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ABSTRACT

The activity of the aviation sector accounts for at least 2% of the worldwide anthropogenic Green-
House-Gas (GHG) emissions, while in the UK it represents 7%. Several practises have been proposed
in order to diminish these emissions, among them, the use of sustainable aviation fuels (SAF)
appears to be the most relevant global warming mitigation strategy for the aviation industry.
However, the choice of feedstock and conversion technology have a direct impact on the economic,
and environmental performance of the SAF. There is a great variety of processes for the production
of SAF, from which the Fischer-Tropsch (FT) technology has achieved high maturity. Despite its level
of development, the production and use of SAF will not be fully deployed until technical, economic

and environmental constraints are properly addressed.

An extensive and critical literature review of techno-economic assessment (TEA) and/or life cycle
assessment (LCA) studies for FT-derived SAF identified some important research gaps. Although
some studies evaluated the production of SAF, there exists a lack of combined TEA and LCA
approach. Furthermore, most of these studies did not include the synthetic crude oil processing
steps within the boundaries of the system, which results in different economic and environmental
estimates. Additionally, this is the first study to include CCS for the production of SAF. Consequently,
to tackle the techno-economic and environmental uncertainties, this project aimed at evaluating
the production of SAF through three scenarios based on the FT pathway, with different feedstocks
and/or process configurations: i) Biomass to liquids, with and without carbon capture and storage
(CCS); ii) Power to Liquids; iii) Power and Biomass to Liquids without and with CCS. For each
scenario, detailed Aspen Plus process models and deterministic and probabilistic TEA and LCA
estimated technical, economic and environmental indicators. Additionally, this study also included
an evaluation of the effect of the “UK SAF mandate” on the SAF’s economic feasibility, making it

the first study to apply this policy.

The results suggest that, regardless the scenario, the minimum jet fuel selling price (MJSP) of the
SAF produced through the investigated processes cannot break even the gate price of the fossil jet
fuel. Each pathway could achieve significant cost reductions through the reduction of CAPEX and/or
lower feedstock and energy costs. The estimated global warming potential (GWP) demonstrated
considerable emissions reductions for all scenarios when compared to fossil jet fuel, and even
negative emissions were obtained for the scenarios with CCS. The water footprint, on the other
hand, reflected larger water consumptions than those required for the production of conventional
jet fuel. Given that policies such as the SAF mandate is a function of the GWP, the produced SAFs
could benefit from economic incentives that could boost their economic feasibility and aid their

MISPs to break even on the fossil jet fuel gate price.
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NOMENCLATURE
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Life Cycle Assessment
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Minimum Jet Fuel Selling Price
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Medium Pressure
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Net Present Cost

Net Present Value
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NREL National Renewable Energy Laboratory

NRMM Non-road mobile machinery

0, Oxygen

OPEX Operating Expenses

PBtL Power-and-Biomass to liquids
PEC Purchase Equipment Cost

PEM Proton Exchange Membrane

PFR Plug Flow Reactor

PM Particulate Matter

PSA Pressure Swing Adsorption

PSD Particle Size Distribution

PtL Power-to-Liquids
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PV Photovoltaic

RDF Refuse derived fuel

RED Il Renewable Energy Directive
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RH Relative Humidity

RKS-BM Redlich Kwong Soave Boston Mathias
RoW Rest of the World
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T&S Transport and storage
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TRL Technology Readiness Level
UNFCC United Nations Framework Convention on Climate Change
VC Variable Operating Costs
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1. INTRODUCTION

This introductory chapter seeks to provide a comprehensive overview of the various aspects that have
motivated the selection of the research topic for this thesis. At the same time, it outlines the objectives
to be completed in this research in order to address the research gaps identified in Chapter 2. This
chapter begins by providing an overview of the aviation industry and its contribution to global
warming. Following, there is a summary of the global and UK-specific decarbonisation strategies for
the aviation sector. The subsequent sections focus on different aspects of sustainable aviation fuels,
including production technologies and their level of development, feedstock, and an overview of
production and deployment limitations. Concluding this chapter, the purpose and specific objectives

of this work are presented, while also outlining how this thesis is structured in the following chapters.

