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Jet fuel and key chemical building blocks (e.g. ethylene) cannot easily be substituted with zero-carbon alter-
natives and remain interconnected in a low-carbon future. Fischer-Tropsch and methanol synthesis offer path-
ways toward large-scale production of low-carbon synthetic hydrocarbons. This paper estimates the future costs
of low-carbon ethylene, propylene, and jet fuel via those routes with feedstocks of either biomass or electricity
with captured CO. It finds while biobased hydrocarbons could fall below 1.1 USD/kg, electricity-based hy-
drocarbons using atmospheric CO,, even with the optimistic views, result in 4 USD/kg for ethylene, 2.3 USD/kg
for propylene and 2.9 USD/Kkg for jet fuel. Using industry-captured CO> as the carbon source could cut production
costs by 28 %, but its future availability is likely to be limited. Offsetting existing hydrocarbon industries through
direct air carbon capture and storage is projected to be more economical compared to electricity-based hydro-
carbons. This research highlights the necessity for transitioning to a net zero power system to reduce electricity
prices. As these technologies each produce multiple products and their business cases depend on sales of all
products, a coherent cross-sectoral strategy to incentivise low-carbon fuels and chemicals would be valuable to

ensure that the overall production reflects demand throughout a low-carbon transition.

1. Introduction

Large-scale synthetic hydrocarbon production could be important in
mitigation pathways, particularly to supply low-carbon jet fuel for air-
crafts and building-block chemicals (i.e., ethylene and propylene) that
are used by the chemicals industry to produce most plastics. Through the
conversion of low-carbon feedstocks such as biomass, waste or hydrogen
with captured CO; into synthetic gas (CO, hydrogen and CO2) coupled
with a mature synthesis technology, such hydrocarbons could be pro-
duced at very large-scales in the near term. A number of process schemes
exist that can conduct such conversions that is separated by two main
synthesis steps: Fischer-Tropsch (FT) and methanol synthesis.

Economic evaluations which estimate the future cost of low-carbon
synthetic hydrocarbon plants for jet fuel production from FT are avail-
able [1], owing to the considerable interest in sustainable aviation fuels
(SAF) across academia [2], industry [3] and government [4]. SAF can
also be produced via the methanol-to-jet fuel pathway, though most
studies have focused on methanol-to-gasoline [5,6]. While
methanol-based jet fuel has been demonstrated [7], it lacks ASTM test
certification for current flights [8]. There is industry interest in this
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pathway with proprietary methanol-to-jet technology in development
[9]. Cost evaluation studies comparing FT and methanol synthesis
pathways to produce jet fuel are available, with Gonzalez-Garay et al.
[10] exploring the production cost of power-to-liquid jet fuel from FT
and methanol-to-jet pathways using propylene as the intermediate
olefin using a spatially explicit model. Schmidt et al. [8] reviews
power-to-liquid options for aviation via both FT and methanol synthesis
by comparing across cost data supplied by fuel manufacturers.

No such cross-pathway comparisons exist for large-scale, low-carbon
ethylene and propylene production, and their costs have remained
relatively unexplored until recently, despite 25 % of global methanol
demand dedicated to their production from fossil fuels [11]. Lietal. [12]
examines bio-ethylene costs from methanol, and Nyhus et al. [13] ex-
plores methanol-mediated ethylene production costs using UK offshore
wind and atmospheric CO», projected up to 2035. FT processes can also
produce building block chemicals by replacing fossil-derived naphtha
with low-carbon FT-naphtha in steam crackers [14]. However, most
efforts have focused on optimising middle-distillate fuels (C;2-Cg0) such
as diesel and jet fuel [1]. There is limited consensus on the potential to
maximise FT-naphtha yields (Cg—Cj2) or whether this could enable
viable business cases. Consequently, the cost-competitiveness of
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Abbreviations

BECCS Bioenergy with carbon capture and storage
BTX Benzene, toluene and mixed xylenes
(¢(0) Carbon monoxide

CO, Carbon dioxide

DAC Direct air capture

DACCS Direct air carbon capture and storage
FT Fischer-Tropsch

H, Hydrogen

IEA International Energy Agency

IRENA International Renewable Energy Agency

L-DAC  Liquid hydroxide sorbent direct air capture
MTO Methanol-to-olefins

MTP Methanol-to-propylene

PSC Point-source carbon dioxide

S-DAC  Solid adsorbent direct air capture

producing ethylene and propylene from FT-naphtha remain uncertain.

1.1. The value of a systems approach for costing synthetic hydrocarbon
production

Formulating a fair comparison of production costs from individual
process simulations is inherently challenging due to differing ap-
proaches to economic evaluation, regional influences on feedstock pri-
ces, and variability in the assumed techno-economic data for technology
supply chains [1]. Furthermore, hydrocarbon plants inherently involve
co-production, yielding a range of outputs with limited flexibility to
adjust their proportions, making business cases dependent on overall
plant output and the value of each product. However, there are no
standard guidelines for calculating individual product costs in
multi-outputs hydrocarbon facilities. Techno-economic studies often
group synthetic liquids (e.g., “FT liquids” or “products™), rather than
presenting levelised costs for each commodity, while studies that focus
on a single product often offset costs with fixed co-product revenues
[12], which may fluctuate with future demand in decarbonised energy
systems.

Replacing fossil fuels from aviation and chemical feedstocks are
often treated as separate challenges [15,16]. Yet both sectors share
low-carbon resources (e.g., renewable electricity, electrolytic hydrogen,
biomass, atmospheric or point-source CO3) and technologies (FT and
methanol synthesis), while producing co-products that address
cross-sectoral demands. Understanding the cost-competitiveness and
co-production implications of these technologies from a systems
perspective is crucial to identify the most appropriate low-carbon pro-
duction systems of the future. A single coherent framework for assessing
production costs from all these technologies, using consistent assump-
tions, is needed. This paper proposes a framework for harmonised pro-
duction cost calculations and applies it to synthetic hydrocarbons for the
first time.

1.2. Contribution and structure of this paper

This paper estimates current and future production costs of low-
carbon ethylene, propylene and jet fuel using FT and methanol synthe-
sis technologies with low-carbon feedstock, i.e. biomass, grid electricity,
point source or atmospheric CO,. It evaluates competitive routes for
each product, identifies key cost components, and conducts sensitivity
analysis on influential parameters on the overall costs. Uncertainty in
feedstock prices over time and the resulting carbon prices required to
match with fossil counterparts are determined. By employing a consis-
tent and balanced methodology, it provides a platform for a fair
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comparison between two principal synthesis technologies, assessing
their potential to de-fossilising each sector while identifying synergistic
benefits or competitive challenges.

