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Abstract

Sustainable aviation fuels provide the opportunity to reduce the aviation industry’s climate
impact while avoiding a complete replacement of the current aircraft fleet. The European
Union directs its member states to a gradual uptake of sustainable aviation fuel from 2 %yq..
in 2025 to 63 %yol:. by 2050 with the ReFuelEU directive. Yet, biomass-based fuel production
in Europe is limited by the availability of sustainable biomass. This limitation can be mitigated
by the Power Biomass to Liquid process, which attains near full biogenic carbon conversion to
fuel by the addition of electrolytic hydrogen.

This work evaluates the economic feasibility and global warming impact of sustainable aviation
fuel production via the Power Biomass to Liquid process. Different options to enhance process
performance and reduce its footprint are analyzed. This includes a discussion of process
configurations and integration options for fluctuating energy sources. Based on flowsheet
simulations in Aspen Plus, production costs, emissions and fuel production volume are estimated
under different economic and regional boundary conditions.

The production cost for the Power Biomass to Liquid process is highly sensitive to the electricity
price. In fact, the electricity cost is the largest cost contributor followed by the cost for the
biomass and the electrolyzer investment. The electricity’s carbon footprint is also shown to
be the determining factor for the fuel’s global warming potential. Therefore, regions with
inexpensive and green electricity, either from their national grid mix or their renewable energy
potential, are the ideal sites for the Power Biomass to Liquid process. In a region-specific
analysis, Norway and Sweden present good production sites due to their suitable grid conditions.
Ireland is a promising production site based on its onshore wind potential.

High electricity prices and emissions can also be avoided by operating the Power Biomass to
Liquid process dynamically. Yet, dynamically operated electrolysis units add substantial cost

when over-dimensioned. Therefore, an optimum between reduced electricity costs and increased
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capital expenses has to be found.

A cost reduction can also be achieved by identifying process configurations suited for the region-
specific boundary conditions. A higher CO; recycle ratio, for example, leads to an enhanced
product yield at the cost of a larger hydrogen demand. Due to the increased electricity demand
for hydrogen production, this is only cost-effective at low electricity prices.

When considering forest residues with an availability of 33 % as the feedstock for the Power
Biomass to Liquid process, around 25 Mt/a sustainable aviation fuel can be produced within
Europe. This output could be even higher when agricultural residues can also be utilized. Yet,
this production volume of sustainable aviation fuel depends upon low-carbon electricity. When
considering grid connected operation in Europe today, only around 5 Mt/a can be produced
when adhering to the European sustainable aviation fuel definition of 70 % emission reduction

compared to fossil fuel.
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Kurzzusammenfassung

Nachhaltige Flugkraftstoffe bieten die M6glichkeit die Klimawirkung der Luftfahrt zu verringern
und gleichzeitig einen vollstandigen Austausch der derzeitigen Flotte zu vermeiden. Die Européische
Union verpflichtet ihre Mitgliedstaaten mit der ReFuelEU-Richtlinie zu einer schrittweisen
Erhohung der Beimischquote nachhaltiger Flugkraftstoffe von 2 %ye:. im Jahr 2025 auf 63 %yol-.
bis 2050. Die Produktion von Treibstoff auf Biomassebasis ist in Europa jedoch durch die
Verfligharkeit von nachhaltiger Biomasse begrenzt. Diese Limitierung kann durch das Power
Biomass to Liquid Verfahren verringert werden, bei dem durch die Zugabe von elektrolytischem
Wasserstoff eine nahezu vollstandige Umwandlung von biogenem Kohlenstoff zu Fischer-Tropsch-
Kraftstoff erreicht wird.

In dieser Arbeit werden die wirtschaftliche Machbarkeit und die Umweltauswirkungen einer
nachhaltigen Flugkraftstoffproduktion mit dem Power Biomass to Liquid-Verfahren untersucht.
Es werden verschiedene Optionen zur Steigerung der Prozessleistung und zur Verringerung des
okologischen Fuflabdrucks analysiert. Dies beinhaltet eine Diskussion von unterschiedlichen
Prozesskonfigurationen und Integrationsoptionen fiir fluktuierende Energiequellen. Auf der
Grundlage von FlieSbildsimulationen in Aspen Plus werden Produktionskosten, Emissionen und
Kraftstoffproduktionsmengen unter verschiedenen wirtschaftlichen und regionalen Randbedingungen
ermittelt.

