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Current estimates for power-based kerosene production costs are up to ten times higher than conventional, fossil
fuel-based kerosene prices. Therefore, successful market integration necessitates a thorough understanding of the
cost structure and the key factors influencing kerosene production costs. This paper provides an extensive cost
- analysis of power-based kerosene production comparing two different plant concepts, one using the Fischer-
Powe?-to-quulfi (.P ) Tropsch synthesis and hydrotreatment (FT pathway), the other applying direct methanol synthesis with down-
Sustainable Aviation Fuel (SAF) ’
E-fuel stream dehydration and oligomerization (MeOH pathway). Two cost allocation methods are applied to address
uncertainties associated with unpredictable by-product revenues: allocating costs solely to the kerosene fraction,
without considering by-product revenues, establishes the upper cost limit, while allocating costs at the total fuel
fraction, defines the lower cost boundary. For these two cases, possible cost ranges are evaluated by varying
technical and economic frame conditions. For the “total fuel allocation”, the FT pathway yields lower kerosene
production cost than the methanol pathway (FT: 3,630 €/t, MeOH: 4,240 €/t). But contrarily for the “kerosene
allocation”, the MeOH pathway shows lower cost (FT: 5,070 €/t, MeOH: 4,660 €/t). By-product revenue varia-
tion indicates benefits for the FT pathway if naphtha prices above 30 % of the kerosene production cost can be
achieved. In all cases, costs are mainly affected by the supply of Hy and COs; thus, feedstock conversion efficiency
is the most important factor determining the production costs besides feedstock prices. While variations in the Hy
price (3 to 7 €/kg) significantly influence kerosene production costs for both pathways (ca. & 25 %), CO; prices
at the level of CO; supply costs from DAC (1,000 €/t) can lead to even higher cost increases of up to 75 %
compared to CO, prices related to carbon capture costs from point sources (150 €/t). Thus, this analysis provides
novel insights into the cost composition and the most important influencing parameters for the two most widely
discussed production pathways for power-based kerosene production and enables comparison and assessment of
production costs under different framework conditions.

1. Introduction

The global aviation sector strives to achieve net carbon dioxide
neutrality by 2050 [1,2]. However, extensive decarbonization through
direct electrification or using hydrogen (Hy), the most widely discussed
options for land transport, seems technically and systemically unfeasible
on a large scale for air transportation in the coming decades [3-5].
Furthermore, the globally available potential of biomass-based kerosene

is limited due to the a priori restricted availability of sustainable
biomass, enforced by significant competition from other sectors [6].
Consequently, fuels produced from renewable electricity and non-
energetic feedstock (H20 and CO3), so-called power—based1 or e-kero-
sene, are expected to play an essential role in reducing aviation’s carbon
dioxide emissions. The most common and widely developed pathways
for producing power-based kerosene are the Fischer-Tropsch (FT) and
the methanol (MeOH) pathway.

Abbreviations: ACC, Annual capital cost; DAC, Direct air capture; FCI, Fixed capital investment; KPC, Kerosene production cost; FT, Fischer-Tropsch; GHG,
Greenhouse gas; HC, Hydrocracking; HHV, Higher heating value; K, Kerosene fraction; LTFT, Low-temperature Fischer-Tropsch; MeOH, Methanol; MtO, Methanol-to-
Olefins; Oli, Oligomerization; PtL, Power-to-Liquid; PV, Parameter variation; RC, Reference case; RWGS, Reverse water-gas shift; SAF, Sustainable aviation fuel; TF,
Total fuel product fraction; TRL, Technology readiness level; W, Wax; WACC, Weighted average cost of capital.
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Technically, the production of power-based kerosene is feasible,
though it has not yet been commercially implemented [7,8]. The pri-
mary reason for the lack of commercially operated, large-scale produc-
tion plants is economic uncertainty despite manageable technical risks.
There is currently no established market for power-based kerosene,
making long-term revenue projections difficult. Furthermore, studies
indicate up to ten times higher production costs than fossil fuel-based
kerosene and two- to threefold higher costs than biomass-based ker-
osene [9-15]. In a comprehensive analysis, Seymour et al. [16] analyzed
the influence of geographical location on the production costs of power-
to-liquid fuels and showed that in the medium term, even in very
promising locations, the production costs are still significantly higher
compared to conventional kerosene prices. Colelli et al. [17] analyzed a.
o. production costs for power-based kerosene from FT synthesis,
assessing indirect FT synthesis (incl. reverse water—gas shift reaction
(RWGS) for COy reduction) as technically and economically more
beneficial compared to a direct CO,-converting FT synthesis. The anal-
ysis from Raab and Dietrich [18] also takes supply chain aspects into
account and finds that these only make a small contribution to the
overall power-based kerosene costs. In a recently published detailed
analysis of decentralized Fischer-Tropsch concepts, Meurer et al. [19]
demonstrate that the advantages of decentralized production primarily
stem from the reduction of indirect plant costs for modular units,
although there are also disadvantages due to efficiency losses. Peacock
et al. [20] investigated large-scale SAF production using FT synthesis,
emphasizing the importance of a constant energy supply to achieve
lower fuel production costs. While many available analyses provide a
sound basis for general cost estimates of power-based fuel, differences
within possible production pathways and influences of by-product rev-
enues (and the respective cost allocations) are rarely considered.
Moreover, most studies assume fixed technical and economic parame-
ters, sometimes greatly influencing the cost outcomes and thus limiting
the usability of the results. However, detailed consideration of process
requirements and frame conditions is essential to compare different
process pathways and identify the respective advantages and disad-
vantages. Recent technical analyses that compare process pathways at a
high level of detail provide a suitable basis for economic considerations
[7,21,22].

Against this background, this paper addresses these research gaps by
providing a comprehensive cost analysis of kerosene production from
power-based syngas, comparing two different plant concepts, one using
the Fischer-Tropsch synthesis and hydrotreatment, the other applying
direct methanol synthesis with downstream dehydration and oligo-
merization. This study provides valuable insights into both pathways’
economic differences and advantages by evaluating the individual
kerosene production cost based on identical system boundaries and
framework conditions. Different cost allocations are applied to address
uncertainties associated with unpredictable by-product revenues. An
extensive variation of technical and economic parameters is carried out
to derive sound cost ranges and to identify advantageous conditions for
the respective process pathways.

