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Gasification Fischer-Tropsch and Hydrothermal

Liquefaction

MW ter Heide, AE Master Student

Delft University of Technology, Delft, Netherlands

Decarbonizing the aviation industry has become a major focus of attention, which still is
99.7% reliant on fossil-based fuel. A promising solution is the production of Sustainable Avia-
tion Fuel (SAF) from secondary biomass feedstocks such as forestry residues. For the Nether-
lands, studies estimate a substantial supply of forestry residues for bioenergy purposes by
2050. This study addresses the question under which conditions SAF production from forestry
residues can become economically feasible in the Dutch context. Thermochemical pathways
including Gasification Fischer-Tropsch (GFT) and Hydrothermal Liquefaction (HTL), fol-
lowed by dedicated SAF refinery processes, offer potential conversion routes. However, a
comparative techno-economic analysis for this context is lacking, and existing studies often
neglect the effects of technological learning and CO, capture and storage on performance
outcomes. This study evaluates feasibility by comparing the techno-economic performance of
GFT and HTL. Process designs for both pathways are developed and these are side-by-side
assessed on technical performance, cost structure, sensitivity to key parameters, and two po-
tential scenarios. Results show that HTL achieves 47% higher SAF yields (18.3%) and a lower
minimum fuel selling price (MFSP) of €1.03/L compared to GFT (10.2% yield and €1.49/L
MEFSP). Nonetheless, under the base scenario both pathways remain uncompetitive with fossil
kerosene (€0.50/L). However, under the optimum progressive scenario, HTL achieves com-
petitiveness with an MFSP of €0.30/L, while GFT reaches €0.50/L, positioning HTL as the
more promising pathway in the Dutch context. However, supportive policy frameworks are

needed to accelerate deployment of these technologies.

1 Introduction

Pre-COVID, direct greenhouse gas (GHG) emissions
from the transport sector accounted for 23% of total global
emissions, with aviation responsible for 12% of transport-
related emissions [1]. Following a brief decline, CO, emis-
sions are projected to surpass their 2019 levels by 2025 [2].
This trend is driven largely by the sector’s near-total re-
liance (99.7%) on fossil-based kerosene and the growing
demand for air travel [3]. Reducing air travel demand is of-
ten viewed as a difficult and short-sighted measure, making
the transition away from fossil fuels a more viable decar-
bonization strategy for the short- and long term.

Promising non-emitting propulsion technologies, such
as electric aircraft for short-haul flights and hydrogen
propulsion for medium-haul flights, offer potential solu-
tions [4, 5]. However, these technologies remain far from
large-scale deployment. In the short term, the most viable

approach is to transition the fuel source from fossil-based
kerosene to renewable alternatives, collectively known as
Sustainable Aviation Fuel (SAF) [6]. Growing interest in
SAF is driven by international policy targets mandating its
progressive blending with fossil kerosene. In particular, the
European Union’s ReFuelEU Aviation mandate requires
that SAF usage at EU airports increase from 2% in 2025
to 70% by 2050 [7].

A readily available short-term option for SAF produc-
tion is the use of waste and residue lipids, such as used
cooking oil (UCO) or animal fats. These feedstocks can
be converted into fuels via the hydroprocessed esters and
fatty acids (HEFA) pathway, which involves relatively sim-
ple cleaning and filtering steps. Multiple HEFA produc-
tion facilities are already operational [8, 9]. However, feed-
stock availability is limited, making HEFA suitable only
for meeting short-term SAF demand. Blanshard et al. [10]
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estimate that HEFA could supply at most 8% of global SAF
demand by 2050.

Beyond HEFA, early-generation biofuels derived from
food crops have also been proposed. However, these fu-
els are associated with several drawbacks, including net
energy losses, increased GHG emissions, and rising food
prices [11]. These concerns have shifted attention toward
the development of advanced biofuels produced from non-
food feedstocks. Among these, lignocellulosic feedstocks,
particularly forestry residues, are well studied and offer
several advantages, including high feedstock availability,
relatively low cost, low ash content, and the ability to pro-
duce high-quality oil [12].

These feedstocks can be converted into biofuels through
several thermochemical conversion technologies cur-
rently under development, including Gasification Fischer-
Tropsch (GFT), Hydrothermal Liquefaction (HTL), and
Fast Pyrolysis (FP). In GFT, the feedstock is first dried
and reduced in size to optimize process efficiency and
fuel yield. The pretreated feedstock is then converted into
syngas, a mixture of CO and Hj, through partial oxidation
at high temperatures (600-1000°C). This syngas under-
goes catalytic FT synthesis to produce syncrude, which
can be subsequently refined into fuels. In HTL, the feed-
stock is mixed and preheated with water to form a slurry,
which is maintained at elevated temperature and pressure
(300—400°C, 50-200 bar) to break down complex biomass
structures into a bio-oil product that requires upgrading.
HTL is particularly effective for feedstocks with high
moisture content, as water serves as the reaction medium
[13]. This makes HTL well suited for forestry residues,
which typically contain around 50% moisture [14, 15, 16].
In FP, the feedstock is also dried and reduced in size as
pretreatment. The biomass is then rapidly heated in the
absence of oxygen (450-600°C), producing bio-oil, non-
condensable gases, and char, with bio-oil serving as the
primary product for subsequent upgrading [17].

Comparative studies indicate that GFT outperforms FP
in terms of mass (14% vs 9%) and energy yields (43% vs
26%) as well as SAF production price for biomass-to-SAF
conversion (€2.58/L vs €3.78/L) [18, 19]. Similarly, HTL
has been shown to outperform FP in mass (14% vs 12%)
and energy balances (62% vs 54%) and biofuel produc-
tion price for biomass-to-biofuel conversion (€0.62/L vs
€0.96/L) [15, 20]. Based on these early findings, this study
focuses on the comparison of GFT and HTL for SAF pro-
duction.

The oil products generated by these processes, syncrude
from GFT and bio-oil from HTL, do not yet meet the spec-
ifications of drop-in SAF. Therefore, additional upgrading
steps in a subsequent refinery process are required to meet
SAF standards. This is followed by product separation into
fractions for jet fuel, and gasoline.

Several studies have assessed the techno-economic per-
formance of biomass conversion for individual pathways.
Tzanetis et al. [20] analyzed biomass-to-biofuel con-
version via HTL by considering changes in three reac-
tion variables such as catalyst use, temperature, and cat-
alyst/biomass mass ratio. Processing capacity was set to

2025 August

2050 Outlook for Forestry Residue-Based SAF in the Netherlands

1000 tgp/d and internal hydrogen production was incor-
porated for internal refinement utilization. Although the
product mix included SAF, no refinery design for maxi-
mizing SAF output was considered. Production costs were
reported, but the analysis lacked key financial metrics such
as the internal rate of return (IRR) and did not calculate
the minimum fuel selling price (MFSP). Snowden-Swan
et al. [21] studied a HTL plant (100 tqy,/d) located next to
a waste water treatment plant for converting waste water
slurries into hydrocarbon blendstock. Internal hydrogen-
and electricity production is incorporated in the design.
It provides a more comprehensive economic analysis, re-
porting an MFSP of €0.80/L, but focused exclusively on
diesel and naphtha rather than SAF. Kumar et al. [22] tar-
geted SAF production from waste-water grown algae via
HTL. No internal electricity- or hydrogen production was
included. The study resulted in a MFSP of €2.04/L; how-
ever, this study considered a first-of-a-kind (FOAK) plant
with a processing capacity of 100 tgy/d. In contrast, Deu-
ber et al. [23] assessed a commercial-scale HTL SAF plant
(1,124 tgp/d) located in Brazil using sugarcane residues
with internal hydrogen production, and reported an MFSP
between €1.02/L and €1.20/L.

For GFT, more studies have been conducted specifi-
cally on SAF production at commercial scale. Michailos
et al. [24] designed a commercial scale plant (2400 tq,/d)
with a combined heat and power (CHP) system and Tanzil
et al. [25] designed a commercial scale plant (1032 tqy,/d)
with electricity production. They reported MFSP values of
€1.97/L and €1.65-2.37/L, respectively.

Fewer studies directly compare GFT and HTL. Zhu
et al. [14] and Tanzer et al. provide comparative analy-
ses, but neither study specifically targeted SAF production.
Zhu et al. considered a commercial-scale plant of 2000
tap/d forestry residue feed with a steam cycle acting as
a CHP system. It reported a diesel price of €0.97/L and
€0.54/L for GFT and HTL respectively. Tanzer et al. an-
alyzed a FOAK plant (500 tq,/d) where nine agroforestry
residue feedstocks were considered. The process included
a’cogeration’ system for GFT and HTL where electricity is
produced from waste gases and solids. HTL also included
a hydrogen production plant. The study did not include an
IRR in their calculations, limiting the assessment of finan-
cial feasibility.

Overall, literature lacks a comparative study that evalu-
ates both GFT and HTL with a focus on maximizing SAF
production in a techno-economic context. Existing studies
generally assume plants operating in the year of analysis,
which may not reflect future market conditions, as most
SAF facilities are expected to be commissioned after 2030
in response to regulatory-driven demand growth. Addition-
ally, most studies assume that offgases containing CO; are
vented to the atmosphere. With the implementation of the
EU Emissions Trading System (EU ETS) [26], large emit-
ters are being incentivized to mitigate CO, emissions, yet
this is rarely incorporated into process designs.

Given the lack of studies for the Dutch situation, the
scale of Schiphol Airport, and the frontrunner position of
KLM Royal Dutch Airlines in SAF adoption, which uses
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Fig. 1. The methodology comprises of three sequential phases
Evaluation.

Schiphol as its home base, it makes it an interesting loca-
tion for SAF production [27].

Boosten et al. [28] projected the future availability of
woody biomass in the Netherlands under multiple scenar-
ios for 2050. The study estimated an annual supply of 1,324
kilotons (dry basis) of woody biomass for bio-energy ap-
plications.

Theoretically, this biomass could supply up to 4.4% of
the Netherlands’ total SAF demand in 2050, based on re-
ported biomass-to-SAF yields available in literature [29,
18]. However, fuel yield alone is insufficient to assess the
viability of these pathways.

The potential of these technologies to scale SAF pro-
duction ultimately depends on their economic feasibility
and competitiveness with fossil-based jet fuel (Jet Al)
and HEFA-based fuel, which is priced at approximately
€0.50/L and €1.67/L respectively [30].

This study evaluates and compares the techno-economic
feasibility of gasification Fischer-Tropsch (GFT) and hy-
drothermal liquefaction (HTL) pathways for producing
SAF from forestry residues in the Netherlands by 2050,
with consideration of CO, mitigation and including tech-
nological learning rates.

System and process designs for both pathways were de-
veloped by aggregating and adapting designs, while ensur-
ing streamlined process assumptions, from current litera-
ture. This was complemented with updated process vari-
ables and additional process units to make the design more
representable for the current standard. The SAF refinery
design was further refined using dedicated simulations
and experimental data from literature. Finally, the techno-
economic feasibility is assessed by a side-by-side assess-
ment of technical- and economic performance, sensitivity
to key parameters, and performance under different sce-
narios. And thereby offering insights into which pathway
is more feasible in the Dutch context.

: Technical Modeling, Economic Modeling, and Techno-Economic

2 Methodology

The methodology used for the techno-economic analysis
is outlined in Figure 1. The approach comprises three se-
quential phases: Technical Modeling, Economic Modeling,
and Techno-Economic Evaluation.

Technical modeling is conducted to qualitatively define
the system boundaries, and to quantitatively describe the
process designs of two pathways: Gasification Fischer-
Tropsch (GFT) and Hydrothermal Liquefaction (HTL).

The modeling begins with a system definition containing
assumptions and system boundaries. Assumptions include
decision on thermochemical pathway (GFT and HTL with
SAF refinery), geographic location (Netherlands), tempo-
ral context (2050), economic base year (2024), process
scale (N"-of-a-kind plant: 2000 tg,/d), operating hours
(8000 h/y), feedstock (forestry residues), and target prod-
uct (SAF). These assumptions are established to contextu-
alize the system. System boundaries determine which unit
operations are included or excluded, meaning which oper-
ations are designed and which are only accounted for in the
economic model.

Once the system was defined the process designs were
developed by sourcing unit process data from literature.
Data of different literature sources were evaluated for sim-
ilar process assumptions to ensure that the aggregated data
represents a coherent unit process design. Selection of data
focused on finding similar data quality for both pathways,
and standardization was prioritized above optimization of
individual pathways. Gaps in the process design were filled
with data from self simulated Aspen Plus models, for ex-
ample the SAF refinery designs. Aspen Plus® Version 12
was used with Peng—Robinson equation of state as the
property method for modeling the GFT SAF refinery, while
the NRTL-RK model is applied for the HTL SAF refinery.

The process designs were quantitatively evaluated in
a spreadsheet model developed in Microsoft Excel®.
The following sections frequently reference this spead-
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sheet model (Appendix A). An unit process approach was
adopted, meaning a step-by-step description of process
variables, mass- and energy balance, and utilities, per unit
process block. It ensures a consistent level of detail across
all blocks. The process simulates a single operational train,
defined as one hour of continuous operation at a feedstock
throughput of 2,000 tqy/d.

The process designs that are quantitatively described in
the spreadsheet model yield the mass and energy balances.
Then the utility profile, which represents consumption and
production of utilities, such as electricity/steam/cooling
water, is required for obtaining operational expenditures
(OpEx) breakdown. Finally, performance indicators such
as mass yields, carbon efficiency, thermal efficiency and
E-factor can be calculated.

Economic modeling translates the technical model into
a detailed breakdown of revenues and costs over a 20-year
project lifetime. As novel technologies typically experi-
ence cost reductions through technological learning, these
effects are incorporated on projections for an operational
start date by 2050 [31]. Combined with the utility pro-
file and data obtained from literature and Aspen Plus®
Economic Analyzer (APEA), the model enables estima-
tion of OpEx and capital expenditures (CapEx). The eco-
nomic model structure is identical for both the GFT and
HTL pathways. However, the underlying technical differ-
ences between the two thermochemical technologies lead
to different parameter values within the model.

The economic performance is evaluated using a Dis-
counted Cash Flow Rate of Return (DCFRR) method,
where the minimum fuel selling price (MFSP) is calculated
by setting the Net Present Value (NPV) to zero, including
an Internal Rate of Return (IRR).