Die Produktionskosten fiir das Power Biomass to Liquid Verfahren hangen stark vom Strompreis
ab. Die Stromkosten sind der grofite Kostenfaktor, gefolgt von den Biomassekosten und der
Investition in den Elektrolyseur. Der Kohlenstoff-Fuflabdruck des Stroms ist zudem auch
der entscheidende Faktor fiir das Treibhauspotenzial des Kraftstoffs. Daher sind Regionen
mit preiswertem und griinem Strom, entweder aus dem nationalen Stromnetz oder aus lokal
verfligharer erneuerbarer Energie, die idealen Standorte fiir den Power Biomass to Liquid

Prozess. FEine regionsspezifische Analyse zeigt, dass Norwegen und Schweden aufgrund des



hohen Anteils an erneuerbarer Energie im Stromnetz gute Produktionsstandorte fiir diesen
Prozess darstellen. Irland ware aufgrund seines Onshore-Windpotenzials ein vielversprechender
Produktionsstandort.

Hohe Strompreise und Emissionen kénnen auch durch den dynamischen Betrieb des Power
Biomass to Liquid Verfahrens vermieden werden. Allerdings verursachen dynamisch betriebene
Elektrolyseeinheiten bei Uberdimensionierung erhebliche Mehrkosten. Daher muss ein Optimum
zwischen reduzierten Stromkosten und erhohten Kapitalkosten gefunden werden.

Eine Kostensenkung kann auch durch die Identifizierung von Prozesskonfigurationen erreicht
werden, die flir die regionsspezifischen Randbedingungen geeignet sind. Eine hohere CO,-
Recyclierungsrate fithrt zum Beispiel zu einer hoheren Produktausbeute auf Kosten eines hoheren
Wasserstoffbedarfs. Aufgrund des dadurch erhéhten Strombedarfs ist dies nur bei niedrigen
Strompreisen wirtschaftlich.

Nimmt man forstwirtschaftliche Reststoffe mit einer Verfiigharkeit von 33 % als Ausgangsmaterial
fiir den Power Biomass to Liquid Prozess an, kénnen in Europa rund 25 Mt/a nachhaltiger
Flugkraftstoff hergestellt werden. Die Produktmenge konnte sogar noch héher sein, wenn auch
landwirtschaftliche Reststoffe als Ausgangsstoffe verwendet werden konnen. Diese Produktionsmenge
ist jedoch nur mit emissionsarmer Elektrizitat moglich. Betrachtet man den netzgebundenen
Betrieb in Europa, kénnen heute nur etwa 5 Mt /a produziert werden, wenn man die européische
Definition fiir nachhaltigen Flugkraftstoff von 70 % Emissionsreduzierung im Vergleich zu

fossilem Kraftstoff einhalt.
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Chapter 1

Introduction

1.1 Motivation

Limiting climate change well below 2 degrees above pre-industrial levels is the central goal of the
Paris Agreement. This agreement was adopted by 196 nations [1]. To limit the temperature
rise, greenhouse gas emissions have to be cut. This poses the challenge for governments to
nd an economically optimal and socially acceptable way to transform today's industrial and
societal practices towards lower greenhouse gas (GHG) emissions.

The European Union has set itself the goal of reducing GHG emissions by at least 55 %
compared to 1990 until 2030 and reaching net-zero by 2050 [2]. The way to decarbonize many
sectors has been politically de ned. For the aviation industry, blending rates for sustainable
aviation fuel (SAF) have been de ned in the ReFuelEU package. These will be gradually
increased from 2 %,.. in 2025 to 63 %,.. by 2050 [3]. Yet, the optimal fuel production route

still has to be identi ed. Here, many factors including social acceptance and greenhouse gas
abatement cost, which all may vary based on time or location, have to be considered in nding
the optimal energy provision for aviation.

This work aims to enhance the understanding of one particular production route for sustainable
aviation fuel, the Power Biomass to Liquid (PBtL) process. The PBtL process converts biomass
and electrolytic hydrogen via the Fischer-Tropsch route to hydrocarbons. After some re ning
steps, the produced fuel can be blended into conventional fossil jet fuel. To assess the process

in comparison with other SAF production routes, this work answers the following questions:
" What are the production cost and GHG emissions for the PBtL process? How can these
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values be minimized via the selection of the process con guration?