1.1 Overview of the aviation sector

The development of the aviation industry has brought significant benefits since it offers the fastest
interconnected network worldwide, which is a key factor for the development of business and tourism
globally [1]. Nevertheless, the constant growth of air travel has raised awareness about several
inherent environmental impacts, such as the rise of aviation GHG emissions, discomfort from aircraft
noise, and concern for local air quality [2], [3]. Aviation emissions mostly originate from the
combustion of jet fuel within the aircraft engines and are mainly composed of carbon dioxide (CO,)
(around 70%) and water vapour (H.O) (around 30%); additionally, minor constituents are also
produced (less than 1%), such as nitrogen oxides (NOx), sulphur oxides (SOx), unburned hydrocarbons,
carbon monoxide (CO) and particulate matter [3], [4]. CO, emissions accumulate in the atmosphere
for hundreds to thousands of years, thereby increasing its CO, concentration and causing global

temperature to increase [5].

In 2019, aviation activities were responsible for the release of 1.2 Gt COq, Which represented around
2% of the anthropogenic GHG emissions [1], [6], and 3.5% of the anthropogenic climate impact
(radiative forcing) [7]. Based on the departure location, the three countries accounting for the largest
CO, emissions from transport of passengers in 2019 were the United States (US) with 23% of the total,
followed by China and the United Kingdom (UK) with 13% and 4.1%, respectively [6]. Furthermore, of
the total emissions registered within the UK, 95% were attributed to international aviation [6]. Figure
1-1 illustrates the yearly evolution of the GHG emissions from the UK’s international aviation,
highlighting the peak in 2019 prior to the COVID-19 pandemic [8]. Predictions indicate that air travel
could return to pre-pandemic demand levels by 2024; however, if mitigation actions were not

implemented, aviation could be responsible for 22% of the global GHG emissions by 2050 [7].
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Figure 1-1: Green-House-Gas emissions from international aviation (UK) [8].

1.2 Reduction of aviation GHG emissions in the aviation sector

The Paris Agreement of 2015 outlined the actions that countries needed to undertake in order to
tackle climate change together and achieve net-zero GHG emissions by 2050 [4]. However, this
agreement does not specifically mention international aviation emissions, since national borders do
not enclose them. For this reason, in the course of the last decades, the aviation sector has set its own
targets for the reduction of its GHG emissions. The 66™ IATA annual general meeting held in 2010
established three ambitious targets; among them, the most important was the reduction in net
aviation emissions of 50% of the value registered in 2005 by 2050 [9]. However, in order to align with
the Paris Agreement, the 77" IATA meeting of 2020 decided to strengthen their previous target of

achieving a net-zero aviation industry by 2050 [10].

Figure 1-2 depicts the emissions reduction roadmap for CO; mitigation strategies to achieve the IATA’s
target. This will require the adoption of various actions, which, in order of relevance, are: 1) the
development and use of SAF; 2) offsets and carbon capture; 3) the development of new technologies
(electric and hydrogen-powered aircraft); and 4) the improvement of infrastructure and operational
efficiencies [11] as shown in Figure 1-3. Evidently, considerable CO, emissions reductions could be
achieved by the replacement of fossil fuels by SAF [9]. However, SAF alone cannot be sufficient to

completely eliminate GHG emissions since the past LCA estimated that the GWP of SAF is lower than



that of fossil jet fuel but still positive. Therefore, carbon offsets and CCS become relevant to

compensate for residual emissions that might still exist after the deployment of SAF [11].
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Figure 1-2: Emissions reduction roadmap (‘No-action’ scenario and emissions reduction strategies

set by the aviation industry) [12].
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Figure 1-3: Contribution of mitigation actions to net-zero in 2050 [12].