The paper is structured as follows. Section 2 outlines the techno-
logical supply chains, ranges in their costs and feedstock prices, and the
framework for harmonised production cost calculations. Section 3 pre-
sents the results, including competitive pathways for each product,
followed by a sensitivity analysis and a comparison with a low-carbon
counterfactual. Section 4 discusses challenges and opportunities of
synthetic hydrocarbons, and Section 5 concludes.

2. Methods

Most of the technologies discussed in this work are not available at
commercial scale as an integrated plant, so there are substantial un-
certainties in the cost and performance data. Three scenarios (opti-
mistic, central, and pessimistic) are proposed to understand the impact
of these uncertainties. The optimistic scenario projects the lowest lev-
elised cost of production of commodities by assuming the lowest tech-
nology cost, highest plant performance and the lowest feedstock price
considered plausible in a given year. The pessimistic scenario takes the
opposite approach to project the highest plausible levelised cost of
production. For a few technologies, the feedstocks required are inter-
connected. For example, e-fuel pathways that consume CO;, from DAC
would require electricity to supply both primary feedstocks. In such
cases, the same commodity price is used for all feedstocks.

2.1. Technologies

Fig. 1 show the full supply chains considered for the levelised pro-
duction cost calculations for synthetic methanol, naphtha, ethylene,
propylene, and jet fuel.

2.1.1. Electrolysis

Three dominant types of electrolysers are considered for the pro-
duction of hydrogen in this analysis: alkaline, proton-exchange mem-
brane (PEM), and solid oxide electrolyser cells (SOEC). Alkaline
electrolyser and PEM operate under low-temperature (80-120 °C)
whereas SOEC utilises high-temperatures (500-900 °C) and uses heat as
areaction input to reduce the electricity input per unit output and hence
has a higher electrical efficiency. Co-electrolysis (i.e. direct conversion
of water and CO; to produce hydrogen and CO) is possible via SOEC,
rendering the reverse water gas shift reaction redundant in preparation
for FT and methanol reactors that utilise CO as the main feed.

2H20 - ZHZ + 02

2.1.2. Direct air capture

Two direct air capture (DAC) technologies are considered in this
study to provide CO2 for synthetic hydrocarbons. The first is high-
temperature (800 °C) DAC with a liquid hydroxide sorbent (hereafter
referred as L-DAC). The second (S-DAC) is low-temperature (85-120 °C)
DAC using an amine material bonded to a porous solid support. In-
vestment and operating cost and the feedstock requirements per a unit of
CO4, captured in the future is highly contested in the literature. Here, the
current cost of DAC is reflected, then a 6 % cost reduction rate until the
projected floor (i.e., lowest possible) investment and operating costs and
electricity and heat requirements are reached. The assumed costs are
listed in the Supplementary material. Other types of DAC systems are at
a very early stage of development, with very uncertain costs, so were not
considered in this study.

2.1.3. Biomass gasification

Lignocellulosic biomass undergoes partial oxidation that results in a
combination of CO, hydrogen and a small amount of CO,. Impurities
such as particulates, tars and hydrogen sulphide are unavoidable when
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Fig. 1. Resources, technologies and synthetic hydrocarbons from Fischer-Tropsch and methanol synthesis. *FT does not require reverse water-gas-shift reactor in
case SOEC are selected. **Steam cracking of naphtha results in ethylene, propylene, BTX aromatics and other fuel products. The latter two are not displayed but
considered in the calculations in the work. ***Propylene-to-jet technology co-produce gasoline (referred also as petrol), that is not illustrated in the figure but
considered in the calculation. Minimal quantities of light gases resulting from FT and methanol synthesis are presumed to either supply essential process heat or be

eliminated as components of flue gases for the purposes of this analysis.

burning biomass, incurring additional clean up equipment and cost
[17]. The gas stream also requires conditioning via the water-gas-shift
reaction to achieve an appropriate H:CO ratio for subsequent synthe-
sis steps (i.e. FT or methanol synthesis). This analysis does not include
carbon capture and storage operations, which would marginally impact
the investment costs by around 2 % [18].

2.1.4. Methanol synthesis

Methanol can be synthesised in a single step from CO and hydrogen
or by direct hydrogenation of CO,. A third approach is a two-step pro-
cess of steam electrolysis and reverse water gas shift reaction to produce
syngas followed by methanol synthesis [19]. Commercial methanol
synthesis processes are designed with adjoining process loops spanning
multiple synthesis reactors to exhaust the carbon content of the feed,
leading to a very high conversion rate [20].

CO + 2H,=CH;0H
CO; + 3H,=CH;30H + H,0

2.1.5. Fischer-Tropsch synthesis

FT synthesis converts a mixture of CO and hydrogen into a pool of
prominently paraffinic hydrocarbons (i.e. ChHan42). Reaction tempera-
ture and the catalyst type determine the carbon number distribution and
thus the dominant fuel type [21]. High-temperature FT with a cobalt
catalyst could maximises jet fuel production with the remainder
comprised with naphtha-grade compounds [22]. If point-source COs is
the carbon source, the Hy:CO ratio is adjusted appropriately via a
reverse water gas shift reactor. This analysis considers 70 % jet fuel (i.e.
the reported maximum slate for jet) [3] and the remainder as naphtha
co-product as fixed outputs from refining FT liquids.

TlC02 + (3Tl -+ 1)H2—>CHH2,H,2 + 2TlH20

nCoO + (2n + 1)H2—>CnH"+2 + TleO

2.1.6. Methanol-to-olefins
Light olefins are produced from methanol via two main reaction

steps. Methanol is first dehydrated to dimethyl ether (DMO). Next, the
equilibrium mixture of methanol, DMO and water is reacted under the
presence of either ZSM-5 or SAPO-34 catalyst to form C>-Cs olefins [23].
The C4+ hydrocarbons (i.e. butane and pentane derivatives) are
generally recycled as additional ethylene and propylene sources. This
process is well developed and a quarter of methanol in the world is used
to produce olefins through methanol-to-olefins (MTO) [11]. A
third-generation technology, that is licensed to build five commercial
methanol-to-olefins units, reportedly produces 0.33 t ethylene and 0.31 t
propylene per t methanol [24].