" How to incorporate electricity supply uctuations into the process for minimal production

cost and GHG emissions?

A

How much sustainable aviation fuel can be produced within Europe given the limited

availability of biomass and renewable power?

1.2 SAF production

Several SAF production routes have achieved certi cation as drop-in fuels. Table 1.1 o ers
an overview of these routes, including their maximum blending rates, estimated production
costs, and associated greenhouse gas (GHG) emissions. The latter two characteristics should
be viewed as rough indications as they are derived from a review study on today's state-of-the-
art knowledge on these processes [4].

The FT route (FT-SPK and FT-SPK/A) is certi ed for a 50 % blending rate similar to the
alcohol to jet (AtJd), catalytic hydrothermolysis (CH) and hydrotreated ester and fatty acid
(HEFA) route. The high blending rate sets these routes apart from the synthesized iso-para ne
(SiP) and the HEFA route that includes algae-derived hydrocarbons as feedstock (HC-HEFA),
which is restricted to 10 %. While all other routes have to be re ned in a separate facility, up

to 5 % of FT product can be added to conventional oil re ning processes.

Table 1.1. ASTM certi ed drop-in fuel production routes and main production characteristics

[4].

Route Certi ed Blending Feedstock Production Cost GHG Emissions
[%vol.] (> 0.18 Mt/a)
Atd 50 Lignocellulosic biomass, High Intermediate

sugar-based feedstock
SiP 10 Lignocellulosic biomass, High Intermediate

sugar-based feedstock

HEFA 50 Oil-based feedstock Low High
HC-HEFA 10 Algae-derived hydrocarbons +

fatty acid and esters
FT-SPK 50 Carbon-based biomass Intermediate Low
FT-SPK/A 50 Co-processing of a

benzene-rich stream from coal

gasi cation
FT Co-processing 5 Carbon-based biomass Intermediate Low
CH 50 Algae, waste oil, oil plant




The FT route was found to have lower production cost than the AtJ and SiP route [4]. However,
it's important to note that the AtJ process demonstrates cost advantages at smaller plant sizes
due to its lower capital intensity in comparison to the FT route. While the HEFA route appears

to be the most cost-e ective production route, it is associated with a signi cant GHG footprint
and limited feedstock availability [4]. The FT route, on the other hand, is connected to low
emissions and has a relatively large feedstock base. In addition, the FT route is a mature
process technology with many commercially operated coal- and natural gas-based plants and a
number of biomass-based projects [5].

Although, FT appears to be a promising production route for SAF, there are certain caveats
to consider. Some novel routes are in the certi cation process as SAF with a blending rate of
50 %. Routes such as methanol to SAF could be a better alternative to FT. In fact, studies
have found the methanol to SAF route to have a higher process e ciency and lower production
cost [6, 7].

The FT process under investigation in this work relies on biomass as feedstock. Many studies
consider CQ from direct air capture or industrial ue gas removal as an alternative renewable
carbon source for the FT process [8{10]. The advantage of using biomass over,@that less
energy is needed for the conversion of the feedstock. Biomass, with a typical composition of
CH1.400:61 [11], would need to be fully oxidized to have the same hydrogen demand as,CO
i.e. 3 Mol 2/Molteeqstock - Gasi cation and reformation retain a certain amount of CO and H.
Therefore, these steps are considered not full but partial oxidation steps. Consequently, less
hydrogen (K 3 moly2/MOlfeeqstock ) IS Needed for the conversion of biomass to hydrocarbons
than CO,. However, the availability issues and discussions about feedstock sustainability can

be avoided by using renewable COfrom direct air capture as feedstock [12].

1.3 SAF production via the PBtL process

The PBtL conversion route from biomass and electricity to FT syncrude is shown in Figure
1.1. Throughout this work, the process proposed in the FLEXCHX project has been used
as the base case design [14]. Dried biomass is converted to syngas by the addition of steam,
oxygen and recycled C@ The syngas consists mainly of components that nd their chemical
equilibrium according to the water gas shift (WGS) equilibrium CO + H,0O CO, + H)).

