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Broader context

Global dependence on crude oil continues to drive climate change, harm public health, and adversely affect
economies due to market disruptions and geopolitical factors. Phasing out fossil fuels, however, will likely
require deploying vast capacities of emerging low-TRL renewable technologies, which face multiple socio-
economic barriers. In contrast, the middle distillate synthesis (MDS) is an industrially high-TRL proven
process in which synthesis gas is converted via the Fischer-Tropsch (FT) reaction into synthetic crude, or
syncrude, a hydrocarbon mixture with a composition comparable to that of crude oil. Historically, the FT
process has been deployed when petroleum supplies were disrupted, enabling countries to produce liquid
fuels from coal or natural gas. Today, this technology could also use synthesis gas derived from sustainable
feedstocks, offering a pathway to produce syncrude without relying solely on fossil inputs. Once upgraded,
syncrude could yield defossilised high-value products such as naphtha, diesel, and kerosene, key products
in transport and industry. Adapting this FT-based solution, properly integrated with other defossilisation
technologies, could revitalise existing infrastructure, bringing additional socio-economic benefits that could
reinforce purely environmental arguments in the transition towards sustainable energy and chemicals.
Overall, here we highlight that mature technology to combat climate change is already available, and that
an enhanced narrative covering additional benefits beyond carbon emissions mitigation is needed to boost

the sustainable transition.
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Abstract

Current global dependence on crude oil poses a threat to the environment, making in turn some economies
vulnerable to supply disruptions and price peaks. Meanwhile, the high cost and large investments required
by emerging low technology-readiness-levels (TRL) renewable carbon-based solutions are major obstacles
towards their adoption. Alternatively, here we quantify the underexplored potential of a high-TRL option to
defossilise fuels and chemicals based on synthetic crude oil from renewable carbon sources, which could
be more easily integrated into current infrastructure and potentially become cost-competitive. Assessing the
eight largest economies worldwide, we find that bio-syncrude from biogas and forest residues could replace
large shares of crude oil demand, reducing carbon emissions substantially while decreasing fossil fuels
dependency and potentially entailing low green premiums depending on local feedstock and energy prices.
The proposed strategy could, thus, enhance energy security and strategic autonomy in countries lacking
fossil resources while cutting greenhouse gas emissions and leveraging current infrastructure, potentially
positioning syncrude as a strategic 21s-century commodity that could complement other defossilisation

technologies.
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Introduction

Crude oil is a pillar of the current global economy, supplying over 30% of primary energy and serving as
main feedstock in the chemical sector, with an average daily extraction of around 100 million barrels."?
However, the combustion of crude oil-derived products in the transport and chemical sectors accounts for
a significant 32% share of global greenhouse gas (GHG) emissions.® Moreover, uneven regional availability
of crude oil results in volatile markets that deepen global inequalities and economic instability, making our
continued dependence on crude oil environmentally, socially, and economically unsustainable in the long
term.4-6

Climate policies currently focus on defossilising the economy by replacing crude oil-based fuels and
chemicals with greener alternatives.” For example, electrification based on decarbonised mixes is
advancing rapidly in road transport, while sustainable biofuels offer a practical bridge for the existing vehicle
fleet.29 In aviation, sustainable aviation fuels (SAF) could help to cut lifecycle emissions,'®!" while for
shipping, green methanol is gaining momentum.' Moreover, bulk petrochemicals such as olefins and
aromatics could also be synthesised from green methanol. This would allow connecting more sustainable
resources with existing value chains'?-15 via the methanol-to-olefins (MTO) and methanol-to-aromatics
(MTA) processes, thus lowering fossil carbon emissions. Carbon capture and storage (CCS), electrification
with advanced furnaces, or green hydrogen could even reduce refineries’ emissions further.6-18

These technological solutions stir towards a more fragmented industry, moving away from the traditional
centralised crude oil refining, thus risking losing cost-effective synergies while leaving most of current
infrastructure stranded'%2° and facing strong barriers. Some works suggested that established stakeholders,
particularly major oil and gas companies, might be increasing their engagement in policy discussions to
protect existing assets and influence the pace of the energy transition.2'-2 Here we argue that gradually
replacing conventional crude with an alternative drop-in commodity could offer an additional pathway to
preserve, and potentially revitalise, existing infrastructure while enabling a smoother and more cost-effective
shift toward low-carbon operations,?* where higher shares of renewable technologies could be increased
gradually.

The cost of some sustainable technologies like electric vehicles and renewable energy systems dropped
drastically recently, thus accelerating their deployment and challenging the dominance of crude oil.?526
Moreover, in many countries, energy security and control over critical materials and supply chains are now
gaining interest,??8 influencing discussions on the transition to low-carbon energy systems.?® These
geopolitical aspects, highly relevant in fuels and petrochemicals,3%3" reinforce the need to understand how
energy security and our dependence on fossil fuels might be affected by technological strategies designed
to combat climate change.®?