The techno-economic evaluation integrates and assesses
the technical and economic results from the preceding
phases by conducting a side-by-side comparison of the
GFT and HTL pathways. Sensitivity analyses are per-
formed to evaluate the impact of key technical and eco-
nomic parameters as well as the effect of increasing pro-
cess scale, leading to economies of scale. Subsequently,
two future-oriented scenarios are analyzed to explore po-
tential variations in MFSP, and required subsidy incentives.
Finally, an uncertainty analysis was performed to assess the
strengths, weaknesses and uncertainties of the data used as
input for the technical and economic model.

The spreadsheet model was structured with a paral-
lel data architecture to ensure that both thermochemical
pathways were evaluated using a standardized set of as-
sumptions and parameters. This design facilitates consis-
tent comparison and enables rapid evaluation of alternative
inputs. The integration of process and economic models
ensures that modifications in the process model are auto-
matically reflected in the economic outputs.

3 Technical Modeling

The system definition is represented by a set of assump-
tions and boundaries. The economic base year is set to
2024, as it is the most recent year with available infla-
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tion data. The monetary value used is the Euro (€). To the
extent that data availability allowed, price levels and eco-
nomic assumptions were aligned with economic conditions
in the Netherlands. The system is designed for an n"-of-
a-kind (NOAK) plant operating from 2050, representing
a commercial-scale facility with a processing capacity of
2,000 tons of dry biomass per day and an annual operating
time of 8,000 hours.

Figure 2 defines the system boundaries for both thermo-
chemical pathways, distinguishing between processes that
fall within and outside the modeled system. While no pro-
cess designs are developed for operations outside the sys-
tem boundary, such as CO; storage and waste(water) treat-
ment, their associated costs are included in the economic
model as part of the OpEx. This section describes the pro-
cesses included within the system boundaries of both the
GFT and HTL pathways. It provides a step-by-step expla-
nation according to the process flow design presented in
Figure 3, with each stage referenced by its corresponding
unit process block section labeled as Block.

The SAF refinery designs for both the GFT and HTL
pathways take into account that jet fuel specifications are
not highly restrictive with respect to molecular composi-
tion. The key composition-related criteria for refining jet
fuel from FT synthesis include a freezing point below
—470C, a carbon number range of C9—C15, and an aromatic
content between 8-25 vol% [32].

3.1 Feedstock availability

As outlined in Figure 2, both thermochemical pathways
consider biomass forestry residues as feedstock. GFT pro-
cess design is mainly based on the design by Zhu et
al. [14], which utilizes hybrid poplar wood as the feed-
stock. In contrast, the HTL rely on the work of Tews et
al. [15], where chipped forest residues are employed. The
ultimate analyses of both feedstocks are presented in Ta-
ble 1, demonstrating comparable chemical compositions.
This similarity confirms the suitability of the selected feed-
stocks for cross-technology comparison.

Table 1. Ultimate analysis of feedstocks for GFT (Hybrid
Poplar Wood) and HTL (Chipped Forest Residue).

Hybrid Poplar Chipped For-

Wood* est Residue®
Composition, db¢ (wt%)
Carbon 50.60 50.90
Hydrogen 6.08 6.00
Oxygen 40.75 41.30
Nitrogen 0.61 0.30
Sulfur 0.02 0.03
Chloride 0.01 0.00
Ash 1.93 1.50
Other properties
Moisture content (wt%)  50.00 50.00
HHV (MJ/kg, db°) 18.81 20.40

a[14] Y[15] Cdry basis
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Fig. 2. System definition outlining the system boundaries.

3.2 Gasification Fischer-Tropsch

The resulting GFT process design is shown at the top of
Figure 3. Corresponding to Figure 2, the following sections
describe each process: Blocks 1-3 cover the pretreatment
process, Blocks 4—10 the Gasification Fischer-Tropsch pro-
cess, Block 12 the steam generation process, Block 13 the
CO; capture process, and Block 11 the SAF refinery.

Block 1-3: According to Table 1, the incoming feed, hy-
brid poplar wood, contains a moisture content of 50 wt%.
Prior to gasification, this must undergo pretreatment oper-
ations. The moisture content must be reduced to 12 wt%.
Drying is achieved using internal heat recovered from the
gasification process. Following drying, the feedstock is
subjected to grinding in order to increase its reactivity [11].
A particle size of 5 mm is assumed for the grinding step
[33]. The dried and ground biomass is then fed into an in-
directly heated gasifier.

Block 4-5: The indirectly heated gasifier consists of two
coupled reactors: a gasifier, where feedstock is converted
using hot sand and steam, and a combustor, where resid-
ual char is combusted to reheat the sand before re-entering
the gasifier. In this study, the entire indirectly heated gasi-
fication system is modeled as a single unit process block.
The gasification reactor operates at 870 oC and 1.6 bar
[34, 35]. The primary gaseous output, syngas, is a mix-
ture containing hydrogen (H;) and carbon monoxide (CO),
which are the target compounds for Fischer-Tropsch (FT)
synthesis. It also includes carbon dioxide (CO;), methane
(CHy), light hydrocarbons, tars, sulfur compounds, water
vapor, and ammonia. Although tars are generally undesir-
able for downstream processes, they contain valuable car-
bon and hydrogen, which can be recovered. To facilitate
this, tars are converted into H,, CO, and light hydrocarbons
in a tar reformer [34].

Block 6-7: The raw syngas is scrubbed with scrubber wa-
ter to remove impurities like dissolved contaminants such
as ammonia and residual tars. The waste water is treated
outside the system in the waste water treatment (WWT) fa-
cility. Then the scrubbed gas is compressed where water is

condensed and sent to the WWT. After compression, sulfur
compounds are removed in a dedicated sulfur removal unit
[34, 36].

Block 8-9: The cleaned syngas is processed in the steam
reformer, where remaining tars, light hydrocarbons, and
the majority of methane are converted into carbon monox-
ide (CO) and hydrogen (H,) [37]. The water-gas shift
(WGS) reactor then adjusts the H,/CO ratio to the opti-
mal value for the FT synthesis. In this study, an H,:CO
ratio of 2.1:1 is assumed. Following these steps, excess car-
bon dioxide (CO;) and water are removed from the syngas
stream, completing the final preparation step before it en-
ters the FT reactor [34, 38].

Block 10: The FT process converts syngas into a hydro-
carbon syncrude composed primarily of paraffins, olefins,
and minor quantities of alcohols. Zhu et al. [14] present an
oversimplified FT product profile that includes only paraf-
fins in the syncrude composition. To obtain a more rep-
resentative product distribution, the detailed composition
provided by A. de Klerk [32] is adopted in this study. Both
references assume a low-temperature FT (LTFT) reactor
employing a cobalt-based catalyst, ensuring consistency in
reactor configuration and operating conditions. To capture
the chemical diversity of the syncrude, representative com-
pounds are selected for each product subgroup (e.g., naph-
tha—olefins). An overview of the FT syncrude composition
and the corresponding compound mapping is provided in
Table 2.

Block 12: Steam generation cycle is modeled as a sepa-
rate process in which excess process heat is recovered via
heat exchangers. This recovered heat serves two primary
functions: it is converted into electricity through a steam
turbine generator, and it is used to produce superheated
steam required by the gasifier and the steam reformer. An
electrical conversion efficiency of 56% is assumed for the
steam turbine [39]. To maintain continuous steam supply,
the system incorporates a boiler that combusts fuel gas, as
recovered process heat alone is insufficient to meet the to-
tal thermal demand. Additionally, the steam generation unit
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Table 2. Detailed syncrude composition ([32]) and
corresponding compound assumptions in the process design.

Detailed syncrude composition Assumed compound

Gaseous product (CI-C4)  wt% 11.9
methane wt% 5.6 CHy
ethane wt% 1.1 CyHg
C3-C4 olefins wt% 3.4 C3Hg
C3—C4 paraffins wt% 1.8 C;3Hg
Naphtha (C5-C10) wt%  20.0
olefins wt% 8.0 CgHig
paraffins wt% 12.0 CgHig
Distillate (C11-C22) wt% 21.9
olefins wt% 1.1 CisHsg
paraffins wt%  20.8 Ci6Hzg
Residue/wax (C22+) wt% 44.6
paraffins wt% 44.6 CyyHyg
Aqueous product wt% 1.6
alcohols wt% 1.6 C,HgO

consumes water to produce the steam required for the gasi-
fication and steam reforming processes.

Block 13: To improve the environmental performance
of the system, additional modules were implemented. Two
CO; capture units, implemented as amine-based acid gas
removal systems. Design parameters for these units were
adopted from Tan et al. [38]. These CO, capture systems
were integrated into the indirectly heated gasifier and the
steam reformer & WGS unit process blocks.

3.2.1 GFT - SAF Refinery

Block 11: Based on the product distribution of A. de
Klerk [32] the SAF refinery design was modeled. LTFT
synthesis is preferable for SAF production, as a significant
fraction of the syncrude naturally falls within the desired
carbon number range.

First, the light fraction (C1-C5) was recovered and
routed to the alkylation and oligomerisation process, where
the carbon number is increased and benzene compounds
are reduced. Two processes occur simultaneously: aro-
matic alkylation using benzene from Block 11E and olefin
oligomerisation [40, 41]. Then, distillation extracts fuel
gas which is used internally in Block 8&12. The resulting
olefins are then hydrotreated to convert them into paraf-
fins, as olefins are detrimental to fuel stability. The C6—C8
naphtha and lighter fractions from hydrocracking undergo
aromatisation to further increase aromatic content before
being split into fractions suitable for gasoline and jet fuel.
Finally, the C9+ fraction is subjected to hydrocracking to
shift the carbon distribution into the jet fuel range.

Furthermore, the refining process requires cooling wa-
ter, steam, and hydrogen for both hydrotreating and hydro-
cracking reactions. The main byproducts include gasoline,
liquefied petroleum gas (LPG). Unconverted organics and
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water, which are directed to wastewater treatment, and fuel
gas, which is reused internally within the process.

3.3 Hydrothermal liquefaction

The resulting HTL process design is shown at the bot-
tom of Figure 3. Corresponding to Figure 2, the follow-
ing sections describe each process: Blocks 1-2 cover the
pretreatment process, Blocks 3—6 the hydrothermal lique-
faction process, Block 9 the anaerobic digestion process,
Block 9 the hydrogen plant, Block 10 CO, capture process,
and Block 7 the SAF refinery.

Block 1-2: The incoming feedstock, composed of forest
residue biomass (Table 1), is first ground into fine particles.
Although the biomass contains 50 wt% moisture, drying is
not required, as HTL uses water as the reaction medium.
Additional water is added to form the slurry and is later
recovered and recycled within the process. The feed is pre-
heated using heat recovered from heat exchangers, where
hot reactor effluent heats the incoming feed. After preheat-
ing, the slurry is pressurized before entering the reactor.

Block 3: The preheated and pressurized slurry is then
introduced into the HTL reactor, which operates at 203
bar and 3550C [42]. A heater, fueled by process gases,
supplies heat to a transfer fluid that maintains isothermal
conditions within the reactor. Under these conditions, the
biomass slurry is converted into an oil phase, an aqueous
phase, gas mixture, and solid residues.

Block 4-6: Solids such as biochar and ash are removed
from the reactor effluent through filtration. Ash is treated
as waste, while biochar is assumed to be sold as a by-
product. The liquid effluent from the filter is used to pre-
heat the incoming biomass-water slurry via heat exchange,
after which it is depressurized. Once cooled to 117oC and
depressurized to 1 bar, the stream enters a three-phase sep-
arator, producing a gas mixture, an aqueous phase, and an
oil phase. The gas mixture consists of offgas (CO,, CHy,
a litte Hy, CoHg, C3Hg, C4H (), which is utilized for hy-
drogen production. The aqueous phase is further separated
into two streams. One stream is recycled as process water
for the HTL reaction, while the other, which contains dis-
solved organics, is sent to anaerobic digestion to generate
additional offgas for hydrogen production. Any remaining
water is directed to wastewater treatment. The oil phase is
sent to the refinery for further upgrading.

Block 8: Dissolved organics present in the aqueous
phase are converted in the anaerobic digestion reactor into
CH4 and CO,. These gases are sent to the hydrogen plant,
where they are used both as reformer feedstock and as fuel
gas for fired heaters.

Block 9: The gas mixture is preheated using heat re-
covered from the reformer furnace. Simultaneously, recy-
cle water from the biomass conversion and upgrading pro-
cesses is heated by the flue gases from the furnace to gen-
erate saturated steam. This steam is then mixed with the
preheated gas mixture, which is subsequently sent to the
reformer operating at 31 bar and 8500C. The reformed gas
is cooled and directed to a separate shift reactor, where a
WGS reaction is performed to further increase hydrogen
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Fig. 3. The resulting process designs, where GFT is shown at the top, and HTL at the bottom. A unit process approach was used,
ensuring a consistent level of detail across all process blocks. The legend indicates which design from literature is used for specific

process sections.

production. After the shift reaction, the gas stream passes
through a knock-out drum for water removal. Finally, hy-
drogen is separated from the gas mixture in a pressure
swing adsorption (PSA) unit before being sent to the bio-
oil upgrading reactor.

Block 10: Additional CO, removal units have been in-
corporated into the process design, and the captured CO,
is assumed to be stored. For the CO, removal units, the
design parameters of Tan et al. [38] are adapted.

3.3.1 HTL - SAF Refinery

Block 7: The first stage of the refinery process is hy-
drodeoxygenation, in which the oil phase is reacted with

hydrogen over a NiMo catalyst until the oxygen content is
reduced to below 1% [42]. Hydrogen supplied by the on-
site hydrogen production unit is used for this purpose. In
this study, additional processing modules are introduced to
further upgrade the hydrodeoxygenated oil phase toward
SAF

The process begins with distillation of the hydrodeoxy-
genated oil to separate the C4—C6 paraffin fraction. As
these lighter compounds fall below the carbon number
range for jet fuel, their chain length is increased through
oligomerisation. Prior to oligomerisation, the alkanes are
dehydrogenated to alkenes via oxidative dehydrogenation
at approximately 3500C, where cyclohexane is converted

2025 August



PAPERS

to cyclohexene and hydrogen [43]. Excess hydrogen is re-
moved and subsequently used for hydrogenating the C12+
aromatic fraction. The alkenes obtained from dehydro-
genation are then oligomerized at 75-800C to achieve the
carbon number range required for jet fuel [44].

