 10 min ¥/a
’ H Conversion Complex Scope-182 €O, 23 Mt/a
CO,&H, [ Chemical
Industry Chemicals': 10 min t/a
¥ industsial Chemicals, Fine Chemical, Poymers
NG (8,4 min t/a) |
Power (140 PJ)

Figure 3: Decarbonisation & Recarbonisation Petro-
chemicals
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To address the 47 Mt CO2/a scope-1 & scope-2 de-
carbonisation challenge for petrochemicals, TDES may
select technologies based on electrification (heat pumps,
e-boilers), carbon capture & storage (CCS) or burning H2
rather than CHa.

To address the 30 Mt CO2/a scope-3 recarbonisa-
tion challenge for petrochemicals, TDES has access to a
portfolio of process technologies converting renewable
carbon from biomass, waste and CO: into transportation
fuels and feeds for chemicals. Process technologies
modelled in TDES as per Figure 4 below include fermen-
tation, hydrogenation, reforming, torrefaction, and gasi-
fication of biomass & waste streams into syngas. Renew-
able syngas can also be produced by the RWGS (Reverse
Water Gas Shift) technology: reactivating CO2 with green
H2 into CO & H20. Syngas is subsequently converted
through either Fischer-Tropsch synthesis or methanol
synthesis into transportation fuels and cracker feed-
stocks. Pyrolysis of recycled plastics is another route to
produce renewable cracker feedstocks.

TDES is based on QuoMare’s proprietary TEACOS
framework (Techno-Economic Analysis of Complex Op-
tion Spaces). See below.

Please find below some comments on TDES valida-
tion, uncertainty & constraint analysis and broader con-
cept applicability.

Woody Biomass I cthanol Aleoholto et
_Fattysmmass
Vegetable Oil Sustainable Fuels
M Hydrotreater
rolysis Oil
[Pests ] Ao

Bio-gas Fischer-Tropsch UGl Naphtha

Reforming
Digestion

Woody Drying

Torrefaction

Refuse Derived
Fuel (RDF)
(Bingenic) CO,

Lower Olefins & Aromatics | | Transportation Fuels

Methanol To
Olefins

Gasification

Methanol to
Distillates

Figure 4: Superstructure Renewable Carbon Conversion
Complex

TDES has been validated through various studies
with institutions in the Netherlands: Institute for Sustain-
able Process Technology; Sustainable Industry Labora-
tory of University of Utrecht; Department of Economic Af-
fairs of the Dutch Government.

TDES uses the Monte-Carlo functionality to address
both parameter uncertainties and to evaluate scenarios
in a systematic manner. This combination supports so-
called “no-regret investment decisions”. Likewise, also
policy uncertainties are addressed by a structured
Monte-Carlo and scenario analysis.

While TDES identifies economically viable transfor-
mation pathways within given set of constraints like
feedstock availabilities, throughput capacities and prod-
uct demand, TDES simultaneously also acknowledges
2046



potential barriers to conversion technology implementa-
tion, such as technological readiness levels (TRL), supply
chain limitations like mode-of-transport, and societal ac-
ceptance issues (e.g. no onshore windmills in a particular
region).

Although TDES is specific to the Dutch context, it
can easily be adapted to other countries or regions as
TDES is 100% data driven. Heat, power and carbon de-
mand data by residential, mobility, agriculture and indus-
try sectors (production of steel, fertilizers and chemicals)
are combined with yields and expense data of the con-
version units to calculate feedstock and utility require-
ments. This clearly enhances the broader concept ap-
plicability.

TEACOS

TEACOS is an optimization framework based on
Multi-Period Mixed-Integer Linear Programming [3].
TEACOS has four general building blocks, as shown be-
low.

TEACDS: Techmo-F ic Analysis of Complex Option Spaces.