One approach with a long history of addressing both energy security and fuel supply challenges is the
well-known Fischer-Tropsch (FT) synthesis, first industrially applied in 1935.3% Here, synthesis gas (a
mixture of hydrogen and carbon monoxide) is converted into a hydrocarbon mixture often referred to as
syncrude.®* Subsequently, this syncrude can be chemically upgraded to yield naphtha for the chemical

industry and fuels for cars, ships, and planes through processes widespread in petroleum refineries.3®

3
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Historically, countries facing fuel shortages have turned to their coal and natural gas reserves and have built
FT plants to become independent of foreign actors.36

Building on this foundation, the Shell middle distillate synthesis (MDS) combines the FT process with an
advanced downstream upgrading system, co-producing naphtha, diesel, and kerosene.3-3° Currently
operating in Malaysia and Qatar, the MDS was regarded as a way to reduce the dependence of crude oil
as concerns over oil prices. 442 The FT concept has recently gained renewed interest due to climate
change,*® as it could become a potential way to convert renewable carbon sources, such as biomass or
CO2 captured from the atmosphere, to more sustainable fuels.** Moreover, under high oil prices and
geopolitical developments, the FT process is well-positioned to replace fractions of crude oil altogether as
co-production of fuel products and chemicals is feasible.*>46 However, to date, studies on FT only focus on
single fuel outputs, such as jet fuel or diesel, missing the opportunity to harness the full potential of current
refinery infrastructure and integration of the MDS.4"#8 Today, a comprehensive techno-economic and
environmental analysis of the MDS concept, co-producing chemicals and fuels from sustainable feedstocks,
is yet to be explored, although it could potentially offer a promising avenue to defossilise such products.

In this work, we fill this gap by evaluating the potential of introducing syncrude as a drop-in commaodity
within existing crude oil refineries, leveraging current infrastructure to accelerate the sustainable transition.
Supported by process modelling and life cycle assessment (LCA), we estimate that the MDS could ideally
produce a hydrocarbon mixture closely resembling conventional crude oil fractions. While meeting final fuel
specifications would require additional upgrading, this approach would nevertheless allow for a gradual and
practical pathway towards defossilisation of fuels and chemicals by enabling their synthesis from renewable

carbon feedstock. Using biogas and biomass as feedstocks, substantial reductions in greenhouse gas

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

emissions could be achieved in a more affordable manner, while simultaneously enhancing regional energy

security in regions lacking fossil resources. Our findings suggest that a syncrude-based economy could
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mobilise current fossil stakeholders as active participants in the sustainable transition, transforming existing

assets into drivers of a cleaner and more resilient future.
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Middle Distillate Synthesis (MDS)

We compare the conventional business-as-usual (BAU) fossil linear industry with a drop-in circular
replacement by the MDS, which converts synthesis gas to liquid hydrocarbon products using renewable
carbon (Fig. 1). This study considers three distinct phases within the MDS, with the FT process at its core
for producing gas-to-liquid (GTL) hydrocarbons.*® Upstream, syngas generation from three sustainable
feedstocks (biogas, biomass, and direct air captured, DAC, CO2) was modelled. Regional feedstock
availabilities are considered in the techno-economic analysis (TEA). After the FT process, some further
upgrading of the syncrude is required to yield products which meet industry specifications. Further details

on the FT process and the MDS can be found in Section S1 of the supplementary information (SlI).

Fischer-Tropsch (FT)

The core process in the MDS is the FT synthesis. Here, hydrogen and carbon monoxide, in a 2:1 molar
ratio, react on an iron or cobalt catalyst to produce a hydrocarbon mixture, mainly composed of alkanes,
that contains also olefins and traces of aromatics and oxygenates (all of length C1 to Cso+).5° The product

composition typically follows an Anderson-Schulz-Flory (ASF) distribution, described by Equation 1:
wp = a?-n-(1—a) " (Equation 1)

where wy, is the weight fraction of hydrocarbons containing n carbon atoms, and a is the chain growth
probability, dictated by the choice of the catalyst and temperature. At low operating temperatures, a is
typically around 0.92, resulting in a syncrude mostly consisting of relatively long hydrocarbon chains (Czo+).2*
In this work, the low temperature Fischer-Tropsch (LTFT) process was modelled using Aspen HYSYS v12,
assuming an iron catalyst operating at 230 °C, consistent with literature data.>' The hydrocarbon product
distribution follows the ASF distribution (Equation 1) with a composition was based on literature data
(Fig. 85 of the Sl). This product distribution differs from that of conventional crude oil mainly in that it is
dominated by linear hydrocarbons, presenting very few aromatics and naphthalenes.2* The FT reactor
outlet can be separated into three streams: syncrude, an aqueous fraction, and flue gas. Due to the high
CO:2 content in the inlet syngas, the flue gas was largely directed to combustion, which in the presence of
oxygen supplied heat and produced a relatively pure CO- stream, assumed to be stored geologically. In the
biomass and biogas cases, the required oxygen was assumed to be supplied by an air separation unit, with
its costs included in the levelised oxygen price. In the CCU route, oxygen was co-produced in the electrolysis
process and therefore assumed to be readily available.

