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ARTICLE INFO ABSTRACT
Keywords: The transition to sustainable transportation fuels requires investment in emerging biomass-to-liquid production
Biofuel

pathways under uncertain market and policy conditions. This study applies a real options analysis framework
eFuel ) ) . to evaluate the economic viability and timing of investments in biomass- and power-to-liquid pathways
;izz::ﬁ:ﬁ:}‘:g‘;‘; motion by identifying conditions where an investor should invest, defer, or abandon investments. The analysis is
Real option analysis conducted for Sweden, reflected by its large biomass base and well-developed forest industry and ambitious
RENBO defossilization policies. Results indicate that large price gaps between feedstock and produced fuels are not

by themselves sufficient to trigger investment; in volatile markets, investors may still defer because the
option to wait has economic value. Thus, even at identical price levels across scenarios, outcomes range from
commitment to inaction depending on volatility. Moreover, when investments do occur, they are consistently
deferred until the final year of the investment window. While modest subsidies may suffice under stable price
conditions, volatile markets with high drifts require significantly greater support to counteract the incentive
to defer investments. Electricity cost structures and carbon pricing must be targeted to support the transition
toward electrified fuel production pathways. The insights from this study can inform the design of policy

instruments that align investor incentives with global transition goals.

1. Introduction

Renewable liquid fuels play a crucial role in achieving sustainability
targets of the transport sector and are central to achieving the EU’s
climate and energy objectives as outlined in the Fit for 55 package.
Beyond their environmental benefits, these fuels can contribute signifi-
cantly to energy security and industrial resilience. In the context of the
Clean Industrial Deal (Clean Industrial Deal - European Commission,
2025), ensuring secure and sustainable transport fuel supply is not only
an economic requirement but a strategic imperative, vital for reducing
dependence on imports, supporting the circular economy, and meeting
long-term climate commitments.

Significant investments have been directed toward mature renew-
able fuel technologies such as HEFA/HVO (hydrotreated esters and
fatty acids/hydrotreated vegetable oil), which have achieved commer-
cial status but rely on limited lipid-based feedstocks and therefore
lack long-term scalability (Brandt et al., 2022). In contrast, technolo-
gies capable of processing lignocellulosic biomass offer great poten-
tial to unlock abundant resources originating from residue streams
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(e.g., forestry operations, forest industry) but remain largely unre-
alized (van Dyk, 2024; Segers et al., 2024; Pascual et al., 2022).
Capital-intensive energy technologies face multiple, layered risks: price
volatility in feedstocks and products, shifting policy frameworks, long
lead times, and technological uncertainties (Santos et al., 2014). These
conditions are particularly acute for infrastructure-heavy technologies
like biofuel plants (International Renewable Energy Agency, 2019),
which typically involve high up-front investment, long operating life-
times, and limited ability to repurpose capital assets (Emhjellen and
Alaouze, 2003). Investors must also operate under significant uncer-
tainty, particularly in liberalized energy markets, where price volatility
and policy shifts are common (Pindyck, 1991). Altogether, these un-
certainties cause risks that complicate investor decisions and hinder
large-scale deployment. In biofuel production, electricity can be used
for direct (e.g., for heating or conversion) or indirect (supplement-
ing with H, produced via water electrolysis) electrification, which
can increase fuel yields without proportional increases in biomass
demand (Dossow et al., 2024; Mesfun et al., 2023). Fully electrified
pathways (power-to-liquid, PtL) can eliminate biomass use altogether,
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instead using captured CO, as feedstock, which can enhance feedstock
flexibility and resilience to biomass supply disruptions (Staples et al.,
2021; Rojas-Michaga et al., 2023). When based on renewable electricity
and eligible CO,, such pathways qualify as renewable fuels of non-
biological origin (RFNBOs) under EU regulations, granting access to
dedicated markets and compliance incentives. A key product is electro-
sustainable aviation fuel (eSAF), positioning this pathway as a critical
link between renewable energy and aviation defossilization (Song and
Zhao, 2024).

Altogether, this complex uncertainty landscape causes traditional
tools for investment analysis, such as discounted cash flow, to often
fall short due to their reliance on fixed assumptions and static decision-
making frameworks (Pivoriene, 2017). These models fail to account for
the opportunity value of deferring, abandoning, or expanding in re-
sponse to future market signals. By incorporating the ability to account
for uncertainty, Brach (2003) demonstrate how conventional methods
can account for risks in a probabilistic sense, but neglect the value of
managerial flexibility which can preserve and even enhance the value
of the project.

Real options analysis (ROA) provides a framework for capturing the
option-like characteristics of investment projects, such as the ability
to defer, expand, or abandon depending on how external conditions
evolve (Regan et al., 2015; Amram and Kulatilaka, 1999). Real options,
as the name implies, use options theory to evaluate physical or real
assets, as opposed to financial assets (Mun, 2002). This is particularly
useful in renewable energy systems, where technology learning, policy
volatility, and commodity price fluctuations can substantially alter
project profitability over time. Compared to discounted cash flow,
ROA better reflects the real-world decision-making process of investors
facing deep uncertainty and strategic flexibility.

Kozlova (2017) provides a comprehensive review of ROA applica-
tions within renewable energy investments, though it is now somewhat
dated. More recent works have applied ROA across a wide range of
renewable energy sectors. In power generation, wind and solar invest-
ments have been analyzed using ROA to capture the strategic value
of flexibility and learning (Loncar et al., 2017; Gazheli and van den
Bergh, 2018). Other studies have explored policy-driven investments,
such as PV projects under renewable portfolio standards (Bangjun
et al.,, 2022). Applications of ROA for studying carbon capture and
storage (CCS) (Agaton, 2021), geothermal energy (Chen et al., 2019),
hydrogen (Pomaska and Acciaro, 2022), and biofuels (Zetterholm et al.,
2022) have emphasized the importance of modeling market and policy
uncertainty in shaping the timing and scale of investment. However,
most ROA applications in the biofuel sector focus on lipid-based path-
ways, despite their limited resource availability, and the literature
applying ROA to lignocellulosic-based biofuels remains notably scarce.
Prior ROA of investments in biofuel production has shown that price
uncertainty creates significant entry premium effects that deter in-
vestment despite apparent profitability (McCarty and Sesmero, 2015).
Additionally, investment and market risks constitute the primary ob-
stacles to commercialization in these pathways (Zetterholm et al.,
2022). Altogether, these studies underscore the growing relevance of
ROA in energy investment planning in uncertain, policy-sensitive, and
infrastructure-intensive technologies.

Within this broader literature, the application of ROA in the biofuel
domain has, to date, been primarily focused on ethanol (Cisneros-
Lopez et al., 2020; Sharma et al., 2011) or fuels within the biodiesel
/ HVO/HEFA area (Zhao et al., 2021; Brandao et al., 2013; Kern et al.,
2017), which are the primary biofuels in the EU market. Conversely,
ROA applications that cover biomass-to-liquid (BtL) systems based on
lignocellulosic feedstocks remain relatively limited, with a few excep-
tions (Zetterholm et al., 2022; McCarty and Sesmero, 2015). Similarly,
existing ROA applications for PtL are scarce (Lee et al., 2023; Fabianek
et al., 2024) and remain largely absent from the broader scientific lit-
erature. Both BtL and PtL systems are, however, especially compelling
as pathways for defossilizing the transport sector, given the possibility
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to produce fuels compatible with existing fuel infrastructure, such as
Fischer-Tropsch liquids (FTL), methanol, and synthetic natural gas. In
particular, Fischer-Tropsch synthesis, integrated either with biomass
gasification (BtL) or with water electrolysis (PtL), has gained increasing
attention as a route for producing both road transport fuels and aviation
fuel, commonly referred to in the literature as sustainable aviation
fuel (SAF) (Neves et al., 2020; Nyholm et al., 2025; Sanchez et al.,
2022). Gasification-based BtL processes benefit significantly from par-
tial (PBtL) or full electrification, as shown previously by, e.g., Mehrara
et al. (2025), Dossow et al. (2024). Real options analysis is particularly
well-suited for evaluating BtL, PBtL, and PtL pathways, given their
early commercialization stage, long asset lifetimes, high sunk costs, and
exposure to multiple uncertainties.

In previous work, we have performed process simulations and
techno-economic analyses of P/BtL pathways (Mehrara et al., 2025), as
well as developed a ROA framework for studying investment decisions
related to forest-based fuels (Zetterholm et al., 2022). The present study
combines these two elements, integrating engineering and cost data
from the former with a further developed ROA framework from the
latter, to evaluate investment timing for P/BtL systems under market
uncertainty. Within the ROA framework, market evolution of commod-
ity prices is modeled through a geometric Brownian motion (GBM).
The approach enables examination of the role of market uncertainties
on economically rational investment timing, while accounting for the
managerial option of deferring the investment decision. This study
specifically evaluates how relative price dynamics affect the timing
and value of P/BtL investments, showing how shifts in biomass, CO,,
and electricity prices relative to fuel values shape investor behavior.
By examining the interaction between cost signals, policy dynamics,
and investment timing, we aim to contribute to more nuanced techno-
economic assessments and provide guidance for targeted policy design
in support of advanced renewable fuels. Lastly, the subsidy levels
needed to trigger timely investments are estimated.

The focus is set on the market in Sweden due to its abundant for-
est biomass resources, ambitious climate targets, and well-established
bioenergy infrastructure. The Swedish transport sector faces strict de-
fossilization requirements under both national policy frameworks and
EU directives, making it a relevant case for evaluating investment
dynamics in emerging P/BtL pathways.