These components, together with some inert gas components such as nitrogen or methane,
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Figure 1.1. Schematic owsheet for the Power Biomass to Liquid process (PBtL) [13].

have to be separated from components that act as catalyst poison such as tars or hydrogen
sul de. To do so, the gas mixture is introduced into the tar reformer. Here, a catalytic tar
cracking reaction occurs over a nickel catalyst under the addition of oxygen [14]. Further, in
the tar reformer recycled short chained hydrocarbons;C,4, by-products of the FT reaction,
can be partly reformed to syngas components. After the removal of the remaining catalyst
poisons and the addition of hydrogen from the electrolyzer unit, the gas mixture is fed to the
FT reactor. Here, H, and CO react according to Equation 1.1 and Equation 1.2 over a Cobalt
catalyst to para nes and ole ns of various chain lengths. The fraction with a carbon chain
length higher than ve (Cs.) is separated from the generated $0O, unconverted syngas and
the shorter fraction C, 4. The Cs. fraction can be converted to SAF in subsequent re ning

steps, which are not within the scope of this work.

(2n+1)H,+ nCO!  CyHamsz + NH,0 (1.1)

2nH, + nCO! C,Hon + NH5O (12)

Contrary to PBtL, no hydrogen is added to the BtL process. Consequently, no electrolysis unit
is needed. The oxygen for gasi er and reformer is produced in an air separation unit (ASU),
as depicted in Figure 1.2. Additionally, no CQ recycle is employed in the BtL process. The
FT reactant should be fed to the reactor in a ratio of H/CO = 2.1 [15]. In the PBtL process,
the recycling of CQ leads to a shift towards CO and HO in the WGS equilibrium, resulting
in signi cantly lower H ,/CO ratios. The adjustment of this ratio in the PBtL process can only

be achieved by adding hydrogen from the electrolyzer. In contrast, the BtL process allows for
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the ratio to be adjusted by introducing steam at the equilibrium stages. As a consequence, a
larger part of the biogenic carbon leaves the BtL process in the form of GQwhich ultimately
results in a lower product yield for the BtL compared to the PBtL process. The BtL process,
on the other hand, can be operated without the additional investment and operation costs for
the electrolyzer. Furthermore, the far lower electrical power requirement means that the BtL

process is less dependent upon its electricity's carbon footprint to reach a low process GWP.

A number of BtL processes are in operation today. Thyssen is operating a biomass gasi cation
plant in combination with a Fischer-Tropsch synthesis in Dunkirk [16]. Moreover, the Fulcrum
project relies on a municipal solid waste gasi cation and a Fischer-Tropsch synthesis [17]. Yet,

other BtL projects had to be shut down such as the CHOREN project [18].

Figure 1.2. Schematic owsheet for the Biomass to Liquid process (BtL) [13]

1.4 Published literature and contributions of this work

The following section gives an overview of all studies on the PBtL process and highlights the
areas in which the present work has added new aspects to the scienti ¢ discussion. Table 1.2
lists publications on the PBtL process with their methodologies and main results. This table
solely focuses on the FT route excluding studies that apply the principle of adding electrolytic
hydrogen to increase carbon conversion to other biomass conversion routes such as methanol
[19], [20] or SNG [21].

1.4.1 Techno-economic analysis

A number of techno-economic analyses (TEA) have been conducted for the PBtL process. Three

studies focus on a specic production site for the estimation of production costs. Hillestad
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et al. nd production costs of 1.7 $,014/l at an electricity price of 50 $¥MWh in Norway,
while Albrecht et al. [9] estimate production costs of 2.0&,014/l at an electricity price of
105$MWh in Germany. Bernical et al. [24] present production cost estimates of 1.% 59,4/l

for an electricity price of 70 e/MWh in France.

Isaacs et al. [23], on the other hand, perform a region-speci ¢ production cost analysis for the
Eastern USA. They nd production costs of 1.84%,0;¢/l when assuming a grid electricity price

of 67.3%MWh. When local biomass costs and hydrogen production under local PV and wind
conditions are considered on a US county level, the cheapest production quartile has production
costs of 3.24 and 2.64/l for PV and wind, respectively.

Techno-economic studies are predominantly based on technical models taken from literature.
The publications encompassed in this work are based, in part, on new models and cost functions
developed within the EU project FLEXCHX. For example, the novel SXB gasi cation technology
was modelled based on experimental data and insights provided by the technology developers
[13]. Similarly, the cost function for the SXB technology was established based on input from
the technology developers. A similar approach was taken for the sorbent-based gas cleaning
section, which was also developed in the course of the FLEXCHX project. With that, this work
broadens the techno-economic discussion by adding novel technology options.