Credible & Robust
+ Supply & Demand Projections Decarbonisation
* Qutbok on Prices& Costs

+ Envronmental Constraints (CO5)

+ Leaming curves

+  Other constraints (space, financial, )

= Resource Availability & Cost
- Utility Availability & Cost
Recarbonisation

Pathways
= Yields & Capacities
- CAPEX & OPEX ~=

-LL | Network Optimisation & Analysis

+ Investment over time analysis

+ Objective: Highest Margin or Lowest
Cost over given horizon (@ NPV)

+ Sensitivity analyss

= Capacities
- CAPEX & OPEX

- Product Demand & Prices
—

Figure 5: High level overview of TEACOS

These building blocks together represent a classical
supply or value chain with temporal and spatial granular-
ity: both location and timing aspects are included. TEA-
COS can either maximize the Net Present Value (NPV) of
the supply chain margin or minimize the NPV of supply
chain costs, both over the time horizon imposed, mean-
while respecting boundary conditions and environmental
constraints. Sensitivity analyses by the Monte-Carlo
functionality demonstrate the robustness of transition
pathways and detect tipping points to understand the
relative attractiveness of the investments over time. The
mathematics (MP-MILP) behind TEACOS and its deploy-
ment have been described in a decarbonisation study for
the industrial cluster of the Port of Rotterdam [4].

DESIGN OF A POLICY FRAMEWORK

The Dutch government is well aware of the lack of
economically viable business cases limiting progress to-
wards the Net Zero CO: target in 2050. In principle,
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government has 3 degrees of freedom: imposing man-
dates, levy/charge additional CO. taxation and providing
subsidies. However, such an approach is rather directive
and collaboration with industry & infrastructure compa-
nies is probably more effective.

To this end, government is engaging with key indus-
try partners (including TATA Steel, OCI & YARA and the
petrochemical sector) with the aim to conclude tailor-
made decarbonisation and recarbonisation agreements
(“Maatwerk Afspraken” in Dutch).

Obviously, the Dutch government is key stakeholder
in this process due to their commitment to deliver CO2
reduction targets agreed upon within the European Com-
munity (55% reduction in 2030 and 100% reduction in
2050, both relative to the Dutch reference emission of
220 Mt CO2 in 1990). Apart from the Dutch government
and their industrial partners, there are two other im-
portant stakeholders: product off-takers and investors.

Figure 6 below shows how these stakeholders may
work together to develop viable business cases.

Product off-takers:
- Willingness to pay a premium for “green product

Renewable Fuels

Renewable Carbon
Feed

Renewable
Carbon
Conversion

P
e Facility Owner & Producer

- Willingness to accept lower ROI

Utilities

Government can:

= Impose mandates on renewable fuel volumes
= levy CO, Taxation on top of ETS

= Provide subsidies (e.g. on utilities)

= Grant assurances to investors in return of lower cost of capital

Investors
= Willingness to accept lower return on capital

Figure 6: Stakeholder Analysis & their degrees of
freedom

Product off-takers may be willing to pay a price pre-
mium for decarbonised and/or recarbonised products,
which entitles them to market “green products”. Inves-
tors’ willingness relates to accepting a lower return on
their investment by demanding a lower WACC (Weighted
Average Cost of Capital). This usually comes with the
requirement that the Dutch government provides them
with sufficient assurances that reduce/minimize their risk
of “losing” their investment. Producers contribute to a vi-
able business case by accepting a lower Return on In-
vestment (ROI): 5% rather than 10%.

Apart from imposing mandates on the production of
renewable transportation fuels, the Dutch government
has tax measures to play with. They may decide to im-
pose an additional CO- tax on top of the CO- price to be
paid for ETS certificates. Government may also grant in-
come tax waivers or tax-holidays for producers. Another
degree of freedom is the provision of subsidies on pro-
cess utilities lowering operating expenses like costs of
power, Natural Gas and CCS entrance fees.
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As TDES selects those options that minimise the net
present value of accumulated system costs over the
2020-2050 time-horizon, post-processing is needed to
identify economically viable conditions for industry. The
policy framework outlined above together with TDES re-
sults is used to find that combination of price premia,
WACC reductions and subsidies that will bring decarbon-
isation and recarbonisation projects over time (2025 -
2050 horizon) sufficiently into “the money” within con-
straints imposed: CO2 reduction targets; availabilities of
renewable feeds; and mandates on renewable transpor-
tation fuels.

In the decarbonisation space, the Dutch govern-
ment is clearly in the lead in view of the scope-1 and
scope 2 CO:2 reduction ambitions. They orchestrate how
their ETS-1income (some 10 bin € per year with ETS cer-
tificates valued at 150 €/ton) can be redistributed as sub-
sidies to the various industry segments, to create a viable
business case in combination with price premia.