The remaining C7+ stream undergoes a second distilla-
tion. The C12+ fraction contains a high proportion of aro-
matics and is therefore hydrogenated at 300-3900C and
70-120 bar, converting aromatics to cycloparaffins in the
presence of hydrogen [45]. Off-site hydrogen is purchased
for this step. The hydrogenated C12+ stream is subse-
quently combined with the oligomerised C4-C6 alkenes.
This combined stream is then processed in a hydroisomer-
ization unit at 300-3600C under high hydrogen pressure to
introduce molecular branching [46], thereby lowering the
freezing point of the final fuel. The C7-C11 fraction from
the second distillation is blended directly with the isomer-
ized stream. After blending and isomerization, the process
yields two primary products: jet fuel and gasoline. The re-
finery process requires hydrogen, cooling water, electricity,
steam, and thermal oil.

4 Results

The results are structured according to the three phases
outlined in Figure 1. The technical modeling presents the
final mass and energy balances, utility profile, and perfor-
mance indicators. The economic modeling addresses tech-
nological learning, CapEx and OpEx, and the MFSP de-
rived from the cash flow model. The techno-economic eval-
uation includes a side-by-side economic comparison of
the two thermochemical pathways, followed by sensitiv-
ity and scenario analyses to assess the impact of parameter
changes and future developments on economic feasibility.
Finally, the uncertainty analysis evaluates the robustness of
the results.

4.1 Technical Modeling Results & Comparison
4.1.1 Mass and Energy Balances

Mass and energy balances are based on the law of con-
servation of mass and energy. It states that for any sys-
tem closed to all transfers of matter the mass and energy
of the system must remain constant over time. The mass
balance accounts for feedstock inputs, intermediate flows
in the gas, solid, liquid, and aqueous phases, and final out-
puts such as SAF and byproducts including gasoline, LPG,
biochar and CO,. The energy balance expresses the mass
flows in energy units, alongside the work performed (e.g.,
power consumption per unit process) and the associated
heat losses. The resulting mass and energy balances, along
with the process variables associated with the operational
parameters of each unit process, are provided in the spread-
sheet model (see Appendix A).

4.1.2 Utility profile

From the mass and energy balances, a utility consump-
tion—production profile is derived. The resulting utility pro-
file is presented in Table 3. It quantifies the net consump-
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tion or production of utilities per operational train of feed-
stock. This profile forms a fundamental input for calculat-
ing the variable operating costs. When possible, heat ex-
changers were used to produce part of the utilities needed.
For example in the GFT pathway the heat is converted
into hot steam which is used within the process and ex-
cess steam is converted into electricity. This explains the
netto production (23.77 MW) of electricity for GFT, com-
paring to a netto consumption (23.58 MW) for HTL. Fur-
thermore, natural gas and olivine are exclusively used in
GFT for Block 8&12 and gasifier respectively. Hydrogen
consumption for HTL SAF refinery is 7 times higher unless
the hydrogen production, which delivers only a share of the
full consumption. On the other hand, steam consumption
for GFT SAF refinery is 33 times higher than HTL, unless
the internal steam production.

To convert utility use into monetary terms, a unit price
must be defined. It is assumed that utility consumption and
production scale linearly with processing capacity, mean-
ing a doubling of capacity results in a proportional change
in utility demand or output.

Table 3. Utility profiles for GFT and HTL based on a process

capacity of 2000 tgqp/d.

Utility Unit GFT HTL
Water t/h 6432.12  297.96
Electricity

Consumption MW 31.06 23.58

Production MW 54.83 -

Netto MW 23.77 -23.58
Natural gas t/h 1.27 -
Olivine t/h 2.26 -
Hydrogen t/h 0.08 0.54
Steam t/h 100.68  3.05
Catalyst

HZSM-5 (Block 5 & Block 9)  t/h 0.0034  0.0042

NiMo (Block 7A) t/h - 0.0109

ZnO (Block 7) t/Sy 26.87 -

Steam reformer (Block 8) t/Sy 25.17 -

LT shift (Block 8) t/Sy 35.95 -

HT shift (Block 8) t/Sy 43.14 -

Cobalt (Block 10) t12y 5.66 -
WWT t/h 97.93 96.72
Ash disposal t/h 2.59 1.25

Steam and cooling water from GFT/HTL SAF refinery are included and
assumed not to be recycled. For HTL, thermal oil is assumed to be
recycled and initial costs are included in component installation factors.

4.1.3 Performance Indicators

Table 4 presents key performance indicators derived
from the mass and energy balances of the GFT and HTL
pathways. Yield is defined as the ratio between the mass
flow of the respective product stream and the mass flow of
dry biomass. Carbon efficiency is calculated as the ratio of
the molar carbon contained in the main product (SAF) and

9



ter Heide

byproducts (Gasoline, LPG, Biochar, CO,) to the total mo-
lar carbon inflow. A distinction is made between system
designs with and without carbon capture. In designs that
exclude carbon capture, the CO; is assumed to be vented,
and thus is excluded from the byproduct carbon accounting
[47].

Table 4. Process performance indicators for GFT and HTL.

GFT HTL
Mass flow  Yield Mass flow  Yield
[t/h] [t/h]
Feedstock 82.1 100% 82.1 100%
Products
SAF 10.2 12.5% 15.0 18.3%
Gasoline 3.6 4.3% 8.3 10.1%
LPG 0.3 0.3% - -
Biochar - - 7.1 8.6%
CO, 104.6 127.4% 27.8 33.9%
CO; capture Yes No Yes No
Carbon 96.8% 28.8%  78.8% 60.6%
efficiency
Thermal effi- 36.4% - 63.4% -
ciency
E-factor 0.847 7.129 1.683 3.225
(cEF)

With an identical dry biomass input of 82.1 t/h, the HTL
pathway demonstrates higher product yields across both
liquid fuel streams, SAF and gasoline (Table 4). Specifi-
cally, SAF yield for HTL is 18.3%, compared to 12.5% for
GFT, differs significantly.

Carbon efficiency follows contrasting trends depending
on the inclusion of CO, emissions capturing. When CO;
is considered a byproduct (i.e., with carbon capture), GFT
demonstrates superior carbon efficiency (96.8%) relative to
HTL (78.8%). However, in designs without carbon cap-
ture, HTL outperforms GFT, with a carbon efficiency of
60.6% versus 28.8%. This reversal is driven by the substan-
tially higher CO, emissions associated with the GFT path-
way, amounting to 104.6 t/h (127.4% yield), compared to
27.8 t/h (33.9% yield) for HTL. The elevated CO, output
in GFT results primarily from the gasification and steam
reforming & WGS processes. Yields exceeding 100% are
attributed to the large volumes of reaction air introduced
during gasification and the steam reforming & WGS re-
actions, which contribute additional mass to the product
stream.

Thermal efficiency is calculated according to the method
of Sangaré et al. [48], defined as the ratio of total energy
output in products and byproducts to the total energy in-
put. Depending on whether electricity is consumed or pro-
duced, it is included either as part of the total energy input
or as a byproduct. Thermal efficiency is higher in the HTL
process, reaching 63.4% versus 36.4% for GFT. The effi-
ciency does not change by excluding CO, capture units.

10
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As shown in Figure 4, the energy output per ton of
dry biomass also supports thermal efficiency superiority of
HTL. It yields higher specific energy outputs in both SAF
(7.86 GJ/t) and gasoline (4.46 GJ/t), relative to GFT (5.38
GJ/t and 1.91 GJ/t, respectively). This directly related Ta-
ble 4, where higher mass yields for HTL in these products
were seen. Electricity production from the steam turbine
contributes positively (23.77 MW, Table 3) to GFT’s to-
tal energy output (1.04 GJ/t). HTL produces an additional
biochar (1.89 GJ/t), which can be sold as byproduct. On
an annual basis, total energy output from HTL reaches ap-
proximately 9.33 PJ, surpassing GFT’s 5.57 PJ.

E-factors is an important metric to assess the greenness
of the process, represented by the amount of waste pro-
duced per amount of product. The simple E-factor (sEF)
assumes that 90% of wastewater is recycled, which results
in an overly optimistic metric. To address this, the complete
E-factor (cEF) is used, where wastewater is not recycled
and thus represents the upper bound of the E-factor [49].
The E-factors reported in Table 4 correspond to this com-
plete metric. Without CO, capture, HTL achieves a lower
cEF (3.225) than GFT (7.129), indicating less waste gen-
eration. When CO; capture is included, GFT has a lower
cEF (0.847) compared to HTL (1.683). This improvement
for GFT is driven by the large quantity of captured CO,
that is sold as a byproduct, whereas in HTL the cEF also
decreases due to CO, capture but to a lesser extent. In-
dustry cEF values for bulk chemical production typically
range between 7 and 35. In comparison, both GFT and
HTL pathways demonstrate lower values, indicating that
they are greener in terms of waste generation than conven-
tional industrial counterparts [49].

4.2 Economic Modeling Results & Comparison
4.2.1 Technological Learning

Technological progress and experience are modeled em-
pirically by relating the total capital investment (TCI) to
cumulative experience, typically expressed in terms of
cumulative production or the number of installed plants
[50, 51]. Given that the plants are assumed to be deployed
in 2050, a preceding period of technological learning must
be accounted for. The one-factor learning curve approach
is applied to estimate the resulting cost reductions [31].

P\
C =G (PO> (1

In this equation, C; represents the total capital invest-
ment (TCI) of the technology at time ¢, and Cy denotes the
initial TCI at + = 0. The cumulative production at time ¢
and at ¢ = 0 are indicated by P, and Py, respectively. Fol-
lowing the methodology of Van der Spek et al. [50], the
values for P and Py are based on the expected number of
global NOAK plants operating in 2050 and the estimated
number of first-of-a-kind (FOAK) plants in operation in
2024 [10, 52].

The exponent b is related to the progress ratio (PR), as
defined in Equation 2. Each doubling of cumulative plants
results in a reduction of the total capital investment (TCI)
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by a factor known as the learning rate (LR), defined in
Equation 3. Merrow [53] provide a formulation specific
to chemical processes, as shown in Equation 4.

PR =12° 2)

LR=1-PR=1-27" 3)

PR = 92.3 — 3.2% x number of (thermo)-chemical
processes
+6.5%

+5.0%
+5.0%

if main process involves solids
if product is a primary chemical

if the product is a liquid “4)

The assumptions and results for technological learning
are summarized in Table 5. As gasification and hydrother-
mal liquefaction are considered the main processes and in-
volve solid feedstocks, this is accounted for in the learning
curve equation. Merrow [53] defines a “primary chemi-
cal” as a product not derived from a feedstock that is it-
self a chemical product. In this study, forestry residues are
used as feedstock; since they are not a chemical product,
this condition is met and incorporated into the equation.
For both processes, the final products are liquids (primarily
SAF and gasoline), which is also reflected in the calcula-
tion.

For the GFT pathway, the following (thermo)-chemical
processes are considered: indirectly heated gasifier (Block
4), tar reformer (Block 5), steam reformer and WGS
(Block 8), LTFT (Block 10), alkylation & oligomeriza-
tion (Block 11D), aromatization (Block 11E), hydrocracker
(Block 11F), and hydrotreater (Block 11I). For the HTL
pathway, the considered processes include: HTL reactor
(Block 3), anaerobic digestion (Block 8), hydrogen plant
(Block 9), hydrodeoxygenation (Block 7A), dehydrogena-
tion (Block 7D), oligomerization (Block 7E), hydrogena-
tion (Block 7F), isomerization (Block 7G). The numbers in

2025 August

parentheses refer to the corresponding unit process blocks
in Figure 3.

Table 5. Assumptions for technological learning applied for the

GFT and HTL pathways.

GFT HTL
Py 72 6*
P, 121° 121b
Number of (thermo)-chemical processes 8 8
+ 6.5% if main process involves solids Yes Yes
+ 5.0% if product is a primary chemical Yes Yes
+ 5.0% if the product is a liquid Yes Yes
Learning rate (LR) 16.8% 16.8%
Technology Learning Factor (TLF) = (%)*b 0.469  0.451

4 [52], assuming 5% market penetration b 110]

The resulting learning rate (Table 5) for both the GFT
and HTL pathways is similar at 16.8%. However, since
fewer HTL facilities have been installed (P), the resulting
Technological Learning Factor (TLF) is slightly lower for
HTL (0.451) than GFT (0.469), giving it a greater impact
on the reduction of TCI. Historical learning rates for these
thermochemical pathways, which include both the thermo-
chemical conversion process and the SAF refinery, are not
available due to the lack of data. However, a comparison
with other technologies is possible. Hettinga et al., Cav-
alett et al., and Van den Wall Bake et al. [54, 55, 56]
reported learning rates of 18% and 19% for corn ethanol
production in the United States and Brazil, respectively.
Merrow [53] analyzed more than 40 chemical processes
and found an average learning rate of 20%. Using a similar
methodology, Weber et al. [57] reported a learning rate of
23% for HTL with electrochemical upgrading of bio-oil.
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4.2.2 Operational Expenditures

Annual OpEx are divided into two categories: fixed op-
erating costs and variable operating costs. Fixed operating
costs remain constant regardless of production capacity,
whereas variable operating costs vary directly with produc-
tion levels. The calculation of OpEx follows the methodol-
ogy outlined by Seider et al. [58].

The assumptions and parameters for fixed operating ex-
penses are provided in Table 6. These costs include:

» Labor-related expenses: dependent on Direct Wages &
Benefits (DW&B). An estimation is made on number
of operators per process section based on type of pro-
cesses; continuous or batch operation and state of flows
(fluids/gas, solids-fluids, solids).

* Maintenance expenses: dependent on Maintenance
Wages & Benefits (MW &B). Depending on the the state
of flows (fluids/gas, solids-fluids, solids) per process
section, a specific portion of Total Depreciable Capital
(TDC) is allocated to the MW &B.

* Operating overhead: dependent on M&O-SW&B!.

* Insurance: dependent on TDC.

* Local taxes: dependent on TDC.

The variable costs are primarily determined by the util-
ity profile presented in Table 3. Price levels for utilities are
adjusted to 2024 values using regional inflation factors cor-
responding to the source location of each price. Further de-
tails on the applied price levels are provided in Appendix
A.