The ASF product distribution of the LTFT syncrude exhibits a weight profile comparable to that of
conventional crude oil. Therefore, it can theoretically be sent to a standard crude distillation unit (CDU),
where it would be separated into its main fractions: naphtha, kerosene, and diesel. Naphtha, a key precursor
for the chemical industry, is typically sent to a naphtha steam cracker to produce light olefins such as
ethylene and propylene, used as building blocks in many derivatives. Experimental results have shown that
FT naphtha outperforms fossil naphtha in the steam cracker, mainly due to the molecular composition of

the FT product.2* In contrast to FT naphtha, the heavier fractions, i.e., kerosene and diesel, require further

5
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upgrading. As discussed, although the molecular weight distribution of syncrude closely resembles that of
conventional crude oil, their product compositions differ significantly, a distinction that is particularly
important for the resulting fuel fractions. These FT-derived fuels consist mainly of linear paraffins that
crystallise at relatively high temperatures, leading to freeze points above specification limits. To obtain
blends that meet the required fuel properties, the heaviest fractions from the CDU was routed to cracking
units, producing lighter and more branched hydrocarbons that are then blended with the CDU fuel products.

The upgrading of these syncrude fractions led to fuels mixtures that met the required industry specifications.

Syncrude upgrading

After the FT reaction, the process mostly yields hydrowax (Cz0+, see Fig. S5 of the Sl). However, it is well
known that cracking the hydrowax fraction of FT-syncrude further increases the fraction of middle
distillates.?%% The FT-wax undergoes hydrocracking at 205 °C to yield increased yields of branched and
cyclic hydrocarbons, falling in the middle distillate range. This upgrading produces fuel fractions compliant

with industry standards for A1 jet fuel and diesel.5!

Sustainable feedstocks

Existing FT plants only operate on syngas produced from coal or natural gas.> However, more sustainable
feedstocks are available and equally suitable for the process. The scope of this work includes the generation
of syncrude from biogas, biomass, and DAC CO2 combined with green hydrogen (carbon capture and
utilisation or CCU). For each of these resources, a distinct upstream process is required to be compatible

with the FT synthesis. This section describes these feedstocks and how to convert each into synthesis gas.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

A more thorough description of the process modelling, assumptions, and limitations can be found in
Section 2 of the SI.

Biogas is a gaseous mixture consisting of methane and COz, in a molar ratio of about 1:1. Biogas is a

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:05:01 AM.

product of the anaerobic digestion of waste materials such as manure, wastewater sludge, and sequential

(cc)

crops. Separation of the biogas to biomethane and CO: is possible but not required for further processing.
In this work, the biogas was directly converted to syngas through bi-reforming (BR), as shown in

Reactions 1-3.55

CH4 + H,0 2CO + 3 Hy(Reaction 1)
CH4 + CO, 2CO + H,(Reaction 2)
H,0 + CO 2C0; + H,(Reaction 3)

Biogas has been shown to have a large potential as renewable feedstock in the chemical industry; for
example, recent studies on ammonia and methanol from biogas already showed the advantages of a
biogas-based defossilised industry.56-58

Alternatively, biomass, more specifically, residual waste from agriculture and forestry, can be directly
gasified for syngas generation. Gasification, a process which typically operates under the presence of steam

and/or oxygen and at high temperatures (700-1200 °C), yields syngas in the appropriate composition for
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FT synthesis.5® Biomass gasification is a mature route, with a TRL (technology-readiness-level) of 9, while
how to handle impurities, such as sulphur, is well studied.5%8° The production of SAF from biomass
gasification coupled with an FT reaction has shown to be economically feasible, depending on the biomass
cost.5’

Finally, this work also includes the use of CO2 sequestered from the atmosphere through DAC as
potential feedstock. When combined with green hydrogen, the CO2 can be converted to carbon monoxide

in the reverse-water-gas-shift (RWGS) reaction (Reaction 4):

CO, + H,2C0 + Hj(Reaction 4)

Many studies focused recently on CCU routes,%2-%* concluding that the high cost of green hydrogen and
low production capacity of DAC limit their feasibility.656¢ Hence, these challenges should be addressed

before their large-scale implementation.
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Fig. 1 Middle distillate synthesis (MDS) overview. The FT process allows for the conversion of synthesis
gas (hydrogen to carbon monoxide molar ratio of two) to a hydrocarbon mixture known as syncrude. In
current FT plants, syngas is produced from natural gas or coal. In a shift towards a sustainable petroleum
industry, various renewable sources could be considered. The syncrude requires further chemical upgrading
to yield diesel and jet fuel with the appropriate specifications. In an FT economy, the full value chain after

the refinery would remain intact. To accommodate syncrude, conventional refineries would require only

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

minor changes, mostly focusing on upgrading the hydrowax.
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Methods

Syncrude production from biogas, biomass and DAC CO. was modelled in Aspen HYSYS v12. Biomass
gasification was modelled in Aspen Plus based on Medrano et al.®® Although the syngas inlet composition
varied slightly between feedstocks, the hydrogen-to-carbon monoxide ratio, maintained at 2, was the only
parameter relevant for direct comparison. Significant CO: fractions were routed directly through the reactor
without issue, although they could alternatively be removed before the FT synthesis reactor via amine
absorption. The trade-off between larger gas handling in the FT-system and absorber cost is discussed in
Section $2.2 of the SlI. The simulation further includes the downstream upgrading to yield the middle
distillate fractions at the desired ratio and required specifications. Aspen Energy Analyser was used for heat
integration. The process simulation results can be found in Section S2 of the Sl. Detailed assumptions
regarding geological CO2 storage and biomass sourcing are provided in the corresponding subsections.

