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Abstract
In 2018, the Dutch Energy System used 93 mln ton of fossil resources (natural gas, crude oil, coal). Power-generation units and refineries converted 70 mln ton of these resources into heat, power, transportation fuels and cracker feeds to meet demand set by Residential, Mobility, Agriculture and Industry Sectors. Some 23 mln ton crude was refined for export. In 2018, the Dutch CO2 emissions amounted to 200 megaton CO2-equivalent. 
Transformation of the Dutch Energy System entails both decarbonisation and recarbonisation of these fossil resources. Decarbonisation can be achieved by electrification, carbon capture & storage and use of waste heat and H2. Recarbonisation needs carbon from biomass, waste streams and/or CO2. It is estimated that in 2050 the domestic need for sustainable transportation fuels and chemicals will require the equivalent of 19 megatons renewable carbon. This calls for significant imports of biomass and waste streams as the Dutch production potential for biomass and waste is limited. Furthermore, annually some 4 to 8 megatons of H2 is expected to be needed. A portfolio of renewable-carbon-based technologies complementing, partly replacing the current set of refineries needs to be build and commissioned for this recarbonisation challenge. These technologies are electrolysis, pyrolysis, gasification, oxy-firing, fermentation, Fischer-Tropsch synthesis, methanol synthesis, and auto-thermal reforming with carbon capture.
TDES is a decision support framework developed by QuoMare that supports this transformation challenge. Based on mathematical programming, TDES guides the development of an ‘optimal transition pathway’ towards a fully de-/re-carbonised system with zero CO2 emissions by 2050 at lowest costs.

This paper describes TDES and how it supports the development of pathways towards an effective and efficient transformation of the Dutch Energy System towards 2050. Two transformation scenarios are presented: the Net-Zero CO2 Case and the Fossil Free Case.
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Problem Statement and Methodology
The transformation of the Dutch Energy System, today largely based on fossil energy resources, towards a system that fully relies on renewable energy resources, requires the  systemic analysis of a large set of decarbonisation and recarbonisation investment options. Decarbonisation options include electrification, carbon capture & storage and use of waste heat and H2. Recarbonisation options cover process technologies that convert renewable carbon from biomass, waste streams as well as CO2 into transportation fuels and chemicals. The challenge is to deliver a credible, affordable, competitive and robust transformation pathway from today towards 2050. To this end, a large set of decarbonization, recarbonisation and transport infrastructure investment options (integer variables) need to be evaluated on a year-to-year basis simultaneously with unit capacities and interconnecting flows (continuous variables) subject to various constraints (like CO2 targets, infrastructure capacities, availability of resources, demand requirements etc.). The objective is to find that combination of options that minimizes the net present value of the accumulated costs over the 2020-2050 time-horizon. TDES is the vehicle that has been designed to support this analysis and decision process. TDES is based on the QuoMare proprietary, generic TEACOS framework. 
TEACOS stands for Techno-Economic Analysis of Complex Option Spaces. TEACOS is an optimization framework based on Multi-Period Mixed-Integer Linear Programming (van Schijndel, 2019). TEACOS contains four general building blocks, as shown below.
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These building blocks together represent a classical supply or value chain with temporal and spatial granularity: both location and timing aspects are included. TEACOS 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 with due respect for boundary conditions and environmental constraints. Sensitivity analyses through Monte Carlo optimization 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 deployment have been described in a decarbonisation study for the industrial cluster of the Port of Rotterdam (Davelaar, 2023). 
Reference Case Transformation
In 2018, the Dutch energy system used 29 mln ton natural gas (NG), 11 mln ton coal and 53 mln ton crude. The latter includes 23 mln ton crude that is refined and exported as naphtha, kerosene and gasoil. Together with domestically generated nuclear and renewable power, the corresponding energy input is 4005 PJ, including 920 PJ for export. Resources for domestic use (3085 PJ) provide power and heat for the residential sector (670 PJ), power & heat for the agricultural sector (145 PJ), transportation fuels (505 PJ) and feedstocks for the production of steel, NH3 & derivatives and a portfolio of high value chemicals (1190 PJ). Conversion losses amount to 575 PJ. Apart from 33 mln crude (23 mln ton export and 10 mln ton crude turned into chemicals), the remaining 60 mln ton intake ends up as CO2 to air: some 180 mln ton of CO2. Some 20 mln ton of CO2 equivalent emissions to be added for CH4 and N2O emissions by the agricultural sector. 