2.1.7. Methanol-to-propylene

The reaction mechanism for methanol-to-propylene (MTP) is the
same as MTO but with propylene as the predominant hydrocarbon
product, with the commercial process by Lurgi [25] producing 0.9 Mt of
propylene annually [26]. While the MTP process generates minor
quantities of organic liquid by-products suitable for gasoline and fuel gas
refinement, it is possible to significantly reduce this stream and achieve
nearly complete conversion into propylene through cracking [27]. This
analysis assumes 0.43 t propylene per t methanol, in line with
Gonzalez-Garay et al. [10].

2.1.8. Propylene-to-jet

Co—C4 olefins can produce predominantly paraffinic hydrocarbon
fuels via oligomerisation to higher olefins followed by hydrogenation to
hydrocarbons in the range of gasoline and jet fuel [28]. This analysis
chooses propylene as the feed for such a process and assumes it produces
fixed outputs of 50 %wt gasoline and 50 %wt jet fuel [10].

2.1.9. Naphtha steam cracking

FT-naphtha grade products are cracked into high-value chemicals via
conventional naphtha steam cracking. Naphtha steam cracking delivers
a balance portfolio of ethylene, propylene BTX aromatics (a combination
of benzene, toluene and mixed xylenes) and butadiene. Following the
analysis by the IEA [29], this work assumes 32 %wt, 17 %wt, 10 %wt
and 5 %wt, respectively. The remaining stream of fuel products are
burned, and the heat is used to satisfy the high heat demand required for
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the process [30].

2.1.10. Output variability in hydrocarbons and chemicals production
This analysis incorporates the limitations of synthetic hydrocarbon

plants in optimising for a single product. Such limitations vary across FT

and methanol synthesis technologies. Fig. 2 depicts the fixed hydro-

Levelised Cost =

CRF*TCI + Fixed OPEX + Feedstock prices — [Market price of coproducts]
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2.2.1. Levelised cost of production

The levelised cost calculations are underpinned by Equation (1). The
capital recovery factor (CRF) is based on a technology specific 10 %
discount rate and the respective lifetime of different technologies that
are typically 20-30 years.

@

Target product produced

carbon product range considered in this analysis, which aims to optimise
jet fuel and ethylene slates as the two main products of interest, taking
the highest reported values for these slate for the respective technolo-
gies. The methanol-to-propylene technology is able to optimise fully
toward propylene [10] and thus excluded in this discussion.

2.1.11. Techno-economics for technologies

The assumed cost and performance characteristics of each technol-
ogy, including learning rates are documented in the Supplementary
material and build on a systematic review in Kim et al. [1] that used a
rigorous methodology to review and characterise techno-economic data.
It considered only original studies covering full plant supply chains,

Levelised cost — Production cost of fossil counterpart(s)

2.2.2. Carbon price to match with fossil counterparts

The carbon price (or the price of carbon avoided) to breakeven with
the fossil counterpart are additionally determined built on from the
levelised cost which is of current interest [4]. The price support required
would simply be the difference between the market price of the fossil
counterpart. The carbon price required for breakeven is the cost of
avoided emissions that would otherwise be released into the atmosphere
after combustion and is shown in Equation (2). The combustion factors,
heating values and the fossil fuels prices assumed in this study is listed in
the Supplementary material.

Carbon price for breakeven = - -
price f Commodity combustion factor

particularly for hydrocarbon production. In the absence of real-world
data for these plants operating at scale, cost and performance esti-
mates for individual plants typically rely on process simulations, which
involve significant uncertainty due to variability in process character-
istics and economic assumptions, making it challenging to validate the
quality of such data for extended assessments [31]. Data extraction in
Ref. [1] followed standardised definitions of capital costs and energy
efficiencies, with normalisation to a consistent plant scale to eliminate
variations from economies of scale. The analysis established useable
interquartile ranges for FT and methanol synthesis technologies based
on literature spanning 2009 to 2023, identifying and contextualising
outliers. The techno-economics of mature downstream processes not
covered in Ref. [1], including naphtha cracking, MTO, MTP and PTJ,
were validated using the same principles. The relevant data sources are
provided in Supplementary material.

Reference plant capacity of 400 MW is selected for all pathways, as
the techno-economic data is normalised for a fair comparison assuming
commercial scale. Learning rates are applied for bio-based systems (4 %
until 2030 and 1 % until 2040) and FT systems (1 % until 2030) to ac-
count for improvements in biomass gasifiers and FT catalyst and re-
actors. For electricity consuming technologies, learning rates are applied
to electrolysis and DAC. A plant wide scale factor of 0.67 is used to
calculate the benefits of economies of scale where applicable (i.e. in-
dustrial processes for FT and methanol synthesis).

2.2. Harmonised production cost calculations

In this study, the levelised cost of producing ethylene, propylene and
jet fuel is investigated for FT and methanol synthesis technology path-
ways. Levelised cost calculations enable simple ranking of different
technology alternatives, and this analysis aims to understand the extent
of the impact of co-products in the economic evaluation.

(2

2.3. Feedstock prices

Table 1 lists the prices taken for the feedstocks considered in this
work which include biomass, electricity and point source or DAC CO». In
anticipating long-term prices for such feedstocks there exist consider-
able uncertainties, stemming from potential developments in supply-
side technologies to produce electricity and CO,, as well as fluctua-
tions in the international market trade of biomass and possibly elec-
tricity. Consequently, a scenario-based approach is adopted to account
for the potential ranges of feedstock prices.

Available data on current and projected electricity prices are used for
the pessimistic scenario, while the central and optimistic scenarios use
estimated values for this analysis. The range assumed in the pessimistic
scenario is the projected industrial retail electricity prices published by
the UK government [32], broadly assuming no price reduction in the
future, consistent with the current conditions [33]. Such prices are an
adequate portrayal of the global average before the Russian invasion of
Ukraine [34]. The central ranges assume a 75 % transition to renewables
in the electricity sector by 2050, with the rest supplied by existing
gas-fired power stations, given the intermittent nature of renewables
and the challenge of decommissioning existing high-carbon power sta-
tions. Optimistic range grid prices are reflective of a fully decarbonised
electricity system by 2050, with up to 95 % variable renewable energy,
and dispatchable low-carbon generators for the remainder [35]. The
industrial retail electricity prices of the modelled electricity systems are
drawn via applying an index of 1.49 (the current difference between the
strike price and the levelised cost of electricity) to the levelised costs of
electricity generation [36] to consider revenue for generators and
operational expenditures incurred during route to market.
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Naptha steam cracking 23.4%
Methanol-to-olefins 48.0%
Propylene-to-jet 51.0%
FT synthesis 30.0%
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Fig. 2. Fixed hydrocarbon product range (in energy terms) assumed in this work for technologies with unavoidable co-production. Gasoline (from propylene-to-jet)
and light-naphtha (from FT) are the same grade fuels and could be interchangeable.