The mass and energy flows extracted from the process simulation were used to calculate the TEA. Based
on literature correlations and data, the capital and operational expenditure (CAPEX and OPEX,
respectively), were computed for each type of syncrude (see Fig. S7 of the Sl). The calculations focus on
current cost results, because: (i) prospective data are difficult to predict in a volatile crude oil industry and
(ii) the goal of this work is to assess the current syncrude drop-in potential.

The same material and energy flows, defining the foreground system, were used for building life cycle
inventories (LCls), which were coupled with data from the ecoinvent v3.10 database (for modelling the
background system) using Brightway25 v1.0.6.67-68 These inventories were then employed to perform the
LCA following ISO 14040/14044 standards.®®7° The chosen functional unit was 1 kg of syncrude with a cut-
off attributional approach, see Fig. S8 of the SI. The LCA results include the climate change impact using
the IPCC 2021 method and three damage assessment metrics from the ReCiPe v1.03 methodology, human
health, resource depletion, and ecosystem quality.”"72 LCA results were generated for each syncrude type
on a cradle-to-gate basis, i.e., the system boundary included the processes from feedstock generation up
to hydrocarbon products leaving the FT refinery. The LCls for these calculations can be found in
Tables $S20-S23 of the Sl. Note that final products will show the same gate-to-grave fate regardless of the
route followed, justifying the cradle-to-gate scope. A complete description of the TEA and LCA methodology
can be found in Sections S5 and S6 of the SI.

Finally, the syncrude production capacity, regional cost results, and LCA outcomes were combined to
study the implications of blending crude oil with syncrude. Insights into the trade-offs between average cost
and emissions were evaluated with a linear programming (LP) model based on regional demands, described
in Sections S7 of the SI.
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Results and Discussion

Syncrude could replace substantial amounts of fossil oil

We start by computing the amount of renewable carbon feedstock available, which dictates the feasibility of
the overall approach. In commodity trading, scarcity is a constant challenge, which also holds true for
syncrude derived from limited biogenic sources. Fig. 2 quantifies the theoretical maximum replacement
potential of biogas- and biomass-based syncrude for crude oil demand across major economic blocks: North
America, the European Union (EU) and the United Kingdom (UK), Japan, and the BRICS countries (Brazil,
Russia, India, China, and South Africa). CCU-derived syncrude is excluded here, as its potential is primarily
constrained by renewable energy capacity rather than feedstock availability, virtually enabling a full
transition to CCU-syncrude provided renewable capacity is sufficient. Data on the regional availabilities of
biomass and biogas can be found in Section S3 of the SI.

Fig. 2 thus sets an upper bound on the technical feasibility of a bio-syncrude economy (assuming all the
resources would be devoted to the FT plants). While no region can completely replace petroleum demand
using biogenic feedstocks alone, several present compelling opportunities. For example, Europe could
substitute nearly half of its crude oil demand, where 3.8 billion barrels are imported annually, which has
strong implications considering high energy costs, security vulnerabilities, and scarce natural resources.”

Similarly, the BRICS nations exhibit substantial drop-in replacement potential, with Brazil, India, and
South Africa approaching near-complete domestic syncrude self-sufficiency. The United States, despite
having the world’s largest petroleum demand (7.7 billion barrels annually) and recently becoming a net
energy exporter due to shale gas, could cover over a quarter of its crude oil demand from renewable carbon.

Moreover, US-produced syncrude could supply countries lacking natural resources, like Japan, or regions

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

seeking rapid fossil fuel phase-out, such as Europe, enabling new, low-carbon energy trade flows.

Deploying a syncrude-based petrochemical industry would still require installation of new infrastructure

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:05:01 AM.

on a large scale. Table 1 shows the required production levels to cover the full petroleum market under the

assumption that the full potential of biomass and biogas is utilised, i.e., the maximum amount of syncrude

(cc)

per source. The residual demand of crude oil, indicated in brown in Fig. 2, was assumed to be replaced by
e-syncrude from CCU. The results in Table 1 therefore correspond to a syncrude mixture covering the total
cumulative petroleum demand in the eight selected economies, consisting of 16% of syncrude from biogas,
25% biomass-derived, and the remaining 59% was assumed to be produced through CCU. This translates
into 65 Mbbl of fossil crude oil per day replaced globally by the said mix.