Definition Transformation Scope 
A significant part of the 200 mln ton CO2-equivalent emissions (2018) will be eliminated over time by the replacement of NG and coal as the main sources of power and heat by renewable power (solar & wind) and residual heat (as well as geo-thermal and aqua-thermal heat). The key vehicles to accomplish this are a combination of investments. The replacement of power generation units by wind and solar park investments will take place through tendering of multi-bln€ projects. On the demand side, the transformation towards consumption of low-level heat will be accomplished by development of district heating networks and installation of heat pumps. Investments in renewable power and renewable heat are expected to eliminate 85 mln ton of CO2 emissions in the next 25 years, predominantly in the residential, agriculture and power sector.

The Light Duty Vehicle part of the mobility sector is expected to be electrified over time and fully transitioned by 2050. The Heavy Duty Vehicle part will in 2050 be driven by a combination of H2 (1 mln ton) and batteries. These transformations are projected to lower CO2 emissions by some 23 mln ton. 

The industrial CO2 emissions of some 57 mln ton need to be reduced by a series of measures. A significant part of this CO2 comes from the provision of high temperature heat, currently delivered by natural gas. Depending on actual temperature levels, some part will be electrified. The remaining need for high temperature (HT) heat will be provided by H2 (2 mln ton). Over time, electrification and H2 supplies for HT Heating (HTH) may eliminate some 23 mln ton of CO2 emissions per year. The remainder of industrial CO2 emissions is caused by the production of steel by TATA (some 6 mln ton of CO2 per year), the production of ammonia and derivatives by Yara and OCI (some 6 mln ton of CO2 per year) and the production of transportation fuels and chemicals by refineries and naphtha crackers (some 22 mln ton of CO2 per year). TATA is planning to decarbonize its steel manufacturing by replacing its coal driven blast furnace operation by a DRI-EAF combination powered by H2. This calls for at least 0,5 mln ton H2 per year. It is assumed that H2 from reforming natural gas to meet current H2 needs by Yara and OCI will have been replaced by H2 from electrolysis (some 0,5 mln ton H2). Hence, the steel and fertilizer sections of the Dutch industry sector may eliminate some 12 mln ton of CO2 emissions the next decades.
What remains are 22 megaton CO2 emissions by refineries and naphtha crackers, plus the Dutch Scope-3 kerosene and gasoil emissions of some 15 mln ton CO2 assigned to the aviation and marine sectors, plus the remaining 20 mln ton CO2 equivalent emissions by the agri-sector. Together 57 mln CO2 per year. 
This provides the basis for the TDES challenge. Due to the transition to electricity driven mobility (either directly through battery storage or indirectly through H2 driven fuel cells), crude intake is expected to come down from 53 mln ton per year to 37 mln ton in 2050: 22 mln ton naphtha (of which 10 designated export) and 11 mln ton middle distillates (7 mln for domestic use and 4 mln ton to be exported). Some 4 mln ton of crude intake is needed for refinery operations. The 12 mln ton domestic naphtha yields 10 mln ton High Value Chemicals per year whilst 2 mln ton naphtha is used to fuel the crackers. 
The optimization challenge is to deliver the 31 mln ton of nett hydrocarbon output without any CO2 emissions by 2050. Furthermore, at least 4 mln ton of H2 has to be produced or imported to meet H2 demand requirements by the HDV part of the mobility sector to drive Fuel Cell Electric Vehicles (1 mln ton H2), by YARA, OCI and TATA to decarbonize their feeds (1 mln ton H2) and by the Chemicals sector to provide High Temperature Heat (2 mln ton H2). These demands are all to be met without any CO2 emissions. 
TDES shows how this 31 mln ton of nett hydrocarbon output can be delivered within sustainability constraints at lowest costs. Regarding carbon intake, TDES may still select fossil sources (crude intake to refineries and LPG/condensate imports for crackers as well final products) or renewable carbon sources, both with CCS as decarbonization option. 
TDES considers 3 sources of renewable carbon: (1) bio-based carbon, including bio-CH4 (green gas) from manure fermentation and/or wet oxidation, lignocelluloses from wood pellets and agricultural residues, lipids from Used Cooking Oil and waste from meat factories (fatty esters); (2) recycled carbon as Refuse Derived Fuel extracted from Municipal Solid Waste and Plastic Waste; (3) atmospheric carbon, like biogenic CO2 from processing lipids and lignocelluloses, CO2 from green gas powered electricity generation, and CO2 from Direct Air Capture.