1.3 UK SAF mandate

Individual commitment and actions undertaken by airlines are not sufficient to achieve the

environmental targets set by the aviation industry. Therefore, it is necessary that governments outline



standalone aviation emissions reduction goals that are in line with the Paris agreement, while also
putting in place robust policies that not only support the development of innovative technologies for
SAF production but also provide economic incentives for producers [13]. In 2019, the UK government
set a stringent target to achieve carbon neutrality by 2050 [14]. Consequently, within the aviation
sector, the UK has also set its own objectives to provide significant and cost-effective support in
reducing GHG emissions, aligning with different institutions such as ICAO, the United Nations, and the
European Union [15]. The government recognised SAF as a key technology and therefore included it
in the UK renewable transport fuel obligation [16]. Later on, it was identified the need for a dedicated
policy that accelerates SAF demand and provides incentives to the producers, thereby making SAF

production profitable [17].

The SAF mandate is currently under formulation and will be finalised and implemented by 2025 [18].
To accomplish carbon neutrality in the aviation sector by 2050, the Jet Zero Strategy was launched by
the UK government. One of the proposed action plans within this strategy is to replace 10% of fossil
jet fuel use by 2030 with the intention of achieving a 50% SAF uptake by 2050 [19]. Within the SAF
mandate, SAF is defined as a drop-in fuel that could be used in existing aircraft without modification
while exhibiting a 50% reduction in the life cycle emissions of conventional jet fuel. Furthermore, these
SAFs must be obtained from sustainable feedstocks that are non-competitive with human
consumption and that do not create deforestation [17], [19], [20]. The last statement translates into
the use of all kinds of waste, residues, and low-carbon footprint energy. The economic support offered
by the SAF mandate could benefit SAF producers through a scheme of tradable certificates that will
have a monetary value. The value of these certificates will be determined by the market in order to

close the gap between SAF and jet fuel prices [23].

1.4 Sustainable aviation fuels (SAF): Potentials and barriers

Much effort was employed during the last decade for the development of SAF coming from bio-based
feedstocks with low carbon intensity since they are expected to reduce the environmental impact of
the aviation sector [3]. There is not an agreed definition for SAF; however, according to the European
Environmental Agency, SAF are “bio-based aviation fuels that reduce GHG emissions relative to
conventional aviation fuel while avoiding other adverse sustainability impacts” [3]. “Biofuel” is the
term used to refer to fuels of biological origin, such as biomass. However, the evolution of conversion
technologies has allowed the use of other types of feedstock, such as waste and other renewable
sources. In this sense, the use of the term SAF is more convenient since it refers to the entire range of
fuels with a renewable origin [21]. These fuels must be “drop-in fuels”, because their use should not

imply any change in engine or aircraft configuration or airport fuel distribution system [22], [23].
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In the current context, the use of SAF is uneconomical for airlines; if aviation companies used them
regularly, they would double their present-day fuel expenses [22]. As a result, the main challenge to
the development of SAF is ensuring an ample production volume at a price that can compete with
regional fossil fuel pricing [4]. The production cost of SAF is directly linked to various factors, including
feedstock price, feedstock availability and composition, electricity price, capital investments,
feedstock conversion efficiency, operating charges, and quality and composition of the final product,
among others [24]. Evidently, the gap between the price of conventional aviation fuel and that of SAF
is substantial, leading to low market demand. As a consequence, the allocation of investments
towards the scale-up of SAF production facilities or the construction of new ones is limited, which
sustains an elevated production cost [2], [3]. Another factor holding back large-scale production is low
biomass availability, particularly in the context of biogenic SAF [24]; nevertheless, there are other
production pathways that are not restricted by feedstock availability, such as the power-to-liquids
technology, which, on the other hand, depends on the provision of substantial amounts of renewable
electricity [25]. Therefore, having a handful of SAF production options could potentially fulfil the target

of replacing a significant portion of the fossil jet fuel demand [7].