2. Methodology and input data

A stepwise methodology was developed to quantify how market
volatility influences investment decisions in the studied technologies.
First, process models for five P/BtL pathways were developed to es-
timate fixed capital and operating costs for a set of fuel production
cases. Second, price trajectories for key commodities were generated
using GBM to capture market development and uncertainty. Third, to
account for interdependencies in commodity price trajectories, a set
of plausible market scenarios was constructed to represent different
potential market conditions. Next, expected net present values (eNPVs)
corresponding to each price trajectory were computed for each combi-
nation of fuel production case and market scenario, applying ROA to
compare the eNPVs with the value of deferring at each decision point
in the investment horizon. This comparison enabled identification of
the simulation runs in which investments were triggered or indefinitely
abandoned.

To further explore the economic barriers to early investment, the
difference in eNPV between early and late investment windows was
translated into a required unit subsidy ( €/MWh) that would compen-
sate for the value of the waiting option. This subsidy metric reflects
the minimum support needed to equalize the profitability of early
and deferred investment, providing an interpretable indicator for the
required policy intervention.

The overall methodological approach is illustrated in Fig. 1, which
describes the step-by-step process applied.
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Fig. 1. Overview of the methodological steps used to evaluate investment behavior across market scenarios. The gray box and arrow represent the previously
performed process simulation of the pathways available in Mehrara et al. (2025).

2.1. Technology input data

In our previous work (Mehrara et al., 2025), we investigated five BtL
and PtL fuel production pathways with varying degrees of electrifica-
tion and carbon capture integration. These pathways formed the basis
for the real options evaluation framework presented in this study.

Table 1 presents the details of each pathway at the process level.
The baseline BtL involves biomass gasification, syngas conditioning,
and final conversion through Fischer-Tropsch synthesis. BtL-CCS adds
a CCS unit which separates CO, from the acid gas removal (AGR) unit
by absorption of monoethanolamine, for permanent storage. PBtL-CCS
introduces partial electrification through a proton exchange membrane
(PEM) electrolyzer supplying H,, thereby eliminating the water-gas
shift (WGS) step and allowing a more optimized H,/CO ratio for FT
synthesis; CCS is maintained. PBtL increases the degree of electrification
by increasing the electrolyzer and integrating a reverse water-gas shift
(RWGS) reactor to convert H, and captured CO, into CO, thus im-
proving carbon utilization. Finally, the PtL pathway eliminates biomass
entirely by using external biogenic CO, and electricity. H, from PEM
electrolysis and CO, are converted to syngas through RWGS, which
is then processed in the FT reactor, removing the need for biomass
gasification, tar reforming, and AGR.

Table 2 summarizes key energy and mass data for each pathway,
reflecting the primary energy and material flows needed to produce
FTL. This data served as the foundation for analyzing how commodity
price fluctuations impact the economic performance of each pathway.

Table 3 presents the set of fuel production cases assessed in this
study, applying the five technological pathways with varying degrees
of electrification and carbon capture integration (see Section 2.1) and
with different market variations. The -CCS suffix denotes cases that
include CCS, enabling CO, storage revenues. Since several technology
pathways incorporate H, produced via electrolysis, it is essential to
account for how market classification and value attribution apply to
renewable fuels. In particular, cases with the -e suffix introduce a
fractional allocation approach to address eligibility for RENBO classifi-
cation. In this approach, the share of fuel considered RFNBO-compliant
is determined by the proportion of H, derived from electrolysis as
per the RED recommendations (Research Institutes of Sweden (RISE),
2025). This ensures that only the electrolytic H,-linked portion of the
final fuel output is subject to RFNBO market pricing.

2.2. Commodity price simulation and uncertainty

Future prices were assumed to follow a geometric Brownian motion
(GBM), which is characterized by two key parameters: the drift, which
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Unit-level process components across studied technology pathways.

Process unit BtL

BtL-CCS

PBtL-CCS PBtL PtL
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d (Reversed) Water Gas Shift.

¢ Acid Gas Removal.

Table 2

Energy and mass flows for the studied technology pathways. Negative values
correspond to inputs and positive values correspond to output flows. For
details, see Mehrara et al. (2025).

Flow type BtL BtL-CCS PBtL-CCS PBtL PtL
Energy flows (MW)

Forest residues -100 -100 -100 -100 -
Electricity 2.42 -5.34 -33.0 —85.2 -126
FTL 56.3 56.3 78.7 111 56.5
Mass flows (kg/s)

Forest residues -11.1 -11.1 -11.1 -11.1 -
Bio-CO, 5.00° 5.00° 4.52° - -3.89
FTL 1.22 1.22 1.69 2.38 1.26

2 CO, released to atmosphere.
b CO, stored in CCS.

represents the expected directional trend over time, and the volatility,
which captures the degree of random fluctuation around that trend. In
order to capture future market uncertainties, Monte Carlo simulations
were used to simulate different price trajectories (1000 trajectories per
price and scenario). Each trajectory was generated using an initial price
P, and drift and volatility parameters according to the market scenario.
The model was implemented in Python, relying on NumPy and
Pandas for data handling functionality and Seaborn for visualization.
Drift assumptions. The drift parameter y reflects the expected
long-term directional trend in price evolution, influenced by struc-
tural factors such as supply—demand balances, production cost devel-
opments, and policy support mechanisms. Lower drift values represent
scenarios of market saturation or competition, leading to slower price
growth. In contrast, higher drift values reflect a future with strong
policy incentives, and increasing demand for sustainable fuels.
Volatility assumptions. The volatility parameter ¢ captures the de-
gree of uncertainty or fluctuation around the expected price trajectory.
It reflects fluctuations due to supply chain disruptions, geopolitical
instability, seasonal demand shifts, and speculative behavior. For fossil-
based and conventional fuels, historical price data provide a solid
empirical basis. For emerging fuels, such as FTL, there is no historical
market data. To address this, we selected analogous fuel markets that
already exhibit price dynamics comparable to conventional gasoline,
and used them to estimate volatility.
Price calculation. The price in time step # was calculated following
the methods outlined by De Giovanni and Massabo (De Giovanni and
Massabo, 2018):

P=P_ (1+pudi+cdW) )

where ¢ is the current time step, P the price, u the drift, o the volatility,
dt the size of the time step, and dW the increment of a standard
Wiener process. A 10-year time horizon was selected for the investment

decision analysis to reflect a realistic window within which capital-
intensive biofuel facilities are expected to either commit to investment
or abandon the opportunity. Moreover, price projections beyond a
10-year horizon become increasingly uncertain and speculative, par-
ticularly for emerging energy commodities such as synthetic fuels and
CO, as fuel feedstock.

The expected price P, in a specific time step is given by Murto
(2007):

E[P] = Py ®)

This represents exponential price development driven solely by the
drift term, and forms the baseline over which stochastic effects are
superimposed in the GBM formulation.

2.3. Commodity price inputs and market scenario design

Price simulations were carried out using the GBM-based equations
outlined above. To ensure coherence among the independently sim-
ulated price trajectories generated using GBM, a set of three market
scenarios was defined. Since GBM models each commodity price as an
isolated stochastic process, a structured method was used to relate the
price dynamics of electricity, biomass, CO,, and fuel in a consistent
manner. The scenarios thus applied predefined combinations of drift
and volatility parameters across commodities, introducing plausible
market evolutions.

For fuel products, two different markets were considered: FTL which
represents fuels intended for the road transport fuel market and that
can be produced via either of the studied pathways (BtL, PBtL or
PtL). In addition, eSAF was considered, targeting the aviation sector
via PtL conversion processes. To access this market, eSAF represents
fuels produced via electrified pathways (PtL and PBtL) that comply
with RFNBO standards. This distinction allowed us to capture the
effect of entering the eSAF market through electrification, where price
trajectories typically exhibit higher growth rates.

The Stable scenario is characterized by low drift and volatility for
all commodities, representing a market with minimal policy pressure or
transformation. The Transition Pushed scenario is defined by high drift
and volatility, reflecting a future shaped by ambitious climate targets
and active policy intervention. Finally, the Asymmetric Electrification
Focus scenario is constructed to reflect divergent policy momentum
across sectors, with high growth in electricity and CO, prices, but
limited change in biomass prices.

These scenario definitions allowed the GBM-generated price trajec-
tories to be combined into coherent market narratives suitable for the
subsequent techno-economic assessment. The input parameters for the
GBM simulations were determined from future price scenarios (setting
volatility), and empirical price data (setting initial price, and drift).
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Defined fuel production technology pathways with applied market variations, and their corresponding fuel production case labels.