Table 1

Summary of assumed feedstock prices. Biomass, electricity and point source CO, sources are referenced in text. The method in calculating DAC COs is included in the
Supplementary material, that is influenced by the assumed electricity prices in this study.

Year Biomass (USD/GJ) Grid electricity (USD/GJ) Point source CO, (USD/t) DAC CO, (USD/t)

Low Mid High Low Mid High Low Mid High Low Mid High
2020 6.9 10 17 43 43 43 25 30 35 520 536 990
2030 6.9 10 17 43 42 48 25 30 35 400 404 810
2040 6.9 10 17 30 33 52 25 30 35 250 277 730
2050 6.9 10 17 17 22 52 25 30 35 170 214 680

Point source CO is available as a low-carbon feedstock as a by-
product from bioethanol plants, and already underpin domestic CO2
supply chains [37]. Bioethanol plant CO price ranges are taken from the
IEA [38]. Although supply and demand impacts on CO; prices from
these plants are not factored in, potential limitations in their future
availability due to industrial decarbonisation efforts are acknowledged.
DAC CO; prices are interconnected with the grid electricity prices
assumed in this study. The heat requirements for solid and liquid sorbent
systems are assumed met by using electrolytic hydrogen. Capital and
operating expenditure, and energy efficiency of DAC systems take
learning, until floor values are reached. The upper cost range of DAC
CO4 (current prices) corresponds to a similar order of magnitude as
proposed in a recent economic analysis [39] of 750 USD/t CO2, while
the lower end aligns with the DAC price range established in Marini¢ and
Likozar [40] of 200-400 USD/t COs.

The biomass feedstock price ranges are based on typical costs
observed in a country that has prior experience in utilising biomass as an
energy commodity, primarily for electricity generation [41]. This
analysis assumes robust sustainability criteria for biobased hydrocar-
bons and considers the assumed price range of biomass from forest
resource supply chains [42], which do not compete with food or feed.
The consensus on the cost per unit of biomass in the current market is
reasonably consistent across the literature, with costs mostly below 15

Table 2

USD/GJ. The global price of biomass could increase substantially as
economies strive to meet climate targets, resulting in higher competition
and price.

3. Economic feasibility of synthetic hydrocarbons

Table 2 shows the ranges in the levelised costs across the methanol
synthesis and FT pathways to produce ethylene, propylene and jet fuel
currently and in 2050, and against the current prices of the fossil
counterparts.

Fig. 3 presents the levelised costs across the modelled timeframe,
enabling a comparison with low-carbon pathways for each hydrocarbon
product, using an upper value of 20 USD/kg to eliminate any unrea-
sonably high values that would clearly be uncompetitive.

It is substantially more economical to produce ethylene and pro-
pylene through the methanol synthesis pathway across all feedstocks
and scenarios. As illustrated in Fig. 3, the only notable proximity to the
production cost of methanol-derived ethylene and propylene from the
FT pathway is observed in the optimistic scenario for ethylene. How-
ever, even in this case, a significant disparity remains when compared to
their biomass-derived counterparts from the methanol pathway. This is
predominantly due to the low selectivity towards ethylene and propyl-
ene throughout the supply chain for the FT route, the total levelised cost

Comparison of the minimum and maximum production costs (USD/kg) of ethylene, propylene, and jet fuel across technologies in 2020 and 2050, contrasted with the
current prices of the high carbon counterfactuals. MS is methanol synthesis, DAC is direct air capture, and PSC is point source CO».

Ethylene Propylene Jet fuel

2020 2050 2020 2050 2020 2050
MS-PSC 8.1-10 2.9-11 4.2-5.3 1.8-5.4 8.0-10.9 3.1-11
MS-DAC 12-17 4.0-15 5.9-8.5 2.3-7.6 11-17 4.1-14.9
MS-Biomass 1.3-4.2 1.1-3.9 1.1-2.4 1.0-2.3 1.6-4.3 1.4-4.1
FT-PSC 65-93 24-96 120-180 45-180 5.9-8.4 2.3-8.6
FT-DAC 89-140 31-130 170-270 59-250 8.0-13 2.9-11
FT-Biomass 13-38 10-34 23-71 18-65 1.3-3.5 1.1-3.2
High carbon counterfactual 1.1-1.4 1.1-1.4 0.81-1.3 0.81-1.3 0.59-0.90 0.59-0.90
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Fig. 3. Production cost of ethylene, propylene and jet fuel from methanol synthesis and FT supply chains in the optimistic, central and pessimistic scenarios that are

under 20 USD/kg.

per unit of constructing a single unit of ethylene or propylene as the
target product would require substantial amount of low-carbon feed-
stocks. For example, to produce a tonne of ethylene via the FT route,
along the supply chain, 7.3, 0.52 and 0.48 tonnes of jet fuel, propylene,
and BTX aromatics (and butadiene) are co-produced, respectively. The
revenue from a balanced portfolio of low-carbon co-products along the
supply chain are heavily outweighed by the expenses accrued from the
electricity price to produce the desired unit of ethylene.

The product yield for propylene is even lower in the FT route, as the
naphtha steam cracking yield towards propylene is only 27 %. The po-
tential cost reduction by assuming FT-naphtha will be processed in
existing steam crackers in the UK is marginal. This suggest FT is
convincingly selective toward middle distillate fuels and FT-naphtha
should be considered a premium secondary product in business cases.
For FT chemicals to be sold in the future, their product suite of middle
distillate fuels must advance first in the market.