TEA studies typically focus on specic production sites, which suce for a fundamental
understanding of the technology while assuming a single set of biomass, electricity price, and
availability conditions. However, for an actual roll-out analysis in a speci ¢ region multiple
production sites entailing a variety of production conditions have to be considered. Such a
study is presented for the USA by Isaacs et al. [23]. However, no study for the European scope

was available before the publication by Habermeyer et al. [31].

1.4.2 Discussion of plant con guration

While some studies only analyze one plant con guration, others compare di erent owsheet

or operation points to nd optimization potential in terms of technical e ciency or process
economics. Some studies only focus on the technical analysis of the PBtL process. Dossow et
al. [25] compare di erent options for the hydrogen addition in the water gas shift equilibrium
reaction. They nd that the more hydrogen is added to the process, as de ned by the
con guration, the more product is generated. Moreover, using an SOEC instead of a PEMEL

system increases the process e ciency. Similarly, Ostadi et al. [28] show that an increased
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H,/CO ratio in the FT feed leads to an increased product output while requiring more hydrogen
from the electrolyzer. The same author employs an exergy analysis to identify the gasi er as
the primary source of exergy destruction, followed by the FT reactor and electrolyzer.

Studies investigating di erent plant con gurations are also integrated into techno-economic
analyses. Hillestad et al. [22] demonstrate that hydrogen addition to the reverse water gas
shift stage instead of the FT reactor feed increases the product output. Similar to the ndings
of Dossow et al. [25], the additional product output comes at the cost of a higher hydrogen
demand. However, the economic implications of this parameter variation are not discussed.
Putta et al. [26] demonstrate the existence of an optimum point concerning e ciency and
production costs for a specic ratio of thermal energy supplied to the gasier in relation to
electrical energy provided to the electrolyzer. Nonetheless, the economic results are also not
directly stated but given as a dimensionless index.

Peduzzi et al. [11] combine the discussion of fuel GWP and production costs in an optimization
study. Their optimization framework includes di erent technological routes for the conversion
of biomass to FT fuel, encompassing BtL and PBtL process concepts with di erent gasi cation
and gas cleaning technologies. The optimization algorithm minimizes performance indicators,
e.g., the production cost or the GWP of routes by manipulating de ned process variables such
as the FT temperature. Yet, in this study boundary conditions, such as electricity price or
GWP, are not varied. For the relatively high electricity price (100.5 e/MWh) and footprint

(320 G02.c¢/kWh), the results show the BtL process as superior compared to the PBtL process
in terms of production costs and process GWP for all analyzed technology routes.

The present work addresses this gap by jointly discussing technical and economic implications of
process con guration variations. These include process design variations such as the selection of
electrolysis technology or reformation options for FT o -gas [13]. But also parameter variations
such as the CQ recycle ratio, the FT operation temperature and conversion, the FT o -gas
recycle ratio [13], the H/CO in the FT inlet [32] as well as the electrolyzer e ciency [13] are
addressed by this work. These results show under which economic boundary condition, e.g.,

electricity price, a speci ¢ process con guration is advantageous.

1.4.3 Life cycle analysis and SAF quantity

A life cycle analysis typically describes the environmental impact of a process in many categories.

As seen in Weyand et al. [30], this includes impact categories such as global warming potential

9



(GWP) or land and water use. In Tab. 2 the term LCA is also used for studies [23, 24] that
only focus on the GWP.

Across all studies on the GWP of the Power Biomass to Liquid (PBtL) process, a consistent
consensus prevails: the electricity demand emerges as the most in uential factor a ecting the
total GWP of fuel production [23, 24, 30]. This convergence of ndings is mirrored in a study
on a methanol production route using biomass and electrolytic hydrogen as feedstock [33].
The novelty of the approach presented in this work lies in the combination of GWP with
economic ndings to determine the sustainable fuel potential within the EU. The calculation
of GHG abatement costs [13, 32] contributes a measure for the cost of defossilization, which
makes PBtL SAF comparable to other GHG abatement measures. This measure is especially
important in a climate policy context. Moreover, the combination of GHG emissions with the
fuel potential analysis allows for the appraisal of fuel quantity that ful Is certain sustainability
criteria. In the context of EU legislation, it has been shown how much SAF can be produced
within the EU in accordance with the RED Il directive within the third publication featured in

this work [31]. A similar fuel production quantity analysis on the PBtL process has not been
published before. However, these results are highly important for the comparison of PBLL to
other conversion pathways. The increased fuel output is the key advantage of the PBtL process

over routes such as the BtL process.