Technology pathway Fuel production case label

Case description

BtL BtL Biomass-to-liquid — fuel product assumed to
follow the FTL market
BtL-CCS BtL-CCS Biomass-to-liquid with CCS — fuel product
assumed to follow the FTL market
PBtL-CCS PBtL-CCS Power- and biomass-to-liquid with CCS — fuel
product assumed to follow the FTL market
PBtL-CCS-e Power- and biomass-to-liquid with CCS — fuel
product assumed to be partially allocated to FTL
and eSAF markets, respectively
PBtL PBtL Maximum power- and biomass-to-liquid — end
product assumed to follow the FTL market
PBtL-e Maximum power- and biomass-to-liquid — fuel
product assumed to be partially allocated to FTL
and eSAF markets, respectively
PtL PtL Power-to-liquid — fuel product assumed to follow
the FTL market
PtL-e Power-to-liquid — fuel product assumed to follow
the eSAF market
Table 4
Initial prices (P,) of each commodity. All scenarios assume the same initial price.
Commodity P, Unit Notes Source
Biomass 36 €/MWh Average price of biomass in 2024 Swedish Energy Agency (2025)
Electricity 51 €/MWh Average price of electricity in Sweden (bidding zone SE4) ENTSO-E (2025)
in 2024
CO, 64 €/t CO, Average price of EU-ETS in 2024 European Energy Exchange (EEX) (2024)
FTL 98 €/MWh Assuming market will evolve from no price premium Refinitiv (2025)
compared to conventional fuel, based on FAME price
average (2008-2022)
eSAF 98 €/MWh Assuming same as for FTL

The initial commodity prices, P,, used in the analysis are shown in
Table 4. Those were kept constant across all scenarios, as they reflect
the market conditions at the time the study was conducted.

To determine the drift, u, for the simulated commodity prices,
we assumed the expected future price in 2050 and derived the drift
from Eq. (2). The expected future price of CO, was derived from the
World Energy Outlook 2025 (World Energy Outlook, 2024), focusing
on the European region or advanced economies with declared net zero
pledges, depending on the scenario. For 2050, we set the expected price
to the shadow price obtained from simulations using the TIMES Sweden
model (Forsberg et al., 2024; Sandberg, 2022). The model simulations
were carried out by an in-house expert in the TIMES framework, which
set the resulting drift values summarized in Table 5.

To determine the volatility ¢ for the simulated commodity prices,
we relied on historical price data for each commodity where available,
or for related commodities when necessary. For biomass, we used data
from the Swedish market for district heating production, electricity was
based on the Swedish electricity spot market, and CO, was derived
from the EU-ETS prices. For FTL and eSAF, we derived the assumed
volatilities from the market price for existing mature liquid fuels, using
petrol and biodiesel as examples. Petrol represents a more mature and
heavily traded commodity, whereas biodiesel, though also mature, has
been subject to higher volatilities. These assumptions rely on FTL and
eSAF becoming mature traded commodities, with volatility scenarios
reflecting potential market dynamics. The resulting volatility values
assigned to each scenario are listed in Table 6.

In each scenario, for each key commodity i € {electricity, biomass,
CO,,FTL, eSAF}, price trajectories were generated over a time horizon
T, representing plausible market evolutions under different assump-
tions:

Pl ~GBM(u;,0), t=0,1,....,T 3

Fig. 2 shows the resulting commodity price trajectories, illustrating
how differing assumptions on market dynamics and policy ambition
shape long-term price development and associated uncertainties.

The Stable scenario assumed minimal drift and low volatility, re-
flecting a continuation of existing support levels and relatively pre-
dictable commodity markets. As an example, the negative drift value
for biomass implies a decrease in biomass price from 36 €/MWh
in 2024, to 24 €/MWh in 2050. Although useful as a baseline, this
scenario may underestimate the scale of forthcoming climate-driven
disruptions and the variability observed in real-world biomass and
electricity markets.

The Transition Pushed scenario was designed to be more reflective
of recent EU policy developments, such as Fit-for-55, RED III, and
the push for electrification and carbon pricing through the EU ETS.
It captures higher volatility and drift in commodity prices, matching
observed fluctuations for increased market as defossilization policies
ramp up.

Finally, the Asymmetric Electrification Focus scenario was designed
to reflect a stronger bias toward electricity-centric solutions, assuming
more aggressive electrification incentives and CO, price growth, but
uneven support across biomass and fuel sectors. While speculative, it
mirrors strategic priorities emerging from certain national policies, and
reflects potential future asymmetries in market development.

Taken together, these scenarios serve as structured lenses to explore
investment dynamics. The scenarios were designed to be consistent and
based on reasonable assumptions, using data from sources like the IEA
and historical market trends. The above scenarios are not intended
to predict one specific outcome, but rather to provide a simplified
representation of possible futures, each highlighting a different driver,
such as market stability, ambition level, and uneven support.

2.4. Real options framework

The GBM-simulated price trajectories served as input for the ROA.
For each commodity, the simulated price trajectories represent possible
future states over the investment horizon. These prices were used
to calculate annual revenues and operating costs for every pathway
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Fig. 2. Simulated commodity price trajectories using GBM, under the three modeled market scenarios. Each panel displays the evolution of biomass, electricity,
CO,, FTL, and eSAF prices from 2025 to 2055 for Stable scenario (right), Transition Pushed scenario (middle), and Asymmetric Electrification Focus scenario (left).
Dashed lines represent the expected price trajectory for each commodity, while shaded bands indicate the 95% confidence intervals from 1000 GBM simulations.

Table 5

Drift parameters (u) for each commodity under different market scenarios. Scenario abbreviations: S = Stable scenario, TP = Transition Pushed scenario, AEF =

Asymmetric Electrification Focus scenario.

Commodity Scenario H Notes Source
Biomass S —-0.0016 Assuming an expected price of 24 €/MWh in 2050, as
derived from model runs from TIMES Sweden
TP 0.0120 Assuming an expected price of 49 €/MWh in 2050, as
derived from model runs from TIMES Sweden
AEF —-0.0016 Assumed same as scenario S
Electricity S 0 Electricity market assumed to remain stable and governed Zetterholm et al. (2022)
by volatility, as has historically been the case
TP 0.007 Assuming an expected price of 60 €/MWh in 2050, as Forsberg et al. (2024)
derived from model runs from TIMES Sweden
AEF 0.007 Assumed same as scenario TP
CO, S 0.045 Assuming an expected price of 158 €/ton CO, in 2050 World Energy Outlook (2024)
per the STEPS scenario
TP 0.064 Assuming an expected price of 250 €/ton CO, in 2050 World Energy Outlook (2024)
per the NZE scenario
AEF 0.064 Assumed same as scenario TP
FTL S 0.0157 Assuming an expected price of 145 €/MWh in 2050, as
derived from model runs from TIMES Sweden
TP 0.0333 Double drift compared to scenario S assumed
AFEF 0.0333 Double drift compared to scenario S assumed
eSAF S 0.0256 Assuming an expected price of 186 €/MWh in 2050, as
derived from model runs from TIMES Sweden
TP 0.0513 Double drift compared to scenario S assumed
AEF 0.0513 Double drift compared to scenario S assumed

under each scenario. By embedding these stochastic price trajectories
into cash flow models, the resulting expected NPVs (eNPV) across all
simulations were calculated and used to evaluate the option value of
flexibility to defer or avoid investment in response to market volatility.

2.4.1. Calculation of expected net present value

In order to evaluate the fuel production cases under each market
scenario, the expected net present value (eNPV) was calculated for each
case based on the net cash flow at each time step.

Investment costs were estimated as fixed capital investment, fol-
lowing the methodology described in Mehrara et al. (2025). Equip-
ment purchase costs were obtained from process simulation results and
scaled to the plant capacity using the corresponding scaling exponent.
Direct installation, indirect costs, and contingencies were then added
using standard cost factors to obtain the total capital investment.
Table 7 summarizes the specific investment costs for the different fuel
production cases.

To calculate the net cash flow, the following costs and revenues
were considered.

Costs:

+ Biomass [ €/MWh]: Feedstock cost in all biomass-based pathways
(BtL, BtL-CCS, PBtL-CCS, PBtL).

+ Electricity [ €/MWh]: Required for electrolysis and other unit
operations in electrified pathways (PBtL-CCS, PBtL, PtL).

+ CO, taxes [ €/tCO,]: Applied only in pathways where CO, is
emitted and not captured (BtL).

Revenues:

Electricity [ €/MWh]: Surplus electricity sent to the grid (BtL).
FTL/eSAF product sales [ €/MWh]: Main revenue stream, based
on output fuel classification (see description in the previous sec-
tion).

CO, storage credit [ €/tCO,]: Earned in CCS pathways (BtL-CCS,
PBtL-CCS) by storing captured biogenic CO,.

CO, utilization credit [ €/tCO,]: Applied in PtL when CO, is used
as a feedstock, reflecting the use of circular carbon under RFNBO
frameworks.

The CO, price allocations used for the market analysis in this paper
stand on two fundamental assumptions. First, we assumed that fossil
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Volatility parameters (¢) for each commodity under different market scenarios. Scenario abbreviations: S = Stable scenario, TP = Transition Pushed scenario,

AEF = Asymmetric Electrification Focus scenario.

Commodity Scenario o Notes Source
Biomass S 0.086 Assuming same volatility as Swedish market for biomass Swedish Energy Agency (2025)
used in district heating production (1993-2024)
TP 0.110 Assuming same volatility as Swedish market for biomass Swedish Energy Agency (2025)
used in district heating production (2020-2024)
AEF 0.086 Assumed same as scenario S
Electricity S 0.150 Assuming halved volatility of scenario TP
TP 0.300 Assuming the same volatility as electricity spot market ENTSO-E (2025)
(bidding zone SE4) in Sweden (2022-2024)
AEF 0.30 Assumed same as scenario TP
Cco, S 0.42 Assuming the same volatility as EU-ETS prices European Energy Exchange (EEX) (2024)
(2020-2024)
TP 0.52 Assuming the same volatility as EU-ETS prices European Energy Exchange (EEX) (2024)
(2012-2024)
AEF 0.42 Assuming the same volatility as EU-ETS prices European Energy Exchange (EEX) (2024)
(2020-2024)
FTL S 0.165 Assuming the same volatility as the average EU petrol European Commission (2025)
price (2008-2022)
TP 0.267 Assuming same volatility as world market biodiesel Refinitiv (2025)
(FAME) price (2008-2022)
AEF 0.267 Assumed same as scenario TP
eSAF S 0.165 Assumed same as FTL
TP 0.267 Assumed same as FTL
AEF 0.267 Assumed same as FTL
Table 7

Specific total cost of investment for the studied fuel production cases, corresponding to the cases described in Mehrara et al.