On the other hand, producing low-carbon jet fuel is the most

economical through FT. The methanol synthesis pathways pose 33 %—
56 % and 20 %-48 % higher production cost per tonne of jet fuel from
electricity and biomass, respectively, with these differences increasing
with time. Cost reduction is primarily driven in the FT synthesis step
with improvements in catalysts and reactor technologies [43]. Product
yield towards jet fuel is a major feature in the economics of the
methanol-to-jet fuel pathway, with the propylene-to-jet technology
producing 1.1 tonnes of gasoline for 1 tonne of jet fuel. This observation
is confirmed by Gonzalez-Garay et al. [10] whereby the annual invest-
ment and electricity requirements are higher for the methanol route
compared to FT due to the presence of the relatively large gasoline yield.
This study assumes multiple steps to the production of longer chain
hydrocarbons from methanol; however, novel proprietary
methanol-to-jet technologies are under development that would raise
their cost-competitiveness [9].

Ethylene, propylene and jet fuel from biomass are cheaper than
plants using grid electricity, particularly in the near term, due to the
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relatively high assumed cost of electricity compared to biomass. Among
the commodities examined in this study, propylene derived from
biomass through the methanol synthesis route emerges as the most
economically competitive, closely followed by ethylene from the same
synthesis pathway compared to the fossil counterparts. The high-value
chemicals from biomass are cost-competitive with the production cost
of their respective fossil counterparts in the optimistic case. The carbon
price required to breakeven in the central scenario for propylene fall
under the average carbon price in Europe and in the UK in 2022. The
anticipated production cost of ethylene exceeded that of propylene due
to the slightly lower investment cost and higher energy efficiency
associated with methanol-to-propylene in contrast to methanol-to-
olefins, and more importantly, the former does not result in co-
production. Jet fuel from biomass (FT) appear also economically
viable under the current carbon price in European regions in the opti-
mistic scenario assuming that the current carbon price does not fall in
the future. In the pessimistic scenario, carbon prices of 750, 340 and 860
USD/t CO; avoided are required for biomass-derived ethylene, propyl-
ene and jet fuel to reach cost parity, respectively.

Industrially captured point source carbon is assumed cheaper than
securing carbon from DAC across all years by 7- to 20-fold (lower end
with floor electricity prices and DAC equipment costs), without the in-
fluence of supply and demand considerations in the future. DAC COy
production cost could be decreased further by 14 %-18 % if assuming
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the heat requirements are met exclusively with electricity. Thereby
reducing the total levelised cost of ethylene and jet fuel by 5 %7 % and
4 %-5 %, respectively.

3.1. Cost-competitive technology pathways

Electricity-based hydrocarbons appear far removed to compete in the
pessimistic scenario that assume the current electricity prices does not
fall in the future, requiring carbon prices of 2400-3700 USD/t CO to
breakeven. Under the partially decarbonised central scenario with 75 %
renewables in 2050, these hydrocarbons also exhibit high production
costs. To achieve breakeven such hydrocarbons would necessitate car-
bon prices ranging from 760 to 1100 USD/t CO,, for ethylene, 630-790
USD/t CO; for propylene, and 820-1100 USD/t CO; for jet fuel. The
lower range represents hydrocarbons sourced from point-source COq,
while the higher range corresponds to DAC COs. The figures from the
central scenario highlight substantially higher costs compared to the
optimistic scenario, which assumes a fully decarbonised power system,
with the differences projected to be 1.8, 3.3, and 1.7 times less in 2050
for ethylene, propylene, and jet fuel, respectively. This emphasises the
importance of shifting towards a net-zero power system, particularly for
energy systems reliant on a constant grid supply to produce low-carbon
fuels and chemicals in the future.

Low-carbon methanol and naphtha are intermediaries to ethylene,
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propylene and jet fuel, and those production costs are documented in the
Supplementary material (Tables 9-10). Recent estimates are available
for the production cost of low-carbon methanol from electricity [44,45]
that align with costs presented in this work.

This section focuses on the methanol synthesis pathway to produce
ethylene and propylene, and FT pathway to produce jet fuel under the
optimistic scenario, as these pathways appears most likely to become
competitive in the future. Fig. 4 displays the cost breakdown of those
pathways, and the carbon price required to break-even fossil counter-
parts across the modelled timeframe.

Grid prices dominate the cost of electricity-based hydrocarbons. In
terms of the share of the levelised costs, electricity prices are 71 %-85 %
for point source CO,-based and 74 %-77 % for DAC CO,-based hydro-
carbons. Even as significant reductions in grid prices are assumed, these
values collectively make up 67 %-70 % of the total levelised costs in
2050. A fully decarbonised grid that is predominantly underpinned by
inexpensive renewables coupled with floor technology investment and
operating costs is not economically competitive with historical routes
using crude oil without carbon pricing. Direct price support or
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mandatory carbon pricing in relevant sectors would be required to
achieve cost parity with the with values listed in Fig. 4. It is important to
note that relatively conservative views are taken in this analysis on the
transition to a net zero electricity system but depending on government
ambition, the cost reductions assumed for electricity-systems in 2050
could be achieved 10-15 years earlier [46].

Another key aspect that drives the economic viability of electricity-
based hydrocarbons is the energy and carbon efficiency across tech-
nologies. A key trend is identified in this work in that among electrolysis
and DAC technology options considered, the technologies that are the
most economical under the influence of high feedstock prices are options
that are not the cheapest in terms of investment and operating costs, but
the most energy efficient (i.e., alkaline electrolysis and S-DAC) under
consistently maximum load. The synthesis step to produce ethylene
through the methanol pathway is more efficient (~82 %) than FT sys-
tems (~66 %-77 %) due to the presence of multiple long-chain hydro-
carbons in the resulting FT synthetic-crude. This contributes toward the
higher production cost for jet fuel as opposed to producing ethylene via
the methanol pathway. These findings highlight the value of innovation
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in highly energy and carbon efficient systems. The additional cost of
losing less energy and carbon via attaining better system performance
outweigh the additional investment needs if the low-carbon feedstock
prices are significant enough.

Investment costs of FT and methanol synthesis technologies are only
a small part of the overall production cost for electricity-based systems.
Conversion from the point of hydrogen and CO to liquid fuels and
chemicals does not require investment-heavy equipment units, and the
cost ranges reported are relatively narrow. On the other hand,
manufacturing syngas from biomass is associated with intensive capital
investment. Gasification, and the associated preparation and cleaning
units, would typically constitute around 50 %-60 % of the total capital
cost of FT biomass-to-liquid facilities. The share of the technology cost
(i.e. investment cost and fixed operating costs) in biomass pathways
consist of 30 %-35 % and 43 %-51 % of the total levelised cost for
ethylene/propylene and jet fuel, respectively. The investment cost
ranges of gasification systems in the literature are vast, with upper end
reportedly up to 260 USD/GJ for FT and 130 USD/GJ product for
methanol synthesis, for plant scales above 150 MW. Using these figures,
the resulting prices of jet fuel and ethylene in 2050 are 3.3 USD/kg and
1.5 USD/kg, respectively. This creates a significant uncertainty in
assessing the overall cost of ethylene, propylene and jet fuel from
biomass.