4.2.3 Capital Expenditures

Capital expenditure is determined by aggregating the
component costs for all unit process blocks, including in-
stallation. Original equipment costs, obtained from liter-
ature and APEA (Figure 1), are adjusted for the installa-
tion year using the Chemical Engineering Plant Cost Index
(CEPCI), plant scale using a capacity scaling exponent n,
and installed cost using an installation factor (IF;) for each
component i.

CEPClew i ,
Cinst,,j - Cbase,i % new,! % (QneW,l

CEPCIbaSe,,’ Ovase,i

Here, Cing.; is the installed cost in the installation year
at the adjusted scale. Cyase; is the reported base-year cost
at its base scale QOpase i, and QOpew,; 1S the target scale in the
current design. IF; is the installation factor. CEPClygse ; and
CEPCl,ew,; denote the CEPCI values for the base and in-
stallation years, respectively, for component i.

Using this CapEx data, the Total Capital Investment
(TCI) can be determined. TCI represents the upfront costs
incurred before and during plant construction and com-
prises several components detailed in Table 6.

The TCI consists of five cost components. First, the To-
tal Installed Cost (TIC) includes all equipment costs once

) x IF; (5)

IM&O-SW&B = DW&B + MW&B + MS&B

PAPERS

installed (Equation 5). Second, indirect costs (IC) cover ex-
penses not directly related to equipment, such as engineer-
ing, plant design, construction, and associated services.
Third, a Technological Learning Factor (TLF), described
in Section Technological Learning, is applied. Fourth, a lo-
cation correction factor is applied, as the original cost data
were sourced from projects in the United States. Finally,
working capital accounts for the funds required for day-to-
day operations after commissioning. Together, these com-
ponents yield the TCI. The final values are reported in Ta-
ble 7: €230.0 M for GFT and €303.4 M for HTL, both
including CO; capture modules.

4.2.4 Discounted Cash Flow Rate of Return

The Discounted Cash Flow Rate of Return (DCFRR)
methodology is widely applied to assess the economic fea-
sibility of a project by incorporating all associated costs
and revenues over its lifetime, while accounting for the in-
ternal rate of return (IRR) [14, 59, 18]. Financial param-
eters for DCFRR method are outlined in Table 6. Earn-
ings depend on the price level of sustainable aviation fuel
(SAF), which can vary over time and introduce uncertainty
into the analysis. To more robustly determine economic vi-
ability, it is preferable to calculate the minimum fuel selling
price (MFSP) at which the project breaks even over its life-
time for a specified IRR. This is achieved by setting the Net
Present Value (NPV) of the cash flows to zero, as shown in
the following equation:

0 CTCIt
NPV = )
[:72 (1+r)

z{ 1 —|— r)! N ©

Here, Crcr, is the capital investment in year ¢ (nega-
tive cash flows), C; is the net annual cash flow in year ¢,
r is the internal rate of return, and » is the project lifetime
in years. Goal Seek analysis tool in Microsoft Excel® is
used, which makes use of the Newton-Raphson root find-
ing method [62].

Depreciation of the components is calculated using the
Modified Accelerated Cost Recovery System (MACRS).
This method allocates a greater portion of depreciation to
the early years of the project, thereby reducing taxable
income during these periods. Consequently, higher cash
flows are realized in the initial years, when their effect on
the discounted cash flow is more significant, which in turn
increases the project’s Net Present Value (NPV) [58].

4.2.5 Economic Performance

Table 7 presents the final cost break down results. OpEx
is divided into fixed and variable costs, as well as variable
operating income from byproduct sales. CapEx are shown
as costs per key plant section in total installed cost (TIC)
and as total capital investment (TCI). The minimum fuel
selling price (MFSP) is also reported. For both TCI and
MFSP, values are provided with and without the inclusion
of technological learning rates (TLR). The full economic
breakdown is presented for scenarios both including and
excluding CO, capture.
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Table 6. Fixed operating expenses, total capital investment and financial model parameters. Values that are identical for both GFT and
HTL are centered across the two columns, while parameters with different values are listed in their respective columns.

Parameter Unit Value (GFT) Value (HTL) Reference
Labor-related expenses

Direct wages and benefits (DW&B)

Number of operators per shift 14 10 [58]: Tab. 23.3
Shifts # 5 [58]: Pag. 610
Hours per year h 2080 [58]: Pag. 610
Wage and benefits operator (incl taxes) €/h 42.92 -

Operating supplies and services % of DW&B 6.0% [58]: Tab. 23.1

Technical assistance to manufacturing % of DW&B 14.0% [58]: Ex 23.8

Control laboratory % of DW&B 15.0% [58]: Ex 23.8
Maintenance Expenses

Total Depreciable Capital (TDC) - =TDIC [58]: Tab. 22.9

Wages and benefits (MW &B) % of TDC 3.5-5%* 3.5-5%* [58]: Tab. 23.1

Salaries and benefits (MS&B) % of MW &B 25.0% [58]: Tab. 23.1

Materials and services % of MW &B 100.0% [58]: Tab. 23.1

Maintenance overhead % of MW &B 5.0% [58]: Tab. 23.1
Operating Overhead, Insurance, and Local Taxes

Operating overhead % of M&O-SW&B 22.8% [58]: Tab. 23.1

Insurance % of TDC 1.0% [58]: Pag. 612

Local taxes % of TDC 3.0% [58]: Pag. 612

Total Installed Cost (TIC) - Y. Cinstallation, i -

Total Purchase Equipment Cost (TPEC) - Y. Cinstallation,i (excl. IF) -

Indirect Costs (IC) % of TPEC 132.0% [14]: Tab. 2-2
Engineering % of TPEC 32.0% [14]: Tab. 2-2
Construction % of TPEC 34.0% [14]: Tab. 2-2
Legal and Contractors Fees % of TPEC 23.0% [14]: Tab. 2-2
Project Contingency % of TPEC 37.0% [14]: Tab. 2-2
Land purchase % of TPEC 6.0% [59]: Tab. 9

Location Factor (US to NL) % of TDIC 23.0% [60]

Total Direct and Indirect Cost (TDIC) - (TIC +IC) x TLF x (1 + LF) -

Working Capital (WC) % of TDIC 15.0% [59]: Tab. 9
Total Capital Investment - TDIC x (1+ WC) -

Plant financing

Equity / Debt ratio % of TCI 40% 1 60% [38]

Loan interest % 8% [38]

Payback period y 10 (annuity loan) [38]
Depreciation period 7-10? 7-20? [58]: Tab. 23.10
Construction period

Construction period y 3 [59]

% spent in year —2,—1,0 % 8%, 60%, 32% [59]

Startup time and ramp-up

Startup time y 0.50 [59]

Revenues ) 50% [59]

Fixed operating costs % 100% [59]

Variable operating costs % 50% -

Other financial parameters

Internal rate of return (after taxes) % 10% [59]

Income tax rate %0 25.8% [61]

Plant life time y 20 [59]

# depends on specific process component, see Appendix A.
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Table 7. Cost break down for Gasification Fischer-Tropsch and Hydrothermal Liquefaction in €M.
GFT HTL
O, Non-CO, | €O, Non-CO,
Fixed Operating Costs 40.3 37.2 (-8%) ‘ 45.6 44.9 (-1%)
Feedstock 37.3 37.3 37.3 37.3
Water 2.2 2.2 0.1 0.1
Electricity (consumption) 37.8 37.2 28.7 28.5
Natural gas 18.4 18.4 - -
Olivine 1.7 1.7 - -
Hydrogen 0.6 0.6 3.6 3.6
Steam 14.1 14.1 0.4 0.4
Catalysts + Chemicals 2.5 2.4 11.2 11.2
WWT + Ash disposal 1.9 1.9 1.3 1.3
CO, transport and storage costs 17.7 - 4.7 -
Variable Operating Costs 134.0 115.7 (-14%) 87.4 82.5 (-6%)
CO, 49.8 - 13.3 -
Char - - 9.0 9.0
Gasoline 22.9 22.9 53.5 53.5
LPG 32 32 - -
Electricity (production) 333 33.3 - -
Variable Operating Income 109.3 59.4 (-46%) ‘ 75.8 62.5 (-17%)
Operating profit (excl. SAF sales) -65.1 -93.5 ‘ -57.1 -64.9
Pretreatment (Block: 2-3|2) 14% 16% 26% 26%
General Plant (Block: 4-1013-6) 53% 59% 22% 22%
SAF Refinery (Block: 11|7) 7% 8% 26% 27%
Steam generation plant (Block: 12|) 15% 17% - -
Anaerobic digestion plant (Block: 18) - - 9% 10%
Hydrogen plant (Block: 19) - - 14% 15%
CO; capture modules (Block: 1310) 10% 0% 2% 0%
Total Installed Cost (TIC) 100% 100% 100% 100%
Total Direct and Indirect Cost (TDIC) 200.0 179.8 (-10%) 263.8 258.5 (-2%)
Total Capital Investment (TCI) (excl. TLF) 489.9 440.5 673.3 659.8
MESP [€/L] (excl. TLF) 2.56 2.84 (+11%) 2.05 2.10 (+3%)
Total Capital Investment (TCI) 230.0 206.8 303.4 297.3
MFSP [€/L] 1.49 1.87 (+26%) 1.03 1.10 (+7%)

Fixed operating costs for GFT (€40.3 M) are 12% lower
than for HTL (€45.6 M), despite higher labor expenses
due to a larger number of operators per shift. This is pri-
marily the result of significantly lower maintenance costs,
which are directly linked to the total direct investment cost
(TDIC). When CO; capture modules are excluded, fixed
OpEx decreases more sharply for GFT (—8%) than for HTL
(~1%), reflecting the larger CapEx share of CO, capture
modules in GFT (10%) compared to HTL (2%).

Variable operating costs for GFT (€134.0 M) are 53%
higher than for HTL (€87.5 M). GFT exhibits higher util-
ity costs across all categories except “Catalysts & Chem-

icals” and "Hydrogen”. The higher "CO, transport and
storage costs” for GFT are due to the larger volume of
CO; captured. As expected, when CO, capture modules
are excluded, GFT costs decrease more sharply than HTL
(—14% vs —6%). This reduction results from the removal of
costs associated with electricity, amine usage (Catalysts &
Chemicals), and CO, transport and storage.

Variable operating income represents revenue from the
sale of byproducts. GFT generates 44% higher income than
HTL, primarily due to the substantial contribution from
CO; credits (€49.8 M) sold under the EU ETS scheme
[26]. Although net electricity production is positive, the re-
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sulting income (€33.3 M) is lower than the correspond-
ing cost (€37.8 M) because the selling price of electric-
ity is lower than the purchase price 2. Additional revenue
streams for GFT include gasoline (€22.9 M) and LPG
(€3.2M). For HTL, the largest contributor is gasoline sales
(€53.5 M), supplemented by smaller revenues from CO,
credits (€13.3 M) and biochar (€9.0 M). When CO, cap-
ture modules are excluded, GFT’s income decreases signif-
icantly (—46%) compared to HTL (-17%).

Gasification Fischer-Tropsch

Jet Fuel,
47% Variable OpEx,

-65%

C02, 24%

Fixed OpEx,
-20%

Loan, -7%

Electricity, 16%

Gasoline, 11%

LPG, 2%

Tax, -2% CapEx, -6%

Hydrothermal Liquefaction

Variable OpEx,

-50%
Jet Fuel,

57%

Fixed OpEXx,
-27%
Gasoline, 31%
Loan, -11%
CO02, 8%
Char, 5% CapEx, -9%

Tax, -2%

Fig. 5. Contribution of each cost component where positive per-
centages account for income, and negative percentages account
for costs.

The CapEx results are broken down into key process sec-
tions and their contributions to the TIC, with percentage
shares identical to those in the TCI. For GFT, the largest
contributor is the general plant section (53% & 59%), due
to the large number of unit processes included in this sec-
tion and intense operating conditions for these processes.
For example, the gasification reactor operates at high tem-
perature (8700C) and the syngas after compression (Block
7-10) operates at high pressures (31 bar). In contrast, HTL
shows a more balanced distribution across process sec-
tions, with pretreatment representing a notable 26% share.
This high contribution is primarily due to the feed/product
exchanger, which heats the slurry using energy recovered
from the reactor effluent (Appendix A). This results from a

2 An overview of utility price levels is given in the spreadsheet
model Appendix A
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high mass flow, due to significant water content to form the
slurry, medium temperatures (3000C), and extreme high
pressures (205 bar). Consistent with previous findings, the
contribution of CO, capture modules has a greater impact
on the GFT pathway (—10%) than on HTL (-2%). This
difference arises because GFT requires two extra capture
modules and operates at a larger scale. Additionally, GFT’s
generally lower overall CapEx results in a proportionally
higher contribution from the CO, capture module costs.
The Total Direct Investment Cost (TDIC) changes follow
the same trend.

The TCI for GFT (€230.0 M) is 24% lower than that
for HTL (€303.4 M); however, the reported MFSP is 31%
lower for HTL (€1.03/L) than for GFT (€1.49/L). Two
key factors explain the lower MFSP for HTL. First, the op-
erating profit (excluding SAF sales) is higher, or less neg-
ative, for HTL than for GFT (€-57.1 M vs €-65.1 M).
Second, as shown in Table 4, the SAF output of HTL is
approximately 47% higher than that of GFT, allowing for a
lower selling price despite the higher TCI. Consistent with
other financial parameters, CO;, capture modules have a
greater impact on the MFSP for GFT than for HTL (+26%
vs +7%).

Interestingly, when technological learning is not ac-
counted for, the TCI and MFSP for both thermochemi-
cal pathways increase substantially. According to Table 7
for the inclusion of CO;, capture modules, the negative
change in MFSP of HTL when including TLF is almost
halfed, 99%, while GFT decreases by 72%. The sensitivity
of MFSP to the exclusion of CO; capture modules is lower
when the technological learning factor (TLF) is included
(GFT: +26%, HTL: +7%) compared to when it is excluded
(GFT: +11%, HTL: +3%). This can be explained by the fact
that a higher TCI results in a greater contribution of capital
costs to the MFSP, thereby reducing the relative impact of
higher operating profits from CO, credits.