1.4.4 Integration options for uctuating energy sources

Some studies on the PBtL process deviate from steady-state operation. Renewable energy
sources can o er inexpensive and low-GHG electricity, but integration strategies for the uctuating
energy have to be found. Muller et al. [27] show that a dynamic hydrogen addition to the FT
reactor is technically feasible. Weyand et al. conduct an LCA for an alternating production
system switching from PBtL to BtL operation depending on the availability of renewable energy
in the grid [30]. This operation strategy is taken from the EU project FLEXCHX [34]. Moreover,
Isaacs et al. [23] calculate LCOH for an o -grid system including battery and hydrogen storage
with the algorithm described in [35]. This algorithm minimizes the LCOH for PV and wind
pro les for every region within the Eastern USA under the constraint of constant hydrogen
output.

The rst paper within this work [32] provides the techno-economic basis for the analysis of

Weyand et al. [30] with the rst analysis of the FLEXCHX operation concept. In addition,
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process con gurations to improve the techno-economic performance of such an alternating
process are proposed with the variation of the #ACO ratio. Consequently, this work adds
not only a techno-economic appraisal of this novel operation strategy to the literature on this
topic but also suggests improved process con gurations.

Moreover, with the third publication [31], this work contributes to the discussion of integration

of uctuating energy sources within the EU. Similar to Isaacs et al. [23], a constant hydrogen
output from an o -grid hydrogen plant is analyzed. For around 300 NUTS regions the production
costs of hydrogen are estimated based on local PV and wind capacity factors. These results

uncover promising production sites for an o -grid PBtL process.
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Chapter 2

Methodology

This section highlights the methodical advances that were necessary to answer the research
questions at hand. Figure 2.1 provides a summary of the methodology, outlining the key
developments made in this work along with the main results. In accordance with Figure 2.1,
the methodological advances can be allocated to the three programs Aspen Plus, Fortran and
TEPET. For each publication an Aspen Plus owsheet, as summarized in Table 2.1, has been
implemented in connection with a FT Fortran kinetic. Moreover, speci ¢ techno-ecologic-

economic analysis methods were developed in TEPET to generate the respective results.

Figure 2.1. Methodology overview.
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2.1 Aspen Plus process simulation

The basis for every techno-economic evaluation is a unique Aspen Plus owsheet. Table 2.1 gives
an overview over the key process design and modeling decisions. Some of these technologies were
modeled based on novel developments from the EU project FLEXCHX. The staged xed bed
gasi er (SXB), for example, is modeled based on the experimental results from the FLEXCHX
project [36]. The SXB gasi er was newly developed and tested within the course of this project.
Hence, the model and the derived results can be considered as new ndings on this eld.
Moreover, the SXB gasi er was developed for small-scale applications. Therefore, publication

Il features a much smaller plant (50 MW, ) compared to the other studies on CFB gasi ers.

Table 2.1. Summary of main characteristics of the three published PBtL process models.

Publication I [l [l

Plant size [MWj ] 200 50 400
Electrolyzer capacity [MWg] 188 42 890
Product output [Mt/a] 0.13 0.032 0.4

Gasi er technology CFB SXB CFB

FT model Todic 2013 [37] Todic 2017 [38] Todic 2013 [37]
CO; recycling rate [%0] 33 44 100

In addition, some of the owsheets contain process superstructures. This means that several
process con gurations are implemented in one owsheet. This was done to easily and time-
e ectively simulate a number of process con gurations using TEPET's simulation control
function. Within this function an array of process con gurations can be de ned, e.g., a PBtL
and BtL process with a high and low FT temperature. TEPET then automatically adjusts
the simulation parameters and runs the corresponding simulation. Each of the four simulation
results is then used to automatically calculate the techno-economic process results for every
speci ed con guration.

A similar approach was pursued for the cost estimation for the alternating process operation
in paper I. Here, both operation modes were simulated within one Aspen Plus owsheet. For
alternating processes, the operation mode with the larger unit size de nes the required capital
investment. For each case in this study, the operation mode with the largest unit size was

manually selected. This was done for all units in order to calculate the complete investment
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sum for the alternating process.