TDES includes yields & expense statements for a portfolio of renewable carbon processing units, including Biomass to Liquids (BTL), Waste to Liquids (WTL), Power to Liquids (PTL, both Fisher-Tropsch and methanol synthesis based), Hydrotreated Vegetable Oil (HVO) and Plastic Waste to Oil (Pyrolysis).
Maximum expected availabilities of lipids (5 mln ton), lignocelluloses (22 mln ton), Refuse Derived Fuel (3 mln ton) and plastic waste (5 mln ton) to feed these units are specified as boundary conditions in TDES. In total, 35 mln ton biomass & recycled material is assumed to be available yearly by 2050. 
H2 production has been modelled in TDES in four ways: by electrolysis, by Steam Methane Reforming, by Auto Thermal Reforming of Natural Gas and by biomass gasification followed by water-gas shift. CO2 produced in the latter two cases is to be stored (CCS). Biomass gasification with CCS delivers a “negative CO2 emission bonus” as BECCS.
Maximum CO2 storage capacity is set at 27,5 mln ton CO2 in the model, in line with the envisaged scope of the Porthos & Aramis CCS projects (two Dutch CCS projects). 
For this paper, two scenarios have been explored regarding the optimal combination of fossil and renewable carbon feedstocks to deliver a new Dutch Energy System without any direct CO2 emissions to air: the Net-Zero Case and the Fossil Free Case. In the Net-Zero Case, fossil feeds are allowed to be used as long as any CO2 emissions to air are avoided. In the Fossil Free Case only renewable carbon and renewable power are allowed to be used to meet the 31 mln ton nett hydrocarbon output: 17 mln ton for domestic use and 14 mln ton for export). Both cases also need to deliver 4 mln ton of green or blue H2. Also, the 20 mln ton CO2-equivalent emissions due CH4 and N2O emissions by the agricultural sector need to be compensated. Hence, negative emissions of 20 mln ton CO2 are to be identified as part of the optimization challenge for both scenarios.
Towards CO2 Neutral Dutch Energy System in 2050: Net-Zero Case 
In the Net-Zero Case the optimal transition path shows investments over time for: (1) the production of 4 mln ton pyrolysis oil as cracker feed from 5 mln ton plastic waste; (2) the production of 3 mln ton jet fuel from 15 mln ton lignocelluloses; and (3) the production of 4 mln ton gasoil from 5 mln ton lipids (kero and gasoil thereby declared as Scope-3 neutral). The remaining 10 mln ton biomass (7 mln ton lignocelluloses and 3 mln ton RDF) is used for electricity generation (17 TWh). Its CO2 emissions (20 mln ton) are captured and stored. This qualifies as BECCS negative emissions and compensate the 20 mln ton CO2 equivalent emissions by the agricultural sector. TDES imports 8 mln ton condensate as cracker feed to complement the 4 mln ton pyrolysis oil. 
The 4 mln ton H2 for HDV and for TATA, Yara, OCI and Chemicals (HTH) may come from domestic electrolysis or H2 import. The electrolysis case calls for an investment in 24 GW electrolyser capacity with a 95% green electricity availability and utilization through PPA’s. In the Net-Zero Case, fossil-based production of 4 mln ton H2 would be allowed and is cheaper, but requires an intake of 16 mln ton NG and 32 mln ton O2 to feed an ATR system that apart from the 4 mln ton H2 also yields 44 mln ton CO2 to be captured and stored (CCS). This brings the total CCS requirement at 64 mln ton of CO2 storage per year from 2050 onwards. This is beyond the Porthos and Aramis design capacities for CO2 storage (27,5 mln ton CO2): TDES does not select the ATR option.
Due to availability limitations on renewable carbon resources, TDES decides to import the hydrocarbons needed for the export of 14 mln ton kero, marine gasoil and naphtha. As a result, refinery operations are scaled down over time and closed by 2050.
Investments over time, adding up to some 30 bln€ in 2050, are listed below. 
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The resulting optimal renewable carbon conversion superstructure is given below. 
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Towards a Fossil Free Dutch Energy System by 2050
The fossil free requirement is essentially a full recarbonisation challenge:  37 mln ton of crude oil needs to be replaced by renewable carbon sources to yield 10 mln ton Chemicals, 7 mln ton of kerosene and gasoil for the aviation and marine sectors and 14 mln ton hydrocarbons for export. The remaining 6 mln ton of the 37 mln ton intake are needed to fuel the refineries (4 mln ton) and the crackers (2 mln ton). 