(2025) when integrated with a condensing turbine.

Fuel production case BtL

BtL-CCS PBtL-CCS PBtL PtL

Specific investment (M €/MWhg; ) 3.55

3.67 3.00 2.83 3.42

emissions and negative emissions are treated symmetrically, such that
one ton of fossil CO, can be compensated by one ton of biogenic CO,
removal. Consequently, biogenic CO, is priced equivalently to fossil
CO, emissions. Second, we assumed that CO, utilized in PtL production
can carry economic value. In line with ISO 14044 allocation principles
and Life Cycle Assessment literature (Miiller et al., 2020), CO, as a
feedstock can be regarded either as a valued product or as a waste. In
the latter case, the CO,-utilizing process provides the additional func-
tion of “waste CO, treatment”. This framing supports our assumption
that PtL plants may receive compensation for taking over CO, streams
from emitters, which in techno-economic terms corresponds to treating
CO, as a negative-cost feedstock. This is also consistent with previous
techno-economic studies of CO, utilization (Otto et al., 2015). These
studies considered not only free CO, feedstock, but also scenarios in
which CO, emitters pay utilization plants to take over their emissions,
effectively treating CO, as a negative-cost input. However, it is crucial
to emphasize that this assumption is not supported by current stated or
implemented policy frameworks. At present, no regulatory mechanism
guarantees such CO, crediting in practice. The assumption is therefore
introduced purely for exploratory purposes, to assess how PtL pathways
would perform under an optimistic policy environment in which such
credits might become available. The results should consequently be
interpreted as an upper-bound estimate of PtL economic performance.

The simulated prices (Fig. 2) were then linked to the annual eco-
nomic performance of each fuel production case. The revenue at time
t, denoted R,, was modeled as a function of the output fuel price P,FTL,
and CO, P,COz credits when relevant (see Table 3); while the operating
cost C, was calculated as a function of input prices including electricity,
biomass, and CO, (Li et al., 2015):

R; — f(PrElectricity’ PIFTL, PreSAF, PICOZ) Cr — g(PrElectricity, PrBiomass, PICOZ) (4)
The net cash flow at each time step was then defined as:

CF,=R,-C, )

For each of the N simulated price trajectories, the expected net
present value (eNPV) was calculated using a discount rate r (set to 8%):

T (n)
eva<">=Z ' __T1CI, n=1,...,N (6)
& (1 +ry

Where TCI is the initial total capital investment corresponding to
each pathway. This formulation enables a comparative evaluation of
investment attractiveness across different pathways and market scenar-
ios, while explicitly accounting for price volatility and policy-driven
market trends.

Real options theory posits that investors make rational and in-
formed decisions to maximize the project’s value while managing risk
under uncertainty throughout its lifetime. It incorporates the option
to postpone investment within a defined investment window, during
which the investor can either proceed or defer until the final decision
point, where they must invest or abandon the opportunity. In many
cases, deferring investment is advantageous, as investors can wait for
new information about economic conditions. Suppose the expected
net present value is equal to or exceeds the value of postponing the
investment defined as “Wait Value” (WV). In that case, the investment
is executed, and the option to invest later is forfeited. These decisions
adhere to the following rules (Zetterholm et al., 2022):

[eNPV],,>WV,, invest

t < Thax
[eNPV],, <WV,, postpone
)
(=T [eNPV],,’, >0 invest
a [eNPV],, <0 abandon
where T, is the investment window, and WV is calculated according
to:
Yo -y max([eN PV, ,1,0)
WV, = —= (8

N +7)
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Here, N represents the total number of simulations (1000), while n
refers to a specific Monte Carlo simulation where the WV is compared
against the expected net present value ([eNPV],,). n,, denotes a par-
ticular nested simulation used to account for the stochastic nature of
potential future developments and to calculate the WV for scenario n,
t is the current time step, eNPV is the expected net present value, and
r is the discount rate. For each point along the trajectory, there are
N nested simulations to determine the WV. WV was then normalized
over the total energy output in each pathway in order to be comparable
across pathways:

WV,
T E

wv

9
total,c

where E, . is the total energy output (in MWh) of the fuel production
case c¢ over its operating lifetime which was assumed to be 20 years.

2.5. Analysis framework

2.5.1. Opportunity cost and estimation of subsidy required to offset the
value of waiting

To quantify the Opportunity Cost (OC) of investing immediately, we
calculated the difference between the expected value of WV and the
expected NPV (eNPV) of immediate investment at each decision point.
A positive OC indicates that deferring the investment yields a higher
value than does acting immediately.

OC =[WV!]-[eNPV!] (10)

¢ can be used as a metric for quantifying the increase in wait value
between a previous decision point and the actual investment year to
calculate the level of support needed to counteract the incentive to
defer investment:

1 1
¢ = ocl“e —ocerly an

This quantity reflects how much more economically attractive de-
ferral becomes over time. We then translated this OC into an equivalent
per-unit subsidy .S. (€/MWh), defined as:

s—_2 (12)

¢ Etotal,c
This formulation assumes that the subsidy is evenly distributed per
unit of output.
The resulting S, values were computed for all pathways across
market scenarios to enable a comparative assessment of the financial
effort required to induce earlier investment.

2.5.2. Commodity price relation analysis

To evaluate how relative commodity prices shape investment be-
havior, we defined input/output price ratios that express the exposure
of each pathway to key eNPV drivers. At each time step, the following
ratios were computed:

P}Electricity P’Biomass PCOZ

FTL/eSAF * pFTL SAF; FTrL SAF (13)
P[ /e P[ /€ P[ /€

For each scenario, the price ratios were captured whenever an
investment decision occurred. Further on they were categorized based
on the decision: abandoned or invested. To facilitate interpretation
across variables spanning different orders of magnitude, these ratios
were transformed to a logarithmic (base-10) scale prior to visualization.
As a result of this visualization, wide ranges can be compressed, allow-
ing ratios that differ by several orders of magnitude to be visualized
together. It also maintains symmetry around parity: values above and
below unity are equally distant from zero. Furthermore, the median
price ratios of abandoned cases were estimated to assess how much
they vary across years, and whether substantial differences may act as
a signal for deferral.
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3. Results and discussion

The results are presented and discussed in three sections. The first
step is to discuss the overall investment decision results of the real
option analysis, and the effect that opportunity costs have on these
investments (Section 3.1). Following that, the price effects in each mar-
ket scenario on the investment decisions are examined (Section 3.2),
followed by an assessment of subsidies needed to bring the delayed
investments forward to earlier years (Section 3.3). The chapter con-
cludes with a discussion that synthesizes the key findings across the
different results, highlighting common trends, contrasting outcomes,
and the broader implications (Section 3.4).

3.1. Real options in action: OC trends and investment deferral

Across all fuel production cases and in all market scenarios, the
results clearly showed that if investments did occur, they were con-
sistently delayed until the very last year of the evaluation window.
Fig. 3 shows the final-year investment rates across fuel production
cases and market scenarios, using a radar chart to highlight differences
in relative technology case attractiveness. These investment rates are
thus defined as the fraction of Monte Carlo simulations in which an
investment has been triggered by the end of the 10-year investment
window. These values were derived from a comparison of the projected
NPV and the wait value at each time step across all simulations. The
investment rates show that the wait value outweighs the NPV in all
years when the option to wait is available. The data for this figure
are also presented in Table B.1 in Appendix. The plotted values thus
represent the share of simulations where investment occurred at year
10, while all earlier opportunities were abandoned. This aligns with
real options logic, where investors defer action to reduce uncertainty
unless sufficiently strong incentives arise (Kitzing et al., 2020).

In the Stable scenario, where price dynamics are characterized by
low or even negative drift (biomass 4 = —0.0016) and low volatility, in-
vestment remained concentrated in partially electrified pathways. PBtL
and PBtL-CCS reached investment levels of 46% and 59%, respectively.
Entering the RFNBO market raised investment in PtL from only 21%
to 41% in PtL-e, highlighting the value of compliance. This reflects in-
vestor hesitance in a steady, non-volatile environment where electricity
prices remain static and carbon prices rise slowly. In such conditions,
incentives are insufficient to justify the capital risk associated with fully
electrified pathways unless they can access the RENBO market.

The Transition Pushed scenario, with higher drift and volatility
across all commodities, results in greater appeal for RENBO-compliant
options. PtL rose from 35% to nearly 58% when moving into the
RFNBO market (PtL-e). Meanwhile, PBtL and PBtL-CCS fell slightly to
around 50%-57%. Even under policy-driven upward trends, heightened
volatility amplifies uncertainty, discouraging broader investment and
leading to a redistribution across cases.