The considered system boundaries with the primary process in- and
outputs are depicted in Fig. 1. The analysis focuses on the synthesis and
downstream processing, considering Hy and CO, as feedstock. Kerosene
is the targeted product, while naphtha and diesel are considered as by-
products. The fuel fractions are categorized based on the chain length of
the molecules. According to the system boundaries and in line with the
general power-to-liquid (PtL) concept, electricity is considered as the
primary energy source and, therefore, also for heat provision. Internally
produced heat that exceeds the integrable quantity is considered for re-
electrification via steam turbines so that only low-temperature heat
(removed via cooling water) is produced in addition to the fuel products.
The underlying concepts for the respective technical processes and
simulation approaches are based on an in-depth technical analysis
conducted by Bube et al. [7]. Therefore, only the main technical results
are outlined in this study.
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This paper is structured as follows. The methodology section details
the production cost calculation methodology and the considered cost
allocations. The subsequent section presents the main technical and
economic assumptions, including the technical process concepts, feed-
stock prices, capital and operating expenditures, and variation param-
eters. The results of the analysis are then presented, including the
process simulation results, detailed cost breakdowns, and parameter
variation analysis. Finally, the results are summarized and discussed,
and conclusions are derived.

2. Cost analysis methodology

Fig. 2 sketches the methodology used for the cost analysis based on
prior process design and simulation. Cost calculation requires technical
process data like operating conditions as well as mass and energy flows.
The respective data is derived using steady-state flowsheet simulation,
whereby the process design and simulation are mainly based on Bube
et al. [7]. Modifications to the process concepts and modeling are
defined in section 3.1 and the supplementary material. The cost analysis
of the investigated process pathways is conducted for the presented
process configurations and based on the described modeling ap-
proaches. Thus, the results are directly related to the specific process
design, while alternative process concepts may lead to different results.

The cost analysis aims to derive and compare kerosene production
costs from the analyzed process concepts under defined framework
conditions. The individual cost components are analyzed at fixed tech-
nical and economic parameters (reference case, RC)(section 4.2). The
influence of selected parameters on total costs is examined within a
parameter variation (PV) (section 4.3).

The kerosene production cost represents the minimum required
selling price to achieve economic feasibility in power-based fuel pro-
duction (i.e., to cover all costs without assuming profit). According to
Eq. (1), the annual total cost (ATC) consists of the annual capital costs
(ACCQ), the fixed operational expenditures (OPEX;) and the variable
operational expenditures (OPEX,). The latter represent the material and
energy feedstock, while the fixed operational expenditures are costs
considered to be independent of the product amount (e.g., labor, taxes,
overheads, maintenance). The annual total cost can be transformed into
kerosene production costs (KPC) according to Eq. (2), using different
allocations with or without considering by-product revenues. Within
multi-product generation plants, achievable prices for the by-products
(here, power-based naphtha and diesel) can significantly impact the
production cost of the targeted product (here, kerosene). Given the
absence of established markets for power-based fuels and the reliance of
their future value on the evolving regulatory framework, it is currently
difficult to make reliable price assumptions. This analysis employs two
different cost allocation approaches to address this challenge, providing
an upper and lower bound for kerosene production costs and defining an
expected cost range. The cost allocations impacting Eq. (2) are presented
in Table 1.

e Within the kerosene allocation (KPCg), only the kerosene fraction is
considered a valuable product, with no by-product revenues
accounted for, establishing the upper cost boundary.

e Conversely, the total fuel allocation (KPCyp) assumes all fuel frac-
tions (naphtha, kerosene, diesel) as valuable products, resulting in
equal production costs for all fractions and defining the lower cost
boundary.

e A variation of by-product revenues (BPR) is used to analyze trends in
kerosene production costs (KPC) across both pathways and identify
favorable BPR ranges for each pathway.

ATC = ACC+ OPEX; + OPEX, (€8]
ATC — BP,
KPC — ATC — mgpBPR 2
mp
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Fig. 1. System boundaries of considered power-based kerosene production pathways.
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Fig. 2. Overall production cost calculation methodology. (* based on process design and simulation in accordance with [7])

Table 1
Allocation cases according to Eq. (2). (BPR: By-product revenue)
Key figure Abbreviation  Product (p) | By-product BPR
(sp) [t] [€/tgp]
Kerosene allocation KPCy Kerosene | none 0
Total fuel allocation KPCry Naphtha, kerosene, diesel | 0
none
Kerosene production  KPC Kerosene | naphtha, diesel ~ varied

cost

The annual production (m) is given by the nominal hourly output (m)
multiplied by the average capacity utilization (u) and the hours of one
year (Eq. (3).

m=mu 8,760 h/a 3)

Annual capital cost. The annuity method (Eq. (4)) determines the
annual capital cost. The capital required for the construction of the plant
(fixed capital investment; FCI) is depreciated over the depreciation
period (n[a]), taking into account the real weighted average cost of
capital (WACC, i) and the working capital share (w) [23].

i(1+10)"

ACC = FCI ——"—
¢c = FC 1+i)" -1

+FCloi ()]

The fixed capital investment is derived using the module costing tech-
nique, a method for providing preliminary investment estimates for a.o.
chemical plants [23]. This estimate is based on the major process
equipment (k), which is roughly dimensioned using process design and
simulation data. The size attribute A (e.g., area, volume, power, etc.) is
used to calculate bare module costs (C3) via equipment-specific
component cost correlations (Eq. (5)) with empirical correlation pa-
rameters (Kyx) given by Turton et al. [24]. The bare module costs are
multiplied by equipment-specific mark-up factors, which depend on
(Fpy) or are independent of (Pgm‘l) operating conditions and construc-
tion material. The sum of all equipment costs multiplied by further
mark-up factors for contingency and fee costs (y) and auxiliary costs ()
results the fixed capital investment. This cost calculation method can be
classified as a study estimate with an expected accuracy range of —30 to
+ 50 % [25].

108,0(C9) =K +K»log,o(A) + Ks[log,o(A)]* )
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Fixed operational expenditures include labor costs, costs for mainte-
nance, operating supplies, and other charges for royalties, distribution
and selling, research and development, and so on. These costs are largely
independent of production volumes. Empirical factors are used to esti-
mate the individual cost items based on the fixed capital investment.
Labor costs calculation is, among others, based on an estimate of the
operating employee to allow for an uninterrupted operation throughout
a calendar year.