The results show a massive requirement in both labour and construction. A syncrude economy would
require a true industrial transformation, which could create up to 20 million full-time jobs, based on literature
data on the full-time equivalent (FTE) labour requirements for each technology (see Table S$S18 of the SlI).
These labour requirements could be quantified more accurately through a social life cycle assessment
(sLCA), which is out of the scope of our work. Moreover, the scale at which technologies would need to be
deployed far exceeds current production levels. As shown in Fig. 2, the resources required for these
technologies would be, in principle, available, yet their deployment remains limited. Particularly, investments

in CCU and a hydrogen economy have been lagging behind the amounts required. Moreover, the geological

10
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storage capacity needed to permanently remove the CO: captured from the oxy-combustion of the lightest
CDU outlet product would be over 100 times current levels.” In total, up to 5.5 Gt of CO2 would need to be

stored, about 900% of the expected operational global storage capacity in 2030 (0.6 Gt).”>

11


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee07428b

Page 13 of 32

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:05:01 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Energy & Environmental Science

Russia

China

Japan

North America

Europe

Crude Qil .
Syncrude-Biogas Brazil
Syncrude-Agriculture h

(&1 )

Syncrude-Forestry South Africa

India

View Article Online
DOI: 10.1039/D5EEQ7428B

Demand Total drop-in
(Mbbl per day)

3.60

5o
5.60
| EX
105
2.90

0.60

5.20

56%

35%

9.0%

26%

50%

90%

98%

97%

Fig. 2 Syncrude from local biogenic sources can replace large shares of the regional crude oil

demand. The current demand of crude oil in the selected regions (Europe, North America, Brazil, Russia,

India, China, South Africa, and Japan) could be replaced with syncrude from the listed sources (biogas,

agricultural waste, and forestry biomass). The pie charts show the maximum drop-in potential of syncrude

from a certain technology. The availability of biogenic sources is limited, so the residual demand was

assumed to be continued to be supplied through fossil crude.
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Table 1 Required scale of technologies to meet the syncrude-based industry as specified in Fig. 2.

Required production to enable a full syncrude economy in eight selected representative regions (North

America, the European Union and the United Kingdom, Japan, Brazil, Russia, India, China, and South

Africa). The complete crude oil replacement based on current availability of resources considers a portfolio

of 16% of syncrude from biogas, 25% biomass-derived, and the remaining 59% was assumed to be

produced through CCU. The total deployment scale is compared to the currently installed capacity, as

reported in the literature cited in the table. An estimate of the total amount of full-time equivalent jobs to

achieve this substitution is also provided.

Syncrude route Technology Unit Current Required Scale-up
production production
Green Hy® Mtpa 0.1 857 8,570x
CCU - 59% DAC CO_™® Mtpa 0.004 5,076 1,264,460x
Renewable power”” TWh 12,609 47,142 4x
Biogas — 16% Biogas production’® bcm 45 700 9x
Biomass — 25% Biomass’® Mtpa 0.1 4,300 43,000x
Fischer-Tropsch?® Mtpa 7.3 2,952 405x
Overall Labour FTE - 20,172,000 -
CO: storage capacity’® Gtpa 0.6* 5.5 9x

*Announced 2030 storage capacity.
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Biomass-based syncrude can lead to small economic premiums

Syncrude could significantly reduce global dependence on fossil crude oil, yet investment decisions depend
on clear economic incentives and manageable risks. Fig.3 presents the estimated average global
production cost of syncrude by feedstock type, including a detailed cost breakdown. The total annualised
costs were calculated for the production of syncrude and normalised per barrel, assuming a total syncrude
production of 4.2 Mtpa, a typical throughput for a refinery.” These levelised costs are benchmarked against
the average market price of crude oil to provide context. Additional economic results also account for the
cost of operating the full MDS system, including the CDU and cracking units. For these units, we estimate
this would add 300 million USD per year to the capital expenditure of the MDS, corresponding to 2.5 USD
per barrel of syncrude. For a fair comparison between fossil and syncrude, these costs were excluded from
Fig. 3.

Our analysis reveals that syncrude derived from forestry residues falls within a comparable cost range
to fossil crude oil (80 USD per bbl versus 77 USD per bbl, respectively). Although bio-syncrude shows to
be competitive to fossil crude, we note that the market price of petroleum is much higher than its extraction
price (10 to 50 USD per bbl).8% In contrast to forestry, biogas- and agriculture-based syncrude carries a
slight cost premium (125 USD per bbl), driven primarily by higher feedstock prices. For biogas, it should be
noted that the uncertainty in feedstock costs is relatively large, and significantly lower costs may therefore
be achievable. Biomass-derived syncrude in general exhibits elevated process heating demands derived
from the energy intensive steam gasification stage.