In case of recarbonisation, the Dutch government
facilitates and supports industrial initiatives in getting re-
carbonisation projects towards Final Investment Deci-
sions (FID) with a budget of some 4,5 bin € (30 Mt/a CO2
scope-3 emissions @ 150 €/ton).

DEPLOYMENT POLICY FRAMEWORK -
RESULTS

Outcome decarbonisation analysis

Table 2 below shows the results of the TDES decar-
bonisation optimisation. The table captures the situation
in 2050. In case of TATA, the DRI option with Hz has been
chosen. For OCI & YARA, both green and blue H: have
been included in the option space. For the refineries, blue
H2 has been shown to be less attractive than CCS. For
the crackers, upgrading the CH4 product stream through
ATR into blue H2 with CO2 captured and stored proved
the better decarbonisation option compared to electrifi-
cation of the cracking furnaces. Most of the lower heat
requirements of chemical production units can be met by
industrial heat pumps and e-boilers with 1 Mt/a of H: to
satisfy high temperature demand.

The benefits entry is based on the avoidance of
buying ETS certificates @ 150 €/ton CO:2 plus extra reve-
nues for green products. Within the stakeholder frame,
product premia assumptions have been made for the off-
take of green steel (50 €/ton) and ammonia (120 €/ton);
government subsidies have been assumed for utilities: a
renewable power discount of 40 €/MWh for power
needed for Hz production (partly reflecting the compen-
sation for high electricity network costs in the Nether-
lands), a discount of 30 €/ton for O, a discount of 75
€/ton for NG and a discount of 25 €/ton CO2 on the CO2
feed-in tariff. Furthermore, investors are assumed to be
willing to lower their fees for lending capital by 2% in
Schijndel et al. / LAPSE:2025.0481
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absolute terms backed by government risk assurance
terms (WACC of 4% rather than typically 6%).

This results in Net Income After Tax (NIAT) improve-
ments for all industry partners bringing the ROI at/above
the 5% threshold.

The reference NIAT entry refers to the NIAT without
the benefits from variable opex subsidies, premia from
green products, tax holiday and lower cost of capital.

The “zero-sum” section shows how each stake-
holder may contribute to a sufficiently attractive decar-
bonisation project. The negative values are the off-tak-
ers, investors and government contributions: off-takers
pay a premium for green, investors accept a lower return
on capital they lend and government provide subsidies.
Together they provide a margin improvement that turns
the reference NIAT positive with an ROl above the 5%
threshold the manufacturing stakeholder is willing to ac-
cept.

Table 2: Decarbonisation outcome

TATA Steel |OCI & YARA| Refineri Cradk Chemicals

02 emissions 2022 {My/a) 12 6 18 6 p)
Decarbonsation technology DRI - H2 H2 s ATR-CCS E&H2
Capex {bin € 60 30 20 37 11
Cost of Capital {bln €/a) 036 0,18 054 022 0,07
Fixed Opex {bln €/a) 024 0,12 036 015 0,04
Variable Opex {bin €/a) 250 2,00 180 105 6,60
[TAC {bln €/a) 3,10 2,30 2,70 142 6,71
Variable Opex subsidies {bin €/a) 113 1,12 027 0563 330
Premium green product {€/ton) 50 120
Benefits {bin €/a) 215 126 270 090 345
Variable Opex {bin €/a) 137 087 153 042 330
Fixed Costs {bln €/a) 024 0,12 036 015 001
Cost of Capital {bln €/a) 024 0,12 036 015 0,04
Margin {bln €/a) 030 0,15 045 0,19 0,06
Depreciation {bin €/a 060 030 090 037 011
Basis income tax {bln €fa) 030 0,15 -045 -0,19 -0,05
Income tax {bln €fa) 0,00 0,00 0,00 000 0,00
NIAT {bln €/a) 030 0,15 045 019 0,06
ROI {%} 5.0% 50% 50% 5/0% 53%

NIAT (bin £/a] 130 1,40 000 052 326
Zero-Sum check:
Contribution Offtakers {bin €/a) -035 0,36 0,00 000 0,00
Contribution Investors {bin €/a) 012 0,06 -0,18 -0,07 -0,02
Contribution Government {bin €/a) -1,13 -1,13 -0 -0,63 -330
Margin improvement {bin €/a) 160 1,55 045 071 3
Sumn 000 0,00 000 000 0,00