2.2 Fortan Fischer-Tropsch reaction kinetic

Various upstream process parameters have an e ect on the FT reaction. Parameters like the
H,/CO ratio, studied in paper I, have a direct e ect on the reactor's product selectivity and
the amount of catalyst needed to attain a de ned conversion. To accurately simulate the FT
reaction, two kinetic reaction models were implemented [37, 38] in a Fortran kinetic which is
linked to Aspen Plus as shown in Table 2.1. The link between Fortran and Aspen Plus enables
a rapid solution of the model's system of equations. The algorithm's fast convergence time
IS necessary for any process simulation that includes a recycle. Due to the complexity of the
kinetic reaction model no solution was viable within Aspen Plus itself. Therefore, implementing
a Fortran user subroutine was a necessary step.

The FT model introduced by Todic et al. in 2013 [37] o ers a comprehensive description of
paran and ole n product distributions. This model accounts for the in uence of reactor
temperature, pressure, catalyst loading, feed throughput, and composition within a slurry
bubble column reactor. This model nds application in both paper | and IlI.

The same research group has published an updated model with a closer t to the experimental
data in 2017 [38]. The closer t has been achieved by including a secondary methane formation
rate and a secondary 1-ole n hydrogenation reaction mechanism. The later mechanism accounts
for the re-adsorption of ole ns to the catalyst and is therefore especially worth considering when
ole ns are recycled to the FT reactor. The model by Todic et al. 2017 is used in paper II. The

respective Fortran codes can be found in the supplementary information of each paper.

2.3 Techno-economic analysis with TEPET

The production cost estimation method by Peters et al. [39] is implemented in DLR's software
tool TEPET. TEPET is equipped with an extensive database encompassing investment and
operational cost functions, sourced from various references. This database was extended by the
functions needed for the evaluation of the PBtL process. Notably, a investment cost function
for the novel SXB gasi cation technology was derived from project internal cost estimations
and added to TEPET [13].

Indirect investment costs, such as the cost of installation or piping, are estimated by multiplying
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Lang factors with the base investment cost [39]. For some units in the PBtL owsheet standard
Lang factors could not be applied. For electrolyzers, for instance, lower Lang factors than
the standard chemical equipment should be used as the integration e ort for electro-chemical
equipment is typically lower. Here, electrolyzer speci c Lang factors were established in an
expert interview and accordingly implemented in TEPET [32].

In instances where project-speci ¢ data on investment costs is unavailable, literature-derived
functions were used. In the case of the FT slurry bubble column reactor (SBCR), the investment
cost function has to be dependent upon the amount of catalyst in the reactor. This is of
importance when di erent reactor conversion rates are techno-economically compared, as a
higher catalyst loading leads to higher reaction rates at a constant syngas input [40]. Since
no such function has been available in literature, a novel investment cost function for the FT
SBCR has been developed. Here, the costs for catalyst and the vessel are estimated separately.
A detailed description of the cost function can be found in paper | [41].

Two di erent methodologies for the estimation of the process' GWP have been established in
collaboration with the respective co-authors. In the second publication, a simpli ed approach
considering only biomass harvesting, transport and electricity production for the GWP calculation
is pursued [13]. For the assessment of European production conditions, only the electricity
GWRP is varied for each country while biomass related emissions are assumed as constant. For
the approach applied in paper Il [31], electricity GWP and biomass transport are calculated
based on local conditions within Europe. The biomass density in a speci ¢ region determines
the transportation distance to the PBtL plant.

The GHG abatement cost calculation combines economic and ecologic analysis. The value
gives an indication of additional cost incurred for the GHG emission savings of synthetic fuels
in comparison to crude oil. It is established as the di erence of PBtL net production cost
NPCpgy and crude oil price PriceCrude oil divided by the GHG emission @2.cq reduction

as seen in Equation 3. The according calculation algorithm has been implemented in TEPET
as part of paper Il and 11l [13, 31].