The economic advantage of utilising biogas as a chemical feedstock extends beyond syncrude

production, as evidenced in applications such as ammonia synthesis.>” Although biogas availability is

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

inherently limited and its optimal allocation remains uncertain, our results position syncrude production as

a competitive candidate in this prioritisation.
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Conversely, the elevated costs of green hydrogen and DAC CO: render the CCU-based syncrude

pathway economically unappealing under current conditions. Even if feedstock prices align with projected

(cc)

2050 targets, 2.4 USD per kg hydrogen and 123 USD per tonne CO2, CCU-syncrude production costs would
remain roughly four times higher than crude 0il.8! These findings are consistent with existing literature on
FT products.82 Specifically, Seymour et al. found that FT-fuels from DAC CO: would remain approximately
three times more expensive than fossil fuels in Europe, while Eyberg et al.83 reported that both FT- and CCU
methanol-based aviation fuels would entail costs way above current market prices.8*

All'in all, bio-based FT products generally remain within the cost range of their fossil-derived equivalents,
albeit with greater uncertainty driven by the variability of bio-based feedstock prices.8%8¢ In contrast, CO:
utilisation in FT processes appears economically unviable under current conditions. Processes enabling
direct hydrogenation, such as methanol or higher alcohol synthesis, may provide a more viable and scalable
route for CO2 valorisation.87-88

In our calculations, process heating is assumed to be supplied by natural gas, maintaining compatibility
with existing refinery infrastructure and steam networks. While substitution with more sustainable heat

sources (e.g., biogas, electrification, or heat pumps) is feasible, such analyses are beyond the scope of this
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study. Finally, the process generates substantial CO2 from the oxy-combustion of light hydrocarbons, in
addition to the significant CO. already present in the syngas (see Section S2 of the Sl). To enhance the
environmental performance of the MDS, this CO2 could be captured and stored geologically. Literature
estimates suggest storage costs of approximately 5-30 USD per tonne of CO2 removed, representing only

a marginal increase relative to the overall syncrude production cost.8°

500 Labour
450 .
Cooling
400
><
350 Heating g
3 o
'g 300
o Electricity
‘_%, 250
@
8 200 Feedstock
150
ngas
100 Sing '.xu
a.
50 .
Fischer Tropsch
0

Biogas Agriculture Forestry Cccu

Fig. 3 Cost per barrel of produced syncrude from different sources and comparison to current crude
oil market prices. For each syncrude feedstock, the total cost of producing syncrude was calculated. The
overall cost was driven primarily by feedstock expenses, with capital expenditures contributing only
marginally. Natural gas, biogas, and biomass require large amounts of heating for the reformer and gasifier,
respectively. In general, the price of feedstock contributes the most to overall costs. Uncertainty bars reflect
variations in feedstock, natural gas, and electricity costs, based on global average prices, as described in
Tables S16 and S17 of the SI.
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Regional energy prices strongly affect the profitability of a syncrude economy

The results shown in Fig. 3 correspond to global average costs. Nonetheless, syncrude profitability can be
heavily influenced by regional utility prices. Therefore, we assessed the economic impact of electricity and
heating prices on a regional level on the syncrude cost (Fig. 4). In this analysis, syncrude production costs
were calculated for each region individually, based on biogas-derived syncrude and regional data for heating
and electricity costs, while capital expenditures and feedstock prices were assumed to reflect global
averages.

Energy prices at the higher end of the evaluated range would result in a less competitive syncrude-based
industry. For example, in Europe, bio-based syncrude would come at a cost between 100 and 140 USD per
bbl, depending on the cost of biogas. Compared to current crude oil prices (77 USD per bbl on average in
recent years), this would come at a premium of 29 to 82% per bbl.

The energy crisis in the UK and the EU caused by the Russian invasion of Ukraine exerted a tremendous
economic pressure on energy-intensive industries.®%-92 Since then, sectors such as chemicals and steel
have struggled to remain economically competitive, with energy prices still more than twice their pre-crisis
levels. Consequently, several chemical plants have closed down or put on for sale.”39

Reducing energy prices will be a challenging task for policymakers, but Fig. 4 shows the immense
benefit of succeeding. Regions with an abundance of natural gas, e.g., the Unites States or Russia, could
potentially produce syncrude at competitive costs relative to current crude oil trading prices. The
implementation of an MDS industry in these regions could be strategic, even though they are already energy
independent. Syncrude has a similar density to crude oil and could therefore be easily integrated into

existing petroleum supply chains in regions that majorly import energy such as Europe and Japan. Again, a

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

win-win scenario could perhaps emerge, where profits could be made while countries shift away from fossil

fuels. At the same time, these feedstocks are limited and compete with other sectors, making it necessary

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:05:01 AM.

to prioritise their applications.
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Fig. 4 Regional cost of heating and electricity impacts the biogas-derived syncrude economic
potential. Cost per barrel of syncrude from biogas, based on regional feedstock prices. Regional data on
natural gas and electricity prices were used, as described in Table $17 of the SI. For the lower range of
biogas costs, bio-syncrude would have the potential to outperform crude oil (the range given corresponds