Regarding technology costs within the breakdown of levelised cost of
electricity systems, electrolysis stands out as the largest contributing
factor. The proportion of the total capital and fixed operation costs
allocated to electrolysis is 61 %-69 % for ethylene and 64 %-71 % for jet
fuel, with the lower ranges in 2050 due to technology learning. These
shares would likely decrease if the assumed system were smaller in scale,
as methanol/FT synthesis and the respective refining steps benefit more
from economies of scale (scale factor 0.6-0.7), compared to electrolysis,
which typically has a scale factor of 1.

3.2. Sensitivity analysis

Future low-carbon feedstock prices and the majority of the tech-
nology parameters (i.e. the investment and operating costs and tech-
nology performance) reported in the literature are contentious and pose
uncertainties in the results. The central and pessimistic scenarios indi-
cate that low-carbon jet fuel, ethylene, and propylene, especially when
derived from electricity, are still far from competitive with fossil fuel
alternatives. Achieving competitiveness would require substantial re-
ductions in techno-economic inputs and feedstock prices, even beyond
those assumed in the optimistic case. To assess the impact of key vari-
ables, a sensitivity analysis was conducted, highlighting how reductions
in three of the most influential parameters affect overall production
costs.

Fig. 5 show the impact of grid electricity prices, hydrogen production
efficiency and biomass prices on the overall production cost. The upper-
end and the lower-end values reflect what is theoretically possible, albeit
feedstock prices could exceed the upper-end values considered here in
the event of a geopolitical conflict. Feedstock prices will vary based on
regional characteristics, but the sensitivity ranges used in Fig. 5 should
be broadly applicable worldwide. While possible cost variations linked
to building and operating such facilities in different regions are
acknowledged, these conversions lack definitive guidance and could
introduce added uncertainties into the calculations. The plant invest-
ment and operating costs estimated in this analysis is largely based on
constructing and operating synthetic hydrocarbon facilities in the
western European regions and the U.S. While this omission could impact
biobased hydrocarbons, for electricity-based hydrocarbons, these vari-
ations minimally affect process economics, as the levelised cost of pro-
duction is primarily driven by feedstock prices.

Electricity prices are by far the most influential parameter for
electricity-based hydrocarbons, primarily as a feedstock for electrolysis
but also to supply DAC CO,. The lowest price considered (31 USD/MWh)
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in Fig. 5 represent the projected levelised cost of electricity from dedi-
cated renewables in Western Europe in 2050, that bypass the revenues
for generators and grid fees [36]. In this case, investment and operating
cost of dedicated wind or solar farms would be part of the business case
of synthetic hydrocarbon plants, with sufficient energy storage or
operating with lower capacity factor. DAC COs price could reach 130
USD/t in 2050 under such conditions. As previously mentioned, despite
considering the minimum cost of electricity achievable in European
regions with substantial potential for offshore wind expansion, it is
probable that electricity-based ethylene and jet fuel will necessitate
support to achieve cost competitiveness with fossil alternatives. The
levelised cost of ethylene, propylene and jet fuel with the grid electricity
price assumed in the optimistic scenario (59 USD/MWh in 2050), is
1.8-1.95x, 1.55-1.56x and 1.68-1.75x the cost of a plant with dedicated
renewables, respectively, albeit capital and operating costs for energy
storage and operating with lower capacity factors should be factored
into this calculation which is significant [10].

The energy efficiency of electrolysers plays a crucial role in the cost
competitiveness of electricity-based hydrocarbons. The range of effi-
ciencies depicted in Fig. 5 is for alkaline electrolysis, with the lowest
performing value of 66 % [47] and the highest projected performance of
94 % [48]. Among technology performances of the modelled system
displayed in Fig. 1, the projected energy efficiency of electrolysers has
the highest range in the literature. This uncertainty influences the
resulting levelised costs of ethylene and jet fuel as feedstock prices are
high. By increasing the electrolysis efficiency from the assumed value in
the optimistic scenario across years to the theoretical maximum, the
resulting ethylene, propylene and jet fuel decrease in the production cost
by 12 %-14 %, 10 %-11 % and 11 %-13 %, respectively. Conversely, if
the improvements in electrolyser efficiency are not realised and remain
at the current value (~74 %) the expenses would increase by 9 %-11 %,
6 %-7 % and 7 %-11 % for ethylene, propylene and jet fuel, respec-
tively, compared to the reported values in the optimistic scenario.

Biomass price is set to be influential in the business cases of bio-based
hydrocarbon plants. As mentioned before, there are uncertainties in the
evolution of the market for using biomass for energy purposes. As shown
in Fig. 5, an increase in the biomass price from 25 to 62 USD/MWh (i.e.
the lowest to the highest reported prices) would increase the production
cost of jet fuel and ethylene by 2.5 and 3.4-fold, respectively. If the
biomass feedstock price exceeds the prices assumed in this study in the
future, the levelised cost of bio-based hydrocarbons could approach the
cost of electricity-derived hydrocarbons; for example, for ethylene, the
cost could reach 4 USD/kg. Ethylene from the methanol synthesis route
is more sensitive to the biomass price than jet fuel from the FT route
because the energy efficiency and the product selectivity of the FT route
is higher, albeit the entire chain of the methanol synthesis route is
modelled cheaper. This explains the cost per tonne ethylene overlapping
jet fuel when the feedstock prices are insignificant (i.e. <25 USD/MWh).
This makes using municipal solid waste as the primary feedstock
attractive potentially resulting in negative feedstock price due to gate
fees. Albeit the sorting and preparation of the feedstock before the
gasification step is expected to be significantly more expensive, roughly
estimated to account for as much as 15 % of the entire gasification-FT
plant costs [49]. Additionally, depending on legislation regarding un-
abated biomass, incorporating carbon capture and storage operations
into bio-based systems could result in an overall cost increase of up to 7
% [3].