Figure 5 shows the contribution of each cost and income
component to the MFSP (including CO, capture modules).
On the income side, GFT exhibits a more diverse distribu-
tion of (by)product sales compared to HTL with the two
biggest contributors accounting for 88% for HTL and only
71% only for GFT. On the cost side, variable OpEx has
a larger share for GFT than for HTL, which corresponds
with the results in Table 7. This also corresponds with the
contribution of feedstock costs to the MFSP, where the con-
tribution is lower for GFT (28% of variable OpEx) than for
HTL (43% of variable OpEXx). In contrast, CapEx and loan
costs are higher for HTL (9% & 11%), consistent with Ta-
ble 7, as the TCI for HTL exceeds that of GFT (€303.4 M
vs €230.0 M).

4.3 Sensitivity Analysis

Figure 6 give the result of the sensitivity analysis for
GFT and HTL (including CO, capture modules). On the y-
axis the different parameters are outlined with the change
of the parameter in parantheses. On the x-axis the abso-
lute change in MFESP is outlined where the bars on the
left indicate the negative change in MFSP (cheaper MFSP)
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Gasification Fischer-Tropsch

- [aser]
Learning rate (+10%:0%:-10%) 1.10, -26% 205, 38%
CO2 price (1.5:1:0.5)  1.11,-26% —— 1.87,26%
SAFyield (1.2:1:0.8) 1.24,-17% I 1.86, 25%
Feedstock price (0.5:1:1.5) 1.20,-19% I 1.77,19%
Total Capital Investment (0.5:1:1.5) 1.24,-17% I 1.75,18%
Byproduct prices (excl. CO2) (1.5;1:0.5) 1.29,-13% I 1.69, 13%
Maintenance: Wages and benefits (MW&B) (0.5:1:1.5) 1.31,-12% I 1.67,12%
Internal Rate on Investment (-4%:0%:+4%) 1.39,-7% I 1.59, 7%
Labor: Direct wages and benefits (DW&B) (0.5:1:1.5) 1.41,-5% N 1.57,5%
Loan interest (-4%:0%:+4%) 1.44,-3% WM 1.54,4%
Catalyst prices (0.5:1:1.5) 1.47,-2% W1.51,2%
-0.60 -0.30 0.00 0.30 0.60
Hydrothermal Liquefaction
- [iosen]
Learning rate (+10%:0%:-10%) 0.67,-34% I 1.56, 51%
Byproduct prices (excl. CO2) (1.5;1:0.5) 0.70, -32% I 1.36, 32%
SAFyield (1.2:1:0.8) 0.86, -17% I 1.29, 25%
Total Capital Investment (0.5:1:1.5) 0.80, -22% I 1.27,23%
Feedstock price (0.5:1:1.5) 0.84,-19% I 1.22,19%
Maintenance: Wages and benefits (MW&B) (0.5:1:1.5) 0.88,-15% I 1.18, 15%
Internal Rate on Investment (-4%:0%:+4%) 0.94, -8% . 1.12,9%
CO2 price (1.5:1:0.5) 0.96, -7% N 1.10, 7%
Catalyst prices (0.5:1:1.5) 0.97,-6% N 1.09, 6%
Loan interest (-4%:0%:+4%) 0.99,-4% WM 1.08,5%
Labor: Direct wages and benefits (DW&B) (0.5:1:1.5) 0.99,-4% M1.07,4%
-0.60 -0.30 0.00 0.30 0.60
Low m High

Fig. 6. Sensitivity Analysis for Gasification Fischer-Tropsch and Hydrothermal Liquefaction.

and the bars on the right indicate the positive change in
MFSP (more expensive MFSP). The numbers next to the
bars indicate the new MFSP under these conditions, while
the percentage indicated the relative change in percentage.
This relative change is convenient when comparing GFT
and HTL as due to different base MFSP absolute changes
only show part of the sensitivity.

Both technologies are highly sensitive to the learning
rate, and the observed asymmetric behavior can be ex-
plained by the exponential form of the learning curve
Equation 3, which introduces non-linearity. As a result,
increases in the learning rate lead to disproportionately
stronger reductions in MFSP, while decreases in the learn-
ing rate cause comparatively weaker increases. SAF yield
also shows a disproportionate relationship, as the relative
increase becomes stronger due to the reciprocal nature of
the MFSP calculation. Since MFSP is defined as the ratio
of costs to output, keeping costs constant while increas-
ing SAF yield results in a non-linear reduction of MFSP.
Although not directly visible in the GFT graph, the inter-
nal rate of return (IRR) also follows a non-linear relation-
ship, as shown in Equation 6. Loan interest payments are

calculated using an annuity loan structure, where repay-
ments remain constant over the payback period. This cal-
culation also follows a non-linear function. The same rea-
soning explains the disproportionate behavior observed in
the total capital investment (TCI): higher TCI increases the
loan amount, which in turn raises loan payments, thereby
reinforcing the non-linear effect.

The sensitivity analysis confirm some previous findings
both for GFT and HTL. According to Table 7, it was found
that the negative change in MFSP of HTL when including
TLF is almost halfed, 99%, while GFT decreases by 72%.
The sensitity analysis shows a similar behaviour where
HTL is more sensative than GFT when looking at the rela-
tive change in MFSP due to learning rate changes (HTL:-
34% & 51% vs GFT:-26% & 38%).

As expected the MFSP of GFT is more sensitive than
HTL for changes in CO, price, underscoring its depen-
dency on this byproduct. On the other hand HTL is more
sensitive to byproduct prices (excluding CO, prices) as a
great amount of MFSP contribution comes from byprod-
ucts (Figure 5)
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Fig. 7. Economies of scale for Gasification Fischer-Tropsch and Hydrothermal Liquefaction.

Figure 7 shows the MFSP against the process capacity
in tgp/d. The process capacity of the base case is 2000 tg,/d
whereas the maximum capacity when considering Dutch
forestry residue is 3972 tgp/d [28]. Going over that limit
means buying feedstock abroad which increases the price
due to transportation costs. The graph shows an economic
of scale behaviour where the MFSP decreases as process
capacity increases. This can be explained as CapEx scale
disproportionally when capacity is increased do to scale
factor, n (Equation 5), which gives it a non-linear be-
haviour. This also affects the fixed costs that as an effect
also scale disproportionally. Variable costs scale linearly.

4.4 Scenario Analysis

The technical and economic comparison between GFT
and HTL reflects only the base case analysis, while the
sensitivity analysis evaluates the effect of changing a single
parameter at a time. To better capture potential variations in
MESP, a scenario analysis is performed for both a conser-
vative and a progressive case, each including CO, capture
modules. The parameter deviations are aligned with those
used in the sensitivity analysis to ensure consistency and
traceability.

The conservative scenario assumes a disappointing
learning rate (A = -10%) due to slow technology de-
ployment, limiting experience in large-scale operations.
Learning rate is now in line with more conservative studies
[63]. As a result, capital costs (TCI) are not expected to
decrease significantly. In addition, feedstock prices are
assumed to rise (A = x1.5), which could result from in-
creasing competition for renewable biomass in the coming
decades. Labor costs are also expected to increase (A =
x1.5), as the Netherlands faces a persistent labor shortage
and specialized chemical plant operators are projected to
become scarce [64, 65].

The progressive scenario, by contrast, assumes that
byproducts can be sold at higher prices due to market pre-
miums compared to their fossil-based counterparts (A =
x1.5). The Netherlands has already introduced HBE (Re-
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newable Fuel Units) certificates, which can be traded in
a manner similar to CO, credits; a surplus of these cer-
tificates can be sold on the market [67]. Loan interest for
renewable projects could be reduced to incentivize invest-
ment in decarbonization, or airlines may provide capital
support to secure SAF supply (A = -4%). Furthermore,
technological advancements are assumed to improve SAF
yields for both thermochemical pathways (A = x1.2).

A summary of the scenarios and corresponding impact
on parameters:

* Conservative scenario: learning rate (A = -10%), feed-
stock price (A = x1.5), direct wages & benefits (DW&B,
A = x1.5);

* Progressive scenario: byproduct price (A = x1.5), loan
interest (A = -4%), SAF yield (A = x1.2);

* Both scenarios: effects of CO, price are considered at
0.5x and 1.5x the base value. Base value is €60/t.

The results of the scenario analysis are presented in
Figure 8. A maximum process capacity of 3,500 tgy/d is
shown, reflecting feedstock constraints in the Netherlands
(Figure 7). CO, price fluctuations is indicated by the er-
ror bars, where the higher CO, price leads to a lower
MFSP and vice versa. GFT exhibits an MFSP range of
€0.82-3.28/L, while HTL ranges from €0.36-2.59/L. The
conservative scenario has a stronger impact on MFSP,
partly because learning rate and feedstock price were iden-
tified as highly sensitive parameters in Figure 6.

The colored circles in red, orange, and green indicate
different levels of economic feasibility. The red circle rep-
resents price competitiveness with the current HEFA price
(€1.67/L) under a conservative scenario. The HEFA path-
way is currently the lowest-cost SAF option, while data for
SAF from advanced feedstocks such as forestry residues
remain unavailable. For GFT, competitiveness with HEFA
is achieved only under optimum conditions, namely at high
CO, prices and large process capacities (3500 tgy/d). For
HTL, competitiveness is already reached at a process ca-
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Fig. 8. Conservative, progressive, and base scenarios for GFT (left) and HTL (right), showing MFSP across process capacities. Error
bars represent CO; price variations (0.5x and 1.5x). Market prices of Jet Al (fossil kerosene) and HEFA are included for comparison
[30, 66]. The three colored circles indicate different levels of economic feasibility.

pacity of 2,500 tq,/d, and CO; price fluctuations have only
a limited effect on the MFSP.

The orange circle indicates the competitiveness of the
base case scenario with HEFA. For GFT, a comparable
price of €1.67/L is achieved at a significantly lower pro-
cess capacity of approximately 1,600 tqy/d. Under these
base conditions, economic feasibility improves due to re-
duced dependence on large quantities of feedstock. At the
highest process capacity (3,500 tq,/d) a price discount of
27% is achieved, while feedstock dependency is highest.
For HTL, a price discount of 8% compared to HEFA is
already obtained at 1,000 tqy/d, and competitiveness im-
proves further with increasing process capacity, reaching a
discount of 53% at the maximum capacity.

The green circle represents the most notable level of
feasibility, indicating competitiveness with fossil jet fuel
(Jet Al, priced at €0.50/L) under a progressive scenario.
Achieving competitiveness at this benchmark is significant,
as the aviation industry remains 99.7% dependent on fossil
kerosene [3]. For GFT, competitiveness is reached only at
high CO, prices and large process capacities, and even then
no price discount is realized, with the MFSP remaining at
€0.50/L. In contrast, HTL achieves price competitiveness
from a process capacity of +2,250 tg,/d. At 2,500, 3,000,
and 3,500 tgqy/d, HTL reaches price discounts of 8%, 18%,
and 28%, respectively. These results highlight HTL as a
strong candidate for replacing fossil jet fuel under progres-
sive conditions in 2050. Howeyver, this outlook is definitive
only if technological learning is realized by installing a suf-
ficient number of plants (P, = 121, subsubsection 4.2.1) by
2050.

MFSP (€/L)
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Fig. 9. Impact of the number of globally installed plants on the
MFSP, with an indication of the subsidies required to incentivize
industry deployment. GFT is shown at the top and HTL at the
bottom. Process capacity is fixed at 2000 tqgp/d.
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To analyze this, Figure 9 shows the effect of the num-
ber of installed plants on the MFSP. The three scenarios
are presented in the same style as Figure 8 for GFT (top)
and HTL (bottom), alongside benchmark prices for Jet Al
and HEFA. As expected, increasing the number of plants
reduces the MFSP, since each new installation adds to cu-
mulative experience. Notably, HTL achieves competitive-
ness with HEFA with as few as 13 globally installed plants,
whereas GFT requires 59 plants to reach the same price
level. This indicates that the economic feasibility of HTL
plants is likely to be achieved before 2050, under the as-
sumption of a definitive P, = 121 in 2050. The red area
represents the total subsidies required on capital investment
(TCI) to reduce the MFSP to the level of the HEFA price.
This provides an indication of the scale of global gov-
ernmental support needed to incentivize fuel producers by
making early-stage plants cost competitive. HTL requires
nearly seven times less subsidy than GFT, with estimated
needs of €1.16 B for HTL compared to €7.78 B for GFT.

4.5 Uncertainty Analysis

A Pedigree Analysis was conducted to assess the
strengths, weaknesses, and uncertainties of the data used
as input for the technical and economic model, as well
as uncertainties inherent in the model itself [68]. The as-
sessment was carried out by the researcher, the supervisor,
and an external expert. Each section of the model was
evaluated on four criteria:

* Proxy, refers to how good or close a measure of the
quantity that we model is to the actual quantity we rep-
resent

* Emperical basis, refers to the degree to which direct ob-
servations, measurements and statistics are used to esti-
mate the parameter.

 Theoretical understanding, measures the degree of the-
oretical understanding that was used to generate the nu-
meral of that parameter.

* Methodological rigor, refers to the norms for method-
ological rigor in this process applied by peers in the rel-
evant disciplines.

Scores were assigned on a scale from 0 (lowest) to 4
(highest). The resulting matrices are presented in the Ap-
pendix B. The main weaknesses identified are summarized
below:

* Empirical basis received the lowest scores (2.00-2.67;
average of 2.28), as most data were derived from Aspen
Plus® simulations, representing indirect rather than di-
rect measurements. In addition, some data were obtained
from papers and reports considered old, though not out-
dated.

* The energy balance for GFT was not directly sourced
from a foundational study but instead calculated by the
researcher. Although this approach is common, most
technical models in literature rely on data that is self-
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developed Aspen Plus® simulations to obtain energy
balances.

* HTL CapEx data were primarily obtained from indirect
sources, as no direct foundational paper was available.
This led to lower scores for both empirical basis and
Proxy.

 Fixed operating costs were estimated using methods
commonly found in literature; however, this category
was still judged to be a rule-of-thumb approximation.

» Technological learning was calculated using approaches
described in literature, but only limited sources were
available. Consequently, the estimates relied largely on
rule-of-thumb assumptions and could not be considered
common practice.

5 Discussion

Several findings from the Pedigree Analysis require fur-
ther discussion. Regarding the first point on the use of
older data, this limitation is partly mitigated by design im-
provements performed on the process data used from liter-
ature. These included the integration of CO, capture mod-
ules, the use of recent catalyst data, and the proposal of
updated refinery designs for SAF production. However,
key process variables related to reaction yields, such as
biomass-to-syngas and syngas-to-syncrude yields for GFT,
and biomass-to-biocrude yield for HTL, still rely on older
experimental data. On the other hand, according to the
Pedigree Analysis the proxy, theoretical understanding and
methodological rigor scored sufficient showing confidence
in the data that is used.