Outcome recarbonisation analysis

TDES shows that the HVO (Hydrotreatment of Veg-
etable Oil), WPO (Waste Plastics to QOil), BTL (Biomass To
Liquids) and PTL (Power to Liquids) processes deliver the
best configuration for the recarbonisation of cracker
feedstocks and transportation fuels. The basis for this
TDES optimisation are constraints imposed on the pro-
duction of renewable fuels mandated by the EU for avia-
tion (Sustainable Aviation Fuel, SAF) and for shipping
(Sustainable Marine Gasoil, SMG) as per Table 3 below.
The availability of renewable feedstocks listed in Table 4
is another set of constraints used by TDES to determine
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the best combination of renewable feeds and processes
to deliver renewable transportation fuels (7,5 Mt/a in
2050) and renewable cracker feeds (3,8 Mt/a pyrolysis
oil ex WPO-unit). Table 4 lists envisaged feedstock avail-
abities in 2050 on the basis of a conversion efficiency
(thermal efficiency) of 70% for lipids, ligno and RDF (Re-
fuse Derived Fuel) and 75% for plastics.

Table 3: Renewable share as mandated by ReFuelEU for
aviation fuels & FuelEU for shipping fuels

renewables, the ETS-2 budget of some 3.4 bln €/a can
be redistributed as opex subsidies to producers (1,8 bin
€/a) and compensation to off-takers (1,6 bln €/a) to limit
their contribution to the transportation fuels recarbonisa-
tion challenge. On average, the 1.6 bin €/a would lower
price premia by some 200 €/ton. However, this would still
be insufficient to attract PTL investments for production
of E-SAF.

Table 5: Recarbonisation status by 2050

2030 2040 2050
Bio-based SAF (Mt/a) 0,25 1,25 2,00
E-SAF (Mt/a) 0,05 0,50 1,50
Total SAF (Mt/a) 0,30 1,75 3,50
Bio-based SMG 0,10 1,50 4,00
Total renewable fuels 0,40 3,25 7,50
(Mt/a)
Table 4: Feedstock availabilities (Mt/a)
LHV

(GJ/ton) 2030 2040 2050
Lipids 30 4,0 5,0 6,0
Plastics 40 1,3 2,7 5,0
Lignocellu- 12 2.0 2.4 7.0
lose
RDF 25 0,5 1,0 2,0
Biogenic CO2 0 1,3 3,2 6,3

Table 5 below shows the ROl target of 5% is attained
by the optimal combination of price premia and opex sub-
sidies. The “zero-sum” analysis shows the importance of
government-industry partnering. Reference prices are
based on a crude oil price of 80 $/bbl with product-crude
spreads assumed for naphtha, kero and gasoil of 20
$/bbl, 10 $/bbl and 5 $/bbl respectively, with correspond-
ing bbl-factors of 8,3 bbl/ton, 8,4 bbl/ton and 7,5 bbl/ton
respectively.

Note that Table 5 shows that in 2050 only 75% of
the 10 Mt/a target renewable fuel volume (50/50 split
over SAF/SMG) is realised. This is in accordance with the
mandates imposed and availabilities of renewable feed
volumes, but insufficient for the Net Zero CO2 goal in
2050. Hence, additional volumes of CO2 removal or neg-
ative emissions are needed as compensation.

Furthermore, note that product price premia to bring
projects for producers into the money are significant:
some 40% — 55% on top of the reference price for HVO &
BTL fuels and even 150% for SAF from the PTL process.
It will be difficult for producers to conclude long-term off-
take agreements needed for FID based on those premia.
Hence, assuming an ETS-2 CO: price of 150 €/ton by
2050 and the replacement of 7,5 Mt/a fossil fuels by