1.5 SAF production technologies

Given that aviation is a worldwide trade, the compatibility of SAF is an important characteristic. This
means that airlines should be able to supply their fuel needs at any international airport and expect
their aircraft fleet to operate normally [4]. In this sense, different certifications have been established
to guarantee the quality of the new SAFs and their production processes. The “Technology Readiness
Level” (TRL) is a certification with a scale ranging from 1 to 9, to establish the maturity of the fuel
production technology, while the Fuel Readiness Level (FRL) is used to specify the level of development

of different conversion pathways with a scale that also ranges from 1 to 9 [3].

Furthermore, the American Society for Testing and Materials (ASTM) has developed the standard
ASTM D-7566 to certify that synthetic kerosene produced through various SAF pathways can be
blended with fossil jet fuel in order to produce a fuel that can be safely used in airplanes. Up to the
writing of this thesis, nine technologies were certified by this standard. These technologies are listed
in Table 1-1, along with their maturity level (TRL and FRL levels), required feedstocks, and synthetic
kerosene blending limits. Among these processes, HEFA-SPK and co-processing have achieved
technological maturity at the commercial level. Besides these pathways, ATJ and FT-SPK are recently
attracting the interest of the industry, which is reflected in the investment towards the construction

of first-of-a-kind commercial plants based on these technologies [26].



Table 1-1: SAF production processes certified by ASTM D 7566 [3], [13], [21], [27], [28].

SAF production process TRL FRL Feedstock Blfi':i;ng
Fischer-Tropsch Synthetic Paraffinic Biomass (forestry residues,
7-8 7 . . 50%
Kerosene (FT-SPK) grasses, municipal solid waste)
Fischer-Tropsch Synthetic Paraffinic Biomass (forestry residues,
. . 6-7 7 . . 50%
Kerosene with Aromatics (FT-SPK/A) grasses, municipal solid waste)
Hydroprocessed Esters & Fatty Acids- 9 9 Oil-bearing biomass (e.g. algae, 50%
Synthetic Paraffinic Kerosene (HEFA-SPK) jatropha, camelina, carinata) °
Hydroprocessed Esters & Fatty Acids-
Synthetic Paraffinic Kerosene from algae 5 - Microalgae oils 10%
(HEFA-SPK)
Hydroprocessing of Fermented Sugars- 7.8 5.7 Microbial conversion of sugars 10%
Synthetic Iso-Paraffinic Kerosene (SIP) to hydrocarbons °
Alcohol-to-Jet Synthetic Paraffinic 7.8 7 (sAtir\llceL:Itl:;:;\lé/vsa]sc:zgrodstljac;c; 50%
Kerosene (ATJ-SPK) g ! ¥ ’ °
crop straws)
_ . . o 0
co proce.ss‘m.g biocrude u‘p to 5% by Oil-bearing biomass (e.g. algae, 5/)
volume of lipidic feedstock in petroleum 7-8 6-7 . . (refinery
. jatropha, camelina, carinata) .
refinery processes input)
Catalytic Hydrothermolysis Jet (CHJ) 6 - Vegetable and animal fat 50%
F
FOG Co-processing - - Fat, oils, and greases OGS(()/u)p to
0

Fuels derived from sources such as starch, sugar, animal fats, and vegetable oil are known as first-
generation biofuels. Nowadays, around 85% of SAF is produced through the HEFA process, which uses
oleo-chemical feedstocks, including animal fats, used cooking oil, or vegetable oil [13]. Nonetheless,
various factors such as price, availability, and sustainability restrict an increase in their production and
use. At the same time, the food versus fuel conflict is heightened since some of the aforementioned
raw materials could be used at the same time as food [9], [29]. Alternatively, lignocellulosic biomass
is regarded as a potential feedstock. Its utilisation for biogas or bio-oil does not compromise the

world's nourishment supply since lignocellulosic biomass is not part of the human food chain [30].