Although the learning rate was calculated using well-
defined methodologies and comparable technologies have
demonstrated high technological learning percentages (18-
23%), it remains a highly uncertain parameter. More con-
servative studies, such as those from the National Energy
Technology Laboratory (NETL) in the United States, rec-
ommend using learning rates of 6% for novel technologies
[63]. Due to this uncertainty, methodological rigor only
barely achieves a sufficient score (2.50). Furthermore, the
high sensitivity observed in Figure 6 makes it difficult to
draw firm conclusions regarding the MFSP. Another con-
cern is the direct dependency of fixed operating costs on
the TCI. When TCI decreases as a result of technologi-
cal learning, fixed costs also decrease, which may not fully
reflect real-world conditions. This is underpinned by the
proxy that marginally meets a sufficient score (2.50).

A further limitation is that the SAF refinery model did
not include catalyst consumption. Since the GFT refin-
ery was modeled as a single unit process block, individ-
ual mass flows between the different chemical reactions
were not available. Without this information, estimating
catalyst consumption would have been highly uncertain.
For consistency, catalyst consumption for HTL was also
not considered. By not including this SAF refinery catalyst
consumption an incomplete representation of the MFSP is
given.

The economic model relies on price levels available for
2024 but forecasts production costs of SAF in 2050. Since
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price levels for 2050 cannot be reliably estimated, this in-
troduces an inherent uncertainty that must be considered.
This is underscored in the Pedigree Analysis where vari-
able operating costs resulting a score of 2.50, just meeting
the sufficient score. On the other hand, over time more re-
liable data will be available for price levels, and can subse-
quently be implemented in this model. Similarly, the com-
parison of MFSP with HEFA prices is based on current
HEFA values, as no future projections are available in the
literature. On the other hand, HEFA prices are strongly de-
pendent on feedstock costs, and the pathway requires rel-
atively little capital investment. As a result, learning rates
are expected to have limited impact on HEFA production
costs, which may remain relatively stable or even increase
in the future due to rising feedstock demand and prices
[69].

Another limitation concerns the project lifetime, which
was set at 20 years without accounting for the residual
value of the chemical plant. While this assumption is con-
sistent with the methodology of several previous studies,
it may underestimate the actual lifetime of most plants,
which often exceed 20 years [70]. Accounting for a longer
operating lifetime or including residual value would reduce
the MFSP.

When considering this SAF production plant in 2050, a
significant share of available feedstock in the Netherlands
would need to be redirected toward SAF production. A po-
tential price increase resulting from this additional demand
was not included in the analysis, which may further affect
the economic outcomes.

6 Conclusion

This study evaluated the techno-economic feasibility
of two thermochemical pathways for converting Dutch
forestry residues into SAF through a side-by-side compari-
son of process designs, mass and energy balances, and cost
structures, with the objective of maximizing SAF produc-
tion. The system design incorporates CO; capture and stor-
age to improve environmental performance, and technolog-
ical learning rates are included to project pathway perfor-
mance in 2050.

In terms of SAF yield, HTL proved to be the stronger
pathway with a 47% higher yield than GFT (18.3% vs
12.5%). HTL also produced higher yields of gasoline and
biochar, whereas GFT generated lower gasoline output
along with some LPG. GFT was superior in CO; produc-
tion, with a yield of 127.4% compared to 33.9% for HTL.
With CO, capture, GFT showed a better environmental
performance than HTL, being almost carbon negative in
its operation with a carbon efficiency of 96.8%. Also waste
generation under CO, capture GFT benefits the most hav-
ing a more enviromental E-factor. HTL demonstrated 68%
higher performance in terms of annual energy output for
all its (by)products, delivering 9.33 PJ/year compared to
5.57 Pl/year for GFT.

In terms of economic performance, HTL also proved
to be the stronger pathway, despite its higher total capi-
tal investment. Technological learning factors were slightly
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more favorable for HTL, due to the smaller number of
currently installed FOAK plants. The resulting MFSP was
€1.03/L for HTL and €1.49/L for GFT. The main con-
tributors to HTL’s advantage are its higher operating profit
(excluding SAF sales) and greater SAF yield. Compared to
HEFA (€1.67/L), HTL shows a 38% discount versus 11%
for GFT. Since HEFA already has established demand at
this price level, SAF from HTL and GFT could be posi-
tioned as the least expensive renewable kerosene alterna-
tive.

The MFSP values obtained for both HTL and GFT fall
within the lower range of values reported in the literature.
However, previous studies generally did not incorporate
technological learning or CO; capture, which would likely
have resulted in lower MFSP values. Notably, literature
findings also consistently reported lower MFSP for HTL
compared to GFT, further supporting HTL’s superior eco-
nomic performance.

The scenario analysis showed that GFT achieves com-
petitiveness with HEFA only under optimal conditions
(maximum process capacity and high CO; prices) in the
conservative scenario. In contrast, HTL demonstrates com-
petitiveness at a lower process capacity of 2,500 tqy/d, with
less dependence on feedstock availability and lower sensi-
tivity to CO, price volatility. Under the progressive sce-
nario, GFT reaches price silimar with Jet Al (€0.50/L)
only under optimal conditions. HTL, however, achieves a
similar price at a capacity of 2,250 tgp/d, and at maximum
capacity shows a 28% discount compared to its fossil coun-
terpart.

Although these outcomes are promising, they must be
interpreted with caution, as a certain degree of uncertainty
remains. In particular, input parameters related to techno-
logical learning and progressive scenarios require further
study to reduce this uncertainty. While studies suggest pos-
itive feedstock availability scenarios for 2050, additional
work is needed to account for potential price increases
driven by rising demand and the growing reliance on re-
newable feedstocks in the coming decades. Furthermore,
economic feasibility is also influenced by price elasticity
effects, including how increases in jet fuel prices may af-
fect customer behavior and responses to price fluctuations.
On the negative side, high electricity prices and higher la-
bor wages are less ideal for full-scale SAF production in
the Netherlands.

This study demonstrates the potential for commercial-
scale SAF production in the Netherlands, but highlights
that contributions from governments, fuel producers, and
airlines at the global level are essential to make this feasi-
ble. A major opportunity lies in the untapped technological
learning rate of GFT and HTL. To capitalize on this poten-
tial, governments should collaborate with fuel producers to
accelerate deployment by providing subsidies that lower
the capital burden of early-stage plants and reduce SAF
prices to HEFA price levels. The analysis shows that HTL
requires nearly seven times less subsidy support than GFT,
with estimated needs of €1.16 B compared to €7.78 B.
On the demand side, airlines should partner with fuel pro-
ducers by securing offtake agreements for SAF produced
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in new plants. Governments can further support this by in-
vesting in (airport) infrastructure needed for SAF refuel-
ing and rewarding airlines with higher SAF uptake through
preferential access to airport slots.

With SAF blending mandates approaching in 2030 un-
der the European Commission, it is only a matter of time
before the aviation industry must fully commit to invest-
ing in new SAF production technologies. This study shows
that the Netherlands is a feasible location for such devel-
opments. By 2050, HTL proved to be the most promising
pathway for SAF production. However, the transition to
a sustainable aviation sector will require collective action
that extends beyond technological solutions alone.

Acronyms & Abbreviations
db = Dry basis
FT = Fischer-Tropsch
GFT = Gasification Fischer-Tropsch
HTL = Hydrothermal liquefaction
FP = Fast pyrolysis
CHP = Combined heat and power
BtL = Biomass-to-liquid
NOAK = nth-of-a-kind
FOAK = first-of-a-kind
MEFSP = Minimum fuel selling price
SAF = Sustainable aviation fuel
APEA = Aspen Plus Economic Analyzer
WGS = Water—gas shift
LTFT = Low temperature Fischer-Tropsch
LT = Low temperature
HT = High temperature
WWT = Waste water treatment
sEF = Simple E-factor
cEF = Complete E-factor
DCFRR= Discounted cash flow rate of return
CapEx = Capital Expenditures
OpEx = Operating Expenditures
TCI = Total capital investment
TIC = Total installed cost
TPEC = Total purchase equipment cost
IC = Indirect costs
TDIC = Total direct and indirect Cost
LF = Location factor
WC = Working capital
DW&B = Direct wages and benefits
MW &B= Maintenance wages and benefits
MS&B = Maintenance salaries and benefits
NPV = Net present value
TLF = Technology learning factor
LPG = Liquefied petroleum gas
PSA = Pressure swing adsorption

Q = Capacity
h = Hour

d = Day

y = Year

GJ = Gigajoule
PJ = Petajoule
L = Liter
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Please see supplementary material for the Microsoft Ex-
cel® spreadsheet model.
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Pedigree Matrix - Technical Model

Gasification Fischer-Tropsch

Pedigree . . Theoretical Methodological
o Proxy Emperical Basis ] .
Criterion Understanding Rigor
Mean | Std. Dev. [ Mean |Std.Dev.| Mean |Std.Dev.| Mean | Std. Dev.
Process Design 3.00 0.00 2.33 0.47 0.47 2.67 0.47
Process variables 2.50 0.41 2.50 0.41 3.00 0.00 2.67 0.47
Mass balance 2.83 0.24 2.17 0.24 3.33 0.47 2.67 0.47
Energy balance 2.50 0.41 2.17 0.24 3.00 0.00 2.33 0.47
Hydrothermal Liquefaction
Pedigree . . Theoretical Methodological
o Proxy Emperical Basis ] .
Criterion Understanding Rigor
Mean | Std. Dev. [ Mean |Std.Dev.| Mean |Std.Dev.| Mean | Std. Dev.
Process Design 3.00 0.00 2.00 0.00 0.47 2.67 0.47
Process variables 2.50 0.41 2.33 0.47 3.00 0.00 2.67 0.47
Mass balance 2.50 0.41 2.17 0.24 3.33 0.47 2.67 0.47
Energy balance 3.00 0.00 2.25 0.25 3.00 0.00 3.00 0.00

Pedigree Matrix - Economic Model
Gasification Fischer-Tropsch

Pedigree . . Theoretical Methodological
o Proxy Emperical Basis ] .
Criterion Understanding Rigor
Mean | Std. Dev. [ Mean |[Std.Dev.| Mean |Std.Dev.| Mean | Std. Dev.
Financial Model 3.00 0.00 2.33 0.47 0.47 3.00 0.00
Fixed Operating Cost 3.33 0.47 2.33 0.94 0.47 2.67 0.47
Variable Operating Cost 2.50 0.41 2.50 0.41 0.47 2.83 0.62
Total Capital Investment 3.00 0.00 2.67 0.47 0.47 3.00 0.00
Technological Learning 2.50 0.50 2.00 1.00 0.50 2.50 0.50
Capital Expenditures 2.67 0.47 2.00 0.00 0.47 3.17 0.62
Hydrothermal Liquefaction
Pedigree . . Theoretical Methodological
o Proxy Emperical Basis ] .
Criterion Understanding Rigor
Mean | Std. Dev. [ Mean |Std.Dev.| Mean |Std.Dev.| Mean | Std. Dev. Legend
Financial Model 3.00 0.00 2.33 0.47 0.47 3.00 0.00
Fixed Operating Cost 3.00 0.00 2.33 0.94 0.47 2.67 0.47 3.0-3.49
Variable Operating Cost 2.50 0.41 2.50 0.41 0.47 2.83 0.62 2.5-2.99
Total Capital Investment 3.00 0.00 2.67 0.47 0.47 3.00 0.00 2.0-2.49
Technological Learning 2.50 0.50 2.00 1.00 0.50 2.50 0.50 1.5-1.99
Capital Expenditures 2.33 0.47 2.00 0.00 0.47 3.17 0.62 1.0-1.49

Fig. 10. Resulting matrices of Pedigree Analysis.

2025 August 25



26

2

Research Proposal



27

Nomenclature

Abbreviation

Definition

BiL
CEPCI
FOAK
FP

FT
GHG
HTL
IRR
MFSP
MSOW
SAF
TCC
TEA

Biomass-to-Liquid

Chemical Engineering Plant Cost Index
First-of-a-kind

Fast pyrolysis
Fischer-Tropsch

Greenhouse gas
Hydrothermal liquefaction
Internal rate of return
Minimum fuel selling price
Municipal solid organic waste
Sustainable aviation fuel
Thermochemical conversion
Techno-economic analysis
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2.1. Introduction and Relevance of the Project

Direct greenhouse gas (GHG) emissions from transport sector accounted for 23% of total global emis-
sions in 2019. 12% of transport emissions came from aviation. These emissions continue to grow
rapidly with rates of around 2.5% per year [1], largely due to the sector’s near-complete reliance, 99.7%,
on fossil-based kerosene and overall growing demand for flying [2]. Decarbonizing the aviation sec-
tor has become a critical global challenge. Sustainable Aviation Fuels (SAF), derived from advanced
renewable biofuels, are increasingly seen as a key solution to reducing aviation emissions [3].

The growing interest in SAF is driven by international policy targets that mandate progressive SAF
blending alongside fossil kerosene. In particular, the European Union’s ReFuelEU Aviation mandate
requires that SAF usage at EU airports increase from 2% in 2025 to 70% by 2050 [4]. This creates a
strong demand for scalable, economically viable SAF production technologies across Europe.

Currently, advanced biofuels can be produced from lignocellulosic biomass sources. Early generations
of biofuels, derived from food crops, have been associated with several potential drawbacks, including
net energy losses, increased GHG emissions, and rising food prices. This has shifted attention toward
the development of second-generation biofuels produced from non-food lignocellulosic feedstocks such
as forestry residue, municipal solid organic waste (MSOW), and wheat straw [5]. The availability and
selection of biomass feedstock are highly dependent on geographical location, which plays a primary
role in determining viable input streams for biofuel production [6].

These feedstocks are converted into biofuels through multiple thermochemical conversion technologies,
collectively referred to as biomass-to-liquid (BtL) pathways. Prior to conversion, biomass undergoes
pretreatment steps, such as drying and grinding, to improve process efficiency and handling. The
pretreated biomass is then processed through key thermochemical conversion technologies, including
gasification followed by Fischer—Tropsch (FT) synthesis, fast pyrolysis (FP), and hydrothermal liquefac-
tion (HTL). However, the oil products generated by these processes (syngas or bio-oil) do not yet meet
the specifications of drop-in SAF. Therefore, additional upgrading processes are required, followed by
product separation into fractions suitable for jet fuel, diesel, and gasoline applications.