NPC Price i
GHG abatement cost= PBIL crudeoil

(2.1)
mCOZ;eq;crudeoiI mCOZ;eq;P BtL

Based on the previously described calculation algorithms for NPC, GWP and abatement costs,
a region-speci ¢ analysis for Europe has been conducted. The challenge has been to account for
the di erent boundary conditions across approximately 300 NUTS regions. Local parameters

a ecting the production cost including biomass, labor and electricity prices have been collected
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in a database. The same has been done for the local parameters in uencing production
emissions, such as the biomass transport radius and the carbon intensity of the used electricity.
A special estimation algorithm has been pursued for electricity price and carbon intensity.
While the price and carbon intensity values for grid electricity could be directly taken from
datasets, they had to be estimated for the renewable energy sources wind and PV. Both values
were estimated based on the local capacity factors. The higher the local capacity factor, i.e.

the share of full load hours per year, the lower the levelized cost of electricity LCOE and carbon

intensity could be found.
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Chapter 3

Publications

The following publications have been published in peer reviewed journal. Statements about the

author's contributions can be found before each publication:

Publication I: Techno-Economic Analysis of a Flexible Process Concept for the

Production of Transport Fuels and Heat from Biomass and Renewable Electricity

F. Habermeyer, E. Kurkela, S. Maier, R.-U. Dietrich
Frontiers in Energy Research 2021 Vol. 9 Pages 684
DOI: https://doi.org/10.3389/fenrg.2021.723774

Publication II: Power Biomass to Liquid { an option for Europe's sustainable and
independent aviation fuel production

F. Habermeyer, J. Weyand, S. Maier, E. Kurkela and R.-U. Dietrich

Biomass Conversion and Biore nery 2023

DOI: 10.1007/s13399-022-03671-y

Publication IIl: Sustainable aviation fuel from forestry residue and hydrogen {
a techno-economic and environmental analysis for an immediate deployment of the
PBtL process in Europe

F. Habermeyer, V. Papantoni, U. Brand-Daniels and R.-U. Dietrich

Sustainable Energy & Fuels
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Additionally, the scienti ¢ work has been presented at the following national and international

conferences:
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" Felix Habermeyer and Ralph-Uwe Dietrich (2018) FLEXCHX Project: Flexible combined

production of power, heat and transport fuels from renewable energy sources.
4. Wissenschaftliches SCI-Tre en, Sektorkopplung\, 20.-21. Sep. 2018, Stuttgart,

Germany.

Felix Habermeyer and Ralph-Uwe Dietrich (2019) Flexibility in renewable fuel production
from biomass { the role of electrolysis boosted Fischer-Tropsch synthesis. Jahrestre en der
ProcessNet-Fachgruppe Energieverfahrenstechnik und des Arbeitsausschusses Thermische

Energiespeicherung, 6.-7. March 2019, Frankfurt am Main, Germany.

Felix Habermeyer (2019) Flexibility in renewable fuel production from biomass { the role
of electrolysis boosted Fischer-Tropsch synthesis. 27th European Biomass Conference &

Exhibition, 27.-30. May 2019, Lisbon, Portugal.

Felix Habermeyer, Julia Weyand, Simon Maier and Ralph-Uwe Dietrich (2022) Power and
Biomass to Liquid - An economic and sustainable process for the production of aviation
fuel. ProcessNet EVT, 30. March - 1. April 2022, Bamberg, Germany.

Felix Habermeyer, Julia Weyand, Simon Maier and Ralph-Uwe Dietrich (2022) Power and
Biomass to Liquid - Unlocking the full potential of biomass for sustainable aviation fuel

production. 30th European Biomass Conference & Exhibition, 9.-12. May 2022, Online.

Felix Habermeyer, Veatriki Papantoni, Simon Maier and Ralph-Uwe Dietrich (2022)
Power and Biomass to Liquid - An option for Europe's sustainable and independent
aviation fuel production. ProcessNet (Bio)Process Engineering, 12.-15. Sept. 2022,

Aachen, Germany.

Felix Habermeyer, Julia Weyand, Simon Maier and Ralph-Uwe Dietrich (2023) Sustainable
aviation fuel from renewable hydrogen and biomass { a techno-economic analysis for

Europe. 11th FSC International Conference, 23. - 25. May 2023, Aachen, Germany.

Habermeyer, Felix Veatriki Papantoni, Julia Weyand, Simon Maier and Ralph-Uwe Dietrich
(2023) Power and Biomass to Liquid { lifting the biomass limitation for Europe's sustainable
and independent aviation fuel production. 31th European Biomass Conference & Exhibition,

5.-8. June 2023, Bologna, Italy.
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Uwe Dietrich and Esa Kurkela. The software tool TEPET was provided by Simon Maier. The
authors Felix Habermeyer and Simon Maier prepared the manuscript. Ralph-Uwe Dietrich,

Esa Kurkela and Simon Maier discussed and commented the manuscript.
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