The Asymmetric Electrification Focus scenario produced mixed
outcomes. PBtL-CCS and PBtL-CCS-e achieved the highest investment
shares, at 67%-72%. For PtL, entering the RFNBO market again proved
beneficial; PtL-e investment ratio rose by 16%. This outcome under-
scores the limitations of a partial policy push where, even though
electricity prices increase in line with electrification incentives, stag-
nation in biomass prices and only moderate CO, price growth fail to
fully tip the balance in favor of fully electrified pathways. Instead,
investors lean toward partially electrified and CCS-integrated options,
while RFNBO compliance offers a measurable boost in competitiveness
for electrified fuels.

To understand the deferral behavior of the investors in the above-
mentioned scenarios, Fig. 4 presents the evolution of the mean OC
for each pathway across the investment horizon. An increase in OC
over time reflects a growing economic advantage to waiting, suggesting
that future conditions are expected to improve the profitability of
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Fig. 3. Investment decision rate for each market scenario and each fuel production case. The investment decision rate represents the fraction of decisions in the
final year that result in investment, as all investment decisions are deferred until the final year.
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Fig. 4. Mean opportunity cost (OC, defined as WV minus eNPV per MW of produced fuel) for each fuel production case and year, under each market scenario:

S = Stable scenario (left), TP = Transition Pushed scenario (middle) and AEF =

the investment. This provides a direct explanation for the deferred
investment behavior shown in Fig. 3.

In the Stable scenario, low drift and volatility across all commodities
lead to lower wait values compared to the other scenarios (Fig. 4). Even
though the growth in the OCs was comparatively small, they were still
large enough to defer investment, especially for fully electrified fuel
production cases or even in BtL cases without CCS. The lower OC also
means less incentive to abandon, making investments easier to trigger.
This is reflected in Fig. 3, where BtL-CCS, PBtL-CCS, and PBtL-CCS-e,
which benefit from electrification and/or CCS, show among the highest
investment rates.

In the Transition Pushed scenario, strong drift and volatility in FTL,
electricity, and CO, lead to high and rapidly increasing wait values
(Fig. 4). This also means that the OC of acting early is higher as there is

Asymmetric Electrification Focus scenario (right).

more to gain by waiting. As a result, despite strong future profitability,
many investments were still deferred until the end of the decision
window. This highlights a paradox typical of real options analysis under
uncertainty: strong future prospects can actually defer investment when
the value of waiting continues to grow (Alexander et al., 2021).

The Asymmetric Electrification Focus scenario shows similar behav-
ior but with uneven incentives. Electricity and CO, prices grow, while
biomass prices decline. Still, the OC remained high, and the wait value
continued to rise throughout the time horizon, reinforcing deferral.

Across all market scenarios, a consistent pattern emerged: fuel
production cases with flatter OC trajectories over time tend to exhibit
lower abandonment rates by the final year. This reflects a more stable
investment incentive but may also be influenced by greater eNPV
dispersion under high-volatility conditions. When the gap between wait
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Fig. 5. Comparison of BtL fuel production case across the market scenarios. S = stable, TP = Transition Pushed, AEF = Asymmetric Electrification Focus.
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Fig. 6. Comparison of PBtL fuel production case across the market scenarios. S = stable, TP = Transition Pushed, AEF = Asymmetric Electrification Focus.

value and eNPV remains relatively stable, investors perceive a clearer
window for commitment, making it easier to time investment decisions
before the horizon ends. In contrast, pathways with steeply increasing
OC signal that the value of waiting continues to grow, which prolongs
hesitation and increases the likelihood of missed opportunities or non-
investment. This dynamic highlights how not only the absolute value
of OC, but also its evolution over time, influences long-term investment
behavior under uncertainty.

To verify the adequacy of the simulation sample size, the number of
Monte Carlo runs was increased from 1000 to 2000 for selected cases.
The resulting investment timing patterns and mean OC trends were
consistent with those obtained using 1000 simulations, indicating that
the baseline results are not sensitive to further increases in the number
of iterations. However, increasing the number of simulations was not
pursued further due to the high computational costs.

3.2. Influence of scenario assumptions on investment outcomes

Investment outcomes are presented as a function of relative com-
modity price ratios, where biomass, CO,, and electricity prices are
normalized against the FTL/eSAF selling price. To allow for a consistent
comparison across inputs with values spanning different orders of
magnitude, these ratios are represented on a loglO scale. For inter-
pretability, axis tick marks are labeled with the original ratio values, so
the figures can be read directly in terms of commodity/FT-Fuel price ra-
tios. The FT-Fuel label in the figures denotes fuel output (eSAF or FTL),
as detailed in Table 3. Separation planes are also represented in each
figure, which distinguish between occurred investments and abandoned
investments. This plane provides a visual benchmark, illustrating the
approximate threshold in the ratio space at which investment becomes
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more likely, and making it possible to identify which price dynamics
drive divergence in outcomes across the scenarios. To illustrate these
dynamics, the investment outcomes are presented for three representa-
tive fuel production cases (BtL, PBtL, PtL-e), across corresponding plots
shown in Figs. 5-7.

For BtL (Fig. 5), the scenario comparison highlights the relative sta-
bility of biomass-driven pathways. In the Stable scenario, biomass/FT-
Fuel ratios remained consistently below parity, while electricity and
CO, ratios hovered close to one, resulting in little separation between
invested and abandoned cases. In the Transition Pushed scenario, the
shift in the separation planes is primarily driven by higher CO, tax-
ation, the greater volatility in electricity ratios does not substantially
alter outcomes for BtL. In the Asymmetric Electrification Focus sce-
nario, the pattern remained largely unchanged, with biomass ratios still
below parity and electricity costs having minimal influence. Overall,
BtL shows weak sensitivity to changing market signals, with outcomes
shaped more by the steady availability of biomass than by fluctuations
in electricity or CO, prices.

For PBtL-e (Fig. 6), the three scenarios illustrate how investment
behavior shifts with changing price dynamics. In the Stable scenario,
electricity/FT-Fuel and CO,/FT-Fuel ratios remain close to parity, while
biomass/FT-Fuel ratios stay consistently below one, resulting in weak
price signals and limited separation between invested and abandoned
cases. Under the Transition Pushed scenario, electricity ratios fall well
below parity and CO, ratios rise more strongly, creating a clearer
distinction on the separation plane and favoring investment in RENBO-
compliant pathways. By contrast, the Asymmetric Electrification Focus
scenario is characterized by electricity ratios above parity and only
modest CO, growth, which shifts the separation plane toward abandon-
ment and suppresses investment attractiveness. Together, these figures
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Electrification Focus; showing the median values of biomass/FTL, CO,/FTL, and electricity/FTL ratios at which investment did not occur across simulation
runs. S = Stable scenario, TP = Transition Pushed scenario, AEF = Asymmetric Electrification Focus scenario.

show that PBtL-e is highly scenario-dependent, gaining ground when
electricity is cheap and CO, is costly, but penalized when electricity
becomes expensive.

For PtL-e (Fig. 7), the scenario comparison illustrates its strong
dependence on electricity and CO, dynamics. In the Stable scenario,
electricity/FT-Fuel ratios remained close to parity and CO, ratios in-
creased only slowly, limiting favorable signals despite biomass being
absent, and resulting in a weak separation between invested and aban-
doned cases. Under the Transition Pushed scenario, electricity ratios
fell well below parity while CO, ratios climbed above one, producing
a strong dual incentive that shifted the separation plane clearly toward
investment and makes RFNBO-compliant PtL particularly attractive. In
contrast, the Asymmetric Electrification Focus scenario shows electric-
ity ratios persistently above parity and CO,, ratios only modestly higher,
which penalizes PtL-e by clustering outcomes on the abandonment side
of the plane. This makes PtL-e the most scenario-sensitive pathway,
gaining sharply under supportive electricity and CO, conditions but
losing competitiveness when electricity is expensive.

For completeness, the full set of 3D price ratio plots covering
all cases and scenarios is provided in the Appendix, complementing
the nine representative plots highlighted here. The general discussion
around the scenarios can be summarized as: In the Stable scenario,
ratios remained close to parity, providing no strong incentive for im-
mediate investment. Electricity prices are only moderately below the
FT-Fuel benchmark, while the CO, price trajectory implies weak costs
in case of unabated emissions. Biomass is consistently below parity,
but its relative stability does not influence the timing decision. What
distinguishes the cases that eventually approach investment is the
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convergence of electricity ratios toward lower values and CO, ratios
toward higher relative values compared to abandoned cases, while
biomass ratios remain flat across both.

In the Transition Pushed scenario, electricity/FT-Fuel ratios fall
below parity. At the same time, CO,/FT-Fuel ratios rise above one,
reflecting a growing relative cost of emissions. This combination cre-
ated a strong dual price signal: lower electricity prices reduce the
cost of hydrogen production for syngas conditioning, while higher
CO, prices increase the economic benefit of CO, avoidance and cap-
ture. These dynamics favor electrification and CCS integration, with
RFNBO-compliant options gaining additional support from market ac-
cess advantages.

By contrast, the Asymmetric Electrification Focus scenario is char-
acterized by positive electricity/FT-Fuel ratios. The separation plane
highlighted that abandoned cases dominate when electricity ratios are
highest and CO, ratios remain near parity. Whereas invested cases were
associated with periods of somewhat lower electricity ratios combined
with modestly higher CO, ratios.

Fig. 8 plots the trajectories of median price ratios over time for each
scenario. Each point corresponds to a year, with projection lines down
to the base plane to aid interpretation of their position in ratio space.