With availabilities of lipids, lignocelluloses, RDF, waste plastic and CO2 as given above, TDES shows that replacement of the domestic demand of fossil hydrocarbons (19 mln ton) calls for 5 mln ton lipids, 8 mln ton lignocelluloses, 3 mln ton RDF, 5 mln ton Waste Plastic and 28 mln ton CO2. The latter volume is delivered by 14 mln ton lignocelluloses  into an oxy-fired power generation unit. Some 4 mln ton of green H2 is needed as co-feed to the PTL process, turning this 28 mln ton of CO2 into synthetic hydrocarbons (naphtha, kerosene and gasoil). Additionally, 3 mln ton O2 and chemicals are needed as additional input to this “renewable carbon” based system, e.g. for the gasification of biomass & waste into synthesis gas as first step of the BTL and WTL processes.
Apart from the 19 mln tons of hydrocarbons, the system also delivers 25 mln ton waste water, 2 mln tons CO2 and 11 mln ton biogenic residuals. The latter can be used for power generation (30 TWh) resulting in an additional 17 mln of biogenic CO2. Together with the 2 mln ton biogenic CO2 rest stream, the resulting 19 mln ton of CO2 qualify to be stored as negative emissions (BECCS) or can alternatively be used as CO2 feed for the PTL unit.
TDES also decides not to produce the 14 mln ton hydrocarbons for export due to the lack of renewable carbon and power. To understand this result, the following analysis is made. To produce 14 mln ton by PTL, assuming an unrealistically high  carbon efficiency of 100%, an amount of 6 mln ton green H2 will be needed plus 44 mln ton bio-based CO2. To generate 6 mln ton of H2 per year assuming an utilization rate of 4500 hours per year, an electrolyser capacity of some 70 GW needs to be installed. Its corresponding power demand would entirely absorb the projected 2050 Dutch off-shore wind-power capacity of 70 GW. And, the 100 GW solar power capacity expected to be installed in the Netherlands by 2050 and operating at 1500 hours per year would significantly fall short to deliver the projected 2050 renewable power demand of some 300 TWh. Alternatively, the production of 14 mln ton hydrocarbons by BTL, WTL, pyrolysis and HVO at an average thermal efficiency of 75% would call for an additional amount of biomass and recycled carbon of 30 mln ton (assuming an average LHV of 25 GJ/ton for these feeds). This is beyond the biomass / recyclate availability constraints imposed on TDES.  
The resulting superstructure for the Fossil Free Case is given below.
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[bookmark: _GoBack]Corresponding investments for the Fossil Free Case amount to some 70 bln €. 
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Conclusions 
The investment in the Fossil Free Case exceeds the Net-Zero Case by almost 40 bln€. This is not a surprise as the Fossil Free Case calls for investments in capital intensive systems like the Reverse Water Gas Shift system and Fisher-Tropsch (FT) based process technologies (BTL, WTL and PTL). Furthermore, the marginal hydrocarbon tranche of 9 mln ton has to come from expensive bio-based CO2 and H2 volumes. 
This analysis shows the important role of CCS in the transition. A CCS storage capacity of 40 – 45 mln ton CO2 would significantly widen the operating window for both cases. 
Both scenarios show the significant impact that recarbonisation will have on the Dutch export position of hydrocarbons. Currently, some 40% of crude intake is processed for export. The transition to the use of renewable carbon as key feedstock for the Dutch energy system will significantly erode this export and is projected to disappear by 2050. Alternatively, TDES shows that the scale of wind and solar power investments (70 GW North-Sea wind and 100 GW solar) provide an attractive new export position based on green electricity and/or green H2 in combination with import and transit of H2 carriers like NH3, Methanol and LOHC’s.
TDES also allows to analyse “make or buy” decisions for the H2, NH3, Methanol options as part of the transformation of the Dutch energy system. TDES evaluates the value of methanol production against the value of methanol import with methanol as feedstock for lower olefins as well as hydrogen carrier and energy carrier (e.g. for marine services).
TDES is a powerful model that supports industry and policy makers to develop robust and transparent strategies and road maps towards a low carbon future for the Netherlands.
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Superstructure Renewable Carbon Complex - Net Zero Case
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Superstructure Bio-refinery & e-Fuel Complex for Fossil Free Case
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2025 2030 2035 2040 2045 2050 Cumulatief
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