Variable operational expenditures include costs for material and
energetic inputs, i.e., Hy, CO, and electricity. The respective re-
quirements are based on the process simulation and the technical eval-
uation of the plant concept specified in section 3. The specific prices to
be applied are determined in accordance with the literature and vary
within foreseeable ranges in the parameter variation. For feedstock for
which there is currently no established market, the prices are defined
based on the expected production costs.

Parameter variation. The variation of technical and economic pa-
rameters derives potential cost ranges and uncertainties resulting from
different framework assumptions. For the variation of technical pa-
rameters, higher-level process parameters (e.g., conversion rates,
selectivity) were chosen in line with the applied process modeling and, if
applicable, defined in accordance with the state-of-the-art. The process
concepts are simulated and analyzed for each varied parameter,
whereby the same process conditions (e.g., inert gas concentrations,
synthesis gas compositions, etc.) are ensured by defined design specifi-
cations. Since the varied higher-level process parameters can be ach-
ieved through multiple combinations of underlying operating conditions
and design aspects (e.g., temperature, pressure, space velocity), which
may interact in complex ways, such underlying parameters are consid-
ered constant during the parameter variation. This approach enables a
more general evaluation at the system level with a manageable number
of variables to be adjusted. The economic parameter variation is carried
out for the technical reference case.

Further information on kerosene production cost calculation can be
found in the supplementary material.

3. Data and assumptions
3.1. Technical concept assumptions

The following briefly describes the technical process concepts, the
main assumptions, and the decisive technical parameters. Detailed in-
formation about the considered technologies, the respective modeling
approaches, and the technical process analysis are available in [7].
Below, in particular, the differences made to [7] are highlighted.

The feedstocks Hy (100 vol-%po, 50 bar, 35 °C [26,27]) and CO4
(99.5 vol-%cps, 0.5 vol-%y2, 1 bar, 35 °C [28]) are assumed to be
available at the plant site. Process energy is constantly available grid
electricity, covering the given electricity and heat demands. The fuel
fractions naphtha (Cs to Cg), kerosene (Co to C17) [15,29], and diesel
(C15 to Cyp) can occur as material process outputs. The chain lengths
included in the kerosene fraction are selected to ensure that ASTM
conformity would be expected in real production processes. However,
due to the lower component diversity in the simulation (no iso-alkanes,
no cyclic components) compared to real products, ASTM conformity
cannot be verified within the scope of the study. The properties of the
kerosene fractions from the simulation, as well as the ASTM re-
quirements, are presented and discussed in the supplementary material.

Three utility systems are considered in addition to the main pro-
cesses. Vacuum generators are considered according to [30] (0.05 bar,),
enabling the rectification of heavy hydrocarbons at lower temperatures.
Steam turbines serve to recover excess process heat as electricity, while
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furnaces are employed to generate high-temperature heat from light fuel
gases. Heat integration (pinch analysis) is used to reduce external energy
demands. Since excess heat is utilized in the steam turbines, only low-
temperature waste heat (cooling water at 25 °C) leaves the system
boundaries. A detailed description of the energy integration approach
and the considered utilities is provided in the supplementary material.

3.1.1. Fischer-Tropsch pathway

Fig. 3 shows a block flow diagram of the FT pathway. The synthesis
gas (syngas) production is carried out via a high-temperature (950 °C)
reverse water—gas shift (RWGS) reaction, enabling parallel reforming of
light hydrocarbons. The H,:CO ratio in the produced syngas is set to 2.05
by adjusting the H, feed into the RWGS reactor. As the heat integration
of the RWGS has a major influence on the overall efficiency of the
process [31], feed gas preheating with the product gas is assumed.
However, to counteract coking and metal dusting, the steam-to-carbon
ratio in the reactor feed is set to 0.5.% Furthermore, preheating with
product gas is limited to 200 K below the reactor temperature to enable
rapid product gas cooling.” High-alloy nickel clad is chosen as a
constructional countermeasure for the affected RWGS equipment [33].
The syngas is converted into synthetic crude oil (syncrude) using a low-
temperature FT synthesis (LTFT) to produce a product mixture rich in
long-chain hydrocarbons that is favorable in terms of overall process
efficiency [7]. Heavy hydrocarbons (C;g) are cracked via hydrocrack-
ing. Deviating to [7], hydrocracking is also applied to the diesel fraction.
Thus, only naphtha and kerosene are produced.

Some technical parameters have a major influence on technical and,
therefore, potentially also economic key figures. As described in the
methodology, higher-level parameters are varied which can be influ-
enced by different operating conditions and design aspects. In FT syn-
thesis, a key parameter is the chain growth probability (). It is the
determining factor for the chain length distribution, i.e., mass fractions
(W,) of a component with the chain length n, in the FT product (Eq. (7)).
This value typically ranges between 0.8 and 0.95 in the LTFT process
and can be affected by factors such as temperature, syngas composition,
pressure, residence time, and the catalyst used [35-38]. High chain
growth probabilities can be achieved with cobalt catalysts under low
temperatures (180 to 240 °C), elevated pressures, and sufficient resi-
dence time.

Another critical parameter in the FT pathway is the intensity of hy-
drocracking. In real processes, the intensity of hydrocracking is pri-
marily adjusted by the reaction temperature and the catalyst used.
Higher temperatures and more active catalysts increase the probability
of cracking reactions. In the idealized cracking model used here, as
described in [7,39], the intensity is approximated by the number of
possible cracking reactions per molecule per reactor pass. Mild cracking
is modeled assuming only one chain break (primary cracking), while
severe cracking enables up to three cracking reactions per pass (tertiary
cracking). The technical parameters assumed within the reference case
and the parameter variation of the FT pathway are listed in Table 2.

W, =n(1 — a)’a™" @)

3.1.2. Methanol pathway
No design changes are made in the methanol pathway compared to
[7]. Fig. 4 shows the simplified block flow diagram of the respective

2 In steam methane reforming the steam-to-carbon ration is usually around
1.5, but water is consumed during the reaction in a similar proportion as CO is
formed [32]. Since the RWGS reaction is a steam generating reaction, the ratio
in the RWGS was adjusted accordingly to 0.5.