In this context, the Netherlands, with its strategic position and the presence of a major international hub
at Amsterdam Airport Schiphol, represents an attractive location for SAF production and distribution.
The increasing demand driven by EU mandates, combined with anticipated feedstock availability in the
Netherlands [7], highlights the need for a focused techno-economic evaluation of suitable BtL pathways
under Dutch conditions.
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2.2. Literature Review

A thorough literature study is performed to understand thermochemical technologies, evaluate system
& process designs, techno-economic analysis methodologies, process data sources, feedstock avail-
ability, and jet fuel refining designs. A review of current knowledge and research gaps are given in
order to specify a relevant research that contributes to the knowledge domain.

Feedstock _ Thermoche.mlcal Refinement Separation Product
conversion

Gasification . .
/ Pretreatment |— Fischer-Tropsch —— Refinement — Separation \ Gasoline
Jet Fuel
Feedstock
Diesel
Heavy Oil
\ Pretreatment |=—— Hydrothermal = Refinement =—» Separation /

Liquefaction

Figure 2.1: System overview showing two pathways including their thermochemical conversion technologies; gasification
Fischer-Tropsch and hydrothermal liquefaction. The product streams (gasoline, jet fuel, diesel, and heavy oil) are shown
aggregated for visual clarity; in practice, these outputs are not aggregated.

Thermochemical conversion technology (TCC) process design can be divided into three stages: pre-
treatment, thermochemical conversion, and refinery. In this study, three thermochemical conversion
technologies are assessed: gasification Fischer-Tropsch (FT), fast pyrolysis (FP), and hydrothermal
liquefaction (HTL). Biomass pretreatment is necessary to optimize its composition, improve process ef-
ficiency, and enhance fuel yield. Pretreatment operations includes drying and size reduction [8], where
HTL only needs size reduction, as drying is unnecessary due to the process’s aqueous operating envi-
ronment [6].

To enhance the performance of aviation biofuel production, various biomass pretreatment methods,
such as cell rupture, can be applied to improve the availability of biomass components and increase
reaction yields. Ash and protein removal are often considered to reduce undesirable compounds in the
resulting bio-oil and aviation biofuel, particularly ash and nitrogenous compounds, which can negatively
impact fuel quality. However, these advanced pretreatment methods are not included in this research
due to the limited availability of consistent data in the literature. Moreover, excluding these processes
ensures a fair and comparable evaluation of different thermochemical conversion technologies (TCCs)
[9]. Only grinding and drying steps are incorporated.

The pretreated feedstock is then directed to the thermochemical conversion stage, where lignocellu-
losic biomass is transformed into intermediate products: syngas for gasification, and bio-oil for FP and
HTL. Gasification FT involves converting biomass into syngas (a mixture of CO and H;) through partial
oxidation at high temperatures (600—1000°C), followed by catalytic FT synthesis to produce syncrude
suited as feedstock for renewable fuels. Fast pyrolysis rapidly heats biomass in the absence of oxy-
gen (450-600°C) to generate bio-oil, non-condensable gases, and char, with bio-oil being the primary
product for further refinement. HTL, on the other hand, processes biomass in hot, pressurized water
(300—400°C, 5-20 MPa), breaking down complex biomass structures into a bio-oil product that requires
further refining [10].

Once converted into syncrude or bio-oil, further refinement is required to make it suitable for transporta-
tion fuels. Processes such as hydrotreating remove oxygen and impurities, hydrocracking breaks down
heavy molecules into lighter fuel fractions, and distillation separates the final products into gasoline,
diesel, and jet fuel. Refining design is based on precursor technology, syncrude/bio-oil composition,
target product [6]. Further details will be discussed in the literature section about refinery.
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2.2.1. Biomass-to-Liquid Techno-Economic Analysis Studies

Several studies have assessed the system illustrated in Figure 1. Some focus on the techno-economic
analysis of a single pathway, others compare multiple feedstocks, while some provide only technical
designs and evaluations. In summary, a substantial body of literature exists that addresses either
individual components or the entire system, each using its own methodology. A common thread in
techno-economic evaluation papers is that the biomass-to-liquid (BtL) system is modelled using mass
and energy balances derived from software simulations or experimental data from research labora-
tories and pilot plants. These mass and energy balances define the interconnections between unit
operations by accounting for all material and energy inputs and outputs, forming the foundation of any
BtL system description. The data generated from these balances can then be manipulated to represent
a certain scenario, incorporating variables such as, target fuel product, process scale, and economic
assumptions. This scenario can be evaluated through a techno-economic analysis, in which capital
and operational costs are estimated using data derived from the mass and energy balances. Based on
these costs the minimum fuel selling price (MFSP) can be determined, providing a basis for assessing
the economic viability of the system. Finally, a sensitivity analysis can be performed to determine which
parameters have the greatest impact on the MFSP.

Liu et al. [11] conducted a system & process design evaluation for a FP plant in Taiwan, aimed at
converting rice husk into renewable jet fuel. Rice husk was considered as feedstock as this is the most
abundant agricultural waste in Taiwan. The reference year for economic assumptions was set to 2017,
with all prices adjusted accordingly. The process scale was set at a feedstock input of 600 tonnes
per day which can be seen as a ‘first-of-a-kind’ (FOAK) facility, whereas commercial-scale (nth-of-a-
kind) plants typically range between 1,000-2,000 tonnes per day. Process data was obtained using
the Aspen Plus simulation tool and applied to estimate equipment sizes for the projected plant. Capital
costs were sourced from quotations provided by real-world equipment vendors, while operational costs
were derived from mass and energy balance outputs. MFSP was calculated based on the condition
of a net present value (NPV) of zero, with an integrated internal rate of return, a commonly applied
method for evaluating plant financial feasibility [12]. The renewable jet fuel produced in this study
demonstrated an energy yield' of 26.8%, a mass yield of 9.2%, and an MFSP of $3.21 per liter, which
remains approximately 6 to 9 times higher than U.S. fossil jet fuel prices in 2017 [13]. Furthermore, a
sensitivity analysis revealed that feedstock (rice husk) costs had the greatest impact on MFSP variability,
with 43% of the operating costs attributed to feedstock acquisition.

Wang et al. [14] expanded on the previously mentioned study by conducting a system & process
design evaluation for the gasification FT pathway. The methodology, system, and scenario parameters
were intentionally kept consistent to enable a direct comparison between both conversion routes. The
gasification FT process yielded renewable jet fuel with an energy efficiency of 42.5%, a mass yield of
14.4%, and an MFSP of $2.20 per liter. In techno-economic terms, this pathway outperformed fast
pyrolysis, evaluated in the previous study. Similar to the earlier findings, feedstock costs exhibited the
highest sensitivity on the MFSP, with 49% of the total operating costs attributed to feedstock acquisition.

Tanzer et al. [15] conducted a screening study that generated first-order estimates of the techno-
economic performance of 33 scenarios for producing biofuels for marine applications. The study con-
sidered three thermochemical conversion technologies: gasification FT, FP, and HTL. It considers
nine different locally sourced biomass feedstocks for two plant locations: Sweden and Brazil. Biofuel
production was modelled for a 500 tonnes per day FOAK plant, with the base year set to 2020. In ad-
dition to the structure outlined in Figure 1, each technology pathway included the coproduction of heat,
electricity, and hydrogen. The study further assumes that undistilled syncrude bio-oil is directly blend-
able into marine fuels. Rather than designing and simulating its own computational process models,
the study relied on process data sourced from literature, pilot plants, and laboratory-scale testing spe-
cific to each feedstock-technology combination. Where data was unavailable, parameter values were
extrapolated based on informed estimates. A parallel data structure was used to ensure that each
feedstock-technology pathway employed a standardized set of assumptions and parameters. Data
and calculations were aggregated into an interlinked spreadsheet model, enabling comparison across
a large set of scenarios. Capital and operating costs were estimated using literature and mass balance
data, and the MFSP was calculated based on plant break-even conditions, accounting for capital de-

"Yield is calculated for feedstock-to-jet fuel conversion
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preciation but excluding internal rate of return. The results indicated that the estimated MFSP ranged
between 2.5 and 8 times the current price of marine fuel. Across all scenarios, capital depreciation,
maintenance, and feedstock acquisition represented the largest contributions to operating costs. Sen-
sitivity analysis confirmed these factors as the main drivers of volatility in the MFSP.

Tzanetis et al. [16] conducted a system & process design evaluation for biomass-to-biofuel conversion
using HTL and FP. The study examined seven different process conditions: six for HTL, varying in
catalyst composition and reaction temperature, and one for FP. The analysis was based on a 1,000
tonnes per day plant located in Sweden, utilizing forest residues as feedstock due to its local availability.
The economic evaluation was conducted with 2014 as the reference year. Process data was obtained
from a computer simulation model designed in Aspen Plus. For both HTL and pyrolysis pathways, the
same bio-oil upgrading process was applied, with an assumed product distribution of 24% gasoline,
40% jet fuel, 14% diesel, and 22% heavy oil. Capital and operating costs were estimated based on
equipment purchase costs as a function of equipment sizing and were supported by mass and energy
balances. Although the study focused on sustainable aviation fuel (SAF) production, no specific MFSP
values were reported. Instead, total production costs for the full product mix were provided, with the
most cost-effective process condition resulting in a production cost of €0.80/L ($1.04/L ). Internal rate
of return was not factored into these calculations. Sensitivity analysis showed that feedstock costs and
capital investment were the dominant contributors to production cost variability.

The degree of energy efficiency and resource circularity varies among BtL systems, with more advanced
configurations integrating these practices to improve sustainability and economic performance. Recent
studies have made significant efforts to optimize circular resource use, though their approaches differ.
For example, Tanzer et al. [15] presents a state-of-the-art system that incorporates a cogeneration
plant, utilizing excess solid residues from the thermochemical conversion (TCC) processes to produce
electricity. Additionally, the system includes internal hydrogen production from process gases, which is
used for the hydrotreatment of FP and HTL-derived bio-oils. The system boundaries also account for
wastewater treatment, flue gas handling, and ash disposal, all included in the operational cost structure.
Tzanetis et al. [16] also designed a circular system where solid residues from fast pyrolysis and HTL
are combusted to use heat internally to feed the TCC, also internal hydrogen production is included
from waste gases from TCC process. Flue gases are used as internal heat however the disposal of
the gases is unclear. Wastewater treatment costs are included. Liu et al. [11] and Wang et al. [14]
does not use gaseous and solid residues for internal use but sells them as by-products to lower the
operating costs. Excess CO2 was vented into the atmosphere, which is not circular.

2.2.2. Process Data Sources

Mass and energy balances can be seen as the foundation of any BtL system. Studies that did not
develop their own detailed process models, or only did so partially, often rely on these foundational
models, which are mostly designed by large research institutions specialized on renewable fuels tech-
nologies . The key advantage of these models is that they provide comprehensive, well-documented
process designs that can serve as reliable data sources for techno-economic evaluations.

Several foundational studies are widely referenced in this context. Zhu et al. [8] evaluated five fuel
production pathways, including gasification FT, fast pyrolysis, and HTL, using a consistent process
design to compare different biomass conversion technologies. Wright et al. [17] focused on biomass
conversion through fast pyrolysis, both with and without integrated hydrogen production. Swanson et
al. [18] investigated biomass conversion using both low- and high-temperature gasification FT systems,
including electricity as a co-product. Finally, Tews et al. [19] presented detailed process designs for
both fast pyrolysis and HTL-based biomass conversion pathways.

2.2.3. Biomass Feedstock Availability

Most BiL studies in the literature commonly select forestry residues (woody materials) as the primary
feedstock [15, 19, 16]. This preference is driven by a combination of factors: high availability, rela-
tively low cost, low ash content, and the ability to produce high-quality bio-oil, making forestry residues
particularly well-suited for thermochemical conversion processes [20]. Currently, forestry residues are
less abundant in the Netherlands [21]. However, Boosten et al. [7] evaluated the future availability of
woody biomass under different scenarios for 2030 and 2050. For the Netherlands in 2050, the study
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projected an annual availability of 1324 kilotonnes (dry basis) of woody biomass for bioenergy purposes.
The report further identified oak and beech as the most common species in the country. In line with
this, the European Union has declared that woody biomass is an eligible feedstock for the production of
advanced biofuels, including renewable jet fuels [4]. The Dutch Emissions Authority is responsible for
enforcing these regulations in the Netherlands and also has published information outlining the eligible
feedstocks applicable to advanced biofuel production [22].

2.2.4. Refinery Design

The design of the upgrading process is critical in converting bio-oil into sustainable aviation fuel (SAF)
that meet industry specifications. Jet-A fuel, used in commercial aviation, must adhere to strict qual-
ity standards [23]. Unprocessed bio-oil, however, lacks the required properties, including low energy
density and high moisture content, making it unsuitable for direct use as jet fuel [6].

In gasification FT pathways, upgrading involves multiple unit operations such as hydrocracking and
hydroisomerization, as demonstrated by Wang et al. [14]. For fast pyrolysis and HTL-derived bio-
oils, upgrading typically involves hydrotreatment processes, including hydrogenation, hydrogenolysis,
and hydrodeoxygenation, to achieve the desired fuel properties [11, 16]. Despite targeting jet fuel
production, these processes still yield significant fractions of gasoline, diesel, and heavy oils.

Klerk [24] presents an advanced refinery design focused on maximizing jet fuel output from gasification
FT products. This design integrates unit operations such as oligomerization, alkylation, hydrotreatment,
aromatization, and hydrocracking. These steps serve to increase aromatic content to meet jet fuel
specifications, adjust the carbon chain length to the kerosene boiling range, and introduce branching
in molecular structures to lower freezing points, all essential characteristics for jet fuel. The result is a
mass yield of 62.7% from FT products to jet fuel, a substantial improvement compared to the 41.9%
yield reported by Wang et al. [14] for gasification FT-based jet fuel production.