to the price variability in 2024).
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Syncrude can substantially reduce the fossil refineries’ carbon footprint at the expense of other
environmental impacts
The LCA results in Fig. 5 demonstrate that producing syncrude from sustainable feedstocks results in
substantially lower GHG emissions compared to conventional crude oil. As expected when integrating
sustainable feedstocks, all syncrude pathways outperform crude oil in terms of GHG emissions, which
exhibits a well-to-refinery carbon intensity of approximately 100 kg CO2-eq. per barrel.** The use of biogenic
feedstocks contribute to a net negative cradle-to-gate global warming potential (GWP), as renewable COo,
removed from the atmosphere, is stored in syncrude. In contrast, the process heat and electricity required
for syngas generation and FT synthesis lead to positive GWP contributions. Although relevant for supply
chain optimization, factors such as feedstock transport and processing have negligible climate impacts
compared to other contributions and were therefore excluded from the scope of this study (see Section S4
of the SI). Our findings align with previous studies reporting that FT-derived fuels and chemicals yield lower
GHG emissions than their fossil-based equivalents.®>-%7 Fig. 5 also illustrates the climate change impact of
co-producing naphtha, kerosene, and diesel from syncrude. These results were generated by replacing
fossil oil with syncrude in ecoinvent and using the same downstream data and assumptions therein to
estimate the footprint of its derivatives. Biogas- and biomass-derived syncrudes show the lowest emissions,
following a consistent trend across all three products. This pattern arises because the products’ feedstock,
i.e., syncrude, dominates the overall results, while refinery process emissions, though non-negligible, have
a limited influence.

The results in Fig. 5 are based on a cradle-to-gate system boundary, covering the processes from

renewable feedstock supply to the production of petrochemical intermediates. As discussed earlier,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

significant amounts of CO: are generated throughout the process, particularly during syngas formation and

the combustion of the FT off-gas. These concentrated CO- flows are considered to be geologically stored

Open Access Article. Published on 09 April 2026. Downloaded on 4/10/2026 1:05:01 AM.

rather than released to the atmosphere. This assumption naturally leads to lower GHG emissions per

functional unit. However, the syncrude production pathways from biogas and forestry would still outperform

(cc)

conventional crude oil in the absence of carbon storage, since its carbon content originates from
atmospheric CO- rather than from fossil sources. If no COz is captured and stored after the biomass
gasification process, the substantial heating demand for producing syncrude from agricultural waste leads
to a higher overall climate change impact per kilogram of syncrude compared to conventional crude oil.
These findings are shown by the red dots in Fig. 5, which indicate the total GHG emissions per kg syncrude
without storing the CO2 stream geologically. For the CCU-route, all CO.> was already assumed to be
recycled, thereby lowering the demand of fresh DAC CO:..

We also quantify the human health, ecosystem quality, and natural resources end points to assess the
potential occurrence of burden shifting, i.e., inadvertently worsening of other impact categories in pursuit of
lowering one environmental impact (Fig. $S8-S12 of the SI). The results show that all renewable syncrude
pathways exhibit higher impacts on human health and ecosystem quality compared with fossil-derived

crude. In contrast, impacts on natural resources remain largely comparable to the fossil baseline. The
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increase in ecosystem quality impacts is primarily driven by land requirements for cultivating biogenic
feedstocks (biomass and biogas) and by the deployment of renewable electricity within the CCU pathway.

For human health and natural resource indicators, the substantial heating and electricity demand in
syncrude production maintains a significant reliance on fossil energy carriers, partially offsetting the climate
benefits of the renewable alternatives. For syncrude produced from agricultural residues, natural resource
impacts increase due to multiple factors: the energy and materials required for collection, drying, and
transport of residues; the allocation of environmental burdens among competing uses of the residues; and
losses during pre-treatment and gasification. In contrast, syncrude from dedicated energy crops may shift
burdens primarily because of land use, fertiliser application, and irrigation demands.

Our findings highlight important trade-offs in the transition to low-carbon refinery operations. While
syncrude offers substantial GHG mitigation potential, careful feedstock management is required to avoid
unintended consequences in human health and ecosystems. Strategies that prioritise abundant, sustainably
sourced biomass, or combine multiple feedstocks, may help balance climate benefits with other
environmental objectives. Overall, the LCA results underscore the need for integrated assessments of both
climate and non-climate impacts when evaluating renewable alternatives to crude oil, providing guidance

for the design of environmentally responsible syncrude pathways.
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observed across all products, with the GWP primarily governed by the climate change impact of the

feedstock, i.e., the syncrude.
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Mitigation via syncrude is cheaper than removal via DACS and BECCS in many regions

Finally, we developed a linear programming (LP) model to find the optimal blend of fossil and syncrude
depending on predefined objectives, i.e., cost and GHG emissions minimisation. Starting at an assumed
crude oil price of 60 USD per barrel, Fig. 6a shows the average cost as the GHG emissions of the blend
are gradually reduced. The corresponding cradle-to-gate net-zero emission (NZE) composition and cost are
shown in Fig. 6b.

The abatement curves illustrate the optimal regional pathways for phasing out crude oil. In the initial
stages, the model prioritises the use of biogas and forestry residues, as these options offer the lowest
abatement costs (approximately 62 and 49 USD per tonne CO2, respectively). Once these resources are
fully utilised, agricultural waste is introduced by the model to further reduce average GHG emissions per
barrel of oil equivalent. In the final step, CCU-derived syncrude is employed to achieve complete fossil fuel
substitution. The full syncrude economies are indicated by the circles in Fig. 6a.