3 Metal dusting occurs with CO rich gases mainly between 400 and 800 °C
[32,33] The risk of metal dusting can be reduced via fast cooling (commonly
performed in a high pressure steam quench [34]) to restrict carbon formation
kinetically.
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Fig. 3. Fischer-Tropsch pathway block flow diagram. (Only main processes shown; LTFT: Low-temperature Fischer-Tropsch, HC: Hydrocarbon, RWGS: Reverse

water—gas shift)

Table 2
Technical parameters for the reference case and parameter variation of the
Fischer-Tropsch pathway. (RC: Reference case, PV: Parameter variation)

Process Parameter Value

FT synthesis Chain growth probability RC: 0.89 PV: 0.84-0.94
(apr)
Ideal cracking; chain length

depending conversion

RC: Secondary cracking PV:
Primary to tertiary cracking

Hydrocracking

process concept. The methanol produced in the direct (CO,-converting)
methanol synthesis is converted via dehydration (methanol-to-olefin,
MtO) into light olefins (mainly ethene and propene). The product
mixture is cleaned (water and caustic wash, drying via molecular sieves)
and fed into the oligomerization. Different catalysts in multi-stage or
multi-bed reactors are used to ensure high conversions of all olefins.
Nickel-based catalysts allow for nearly complete conversion of ethene
[40]. Subsequent oligomerization using acid catalysts (e.g., in meso-
porous and microporous materials, zeolites, or resins) enables the pro-
duction of a high proportion of highly branched C¢. olefins [40,41].
The oligomerization product is fractionated into lighter hydrocarbons
(Cg.), mainly recycled to increase the overall kerosene fraction, and a
heavier hydrocarbon fraction (Cg, ), which is hydrogenated and further
fractionated. Since no waxes are formed in this process, no hydrocracker
is considered. Therefore, diesel is also produced in addition to kerosene
and naphtha.

Within the MeOH pathway, the technical analysis (see [7]) indicates
the strong influence of MtO olefin selectivity (Sp) and oligomerization
chain growth probability. The achievable olefin selectivity, defined as
the proportion of carbon in methanol that is converted into olefins, is
approximately 80 to 90 % in industrial processes [42,43]. Ongoing

research, particularly in catalyst development, is focused on achieving
even higher selectivities. As in FT synthesis, oligomerization can also be
characterized by chain growth probability. However, the monomers can
consist of various olefins from the MtO reactor or the oligomerization
recycle stream. Depending on the reactant composition and the target
product (i.e., chain length and component type), oligomerization can
occur via various technologies, primarily distinguished by the catalysts
used. The chain length distribution can be influenced by the catalyst and
factors such as reactor temperature, pressure, residence time, and feed
composition [40,41]. High temperatures and short residence times tend
to reduce the chain growth probability. The generic model used here for
oligomerization is described in detail in the supplementary material.
Due to the variety of oligomerization processes and the large number of
influencing parameters, significant differences in product distributions
can potentially occur in real oligomerization processes. Therefore, the
chain growth probability in this study varies across a wide range within
the parameter variation. Table 3 lists the parameters considered within
the reference case and the parameter variation.

Table 3
Technical parameters for the reference case and parameter variation of the
methanol pathway. (RC: Reference case, PV: Parameter variation).

Process Parameter Value

RC: 0.90 PV: 0.85-0.95
RC: 0.3 PV: 0.2-0.4

Dehydration (MtO)
Oligomerization

Olefin-Selectivity (So)
Chain growth probability (aop)?

# Advanced oligomerization modeling compared to [7] (see supplementary
material).
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Fig. 4. Methanol pathway block flow diagram. (Only main processes shown; MeOH: Methanol, MtO: Methanol-to-Olefins)
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3.2. Economic data and assumptions

Besides the technical data and assumptions primarily used for pro-
cess modeling and simulation, further parameters predominantly affect
economic figures and do not change technical results. The main eco-
nomic parameters here are described and listed below (Table 4).

The plant investments are calculated for a market-mature process
(n'-of-a-kind plant) built on a green field. The installed production
capacity for both pathways at 8,760 h/a at nominal load is around
100 ktrp/a, corresponding to the largest PtL projects currently targeted
[8]. However, as most of the currently planned projects have signifi-
cantly lower capacities, while conventional fuel productions (e.g., via
gas-to-liquid (GtL)) have significantly higher installed capacities, the
production capacity is varied within the parameter variation. The cost
functions and factors used to calculate the costs for the construction and
commissioning of the plant (fixed capital investment) are listed in detail
in the supplementary material.

The capacity utilization determines the annual production quantity
at a given plant capacity, thus impacting the production costs. It depends
on the customers’ demand, the feedstock availability, and the plant
reliability. The cost of feedstock availability, especially for Hy from
renewable energy and CO- of sustainable (non-fossil) origin, depends
strongly on the plant location (availability and timing of renewable
energy) and the infrastructure (existing Hy and CO; grid). Since the
constant supply of Hj requires large, sometimes seasonal, storage fa-
cilities and overcapacities of the corresponding production facilities,
which increases the cost of Hy [44], it is assumed that capacity utiliza-
tion of the conversion plants will be lower than for conventional plants
which operate at an average of 75 to 85 % [45]. However, since this can
vary greatly depending on the locally given frame conditions, the
parameter variation also considers capacity utilization.

The fixed capital investment (FCI) depreciation period is assumed to
be 15 years. Considering the weighted average cost of capital (WACC)
of 6 % for production in highly industrialized countries [8], resulting in
an annual depreciation of around 11 %gc;, being in line with the liter-
ature [24,45,46]. Uncertainties associated with estimating plant costs
are assessed through the variation of annual capital costs within the
expected uncertainty range (—30/+50 %) [25].