After hydrotreatment of pyrolysis and HTL bio-oils, the resulting product mixture typically consists of
gasoline, diesel, and heavy oil, with only a portion of these fractions meeting jet fuel specifications. This
jet fuel fraction can potentially be maximized through additional upgrading processes; however, no stud-
ies to date have explored jet fuel maximization strategies for fast pyrolysis and HTL-derived products.
Nonetheless, existing refinery technologies offer pathways for this optimization. Lighter fractions, such
as gasoline-range hydrocarbons, can be upgraded through oligomerization [25] and alkylation [26] to
increase carbon chain length into the kerosene boiling range. Similarly, hydrocracking can be applied
to heavier fractions, such as diesel and heavy oils, to break down long-chain hydrocarbons into smaller
molecules suitable for jet fuel [27].

Recent research increasingly focuses on integrating HTL biocrude into existing refineries through co-
processing [28, 29]. Studies show that hydrotreatment can effectively stabilize HTL biocrude, enabling
blending with current refinery streams for the production of jet and diesel range hydrocarbons. How-
ever, this study does not investigate co-processing. Instead, it focuses on stand-alone BtL pathways,
primarily because more detailed and validated process data is available for these systems.

2.2.5. Research Gaps & Scope
The literature describes various biomass-to-liquid (BtL) systems and their individual components. How-
ever, two key research gaps can be identified: a scenario-based one, and technical-based one.

As outlined in the introduction, the demand for sustainable aviation fuel (SAF) is rapidly increasing in
the Netherlands, while current feedstock options for SAF production remain limited. This highlights
the need to explore alternative feedstocks for renewable fuel production. According to projections by
Boosten et al. [7], the availability of forestry residues (woody biomass) in the Netherlands is expected
to increase significantly over the coming decades, reaching approximately 1,324 kilotonnes per year
by 2050. This feedstock is particularly well-suited for thermochemical conversion processes due to
its favourable properties, including low ash content and high bio-oil yield potential [20]. Theoretically,
utilizing this biomass could cover up to 4.4% of the Netherlands’ total SAF demand in 2050, based on
biomass-to-SAF yield data reported in the literature [21, 14]. However, fuel yield alone is not sufficient
to determine the viability of these pathways. To date, no comprehensive techno-economic analysis has
been conducted comparing gasification FT, FP, and HTL processes for SAF production under Dutch
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conditions. Therefore, an in-depth techno-economic analysis is required, comparing these process
designs within the context of a 2050 scenario in the Netherlands, using forestry residues as the primary
feedstock. The analysis will assume a commercial-scale (nth-of-a-kind) plant with a processing capacity
of 2,000 tonnes per day.

The second research gap concerns the maximization of SAF production through the design of a ded-
icated, tailor-made refinery. As highlighted in the literature review, Klerk [24] presents a refinery con-
figuration specifically designed to maximize SAF yield from gasification FT products. However, while
this approach could also be adapted for the upgrading of bio-oils derived from fast pyrolysis and HTL,
no studies to date have explored this application. Developing such refinery designs for these path-
ways could enhance SAF production potential in the Netherlands. This leads to the following research
objective.

The research objective is to assess the economic feasibility of Sustainable Aviation Fuel (SAF) produc-
tion process in the Netherlands in 2050, aimed to optimize SAF yield, in the Netherlands by performing
a comparative techno-economic analysis of gasification Fischer-Tropsch and hydrothermal liquefaction
plant design, using forestry residues as feedstock.

2.2.6. Research Question

Under which conditions is the production of SAF from forestry residues economically feasible in the
Netherlands by 2050, when aiming to maximize SAF yield through gasification FT and HTL at commer-
cial scale?

» Subquestion 1: How can refinery designs for each pathway be tailored to maximize SAF output,
and what unit operations are required for this optimization?

* Subquestion 2: How do the three thermochemical pathways compare in terms of mass and
energy yields, and MFSP for SAF production in the Netherlands by 20507

» Subquestion 3: Which parameters (e.g., feedstock costs, plant scale, utility costs) have the
largest impact on the economic viability and MFSP for each pathway?
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1. System modelling 2. Economic Modelling 3. Techno-Economic Evaluation

g System & Process design Evaluation (SSUAS::?ini'ble aviation fuel
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Figure 2.2: An overview of the methodology divided into three phases: System modelling, Economic modelling, and
Techno-economic evaluation. Where applicable, certain blocks are linked to specific research sub-questions (SQ) that are
addressed during this phase or step.

2.3. Methodology

This section outlines the methodology applied in this research, as illustrated in Figure 2. The method-
ology is developed by combining elements from various studies, integrating relevant approaches to
address the main research question and its sub-questions. In addition, the methodology directly sup-
ports achieving the research objective. It is structured into three main phases: System modelling,
Economic modelling, and Techno-economic evaluation.

System modelling follows the methodology described by Tanzer et al. [15], in which the biomass-
to-liquid (BtL) system is represented as a unit-process black box model with a consistent level of
detail across all unit operations. Thermochemical process designs and mass and energy balances
are sourced from existing literature, with careful selection based on similarity in process conditions,
data quality, and relevance to the chosen technology-feedstock combinations — gasification Fischer-
Tropsch (FT), fast pyrolysis (FP), and hydrothermal liquefaction (HTL) using woody biomass. The
objective of this approach is not to replicate detailed process simulations in specialized software, but
to focus on the key parameters that influence jet fuel yield and total production costs.

2.3.1. System Modelling

The first step in system modelling is system design, where key assumptions regarding system bound-
aries are defined. These include the plant capacity, set at 2,000 tonnes per day, as well as parameters
such as residue stream handling, target fuel products, feedstock type, country of reference, and base
year. The economic base year is set to 2025, while feedstock availability is assumed at projected
2050 levels for the Netherlands. This choice avoids the uncertainty associated with long-term price
forecasting, as extrapolations to 2050 would require excessive assumptions, reducing the reliability of
the economic evaluation.

Process design involves defining the unit operations for each thermochemical pathway. Foundational
models from the literature, including those by Zhu et al., Wright et al., Swanson et al., Tews et al.
[8, 17, 18, 19] form the core of this design approach. These models are widely referenced in the field
and provide well-documented, high-quality process data, making them suitable for adaptation in this
research. However, these models do not include a dedicated sustainable aviation fuel (SAF) refinery
design. Therefore, data and configurations for the SAF tailored refinery are sourced from additional
literature, including Klerk, Gorimbo et al., Sakuneka et al., Zhang et al. [24, 25, 26, 27].

Once the system and process design is completed, the data sourcing phase collects all required data,
including mass and energy balances, for the proposed system. As outlined in the previous section,
much of this data is provided by the foundational models. Any data gaps will be addressed through
additional literature sources or complementary datasets. All data sources will be carefully referenced to



2.3. Methodology 35

ensure transparency and enhance the reproducibility of the research. A feedback loop is incorporated
into the methodology, allowing for the system and process design to be re-evaluated and adjusted
if certain data proves unavailable or inconsistent. The system setup phase involves the quantitative
description of the BtL system. This is implemented in Microsoft Excel, which is widely used in similar
research due to its ability to generate consistent and comparable results across a large set of scenar-
ios through the use of an interlinked spreadsheet model. Excel is particularly convenient because it
allows for transparent calculations, easy adjustment of assumptions, and clear visualization of mass
and energy balances. Additionally, this software aligns with the researcher’s expertise, ensuring effi-
cient and accurate model development. Source data is entered and processed within the spreadsheet,
and where specific data is unavailable, values are carefully extrapolated based on relevant literature
and justified assumptions.

This system setup results mass and energy balances for the final system and process design, incor-
porating all assumptions that define the system boundaries. These balances also produce a detailed
utility demand and supply profile, outlining the consumption of key resources such as electricity, hydro-
gen, natural gas, cooling water, steam, and catalysts. In some cases, the system may also generate
surplus utilities — for example, excess electricity produced by a co-generation plant utilizing process
residue streams — which are accounted for as part of the utility supply.

2.3.2. Economic Modelling

The second phase is economic modelling, which follows the methodology outlined by Liu et al. and
Wang et al. [11, 14]. In this study, it is assumed that the Net Present Value (NPV) is zero, meaning
the plant operates at the break-even point. The NPV calculation incorporates capital investments, net
cash flows, and the internal rate of return (IRR), providing a comprehensive measure of the economic
feasibility of the BtL system. In the study Tanzer et al. [15], the internal rate of return (IRR) was not
included in the economic assessment, resulting in an incomplete representation of the overall economic
feasibility.

First, the capital and operational costs are determined. Within operational costs, a distinction is made
between variable and fixed costs. Variable operating costs are derived from the utility demand and sup-
ply profiles established in phase 1 (System modelling) and are assigned price values based on sourced
data. Fixed operating costs include expenses such as salaries, labour burden, maintenance, and other
overheads, with prices determined using financial assumptions supported by data from literature and
data sourcing efforts.

Capital costs are primarily based on values provided in foundational studies. When capital cost data is
available, it is adjusted to the appropriate economic base year using the Chemical Engineering Plant
Cost Index (CEPCI) [30]. The CEPCI approach is consistent with the methods used by Tanzer et al.
and Tzanetis et al. [15, 16]. It differs, however, from the methodology applied by Liu et al. and Wang
et al. [11, 14], where capital costs were directly obtained from real-world vendor quotations. When
capital costs cannot be found in foundational studies, it is sourced from additional literature, with this
effort undertaken during the data sourcing phase.

2.3.3. Techno-Economic Evaluation

Phase 3 consists of the techno-economic evaluation, where the minimum fuel selling price (MFSP)
is calculated following the methodology outlined in Phase 2. A comparative assessment of the differ-
ent thermochemical pathways — gasification FT, fast pyrolysis, and HTL — is conducted, evaluating
energy yields, mass yields, and associated costs. Subsequently, a sensitivity analysis is performed,
varying key parameters such as utility costs, capital costs, and plant capacity. This approach follows the
methodology applied in the studies referenced in Phase 2. The sensitivity analysis allows for the iden-
tification of parameters with the greatest influence on the MFSP. The results of the techno-economic
evaluation will be presented and supported by quantitative data, primarily in the form of graphs, to
clearly illustrate and compare the performance of the three pathways.

Finally, an evaluation of the sustainable aviation fuel (SAF) refinery design is carried out to determine
its economic benefits. This is achieved by comparing the tailored refinery design to a baseline scenario
where the refined fractions (gasoline, diesel, and heavy oil) are sold as separate products without further
upgrading toward jet fuel.
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2.3.4. Data Management
Below a overview of expected data and results are given in a table.
Type of | File for- | How will data be collected | Purpose of process- | Storage Who will
data mat(s) (for re-used data: source | ing location have ac-
and terms of use)? cess to
the data
BtL- .csv file, | Data will be collected by a | To create a BtL- | Project Mark ter
system Xlsx file literature review. Sources | system model to | storage Heide, su-
model will be referenced in the spe- | perform techno- | location pervisors,
cific cells and will also be ag- | economic analysis (OneDrive) | chair
gregated in a separate work-
sheet.
Aspen apw. Data will be collected by liter- | To create mass- and | Project Mark ter
Plus mod- ature review. Sources will be | energy balance data | storage Heide, su-
els referenced. and utility profile data | location pervisors
(Onedrive)

Table 2.2: Data management plan
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2.4. Planning

See the Gantt chart in the Appendix. The project is structured into four distinct phases:

1. Literature Review & Research Definition (Weeks 1-6)
During this phase, a comprehensive literature review is conducted, extracting essential knowl-
edge in the following areas:

« Thermochemical process knowledge

+ System & process designs

» Techno-economic analysis methodologies
* Process data sources

* Feedstock availability

* Tailored jet fuel refining designs

Milestone: Research Proposal Review Meeting (Week 6)

2. Research Phase 1 (Weeks 7-16)
In this phase, system and process design are carried out, including the formulation of key system
assumptions that define the system boundaries. Process design activities are performed, and
relevant data is sourced to quantitatively describe the system in Microsoft Excel. All findings and
the applied methodology are thoroughly documented to ensure transparency and reproducibility
of results.
Milestone: Mid-Term Meeting (Week 15)

3. Research Phase 2 (Weeks 17-27)

This phase focuses on refining system setup and data processing, calculating utility demand
and supply, and sourcing additional data. Capital and operational costs are determined, and fi-
nancial evaluations such as net present value (NPV) and minimum fuel selling price (MFSP) are
performed. A thermochemical pathway comparison and sensitivity analysis are conducted, along-
side an evaluation of sustainable aviation fuel (SAF) refinery integration. The phase concludes
with continuous documentation and submission of the draft thesis.

Milestones: Finalization System Model (Week 18), Submission of Draft Thesis (Week 27)

4. Research Dissemination (Weeks 28-33)
All research findings are compiled and documented in preparation for the Green Light Review.
Following this, efforts focus on finalizing the thesis and preparing for the defence.
Milestones: Green Light Review (Week 29), Thesis Defence (Week 33)
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2.5. Conclusion

The increasing urgency to decarbonize the aviation sector highlights the need for scalable and eco-
nomically viable sustainable aviation fuel (SAF) production technologies. This research proposal has
outlined a comprehensive approach to evaluate the techno-economic feasibility of producing SAF in
the Netherlands by 2050 using gasification Fischer—Tropsch (FT), fast pyrolysis (FP), and hydrother-
mal liqguefaction (HTL) pathways. The focus on forestry residues as a feedstock aligns with projected
availability and regulatory frameworks. A comparative analysis is performed for these pathways and
this addresses two key research gaps; a Dutch scenario in 2050 for SAF production from biomass, and
SAF tailored refinery design to maximize this fraction.

The choice to focus on forestry residues as the primary biomass feedstock is based on projections of
future availability within the Dutch context, in alignment with EU and national regulatory frameworks
that promote the use of lignocellulosic biomass for advanced biofuel production. This research ad-
dresses two key gaps identified in current literature. First, there is a lack of scenario-based analysis
for SAF production under Dutch conditions in the year 2050, considering projected biomass availability.
Second, the potential of refinery configurations specifically designed to maximize the SAF fraction from
each conversion route remains underexplored. System and process modelling are carried out using
established methodologies and process designs sourced from validated literature, complemented by
mass and energy balances. These balances are critical to quantify utility demands such as electricity,
steam, hydrogen, and cooling water. Economic evaluation is performed through the calculation of the
minimum fuel selling price (MFSP), using a net present value (NPV) method that incorporates capital
expenditure, operational costs, and financial assumptions over the plant’s lifetime.

A comprehensive sensitivity analysis is conducted to identify and quantify the influence of key param-
eters, including feedstock cost, plant scale, utility prices, and capital costs, on the MFSP. In addition,
an assessment of SAF tailored refinery configurations is performed.
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