The trajectories illustrate that investment deferment cannot be at-
tributed simply to markets shifting toward substantially better condi-
tions. Across all three scenarios, the paths traced from Year 3 to Year
9 are short, with only modest shifts in median ratios. In the Transition
Pushed and Asymmetric Electrification Focus market scenarios, higher
volatility introduces some variation, yet the overall changes remained
limited. The Stable scenario made this even clearer, with ratios staying
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Fig. 9. Subsidy levels (€/MWh) required to incentivize early investment (2026, 2029, 2032, 2035) instead of deferred commitment for each pathway under
three market scenarios: Stable, Transition Pushed, and Asymmetric Electrification Focus.

tightly clustered across years. These results suggest that investors are
not waiting for dramatically more favorable signals, but rather that
deferral reflects the added option value of waiting under uncertainty.
The depicted 3D diagrams focus on the limited movement of each
trajectory, strongly emphasizing how little the median ratios change
over time.

3.3. Subsidies required

While the heatmaps in Fig. 4 provided a comparative view of the
mean OC between expected project returns and wait value across time,
they do not directly quantify what level of intervention would be
needed to shift investor behavior. To complement this perspective, Fig.
9 presents the required subsidies (€/MWh) needed to offset the wait
value. These subsidies can be interpreted as representative of a needed
guaranteed premium above the direct market value of the product.

In the Stable scenario, the required subsidies remain relatively low
across all fuel production cases, staying below 11 €/MWh even for
early investments in year 1, which corresponds to roughly an 11%
increase in the fuel price compared to the starting year. Conventional
BtL and BtL-CCS required the greatest subsidies in early years, while
partially electrified and CCS-integrated cases (PBtL, PBtL-CCS, PBtL-
CCS-e) fall much lower, dropping below 2 €/MWh by 2035. This
indicates that under stable market conditions with low volatility, small
increases in revenue could be sufficient to trigger earlier investment.
In the Stable scenario, an interesting contrast emerged between fully
electrified and hybrid pathways. For PtL, entering the RFNBO market
(PtL-e) resulted in higher subsidy needs than PtL, since the additional
revenue volatility of the eSAF trajectory outweighs its modest price
premium for a pathway fully exposed to electricity costs. In contrast,
PBtL-e benefited from the same RFNBO price uplift while its mixed
biomass-electricity input base cushions the volatility effect, leading to
lower subsidy requirements than PBtL.

In the Transition Pushed scenario, subsidies were substantially
higher, particularly for electrified cases. Early investments in 2026
required about 27 €/MWh for PtL and 46 €/MWh for PtlL-e, cor-
responding to increases of up to 50% relative to the starting fuel
price. Electrified and capital-intensive pathways are more exposed to
uncertain electricity and CO, prices, raising early investment risk.
Hybrid pathways (PBtL and PBtL-CCS/-e) showed moderate needs (2-
18 €/MWh), suggesting greater resilience due to balanced reliance on
electricity and biomass.

In the Asymmetric Electrification Focus scenario, a similar diver-
gence persisted. Early investments in PtL and PtL-e required 30-40
€/MWh in 2026, compared to less than 5 €/MWh for the same cases
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in the Stable scenario. Even by 2035, these highly electrified cases
still required higher subsidies than in the Stable scenario. Conversely,
hybrid cases such as PBtL-e and PBtL-CCS-e approached near-zero
subsidy requirements. This contrast underscores how asymmetric in-
centives, where electricity prices remain high despite policy support
for electrification, can suppress RFNBO competitiveness, while more
balanced cases retain a robust investment profile.

Cross-technology comparison reveals structural differences in sub-
sidy needs. Due to limited exposure to electricity price uncertainty,
pure biomass-based cases (BtL and BtL-CCS) generally needed less
support than fully electrified ones. However, this statement is not valid
for the stable scenario. This contrast can be explained by the underlying
drift and volatility assumptions for electricity and CO, across scenarios
(Tables 5-6). In the Stable scenario, electricity prices are assumed to
remain flat with relatively low volatility (4 = 0, ¢ = 0.15), which
minimizes the risk premium for electrified pathways. At the same time,
CO, prices exhibit a positive drift (x = 0.045) with high volatility,
increasing the value of CCS integration and, crucially, the revenues
from CO, utilization in PtL pathways. This effect reduced subsidy needs
for partially or fully electrified cases, but it also implies that results
are highly sensitive to assumptions about CO, price trajectories and
crediting. By contrast, in the Transition Pushed and Asymmetric Elec-
trification Focus scenarios, electricity prices rise over time (x = 0.007)
and face doubled volatility (¢ = 0.30). These conditions penalize fully
electrified options. Meanwhile, PBtL cases, which combine electricity
and biomass inputs, stood out for their consistent ability to reach
the lowest subsidy needs by 2035 across all scenarios, signaling both
flexibility and resilience.

3.4. Results overview

The investment decision rates represent the share of realizations in
which investment is ultimately undertaken in each scenario. Higher
price drifts do not necessarily accelerate investment, as expectations of
improving future conditions encourage deferral. However, once the de-
cision horizon is reached, these same expectations translate into higher
overall investment rates. To understand the drivers behind delayed
investments, the analysis first examined the evolution of the mean OC
across scenarios and cases. OC represents the benefit of postponing
investment rather than committing immediately, and thus serves as a
direct indicator of the incentive to wait under uncertainty. Tracking
its development over time provides insight into how market volatil-
ity, price drift, and policy signals interact to shape investor behavior
beyond what can be inferred from cost or subsidy levels alone. In
the Stable scenario, OC value increased slowly and uniformly between
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pathways, indicating low but consistent incentives to defer. The limited
differentiation between cases and the low volatility in input prices
yielded a relatively flat investment landscape that required only modest
financial intervention to change behavior. In contrast, the Transition
Pushed scenario, characterized by high drift and volatility, produces
steep OC value gradients, particularly for electrified and CCS-integrated
pathways. Although this creates stronger long-term profitability signals
for investments, it also increases the incentive to postpone investments
unless synchronized policies that support electrification and credit high
carbon efficiency are in place to entice early investment. The Asym-
metric Electrification Focus scenario reinforces this dynamic: despite
high CO, pricing and electrification-focused signals, investor hesitation
remains pronounced due to high electricity costs and policy misalign-
ment, leading to fragmented and deferred investment responses. The
results herein, following insights presented by Zetterholm et al. (2022),
indicated that early investment is unlikely unless support is both timely
and large enough to outweigh the value of waiting.

Each market scenario brings different insights. In the Stable sce-
nario, where price trends are steady and growth is limited, investors
defer not because conditions are unfavorable, but because there is
little to gain from early action. Here, decisions appeared to be less
driven by price ratios and more by the OC of waiting. In contrast,
the Transition Pushed and Asymmetric Electrification Focus scenarios,
with their steeper drifts and greater volatility, show stronger alignment
between favorable price ratios and investment decisions. However,
even in these contexts, many cases only trigger investment under
highly attractive conditions, reflecting investor caution and the growing
value of strategic timing under uncertainty. Furthermore, the required
subsidy analysis translated the OC into concrete financial policy levers.
While the Stable scenario demands low subsidies (typically well below
10 €/MWh) to advance investment, the Transition Pushed scenario
requires far stronger intervention, as steep future profitability growth
amplifies the incentive to wait and raises the cost of early action. The
Asymmetric Electrification Focus scenario adds a policy dimension to
this calculus: electrification-favored signals drove up the wait value of
electric-intensive pathways, resulting in higher support needs for fully
electrified pathways and a persistent risk of deferred action even when
long-term viability was apparent.

4. Conclusions

This study has explored the investment behavior of emerging
Fischer-Tropsch-based fuel production pathways under market uncer-
tainty, using a real options framework across three contrasting market
scenarios. The analysis revealed that investment timing and technology
selection are not governed by static profitability thresholds alone,
but rather by a complex interplay between market dynamics, market
volatility, and the economic value of waiting. A dominant feature
across all scenarios is the clustering of investment decisions at the end
of the decision window (year 10), with many trajectories that result
in full abandonment. This late clustering highlights that, under current
market conditions, deferring investments is economically preferable
unless strong cost or policy incentives are in place. Such behavior
underscores the importance of aligning policy support with market
signals, rather than assuming that profitability trends alone will be
sufficient to attract investment. The main outcomes of this study can
be summarized as:

Investment decisions in emerging fuel pathways are highly sensi-
tive not only to price levels, but also to the relative structure of
prices across inputs and outputs, particularly electricity, biomass and
CO,/fuel ratios.

Aligning electricity and CO, price signals is critical for enabling
RFNBO pathways to scale, as only the joint effect of controlled
electricity costs and stringent carbon pricing creates conditions under
which partial electrification is competitive. This implies that where
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electrification is desirable, given likely biomass constraints, relying
solely on CO, price signals will be insufficient, and complementary
measures addressing electricity market dynamics will be necessary.
Stable scenarios may require mechanisms that accelerate action even
when price conditions appear acceptable, while markets with more
ambitious climate targets may need to reduce actual input costs to
close the gap between economic feasibility and investor action.

The subsidy analysis quantifies the level of support required to ad-
vance investments and reveals case-specific resilience. Pathways re-
quiring minimal subsidy may serve as robust near-term options, while
others will only be unlocked by sustained, stronger policy interven-
tion. Partially electrified pathways seem to require the least amount
of subsidies in any of the introduced market scenarios.