The prices for continuously available electricity are estimated based
on the European average price (2008——2020) for non-household elec-
tricity contracts. This value is in the same range as the constant elec-
tricity supply from renewable power in the EU derived by [47]. As there
are currently no established markets for non-fossil Hy and CO,, the
prices are estimated based on current analyses of supply costs. Thus, Hy
and CO; prices are varied over a wide range assigned to supply costs

Table 4
Economic data and assumptions. (ACC: Annual capital cost, PV: Parameter
variation, RC: Reference case, WACC: Weighted average cost of capital)

Parameter Unit Value Reference
Plant Production [kt/a] RC: 100 | [-]
related capacity PV:10—200
(total fuel product)
Capacity [%] RC: 70 | PV: [-]
utilization” 35—100
Capital WACC (i) [%] RC: 6 | PV: 4-15 [8,44]
related Depreciation [a] 15 | 5—20 [45,46,51]
period ()
ACC uncertainty [-] 0.7-1.5 [25]
(Factor)
Costs H, [€2023/kg] RC: 5.0 | PV: [44,52]
3.0-7.0
CO, [€2023/kg] RC: 150 | PV: [48-50,53]
0-1,000
Electricity [€2023/ RC: 72 | PV: [47,54]
MWh] 40-190

 Capacity utilization of 70 % equals 6,132 annual full load hours.
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from different provisioning cases. The expected Hy supply cost depends
primarily on the production location and the transportation distance;
variations by a factor of more than two can result. For the reference case,
Hy prices are set according to European average supply costs for power-
based Hj. The expected cost range for COs is even greater. While CO,
can be provided without additional effort at advantageous point sources
[48], capture costs of more than 1,000 €/tco2 are currently realistic for
direct air capture (DAC) [49,50]. CO2 prices corresponding to capture
costs from a point source are assumed for the reference case. However, it
should be noted that the market will determine pricing more in the
future and that the supply costs represent a lower price limit here.

All costs are given in euro currency and adjusted according to the
chemical plant cost index (CEPCI) for 2023. The exchange rate is
1.19 US$/€ and is based on the average for the years 1999 to 2022 [55].
Additional data are provided in the supplementary material.

4. Results and discussion

In this section, the process simulation results are presented first
(section 4.1), serving as the basis for subsequent cost analysis. The costs
for the reference cases are analyzed in section 4.2. Subsequently, the
impact of the technical and economic parameter variation on kerosene
production cost (KPC) is depicted and discussed in section 4.3.

4.1. Process simulation results

The results of the process simulations, which form the basis for
calculating the variable operational expenditures and fixed capital in-
vestments, are presented as mass and electricity flows in Figs. 5 and 6.
Carbon and energy flow diagrams (incl. heat streams) as well as system
efficiencies under technical parameter variation, are described in the
supplementary material.

4.1.1. Fischer-Tropsch pathway

For the FT pathway, a specific hydrogen demand of 0.62 t/tx and
0.44 t/trp is observed. The CO, demand is 4.43t/tx and 3.16t/tyg.
Considering heat integration and internal power generation, the
external electricity demand (including heating requirements) amounts
to 3.38 MWh/tx and 2.41 MWh/trg, respectively. Notably, the high
power demand of the electrically heated RWGS reactor is evident, which
arises from both the endothermic RWGS reaction itself and the endo-
thermic reforming of light components (primarily CH4) from the syngas
recycle and the naphtha column headstream. The water produced dur-
ing the synthesis reaction is separated by condensation after the RWGS
reactor and decantation from the light condensate in the cold separator
after the FT synthesis.

4.1.2. Methanol pathway

The simulation of the methanol pathway shows specific hydrogen
demands of 0.58 t/tgx and 0.52 t/tyg. The CO5 demand is 4.12 t/tgx and
3.74 t/trp. Steam turbines can almost supply the entire electricity
required for the process by utilizing excess heat, as all main reactions in
the process are exothermic. The external electricity demand is
0.06 MWh/tgx and 0.05 MWh/trF, respectively. Oligomerization allows
for the direct recycling of unreacted olefins without the need for
reforming. However, material losses occur due to the absence of RWGS
(or further reforming options), as the resulting purge gas streams can
only be used for energy recovery. The direct CO2 conversion in methanol
synthesis leads to low conversion rates, resulting in large mass flows and
corresponding sizing requirements in the synthesis loop.

The higher kerosene selectivity of the MeOH pathway compared to
the FT pathway results primarily from the larger monomer building
blocks (ethene, propene), which can form hydrocarbons in the kerosene
fraction with fewer chain growth reactions (lower chain growth prob-
ability). This is further supported by light fractions recycled directly
without breaking the already-formed chains (supplementary material,
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section 4.3).
4.2. Production cost

Fig. 7 depicts the kerosene production costs of both pathways
(reference case) for both cost allocation methods. The left side of the
figure (KPCg) represents the allocation of costs solely to the kerosene
fraction without accounting for by-product revenues, therefore indi-
cating an upper cost limit. The right side represents the equal allocation

of costs across all fuel products (naphtha, kerosene, diesel fraction),
indicating a lower cost limit (KPCrg). The proportions of the individual
cost components shown are equal within both allocations. Electricity
production from internal heat conversion is offset against the external
electricity supply.

In the reference case, the FT pathway yields kerosene production
costs between 3,630 and 5,070 €/t, depending on the allocation
method/the by-product revenues, respectively. For the MeOH pathway,
costs are within a smaller range of 4,240 to 4,660 €/t. The costs of both
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pathways are dominated by the costs of Hp (FT: 61 %, MeOH 62 %) and
CO; supply (both 13 %). The shares of the remaining cost components
are distributed relatively evenly across the kerosene production costs.
The major difference between the cost distribution of the FT and MeOH
pathway lies in the electricity cost. The FT pathway requires signifi-
cantly more electricity (mainly for RWGS heating) than is supplied by
internal heat conversion. In contrast, the electricity demand and gen-
eration are almost equal within the MeOH pathway. The fixed capital
investments, resulting from the major equipment estimate used, are 150
M€ for the FT pathway and 240 ME€ for the MeOH pathway (see sup-
plementary material). The higher fixed capital investments required for
the MeOH pathway result mainly from the larger synthesis loop and the
higher pressure level of the methanol synthesis. Therefore, the resulting
share of annual capital cost is also slightly higher for the MeOH pathway
(9 %) than for the FT pathway(7 %).

Comparing both pathways’ kerosene production costs, the kerosene
production via the MeOH pathway results in lower costs when no rev-
enues from naphtha or diesel are considered (KPCx). However, consid-
ering all fuel fractions as (equally) valuable products, the FT pathway
enables significantly lower production costs (KPCrg). The first result is
caused by the high kerosene selectivity of the olefin oligomerization
(MeOH pathway). In contrast, the advantage of the FT pathway
regarding KPCry is due to the low material losses and, thus, the higher
total fuel production.

Fig. 8 depicts the kerosene production cost over varying by-product
revenues (BPR). Both of the above-described allocations can be found in
the figure.