The degree of co-production strongly influences the levelised cost. In
the future, it is possible that some economies may apply the carbon price
for specific high-emitting sectors in which case the revenues from co-
products could be valued to a greater extent. While this section fo-
cuses on jet fuel production from FT, the methanol synthesis pathway to
jet fuel is also reasonably competitive but is hindered by the large
amounts of gasoline-grade hydrocarbons that are co-produced. The en-
ergy efficiency of the methanol synthesis supply chain is 3 % higher than
the equivalent FT pathway from a total product-basis. Under scenarios
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where the carbon price for gasoline and naphtha exceeds 300 USD/t of
CO, released, jet fuel from methanol synthesis becomes marginally
cheaper than jet fuel from FT. Technologies with balanced portfolios of
low-carbon products could compete with more product-selective tech-
nologies under the assumption that the relevant co-products would be
servicing sectors that are covered by the carbon price.

3.3. Comparison with a low-carbon counterfactual

In energy system pathways compatible with the Paris Agreement, the
mitigation of challenging emissions sources—such as international
aviation, shipping, and petrochemical sectors—requires either a move to
low-carbon fuels and chemicals or offsetting high-carbon emissions in
these sectors using negative emissions. A number of negative emission
options exist including nature-based solutions, bioenergy with carbon
capture and storage (BECCS), and direct air carbon capture and storage
(DACCS). Lowering the cost of DACCS presents a challenge [50], yet it is
not restricted by scale or concerns related to sustainability and land
competition, unlike nature-based solutions and bioenergy, so is most
suitable for this analysis. The counterfactual system compared in this
section is the continued use of fossil jet fuel and ethylene with emissions
fully offset by a DACCS supply chain. This is compared with the levelised
production cost of electricity-based synthetic hydrocarbons, as the sus-
tainability issue similarly applies to biomass used to produce synthetic
fuels and chemicals.

Fig. 6 compares the levelised costs of the two approaches using the
electricity prices assumptions of the optimistic scenario. The DACCS
supply chain is projected to be more cost-effective than investing in
electricity and DAC CO2-based hydrocarbons throughout all years. The
cost gap narrows in the future as a result of reduced electricity prices.
DAC-derived ethylene and jet fuel achieve factors of 2 and 1.5, respec-
tively, towards reaching cost parity compared to offsetting the same
amount of emissions avoided through DACCS. Point source CO»-derived
electricity hydrocarbons are close to cost-competitiveness and are pro-
jected to become nearly cost-competitive by 2050 with the low-carbon
counterfactual. However, CO5 is anticipated to predominantly origi-
nate from DAC in future low-carbon economies.

These results are sensitive to several factors. First, oil and gas cost
volatility would only affect the production costs of fossil ethylene and jet
fuel if electricity prices were decoupled from gas prices as a result of
deploying renewables in the future. Second, the emissions intensities of
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upstream fossil fuels operations, encompassing extraction, trans-
portation, processing and refining, exhibit significant variability be-
tween sites (ranging from 120 to 640 kg CO equivalent per barrel of oil)
[52-54]. Reliance on fossil fuels from regions with high supply-chain
emissions could result in offsetting costs comparable to investing in
DAC-based jet fuel in 2050, as depicted in Fig. 6. Third, offsetting
emissions using DACCS would require substantially larger underground
CO, sequestration, requiring faster construction of storage sites and
depleting total storage more rapidly. Finally, the aromatics in jet fuel are
an indirect greenhouse gas when released at high altitude [55]. FT fuels
are predominately comprised with paraffinic compounds with few aro-
matics, so using the same quantity of FT fuels would lead to lower global
warming [56]. This additional global warming caused by fossil-based jet
fuel is not normally considered in techno-economic appraisals and is
excluded from this study. Accounting for it would increase the coun-
terfactual cost above the levels shown in Fig. 6.

3.4. Comparison of findings with the literature

The optimistic scenario values are largely consistent with the wider
literature. For example, the production costs for FT pathways in jet fuel
closely correspond to Gonzalez-Garay et al. [10], who report 5.3-6.6
USD/kg for point-source CO3 and 9.1-10.8 USD/kg for DAC CO,. The
2050 cost estimates in this work align with ranges from Schmidt et al.
[8], indicating 1.1-2.0 USD/kg for point-source CO5 and 1.5-2.7
USD/kg for DAC CO;, electricity-based jet fuel in 2050. The bio-ethylene
production costs via methanol synthesis are in line with the 1.1 USD/kg
reported in Li et al. [12] that assume a lower biomass feedstock price via
utilising regional straw availability but a higher technology cost. The
central and pessimistic scenarios considered in this analysis offer insight
into the economic risks associated with low-carbon fuels and chemicals
in the absence of substantial efforts towards transitioning to a
low-carbon energy system, an aspect that is frequently overlooked in the
literature.

3.5. Limitations and future research
While this analysis provides an in-depth estimation of plausible

ranges for the levelised cost of synthetic hydrocarbons, several limita-
tions exist that could be addressed in future research.
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o It explicitly assumes synthetic hydrocarbons will be deployed in
future energy systems, with levelised costs benefiting from technol-
ogy learning, eventually reaching nth-of-a-kind costs. Yet if these
technologies are not deployed at scale in a timely manner, the
technology costs presented for future years could be higher.
Competition for low-carbon feedstocks (renewable electricity, elec-
trolytic hydrogen, lignocellulosic biomass, DAC CO, and point-
source CO,) are not considered in this work. In a highly deca-
rbonised economy, these resources will be in high demand across
various sectors, potentially impacting their price and availability.
Given the relative low energy efficiencies of synthetic hydrocarbon
technologies to the low-carbon counterfactual (as discussed in Sec-
tion 3.3), governments could steer towards offsetting emissions to
optimise limited resources.

While renewable electricity-based hydrocarbons are generally
considered carbon neutral regardless of the CO source, it is crucial
to assess detailed supply chain emissions of biobased systems, which
are not examined in this work. Future research in this area would
benefit from advanced sustainability tools as discussed further in
Section 4.1.