Schijndel et al. / LAPSE:2025.0481
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WO WPO BTL PTL
Capacity (Mt/a) 32 33 23 20
Investment (bln €) 32 5,7 69 a
Reference Price (€/ton) 755 839 640 755
Premium (€/ton) 285 ] 345 1148
Product Price [€/ton) 1040 839 985 1903
Income (bin €/a) 333 3,19 226 381
Feedstock & Variable Opex (bin €/a) 3,18 253 1,96 443
Variable Opex subsidies (bin €/a) 0,27 031 0,09 1,14
Fixed Costs (bln €/a} 013 023 028 016
Cost of Capital (bin €/a} 0,13 023 0,28 0,16
Margin (bin €/a) 0,16 0,51 0,35 0,20
Depreciation (bin €/a} 032 057 0,69 0,40
Basis for income tax (bln €/a) -0,16 -0,06 -0.35 -0,20
Income tax (bin €/a} 0,00 0,00 0,00 0,00
NIAT (bln €/a} 0,16 0,51 0,35 0,20
ROI (%) 5% 9% 5% 5%
Zero-Sum Check
Contribution offtakers (bin €/a) -091 0,00 -0,79 -230
Contribution Banks (bin €/a) 006 -011 014  -008
Contribution Government (bin €/a) -027 -0.31 -0,09 -1,14
Delta Ma rgin Producers (bin €) 125 042 1,03 352
Sum 0.00 0,00 0.00 0.00

SUMMARY & CONCLUSIONS

Based on 2022 CO2 emission data, the Dutch indus-
try is facing a CO2 decarbonisation target of 65 Mt/a. In
addition, the envisaged domestic offtake of 10 Mt/a fuels
for aviation and shipping sets a longer term recarbonisa-
tion target of 30 Mt/a of CO..

Within the current scheme of CO2 reduction policies,
largely driven by the Emission Trading Scheme, both de-
carbonisation and recarbonisation project options are in-
sufficiently competitive relative to “business as usual”:
they do not result in attractive business cases, e.g. with
a Return of Capital (ROI) of 10%. CO2 emission Break Even
values range between 150 €/ton and 380 €/ton for de-
carbonisation projects (delivering an ROl of 0%).

A policy framework is presented that builds on the
TDES decarbonisation and recarbonisation results for the
Dutch industry over the 2025-2050 time horizon. These
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results are obtained within set of constraints imposed on
the MP-MILP problem: CO2 reduction targets, mandated
production of renewable fuel volumes and given availia-
blities of renewable feedstocks. This policy framework
allows industry and government to jointly explore and
agree how their degrees of freedom (opex subsidies,
price premia, lower WACC) contribute to the develop-
ment of economically viable business cases for industry
with an ROI of 5% (typically an ROI of 10% would be
needed for industries to take a FID).

Decarbonisation of the Dutch industry calls for an
investment of some 23 bin€ over the 2025-2050
timeframe. This is equivalent to 350 €/ton CO2 avoided.
Corresponding Total Annualised Cost average out at
some 16 bln €/a, equivalent to 250 €/ton CO: avoided.
Some 6,5 bIn€/a opex subsidies are needed together
with 1 bin€/a price premia and lower costs of capital to
turn decarbonisation industry projects viable for an ROI
of 5%. Part of the ETS-1 revenues of some 10 bin€/a
would cover funding.

The mandated recarbonisation of 7,5 Mt/a aviation
and shipping fuels by 2050 calls for an investment of
some 14 bln € (some 625 €/ton CO: avoided). Corre-
sponding Total Annualised Cost are some 10 bin €/a
(some 450 €/ton CO: avoided). Significant price premia
of some 530 €/t on average on top of the average fuel
price of 720 €/ton together with opex subsidies of some
1.5 bln €/a are needed for an ROl of 5%. ETS-2 revenues
of 4,5 bln € (30 Mt/a @ 150 €/ton) are insufficient to com-
pensate the 5,5 bin €/a for price and opex support. The
economics of the PTL process producing E-SAF is the
main contributor to this unbalance.

The extension of TDES with this policy framework
provides a powerful tool supporting government-industry
discussions in an interactive and transparent manner. on
the so-called “Maatwerk” agreements as to arrive at eco-
nomically viable cases for industry to meet their 95 Mt/a
CO2 reduction target.

The TDES functionality is currently being extended
to cover European policies related to CBAM (Carbon Bor-
der Adjustment Mechanism policy imposing CO2 taxes on
fossil-based imports from outside Europe), PPWD (the
Plastic & Paper Waste Directive addressing impact on
volume and pricing of plastics & paper recycling as circu-
lar feedstocks for naphtha crackers) and the Clean In-
dustrial Deal (policies that aim to compensate for high
electricity distribution network costs and high energy
prices in general).
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