KPCx occur at a by-product revenue of 0 €/tgp. KPCrp are located
where the kerosene production costs are equal to the by-product reve-
nues. Due to the larger by-product quantity, the kerosene production
costs of the FT pathway in the analyzed plant concepts are significantly
more dependent on the by-product revenues. Equal kerosene production
costs for both pathways (KPC eq.) occur at a by-product revenue of
around 1,370 €/tgp. The respective kerosene production costs are
4,530 €/t. Below this value, the MeOH pathway enables lower kerosene
production costs; at higher by-product revenues, the FT pathway enables
cheaper kerosene production. In other words, the MeOH pathway would
be economically beneficial only for kerosene market prices, which are
3.3 times higher than naphtha or diesel prices. Optimizing the process
concepts toward maximized naphtha or diesel production would be
economically beneficial if higher revenues are achieved for the by-

e KPC-FT e KPC-MeOH & KPCeq. A KPCk m KPCre

51500 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
5,000 2 L
4,500 - L

4,000 - L
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Fig. 8. Kerosene production cost of the Fischer-Tropsch and methanol pathway
under varying by-product revenues. (FT: Fischer-Tropsch pathway, MeOH:
Methanol pathway, eq.: equal, KPC: Kerosene production cost, KPCy: Kerosene
production cost from kerosene allocation, KPCrg: Kerosene production cost
from total fuel allocation)

products than for kerosene.
4.3. Parameter variation

In simulation-based techno-economic analyses, the cost calculation
results strongly depend on the underlying technical and economic
concepts and assumptions. The variation of key parameters is analyzed
below to show the respective impacts on kerosene production costs and
to determine realistic cost ranges for power-based fuel production.

4.4. Technical parameters

The results of the technical parameter variation are shown in Fig. 9.
The solid lines represent the kerosene allocation (KPCy), i.e., excluding
by-product revenues, and the dashed lines show the cost allocation to
the total fuel fraction (KPCyp). In the FT pathway, the chain growth
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probability within the FT reactor and the degree of hydrocracking, i.e.,
single (pri.), double (sec.), and triple (tert.) cracking possibility per
reactor pass, are varied as higher-level process parameters (see section
3.1). The diagram indicates that both parameters have almost no impact
in the varied range when costs are allocated to the total fuel product —
meaning KPCrr stay nearly constant. This is due to the fact that while the
relative proportions of the fuel fractions shift, the overall quantity of fuel
produced remains nearly constant. However, energy demand and wax
distillation costs increase slightly with increasing chain growth proba-
bility, while the energy demand of the RWGS reactor increases with
decreasing chain growth probability (increasing recycling of light
gases). This leads to minimal KPCry at chain growth probabilities around
0.9. Mild hydrocracking (pri. HC) and high chain growth probabilities
increase the kerosene fraction, reducing kerosene production costs
within kerosene allocation (KPCg).

Within the MeOH pathway, KPCx and KPCrp are strongly affected by
the varied parameters of olefin selectivity (Sp) and oligomerization
chain growth probability since total fuel and kerosene yield change
significantly. Generally, low chain growth probabilities and high olefin
selectivities positively affect technical efficiencies and kerosene pro-
duction costs. A comparison of the economic results with the technical
results (supplementary material) reveals a strong correlation between
the production costs and the process efficiencies. As in the FT pathway,
the KPCryp are less affected by the chain growth probability as this
parameter mainly changes the proportions of fuel fractions. However,
with high probabilities of chain growth, an increasing wax fraction oc-
curs, reducing the overall amount of fuel produced. Low chain growth
probabilities increase the kerosene selectivity of the overall process as
less diesel and waxes are produced. The increasing naphtha fraction is
recycled, thus increasing the energy input and dimensioning of the
oligomerization loop. However, this is more than compensated for by
the higher efficiency of the process in terms of kerosene production. A
higher olefin selectivity directly reduces the amount of purge gas and
increases the overall process efficiency.

The methanol pathway shows lower kerosene production costs over
a wide range of parameter variations when no revenues for naphtha or
diesel are considered (KPCx). This is due to the higher kerosene selec-
tivity compared to the FT pathway, making by-product revenue less
critical. However, cost allocation to all fuel products (KPCrp) shows
lower production costs within the FT pathway that cannot be reached by
the methanol pathway, even under the most favorable assumptions.

Within the FT pathway, the KPCk varies from 4,630 to 5,770 €/t (RC:
5,070 €/t; —9 %, +14 %). KPCrr change is minimal from 3,630 to
3,670 €/t (RC: 3,630 €/t; —0 %, +1 %). The variation is much stronger
in the MeOH pathway, where KPCx varies from 4,080 to 5,710 €/t (RC:
4,660 €/t; —12 %, +22 %) and KPCyr changes from 3,920 - 4,640 €/t
(RC: 4,240 €/t; —8 % +10 %).

4.5. Economic parameters

Fig. 10 shows the kerosene production cost under the variation of
four economic parameters. The solid lines represent the kerosene allo-
cation (KPCg), and the dashed lines show the total fuel allocation
(KPCrtg). The influence of the economic parameters analyzed here on the
MeOH pathway is slightly more significant, as the fixed capital in-
vestments are higher. However, within the expected parameter ranges,
the MeOH pathway always enables lower kerosene production costs
when no by-product revenues are assumed (KPCg), while the FT
pathway allows for lower kerosene production costs when all fuel
fractions are assumed to have the same value (KPCrtg).

4.5.1. Weighted average cost of capital

Within the FT pathway, the KPCk varies from 5,020 to 5,320 €/t (RC:
5,070 €/t; —1 %, +5 %). The KPCry varies between 3,590 and 3,800 €/t
(RC: 3,630 €/t; —1 %, +5 %). KPCk in the MeOH pathway varies from
4,600 to 4,970 €/t (RC: 4,660 €/t; —1 %, +7 %), and KPCrr changes
between 4,190 and 4,520 €/t (RC: 4,240 €/t; —1% +7 %). The
weighted average cost of capital depends on plant location and
numerous further factors. However, the WACC has a minor impact on
kerosene production costs since annual capital costs only contribute a
small fraction of overall costs. This parameter is typically much more
important for very capital-intensive production processes (e.g., elec-
tricity generation, water-electrolyzer).