After coal and oil, biomass is ranked as the third most abundant energy source [31]. Besides being
used as a source of energy, its utilisation as a gasification feedstock has gained attention [32]. Because
lignocellulosic and cellulosic feedstocks are cheap and abundant, they have the potential to produce
sustainable fuels at a low cost [4], [29], [33]. Lignocellulosic material is converted into second-
generation sustainable fuels through thermochemical processes, mainly via gasification coupled to a
FT unit, which emerges as a promising and high-performance synthesis process to turn syngas into

hydrocarbons [34]-[36].



The use of biomass has promising benefits such as sustainability, reduction of greenhouse gas
emissions, stable energy supply, and regional, economic, and social development, in a context where
stringent regulations and policies are trying to modify the current energy matrix [31]. Biomass derives
from different sources, which include plants and plant-derived materials. They can be grouped into
two main categories: waste and virgin biomass. Municipal waste, sewage, human and animal wastes,
landfill-derived gases, and agricultural wastes are categorised as wastes. On the other hand, virgin
biomass includes crops and vegetables, mainly containing carbohydrates, and wood, plants, and

leaves, which are the main source of lignocellulose [30].

The pathway, called “Power-to-Liquids” (PtL), appears as a long-term alternative to achieve the
aviation targets of GHG emissions reduction [37]. PtL is a process that converts hydrogen (H,), usually
obtained from water electrolysis, and carbon dioxide into liquid fuels. Several pathways are included
under this denomination; however, the most important processes are Fischer-Tropsch and methanol
synthesis and conversion [38]. Combining renewable electricity and carbon dioxide capture may lead
to the production of low-carbon emissions fuels. Another great advantage is that water and land
demand for PtL are much lower than for biofuels [37], [38]. Furthermore, the combination of the PtL
and BtL pathways could result in a process that concurrently enhances the BtL production capacity

and the PtL economic performance while also providing a fuel with emissions reduction potential [39].

1.6 Research aim and objectives of the thesis

The motivation of this work arises from the importance of the development of SAF for the aviation
industry as a response to emissions reduction targets. Although some techno-economic and
environmental assessments of SAF production have been found in the literature, they are either solely
TEA or LCA evaluations. Combined TEA and LCA evaluations provide the opportunity for systematic
exploration of technical, economic, and environmental performance indicators while identifying
relationships and trade-offs among them [40]. Based on the absence of this type of holistic study, the
aim of this thesis is to use this combined TEA and LCA approach for assessing various FT-based
configurations for the production of SAF. This technology was chosen due to its level of development
and its flexibility in treating various carbonaceous feedstocks. In this sense, the thesis is divided into
three main sections. The first part evaluates the production of SAF from a BtL configuration with and
without CCS. The second main section is focused on the PtL pathway, while the third section analyses
the hybrid PBtL process with and without CCS. To achieve the main goal of this research, the following

specific objectives are proposed:



1. Create detailed models representing SAF production from the BtL, PtL, and PBtL processes, based

on the Fischer-Tropsch synthesis, in Aspen Plus® and Matlab softwares.

2. Determine relevant mass and energy efficiency indicators based on the mass and energy balances

obtained from the process modelling.

3. Develop deterministic techno-economic assessments for each case study for the estimation of
important economic indicators, such as the minimum jet fuel selling price (MJSP), the CAPEX, and
the OPEX. Additionally, apply a probabilistic approach for the estimation of the uncertainty of the
MJSP.

4. Perform deterministic life cycle assessments to estimate various environmental impacts, and

develop a probabilistic estimation of the global warming potential (GWP) for each scenario.

5. Evaluate the difference between the economic and environmental performances of the analysed

SAF and conventional fossil jet fuel.

6. Create a reliable database of economic and environmental metrics that can support decision-

making and policy elaboration.

7. Assess the impact of the UK SAF mandate on the final performance of the produced SAF for the

different scenarios.