These findings underscore the need for more refined policy frame-
works that take into account how investors respond to uncertainty and
changing conditions. Policies should not only send clear and consistent
price signals, but also help reduce the costs and risks investors face.
By addressing both the value of waiting and the reasons behind that
hesitation, well-designed policies can lower investment deferrals and
speed up the rollout of sustainable fuel technologies. For FT-based
pathways, this suggests that policy may need to actively ensure support
for RFNBO-compatible configurations, while subsidy mechanisms could
bridge the gap for more capital-intensive options. It should also be
noted that the results for PtL and PtL-e are strongly influenced by the
assumption that CO, utilization can generate economic value which
is not supported by current regulatory frameworks. Even under these
highly optimistic assumptions regarding the negative cost input of
CO,, PtL pathways still do not exhibit earlier investment decisions
or higher investment rates in the final year compared to the other
technologies. This indicates that, in scenarios where CO, utilization is
not credited as a revenue stream, the relative investment attractiveness
of PtL pathways would be further reduced.

Future research should extend this system-level perspective to
retrofit strategies, where existing BtL facilities could be designed for
stepwise electrification. Such pathways may offer a more practical
balance between near-term feasibility and long-term competitiveness,
complementing the insights gained here on greenfield investment
behavior.
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PtL-e 41.3% 57.6% 57.1%

no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Acknowledgments

This work was supported by the Swedish Energy Agency, Sweden
(P2021-00083) and Bio4Energy, a strategic research environment sup-
ported by the Swedish government’s strategic research area initiative.
The authors gratefully acknowledge Jonas Forsberg and Anna Krook-
Riekkola for conducting the simulations of the TIMES Sweden model
that informed the price trajectory assumptions in this study.

Appendix A. Interactive SVM surface

Interactive 3D MATLAB figures (.fig) for all price ratio plots are
available in the supplementary repository https://doi.org/10.5281/
zenodo.17136053.

Appendix B. investment ratios

See Table B.1.

Data availability

Data will be made available on request.

References

Agaton, Casper Boongaling, 2021. Application of real options in carbon capture and
storage literature: Valuation techniques and research hotspots. Sci. Total Environ.
795, 148683.

Alexander, Carol, Chen, Xi, Ward, Charles, 2021. Risk-adjusted valuation for real option
decisions. J. Econ. Behav. Organ. 191, 1046-1064.

Amram, Martha, Kulatilaka, Nalin, 1999. Real Options: Managing Strategic Investment
in an Uncertain World. Harvard Business School Press, Boston, MA.

Bangjun, Wang, Feng, Zhaolei, Feng, Ji, Yu, Pan, Cui, Linyu, 2022. Decision making on
investments in photovoltaic power generation projects based on renewable portfolio
standard: Perspective of real option. Renew. Energy 189, 1033-1045.

Brach, M.A., 2003. Real Options in Practice.

Brandao, Luizeduardot Eduardo T., Penedo, Gilberto Master, Bastian-Pinto, Carlos,
2013. The value of switching inputs in a biodiesel production plant. Eur. J. Financ.
19 (7-8), 674-688.

Brandt, Kristin L., Martinez-Valencia, Lina, Wolcott, Michael P., 2022. Cumulative
impact of federal and state policy on minimum selling price of sustainable aviation
fuel. Front. Energy Res. 10, 828789.

Chen, Siyuan, Zhang, Qi, Li, Hailong, Mclellan, Benjamin, Zhang, Tiantian,
Tan, Zhizhou, 2019. Investment decision on shallow geothermal heating & cooling
based on compound options model: A case study of China. Appl. Energy 254,
113655.

Cisneros-Lopez, M.A., Garcia-Salazar, J.A., Mora-Flores, J.S., Martinez-Damian, M.A.,
Garcia-Sanchez, R.C., Valdez-Lazalde, J., Portillo-Vazquez, M., 2020. Economic
evaluation with real options: second generation bioethanol biorefinery in Veracruz,
Mexico.

Clean Industrial Deal - European Commission, 2025, 2025.

De Giovanni, Domenico, Massabo, Ivar, 2018. Capacity investment under uncertainty:
The effect of volume flexibility. Int. J. Prod. Econ. 198, 165-176.

14

Cleaner Energy Systems 13 (2026) 100232

Dossow, Marcel, Kliih, Daniel, Umeki, Kentaro, Gaderer, Matthias, Spliethoff, Hartmut,
Fendt, Sebastian, 2024. Electrification of gasification-based biomass-to-X processes -
a critical review and in-depth assessment. Energy & Environ. Sci. 17 (3), 925-973.

van Dyk, Susan, 2024. Update on drop-in biofuel and co-processing commercialization.

Emhjellen, Magne, Alaouze, Chris M., 2003. A comparison of discounted cashflow and
modern asset pricing methods—project selection and policy implications. Energy
Policy 31 (12), 1213-1220.

ENTSO-E, 2025. Transparency platform: Day-ahead prices - BDZ SE4.

European Commission, 2025. Weekly Oil Bulletin.

European Energy Exchange (EEX), 2024. History emission spot primary market
auction report 2012-2023. Retrieved from https://www.eex.com/en/market-data/
environmental-markets/eua-primary-auction-spot-download.

Fabianek, Paul, Glensk, Barbara, Madlener, Reinhard, 2024. A sequential real options
analysis for renewable power-to-hydrogen plants for Germany and California.
Renew. Sustain. Energy Rev. 192, 114159.

Forsberg, Jonas, Lindman, Asa, Krook-Riekkola, Anna, 2024. Tailoring climate mitiga-
tion strategies for passenger transportation by capturing contextual heterogeneity
in TIMES-Sweden. Transp. Res. Part D: Transp. Environ. 133.

Gazheli, Ardjan, van den Bergh, Jeroen, 2018. Real options analysis of investment in
solar vs. wind energy: Diversification strategies under uncertain prices and costs.
Renew. Sustain. Energy Rev. 82, 2693-2704.

International Renewable Energy Agency, 2019. Advanced Biofuels: What Holds Them
Back?

Kern, Jordan D., Hise, Adam M., Characklis, Greg W., Gerlach, Robin, Viamajala, Srid-
har, Gardner, Robert D., 2017. Using life cycle assessment and techno-economic
analysis in a real options framework to inform the design of algal biofuel production
facilities. Bioresour. Technol. 225, 418-428.

Kitzing, Lena, Fitch-Roy, Oscar, Islam, Marco, Mitchell, Catherin., 2020. An evolving
risk perspective for policy instrument choice in sustainability transitions. Environ.
Innov. Soc. Transit. 35, 369-382.

Kozlova, Mariia, 2017. Real option valuation in renewable energy literature: Research
focus, trends and design. Renew. Sustain. Energy Rev. 80, 180-196.

Lee, Jeehwan S., Chun, Woopill, Roh, Kosan, Heo, Seongmin, Lee, Jay H., 2023.
Applying real options with reinforcement learning to assess commercial CCU
deployment. J. CO2 Util. 77, 102613.

Li, Yihua, Tseng, Chung Li, Hu, Guiping, 2015. Is now a good time for Iowa to invest
in cellulosic biofuels? A real options approach considering construction lead times.
Int. J. Prod. Econ. 167, 97-107.

Loncar, Dragan, Milovanovic, Ivan, Rakic, Biljana, Radjenovic, Tamara, 2017. Com-
pound real options valuation of renewable energy projects: The case of a wind
farm in Serbia. Renew. Sustain. Energy Rev. 75, 354-367.

McCarty, Tanner, Sesmero, Juan, 2015. Uncertainty, irreversibility, and investment in
second-generation biofuels. Bioenergy Res. 8 (2), 675-687.

Mehrara, Mahsa, Mesfun, Sennai, Ahlstrom, Johan, Toffolo, Andrea, Wetterlund, Elis-
abeth, 2025. Electrification-enabled production of Fischer-Tropsch liquids - A
process and economic perspective. Appl. Energy 393, 126083.

Mesfun, Sennai, Gustafsson, Gabriel, Larsson, Anton, Samavati, Mahrokh, Furusjo, Erik,
2023. Electrification of biorefinery concepts for improved productivity—Yield,
economic and GHG performances. Energies 16 (21), 7436.

Miiller, Leonard Jan, Kételhon, Arne, Bringezu, Stefan, McCoy, Sean, Suh, Sangwon,
Edwards, Robert, Sick, Volker, Kaiser, Simon, Cuéllar-Franca, Rosa, El Kham-
lichi, Ai.cha, H., Lee Jay, von der Assen, Niklas, Bardow, André, 2020. The carbon
footprint of the carbon feedstock co,. Energy Environ. Sci. 13, 2979-2992.

Mun, Jonathan, 2002. Real options analysis: Tools and techniques for valuing strategic
investments and decisions. p. 416.

Murto, Pauli, 2007. Timing of investment under technological and revenue-related
uncertainties. J. Econom. Dynam. Control 31 (5), 1473-1497.

Neves, Renato Cruz, Klein, Bruno Colling, da Silva, Ricardo Justino, Rezende, Mylene
Cristina Alves Ferreira, Funke, Axel, Olivarez-Goémez, Edgardo, Bonomi, Antonio,
Maciel-Filho, Rubens, 2020. A vision on biomass-to-liquids (BTL) thermochemical
routes in integrated sugarcane biorefineries for biojet fuel production. Renew.
Sustain. Energy Rev. 119.

Nyholm, Fredrik, Toppinen, Sami, Saxén, Henrik, 2025. Sustainable power-to-liquids
aviation fuels: Modelling and comparison of two Fischer-Tropsch upgrading process
concepts. Energy Convers. Manage. 342, 120153.