4.5.2. Depreciation period

Within the FT pathway, the KPC varies from 5,030 to 5,470 €/t (RC:
5,070 €/t; —1 %, +8 %), and the KPCryf ranges from 3,590 to 3,910 €/t
(RC: 3,630 €/t; —1 %, +8 %). Again, the MeOH pathway is slightly more
affected, with KPCy between 4,600 and 5,170 €/t (RC: 4,660 €/t; —1 %,
+11 %) and KPCrp varying from 4,190 to 4,700 €/t (RC: 4,240 €/t;
—1%, +11 %). The length of the period assumed for investment
depreciation has a non-linear influence on the kerosene production
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Fig. 10. Kerosene production costs under economic parameter variation. (FT: Fischer-Tropsch pathway, MeOH: Methanol pathway, K: Kerosene allocation, TF: Total
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costs. Considerable cost increases particularly occur for amortization
periods of less than ten years. For amortization periods longer than ten
years, the effect is limited due to the relatively small share of annual
capital cost within the kerosene production cost.

4.5.3. Annual capital cost

The major equipment estimate method used for fixed capital in-
vestment calculation, by definition, has an accuracy of —30/+50 %,
which is reflected here using the fixed capital investment (FCI) deviation
factor. The kerosene production costs change linearly and relatively flat.
Within the FT pathway, KPCx increase from 4,970 to 5,240 €/t (RC:
5,070 €/t; —2 %, +3 %), and the KPCrr increase from 3,560 to 3,750 €/t
(RC: 3,630 €/t; —2 %, +3 %). Due to the higher fixed capital investment
required for the MeOH pathway, KPCx and KPCrr change slightly
stronger from 4,540 to 4,870 €/t (RC: 4,660 €/t; —3 %, +5 %) and 4,120
to 4,430 €/t (RC: 4,240 €/t; —3 %, +5 %) respectively.

4.5.4. Capacity utilization

Capacity utilization is decisive for the amount of product produced
to which all fixed costs are related. Accordingly, the impact on kerosene
production cost is non-linear and increases in particular at low utiliza-
tions. Within the FT pathway, KPCx and KPCyr can be decreased to
4,970 and 3,560 €/t (—2 % of RC) when nominal load production can be
achieved over the entire year. However, the Hy supply from fluctuating
power-based electrolysis might only be made available constantly at
much higher prices, making lower capacity utilization economically
favorable at certain times. A lower utilization at constant feedstock
prices can increase the KPCk and KPCrr up to 5,410 €/t and 3,870 €/t
(+7 %). The same applies to the MeOH pathway, where KPCx varies
from 4,540 to 5,090 €/t (RC: 4,660 €/t; —3 %, +9 %), and KPCrp varies
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from 4,120 - 4,630 €/t (RC: 4,240 €/t; —3 % +9 %). The influences of
feedstock prices are depicted in Fig. 11.

4.5.5. Hj price

Within the assumed H» price range, KPCx and KPCry vary between +
24 % (FT) and + 25 % (MeOH) of the reference case cost. For the FT
pathway, the KPCk ranges from 3,830 to 6,310 €/t and the KPCry from
2,740 to 4,510 €/t. Within the MeOH pathway, the cost ranges from
3,510 to 5,810 €/t and 3,190 to 5,290 €/t, respectively. Power-based Hy
production is expensive due to the high electricity demand and the high
capital investments for the electrolyzer. Furthermore, a significant
amount of Hy is required since it is the main energetic input within the
analyzed process pathways. Accordingly, the Hy price has a high impact
on the KPC.

4.5.6. CO price

Even if the specific prices of H; are significantly higher than those of
COq, the CO; price equally influences the kerosene production costs.
This is due, on the one hand, to the (mass-related) higher demand for
CO2 and, on the other hand, to the potentially vast price range
depending on the supply option and the market development. Possible
cost reductions, for example, if pure CO, is produced as a waste product
without alternative use (0 €/tco2), can lead to reduced costs of 13 %
compared to the reference cases. In contrast, CO» prices that refer to the
provision costs via DAC, currently lying around 1,000 €/tcoy, increase
the kerosene production cost by 74 % (FT) and 75 % (MeOH) compared
to the reference case. The KPCy in the FT pathway ranges from 4,410 to
8,830 €/t. The KPCrr increases from 3,150 — 6,320 €/t. Within the
MeOH pathway, KPCx and KPCyg vary from 4,040 to 8,160 €/t and
3,680 — 7,420 €/t, respectively.
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Fig. 11. Kerosene production cost under feedstock price and nominal production capacity variation. (FT: Fischer-Tropsch pathway, MeOH: Methanol pathway, K:

Kerosene allocation, TF: Total fuel allocation, RC: Reference case)

4.5.7. Electricity price

The influence of electricity prices affects both pathways in very
different ways. While MeOH-based production requires almost no
external electricity and is therefore widely independent from the elec-
tricity price, the variation carried out here results in changes between
—2and + 8 % (KPCk 4,960 to 5,470 €/t; KPCrr 3,550 to 3,910 €/t) in the
FT pathway. At an electricity price of around 330 €/MWh and higher,
the MeOH pathway would be cheaper even if the costs are allocated to
total fuel product (KPCrp). However, such high electricity prices seem
unlikely for industrial customers.

4.5.8. Nominal plant capacity

The nominal plant capacity variation depicts the effects of scale on
the kerosene production cost. A strong effect of the realized plant sizes
can be seen between 10 and 50 ktyr/a. Decreasing equipment size and
thus increasing specific equipment costs lead to a significant rise in the
share of annual capital costs, particularly for plant capacities below
30 kttg/a. In contrast, between 100 and 200 ktrg/a, further cost re-
ductions are minimal, among others, as some components reach stan-
dard industrial equipment’s capacity limits. While in both production
cases, only minor cost reductions can be expected through further
upscaling (based on the cost method used here, 3 % (FT) to 2 %
(MeOH)), the costs for very small-scale systems can lead to production
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cost increases clearly above 30 % compared to the reference case.
5. Summary and discussion

The different influences from parameter variation on the kerosene
production costs are depicted in Fig. 12. The left diagram depicts the
kerosene production costs excluding by-product revenues (KPCk), while
the right diagram presents the costs derived by total fuel allocation
(KPCrp). Depending on the allocation method/by-product value and the
assumed parameters, the kerosene production costs are predominantly
between 3,500 and 5,500 €/t. The figure shows that Hy and CO; prices
determine kerosene production costs significantly within both path-
ways; thus, price changes lead to high cost variations. In particular, CO,
prices equivalent to the current supply costs via direct air capture can
nearly double kerosene production costs compared to applying CO»
supply cost from point sources. The plant’s production capacity also
significantly affects kerosene production costs within 10 to 50 ktrp/a
range. Here, economy-of-scale effects result in a significant cost increase
for small-scale production facilities.