1.7 Thesis structure

This thesis is organised into seven chapters and is structured as follows:

Chapter 1 provides an introduction that describes the importance of the study, the motivation behind
the selection of the research topic, and the main aim and objectives of the research. Additionally, it

provides a brief overview of the thesis structure.

Chapter 2 explains the essential concepts necessary for a better understanding of the evaluated
scenarios. These technical concepts are related to the various operating units of the proposed process
configuration. Further, the chapter devolves to the critical discussion of the existing techno-economic
and environmental studies found in the literature, which are based on the proposed processes. Finally,

the chapter outlines the identified research gaps and emphasises the importance of the study.

Chapter 3 explains the approach applied for the development of the process models as well as for the
economic and environmental assessments. Considering the common nature of the evaluations, the

methodology explained in this chapter is the one applied for the evaluation of the three BtL, PtL, and



PBtL configurations. When more specific methods were used, this methodology was described in their

corresponding research chapters.

Chapter 4 presents the outcomes of the evaluation of the BtL scenario that was assessed in the
publication authored from this research and named "Bioenergy with carbon capture and storage
(BECCS) potential in jet fuel production from forestry residues: A combined Techno-Economic and Life
Cycle Assessment approach". This chapter explores the techno-economic and environmental
performance of the BtL-CCS scenario for the production of SAF and outlines the impact of adding CCS
to the technical, economic, and environmental performance of a normal BtL scenario. Furthermore,
this chapter explores the effect of policies that provide economic incentives to the SAF based on the

estimated GWP.

Chapter 5 presents the outcomes of the evaluation of a PtL configuration that consists of a Direct Air
Capture unit and an alkaline electrolyser for the supply of CO, and H,, respectively. These outcomes
are presented in the author’s publication entitled "Sustainable aviation fuel (SAF) production through
power-to-liquid (PtL): A combined techno-economic and life cycle assessment". The study focuses on
the development of a process that is integrated in order to reduce water and energy requirements.
Furthermore, an off-shore wind farm is designed for the supply of power to the system. This chapter
explores the techno-economic and environmental performance and outlines the influence of
electricity sources, H,, and CO; sources on the final performance indicators. Furthermore, the results
explore the effect of the proposed UK SAF mandate and the cost of the certificates for the PtL-SAF in

order to break even the gate price of conventional jet fuel.

Chapter 6 evaluates Power-and-Biomass-to-SAF with CCS scenarios which are able to achieve negative
emissions. The evaluation is presented in the publication “A combined techno-economic and
environmental assessment of novel Power and Biomass to Liquids (PBtL) configurations with negative
emissions for the production of Sustainable Aviation Fuel (SAF)”. The study aims at evaluating the
production of PBtL SAF from an integrated economic and environmental perspective. Furthermore,
the effect of integrating CCS into this configuration is evaluated. Various scenarios based on the
amount of CO, sent for storage are assessed. Furthermore, the effect of the UK SAF mandate is

evaluated based on the calculated GWPs for each scenario.

Chapter 7 lists the overall conclusions and key findings of the thesis. It also addresses the main
limitations and the recommendations for future research. To finalise, the main outcomes of the policy

analysis draw some key points that could be useful for the final version of the UK SAF mandate.



2. LITERATURE REVIEW

The imminent consequences of global warming have caused concern in the aviation sector. The
reduction of its GHG emissions can only be achieved by the production and use of SAF, which leads to
the following questions: i) What feedstocks could be used for FT for SAF production? ii) Does FT SAF
fulfil the criteria of sustainability? iii) What is the effect of adding CCS to the production of SAF? iv)
What are the trade-offs between the technical, economic, and environmental indicators of various
SAF production scenarios? v) What actions should be taken for a more sustainable production of SAF

from the FT process?

There are many uncertainties around the production of SAFs, which may be clarified by answering the
guestions mentioned above. To this end, this chapter will develop the concepts related to the FT
conversion technology, and at the same time, it will review the different TEA and LCA studies for the
process configurations that are assessed in this research. Based on the identified findings and
limitations of the existing literature, the research gaps are narrowed down. Consequently, the specific

gaps are outlined so that this study can address them throughout the development of this research.