Otto, Alexander, Grube, Thomas, Schiebahn, Sebastian, Stolten, Detlef, 2015. Closing
the loop: captured CO2 as a feedstock in the chemical industry. Energ Environ.
Sci. 8 (11), 3283-3297.

Pascual, Alejandro Rodriguez, Victor, Eduardo Espinosa, Martin, Carlos, Broda, Mag-
dalena, Yelle, Daniel J., Nska, Katarzyna Serwa, 2022. Bioethanol production from
lignocellulosic biomass—Challenges and solutions. Molecules 27 (24), 8717.

Pindyck, Robert S., 1991. Irreversibility, uncertainty, and investment. J. Econ. Lit. XXIX,
1110-1148.

Pivoriene, Agne, 2017. Real options and discounted cash flow analysis to assess strategic
investment projects. Econ. Bus. 30 (1), 91-101.

Pomaska, Lara, Acciaro, Michele, 2022. Bridging the Maritime-Hydrogen Cost-Gap: Real
options analysis of policy alternatives. Transp. Res. Part D: Transp. Environ. 107,
103283.

Refinitiv, 2025. Refinitiv eikon: Daily trading data for fame.


https://doi.org/10.5281/zenodo.17136053
https://doi.org/10.5281/zenodo.17136053
https://doi.org/10.5281/zenodo.17136053
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb1
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb1
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb1
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb1
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb1
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb2
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb2
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb2
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb3
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb3
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb3
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb4
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb4
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb4
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb4
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb4
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb5
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb6
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb6
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb6
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb6
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb6
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb7
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb7
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb7
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb7
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb7
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb8
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb8
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb8
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb8
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb8
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb8
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb8
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb9
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb9
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb9
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb9
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb9
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb9
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb9
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb11
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb11
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb11
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb12
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb12
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb12
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb12
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb12
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb13
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb14
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb14
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb14
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb14
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb14
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb15
https://www.eex.com/en/market-data/environmental-markets/eua-primary-auction-spot-download
https://www.eex.com/en/market-data/environmental-markets/eua-primary-auction-spot-download
https://www.eex.com/en/market-data/environmental-markets/eua-primary-auction-spot-download
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb18
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb18
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb18
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb18
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb18
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb19
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb19
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb19
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb19
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb19
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb20
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb20
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb20
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb20
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb20
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb21
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb21
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb21
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb22
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb22
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb22
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb22
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb22
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb22
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb22
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb23
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb23
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb23
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb23
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb23
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb24
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb24
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb24
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb25
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb25
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb25
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb25
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb25
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb26
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb26
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb26
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb26
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb26
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb27
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb27
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb27
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb27
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb27
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb28
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb28
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb28
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb29
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb29
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb29
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb29
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb29
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb30
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb30
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb30
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb30
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb30
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb31
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb31
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb31
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb31
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb31
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb31
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb31
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb32
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb32
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb32
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb33
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb33
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb33
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb34
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb34
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb34
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb34
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb34
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb34
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb34
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb34
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb34
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb35
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb35
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb35
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb35
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb35
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb36
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb36
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb36
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb36
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb36
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb37
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb37
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb37
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb37
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb37
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb38
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb38
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb38
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb39
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb39
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb39
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb40
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb40
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb40
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb40
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb40
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb41

M. Mehrara et al.

Regan, Courtney M., Bryan, Brett A., Connor, Jeffery D., Meyer, Wayne S., Osten-
dorf, Bertram, Zhu, Zili, Bao, Chenming, 2015. Real options analysis for land use
management: Methods, application, and implications for policy. J. Environ. Manag.
161, 144-152.

Research Institutes of Sweden (RISE), 2025. Klassificering Och Héllbarhetskriterier
for Fornybara Drivmedel I Eu - Vad Giller Egentligen? / Classification and
Sustainability Criteria for Renewable Fuels in the Eu — What Actually Applies?.
Technical Report P2023-00841, RISE Research Institutes of Sweden, Géoteborg,
Sweden, Final report.

Rojas-Michaga, Maria Fernanda, Michailos, Stavros, Cardozo, Evelyn, Akram, Muham-
mad, Hughes, Kevin J., Ingham, Derek, Pourkashanian, Mohamed, 2023. Sustain-
able aviation fuel (SAF) production through power-to-liquid (PtL): A combined
techno-economic and life cycle assessment. Energy Convers. Manage. 292, 117427.

Séanchez, Natalia Montoya, Link, Felix, Chauhan, Garima, Halmenschlager, Cibele, El-
Sayed, Hanan E.M., Sehdev, Ranjit, Lehoux, Rick, de Klerk, Arno, 2022. Conversion
of waste to sustainable aviation fuel via Fischer-Tropsch synthesis: Front-end design
decisions. Energy Sci. Eng. 10 (5), 1763-1789.

Sandberg, E., 2022. Times-Sweden Fuel Production Technologies Database. Zenodo
repository, http://dx.doi.org/10.5281/zenod0.6372927.

Santos, Lucia, Soares, Isabel, Mendes, Carla, Ferreira, Paula, 2014. Real options
versus traditional methods to assess renewable energy projects. Renew. Energy 68,
588-594.

15

Cleaner Energy Systems 13 (2026) 100232

Segers, Britt, Nimmegeers, Philippe, Spiller, Marc, Tofani, Giorgio, Jasiukaityte-
Grojzdek, Edita, Dace, Elina, Kikas, Timo, Marchetti, Jorge M., Raji¢, Milena,
Yildiz, Giiray, Billen, Pieter, 2024. Sustainable SAF production pathways:
Techno-economic insights and environmental implications. Sustain. Fuels 2, 2025.

Sharma, P., Sarker, B.R., Romagnoli, J.A., 2011. A decision support tool for strategic
planning of sustainable biorefineries. Comput. Chem. Eng. 35 (9), 1767-1781.

Song, Zhilin, Zhao, Jingxiong, 2024. Research on the integrated development of nuclear
energy and aviation industry under the background of ‘dual carbon’ goals. E3S Web
Conf. 573, 03008.

Staples, Mark D., Isaacs, Stewart A., Allroggen, Florian, Mallapragada, Dharik S.,
Falter, Christoph P., Barrett, Steven R.H., 2021. Environmental and economic
performance of hybrid power-to- liquid and biomass-to-liquid fuel production in
the United States. Environ. Sci. Technol. 55 (12), 8247-8257.

Swedish Energy Agency, 2025. Trddbrénsle-, torv- och avfallspriser - statistik
per kvartal. Statistikdatabas och rapporter, statistikprodukt, ENO0307.
https://www.energimyndigheten.se/statistik/officiell-energistatistik /prisutveckling-
inom-energiomradet/tradbransle—och-torvpriser/.

World Energy Outlook, 2024. International Energy Agency, Paris, https://www.iea.org/
reports/world-energy-outlook-2024.

Zetterholm, Jonas, Mossberg, Johanna, Jafri, Yawer, Wetterlund, Elisabeth, 2022. We
need stable, long-term policy support! — Evaluating the economic rationale behind
the prevalent investor lament for forest-based biofuel production. Appl. Energy 318,
119044.

Zhao, Chong, Colson, Greg, Karali, Berna, Philippidis, George P., 2021. Drop-in ready
jet biofuel from carinata: A real options analysis of processing plant investments.
GCB Bioenergy 13 (10), 1624-1635.


http://refhub.elsevier.com/S2772-7831(26)00002-6/sb42
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb42
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb42
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb42
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb42
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb42
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb42
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb43
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb43
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb43
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb43
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb43
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb43
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb43
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb43
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb43
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb44
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb44
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb44
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb44
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb44
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb44
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb44
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb45
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb45
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb45
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb45
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb45
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb45
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb45
http://dx.doi.org/10.5281/zenodo.6372927
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb47
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb47
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb47
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb47
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb47
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb48
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb48
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb48
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb48
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb48
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb48
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb48
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb49
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb49
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb49
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb50
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb50
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb50
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb50
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb50
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb51
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb51
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb51
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb51
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb51
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb51
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb51
https://www.energimyndigheten.se/statistik/officiell-energistatistik/prisutveckling-inom-energiomradet/tradbransle--och-torvpriser/
https://www.energimyndigheten.se/statistik/officiell-energistatistik/prisutveckling-inom-energiomradet/tradbransle--och-torvpriser/
https://www.energimyndigheten.se/statistik/officiell-energistatistik/prisutveckling-inom-energiomradet/tradbransle--och-torvpriser/
https://www.iea.org/reports/world-energy-outlook-2024
https://www.iea.org/reports/world-energy-outlook-2024
https://www.iea.org/reports/world-energy-outlook-2024
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb54
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb54
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb54
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb54
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb54
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb54
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb54
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb55
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb55
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb55
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb55
http://refhub.elsevier.com/S2772-7831(26)00002-6/sb55

	Risk, flexibility, and investment in Fischer–Tropsch fuels: Insights from real options analysis
	Introduction
	Methodology and input data
	Technology input data
	Commodity price simulation and uncertainty 
	Commodity price inputs and market scenario design
	Real options framework
	Calculation of expected net present value

	Analysis framework
	Opportunity cost and estimation of subsidy required to offset the value of waiting
	Commodity price relation analysis


	Results and discussion
	Real options in action: OC trends and investment deferral
	Influence of scenario assumptions on investment outcomes
	Subsidies required
	Results overview

	Conclusions
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Acknowledgments
	Appendix A. Interactive SVM Surface
	Appendix B.  Investment Ratios
	Data availability
	References