This analysis assumes an uninterrupted supply of grid electricity for
electricity-based hydrocarbons, thereby taking advantage of full load
factors. However, future work could explore partial load operation to
leverage periods of low electricity prices when supply exceeds de-
mand, as electricity prices are the most influential parameter in the
economic viability of electricity-based hydrocarbons production.
For future research, a Monte Carlo simulation could provide valuable
insights if process simulation models synthesised previous studies for
each plant type and identified uncertainties in each metric, building
on prior work [1]. Alternatively, once real plants were built, uncer-
tainty in each metric could be sampled to identify probability dis-
tributions. However, in the absence of such studies, plausible
distributions are uncharacterisable at present [57], as variations in
cost estimations arise from differing assumptions or the level of
analysis comprehensiveness, rather than random factors. With
appropriate distributions, future research could also examine re-
lationships between plant techno-economic parameters, such as the
trade-off between higher capital costs and increased energy effi-
ciency in advanced plant designs. However, without reliable distri-
butions, Monte Carlo analysis could yield misleading results. To
mitigate this, a sensitivity analysis was used in this work instead.

4. Challenges for deploying synthetic hydrocarbons
4.1. The availability and sustainability of low-carbon feedstocks

Point source CO, (captured from industrial plants) proves cost-
effective compared to using DAC CO,, yet concerns arise about its
future availability. Using the UK as an example, if around 70 % of their
current industrial CO, emissions (~62 Mt) were technically feasible to
capture and solely utilised for producing point-source CO; electricity-
based jet fuel, the resulting capacity (131 TWh) would sufficiently
meet the entire current demand for UK aviation (117 TWh). However,
factoring in the historical trends of UK industry losses and its decar-
bonisation efforts via process switching [58], energy efficiency and
demand reduction [59], the potential for carbon captured is expected to
be much less. This could be limited to specific industries such as cement
manufacturing [60], where process emissions are unavoidable. Also,
carbon capture and utilisation will likely expand to supply other
hard-to-abate sectors like shipping, petrochemicals, in addition to
aviation, all of which are on a trajectory of increasing demand [61]. In
the future, CO; could also originate from BECCS for power and heat
generation [62], or hydrogen [63] or fuel production [18]. Similarly for
CO3, from DAG, this carbon could face a conflicting role, as it must also
be permanently stored to deliver negative emissions.

Expanding renewable electricity capacity is crucial due to its a dual
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role: enabling negative emissions through DACCS for the entire energy
system and fulfilling both feedstock demands for DAC CO,-derived hy-
drocarbons, including electrolytic hydrogen and DAC energy needs.
Strategically optimising the use of low-carbon resources (renewables,
biomass, low-carbon CO,) alongside negative emissions necessitates
comprehensive energy systems analysis. Moreover, a low-carbon syn-
thetic hydrocarbon-based energy system requires a significant share of
renewables, potentially conflicting with sectors more amenable to
electrification [64]. Achieving a near [35] or complete [65] transition to
renewables power system is technically possible. Practical insights can
be gained from existing market models in regions that have made sig-
nificant strides in renewable integration [66].

While this study focuses on biobased hydrocarbons sourced from
biogenic feedstocks that do not compete with food or feed, it is essential
to examine their life cycle within more detailed system boundaries.
Examining detailed supply chain emissions and implications on biodi-
versity is essential for setting effective sustainability criteria and low-
carbon standards for biobased hydrocarbons, which are yet to be
established [4]. A recent work highlights the importance and synergistic
effects of combining techno-economic analysis with advanced sustain-
ability methods [67]. Such analysis would complement the results of this
work, which primarily provide insights at national and global levels, and
enhance the robustness of future investment decisions by incorporating
local-level perspectives. This could extend to point source CO-derived
hydrocarbons, where the overall sustainability of manufacturing fuels
and chemicals from industrial gases at scale is yet to be thoroughly
determined [68].

4.2. The case for flexible and dynamic operation

Throughout Section 3, reducing electricity prices is emphasised to
improve the economic viability of electricity-based hydrocarbons.
Feasible business cases rely on shifting to a fully decarbonised power
system supported by cheap renewables. As grid electricity costs would
include substantial network and balancing costs, one approach would be
for plants to invest in dedicated co-located renewable resources. Fuel
producers would need to either operate their plants at flexible part-load
to match renewable generation variability or would need to deploy on-
site storage or purchase grid electricity when renewable generation were
low. It would be useful to explore whether such operations have more
attractive business cases in some places than the use of grid electricity
assumed in this study.

4.3. Subsidies and integration into existing supply chains for co-products

The level of selectivity toward a specific commodity (i.e. minimising
the yield of co-products) is extremely influential in the levelised cost
calculation. For the purposes of calculating singular commodity pro-
duction costs, proxies were used for the assumed market price of the co-
products. In reality, such prices are subject to individual commodity
market developments. Additionally, it is possible that these co-products
could receive producer incentives from their respective sectors, poten-
tially positively influencing the business cases of synthetic hydrocarbon
plants per product basis and for targeted fuels and chemicals. Legally
binding support for low-carbon fuels and chemicals is currently confined
to road transport [69]; however, such incentives are also anticipated for
other hard-to-abate sectors with price support in discussion for
low-carbon jet fuels [4,70].

Given the varying degrees of and limited flexibilities to maximise jet
fuel, ethylene and propylene for such technology pathways, a range of
different plants may have to be built to be able to produce the required
quantities of demand for fuels and chemicals. While the shift toward net-
zero aviation is relatively straightforward given the singular product
focus, the challenge arises from multiple high-value chemicals with
distinct demands that are not interchangeable. Consequently, phasing
out existing high-carbon chemical production plants while maintaining
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a balanced supply-demand relationship could be challenging. For
instance, the most economical method of producing ethylene is through
methanol-to-olefins technology. Nonetheless, if a specific region with
ambitious emission reduction goals experiences substantial demand for
BTX aromatics, it might necessitate constructing costly steam crackers
within the energy system.

5. Conclusions

This research estimates the current and the future production cost of
ethylene, propylene and jet fuel from low-carbon resources from a
number of FT or methanol-mediated technologies. It finds that the
methanol synthesis pathways are better suited economically in targeting
ethylene and propylene production, while FT pathways are more
competitive for jet fuel. These findings are sensitive to the future carbon
price, and the extent to which policies support business cases of low-
carbon co-products. Biobased hydrocarbons appear competitive in the
central scenario and may initially drive the market, albeit the invest-
ment cost of gasification-based plants and the market for biomass uti-
lisation remain contentious. Rapid transition to a net zero power system
is integral for electricity-based hydrocarbons, and DAC CO; is set to be
important for supplying low-carbon hydrocarbons and/or supporting
the counterfactual of negative emissions and the continued use of fossil
fuels in hard-to-abate sectors. A system-wide analysis would offer
valuable insights into the supply-side implications for achieving net zero
targets through low-carbon fuels and chemicals.
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