Technical parameter variations considerably influence the kerosene
production cost of both pathways when no by-product revenue is
considered (KPCg). However, when naphtha, kerosene, and diesel are of
equal value (total fuel cost allocation, KPCrg), only the MeOH pathway
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Fig. 12. Comparison of parameter variation impacts on kerosene production cost. (FT: Fischer-Tropsch pathway; MeOH: Methanol pathway; KPCy: Kerosene pro-
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is affected by technical parameter variation. The economic parameters
varied (depreciation period, weighted average cost of capital, fixed
capital investment, capacity utilization) show a lower effect on kerosene
production cost, with the MeOH pathway being slightly more sensitive
due to its higher plant costs. The electricity price only affects the FT
pathway since the MeOH pathway has hardly any external electricity
demand. However, lower KPCrr only result for the MeOH pathway when
applying very high electricity prices of 330 €/MWh and more.

Concerning the technical parameters, the MeOH pathway shows
more significant uncertainties than the FT pathway. Based on the utili-
zation of fossil syngas, the FT pathway is commercially used for the
synthetic production of various fuels and has been extensively studied
and described in the literature [35,36,56-59]. The chain growth prob-
ability and hydrocracking intensity can be adjusted through appropriate
catalysts and process conditions, making a further maximization of the
kerosene fraction (as shown in the parameter variation) feasible. In
contrast, there is significantly less data available in the literature for
methanol-based kerosene production, while various process concepts
are proposed, particularly regarding the combination of dehydration
and oligomerization [21,22,60]. As a result, the modeling is based on a
much smaller data set compared to the FT pathway, leading to greater
uncertainties. Therefore, the results from the parameter variation rather
represent an uncertainty range surrounding the reference case.

Further uncertainties exist about calculating plant costs (fixed capi-
tal investment) using the module costing technique. Although this
method has relatively high accuracy (—30/+50 %), corresponding
functions are not available in the literature for all types of equipment
and process conditions, which can result in larger deviations. The
limited validity range of the functions severely restricts a statement
beyond the varied size range. Even if the cost reduction slowly flattens
out between capacities of 100 and 200 ktrg/a, further cost reductions
can potentially occur in larger-scale projects, even if this cannot be
evaluated with the cost functions used here [35]. Since many of the fixed
operational expenditures are calculated on the basis of fixed capital
investments, such uncertainties also apply to parts of these costs.
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6. Conclusion

The successful market integration of power-based aviation fuels ne-
cessitates a thorough understanding of the cost structure and the key
factors influencing kerosene production costs. This study presents a
comprehensive cost analysis of kerosene production from power-based
syngas, comparing two different plant concepts, one using the Fischer-
Tropsch synthesis and hydrotreatment, the other applying direct meth-
anol synthesis with downstream dehydration and oligomerization. Two
cost allocation methods are applied to address uncertainties associated
with unpredictable by-product revenues. Allocating costs solely to the
kerosene fraction, without considering by-product revenues, establishes
the upper cost limit (KPCg), while allocating costs across the total fuel
fraction, resulting in equal production costs for all fuel products, defines
the lower cost boundary (KPCrg). Novel findings result from the detailed
comparison of the process pathways based on the same framework
conditions and extensive parameter variation.

The main conclusions that can be drawn with regard to the analyzed
process concepts in the reference case can be summarized as follows:

e Applying the above-mentioned cost allocations reveals a signifi-
cantly lower impact of achievable naphtha and diesel revenues on
the kerosene production cost in the MeOH pathway due to its high
kerosene selectivity. In contrast, kerosene production costs in the FT
pathway are more sensitive to variations in by-product revenues,
ranging from 3,630 to 5,070 €/t, while in the MeOH pathway, by-
product price-related cost changes range from 4,240 to 4,660 €/t.

e Due to its high material efficiency, the FT pathway becomes ad-
vantageous compared to the MeOH pathway already at by-product
revenues equivalent to 30 % (1,370 €/t) of the associated kerosene
production costs (4,530 €/t); i.e., kerosene must be 3.3 times more
valuable than naphtha and diesel to result in lower kerosene pro-
duction costs for the MeOH pathway.

Analyzing the parameter variations yields the following results for
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the plant concepts investigated here:

e Variations in technical parameters have a more significant impact on
the MeOH pathway than on the FT pathway. Both, a more limited
availability of process modeling data and a greater sensitivity to the
varied parameters cause a higher uncertainty for the MeOH pathway
— the KPCx ranges from —12 to + 22 %, and the KPCrg from —8 to +
10 %. Within the FT pathway, KPCx and KPCry vary only by —8 to +
13 % and O to 1 %, respectively.

In general, KPCs strongly correlate with technical efficiencies, with
changes in plant investment (e.g., due to larger equipment di-
mensions) having only a minor effect on overall costs.

The Hy and CO prices have the most significant influence on kero-
sene production costs. Lowering the costs of Hy production can
reduce kerosene production costs by up to 25 % (within the expected
Hj price range). CO price, especially in the range of current DAC
costs, can increase kerosene production costs by up to 75 %
compared to price levels referring to point source carbon capture
costs.

Since a broad data basis is already available for modeling the
industrially established FT pathway and the higher-level process pa-
rameters (chain growth probability, hydrocracking intensity) are largely
adjustable, the parameter variation results can be considered as a
feasible optimization range. The MeOH pathway has significantly
greater uncertainties due to the lack of industrial validation and the
smaller data basis. Therefore, the results from the parameter variation
primarily represent the uncertainties rather than the practically
achievable optimization range.

In conclusion, based on the analyzed kerosene production costs,
which primarily range between 3,500 and 5,500 €/t, power-based
aviation fuels are expected to be significantly more expensive than
most biomass-based kerosene alternatives. The primary cost drivers are
found upstream of the synthesis process, i.e., Hy production and
potentially CO2 supply. Thus, the efficiency of feedstock utilization be-
comes even more important. This suggests that extensive measures to
enhance feedstock conversion efficiency could be economically viable
despite increasing plant complexity. Therefore, further studies are
needed to develop and optimize concepts with maximized feedstock
utilization and kerosene yield.
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