A full syncrude economy would require substantial investments and may not be fully realistic in the near
future. Instead, NZE refinery operations might emerge as a practical intermediate target for the industry.
Fig. 6a highlights the average cost of NZE refineries, resulting in an average cost per barrel as low as
65 USD per bbl.

Fig. 6b zooms in on the corresponding NZE composition and abatement cost for each region. Countries
with abundant biogenic feedstocks and low energy costs can achieve full crude replacement at average
costs below 100 USD per barrel. Japan is the notable exception: limited biomass and biogas availability
forces reliance on CCU, driving marginal abatement costs above 1,300 USD per tonne COx. For all other
regions, costs range between 50 and 160 USD per tonne CO2, comparable to or lower than established
climate strategies and negative emission technologies (NET), such as BECCS, DACCS, biochar, and
enhanced weathering, shown in Fig. 6¢.%-101

Importantly, countries do not need to fully exploit their biogenic potential, as shown in Fig. 2, to reach
NZE refinery operations, leaving resources available for other applications. While NZE refineries could
contribute substantially to achieving the Paris Agreement’s interim goal of halving global emissions by 2030,
meeting the longer-term objective of net-zero cradle-to-grave emissions by 2050 will require additional
measures. The results presented in Fig. 6b outline an apparently cost-effective and, in principle, technically

feasible pathway for large-scale GHG mitigation within the oil and gas sector.
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regional crude breakdown. In China, Japan, and North America, syncrude from CCU is required to reach

net-zero refineries, while in other regions, the blend with bio-syncrude is already sufficient. The uncertainty

(cc)

in abatement cost follows directly from the sensitivity analyses for levelised cost and emissions. (c) The
marginal cost of abatement results for this work, the NZR results for each country, are compared to the most
recent estimated costs of negative emission technologies usually mentioned in the context of defossilising

the oil and gas industry using literature data.%-"01
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Conclusion

FT syncrude has been technically viable for decades, yet its strategic role in the energy transition remains
underexplored. Our results demonstrate that syncrude produced from biogenic feedstocks could replace up
to a substantial share of global crude oil demand, while making use of existing refinery infrastructure for a
potentially feasible and cost-effective deployment. Regional energy prices are decisive: in regions with
abundant low-cost natural gas, such as the United States and Russia, syncrude could be produced at
competitive prices compared to fossil crude costs. In higher-cost regions, it still offers a credible pathway
towards energy independence and emissions reduction targets, while entailing a green premium that
depends on the specific case. These findings could position syncrude as a scalable, infrastructure-
compatible option that could align industrial competitiveness with climate objectives and strategic autonomy
arguments.

The policy and geopolitical implications are considerable. Persistently high energy prices threaten the
viability of energy-intensive industries, as illustrated by widespread shutdowns of petrochemical
infrastructure during Europe’s recent energy crisis.’02103 Recent volatility in petroleum and natural gas
markets have renewed concerns over energy security.' Without decisive policy intervention, investment
inertia and structural decline may continue. Targeted measures, such as carbon pricing, feedstock
incentives and infrastructure support, could unlock syncrude’s potential and bolster industrial resilience.%%
Large-scale deployment could also reshape global energy trade: import-reliant regions such as Europe and
Japan could gain more independence, while some biogas-rich countries could emerge as exporters of low-
carbon syncrude, thereby contributing to meeting the climate targets. The results show that syncrude offers
a unifying strategy to reduce crude oil dependence and could create a strategic advantage through domestic
fuel and petrochemical production.

Realising this potential requires further research and technological advances. A more detailed analysis
of competing uses and land-use constraints would help to refine further the calculations.96:197 Advances in
FT catalysts and process intensification could lower costs and improve tolerance to variable feedstocks,
while integrating more sustainable power and heating sources in syncrude production and refining could
further reduce lifecycle emissions.'%8.199 Furthermore, accounting for the retrofit costs or regulatory
heterogeneity of a potential syncrude-based economy could provide further insights into the transition
process.

Meanwhile, the oil sector is beginning to adapt: refineries are being retrofitted to process alternative
feedstocks, electrify operations, and capture emissions, allowing existing infrastructure to be repurposed
rather than replaced.''® More broadly, governments and industries are tightening fuel standards, phasing
out high-emission fuels and setting targets for reduced crude oil use, creating a clear long-term signal that
the role of fossil crude in the energy system is set to decline.”® In this evolving landscape, syncrude,
combined with other low-carbon technologies, could contribute towards a resilient, climate-aligned industrial
future.

Our findings are subject to several sources of uncertainty and underlying assumptions, particularly

regarding the cost and availability of biomass and biogas. Further research is needed on how to prioritise

23


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee07428b

Page 25 of 32 Energy & Environmental Science

View Article Online
DOI: 10.1039/D5EE07428B

these scarce feedstocks in a defossilising economy. Ensuring access to these feedstocks at competitive
prices would lower investment risks, which currently represent a major barrier for industry. Nevertheless,
despite these uncertainties, our main conclusions are deemed robust: syncrude could replace substantial
fractions of crude oil at a potentially competitive cost premium, while enabling countries to move toward

more independent energy production.
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