2.1 Gasification

Gasification is a technology with high potential for the conversion of carbonaceous feedstocks. It
operates in an atmosphere of low oxygen and high temperature for the production of significant
products such as H,, electricity, and syngas [41], [42]. Syngas, or synthesis gas, is the name of the
gasification product whose impurities have been removed [42]. Consequently, it could be used for
different purposes, e.g., the production of fuels and wax through the well-known Fischer-Tropsch
process [43]. Nowadays, various biomass gasification technologies at different development levels
exist [44]. Therefore, different feedstocks could be gasified, and due to their distinct characteristics,
specific pre-treatment steps are required for their processing in a particular gasification technology
[44]. Mainly, these steps include size reduction, drying, densification, torrefaction, and steam

explosion, among others [45], [46].

Biomass composition is represented by proximate and ultimate analyses. The ultimate analysis shows
the elemental basic composition of the raw material, except for its moisture and its inorganic
constituents that are not taken into account (Equation 2-1). On the other hand, the proximate analysis
characterises the biomass in terms of gross components such as fixed carbon, volatile matter, ash, and
moisture [30].
C+H+O0O+N+S+Ash+M=100%
(2-1)

10



2.1.1 Gasification chemistry

The gasification process is composed of the following stages [30]:

1.

Drying: Normally, biomass moisture content ranges between 5 to 35%, for most of the gasification
technologies available, the moisture content of the biomass should be reduced to 10-20% [32].
Drying requires huge amounts of energy, which affects negatively on the overall process energy

efficiency [30], [45].

Devolatilisation: Also known as pyrolysis, is the process when biomass is thermally decomposed
under an oxygen-free environment [32]. This process results in products such as char and volatiles,
which are composed of long-chain liquid hydrocarbons and a small amount of gases [45].
However, in this process also tars are produced, which are complex mixtures of condensable
hydrocarbons. Tars include single-ring to five-ring aromatic compounds, alongside other
oxygenated, and complex polyaromatic hydrocarbons. These tars represent a significant challenge
for the deployment of gasifiers at industrial level since they have the potential to clog downstream

equipment [30].

Oxidation: In this step occurs the oxidation of the pyrolysis-derived char, which results in the
production of CO,, H,0, and considerable amounts of heat. When oxygen is provided below the

stoichiometric amount, CO is also produced [32].

Reduction: During this stage, various chemical reactions take place at high temperatures. These
reactions occur without oxygen and are mostly endothermic. The average reaction temperature
ranges between 800 °C and 1,000 °C, and the products obtained are mainly CO, CHs and H; [32],
[47].

The main chemical reactions that are associated to the gasification process are presented in Table 2-
1 [47]-[49]:
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Table 2-1: Major chemical reactions of the gasification process [48].

Gasification Step Reaction

Pyrolysis Biomass - CO + H, + CO, + CH, + H,0 + Tar + Char

Char + 0, —» CO, (Char oxidation)

Oxidation C+ %02 — CO (Partial Oxidation)

H, + %02 — H,0 (Hydrogen Oxidation)

C + CO, & 2C0 (Boudouard Reaction)

C +H,0 < CO + H, (Reforming of Char)

CO + H,0 < CO, + H, (Water Gas Shift WGS Reaction)
Reduction

C + 2H, < CH, (Methanation Reaction)

CH,+ H,0 < CO + 3H, (Steam Reforming of Methane)

CHy+ CO, & 2C0 + 2H, (Dry Reforming of Methane)

Tar Reforming | Tar + H,0 - H, + CO, + CO + CH,, (Steam Reforming of Tar)

2.1.2 Types of gasifiers

The performance of the gasifier relies on a number of interdependent variables, such as the properties
of the feedstock, the reactor design, and operating parameters [50]. Gasifiers are classified according
to various parameters. According to the operating pressure, gasifiers could be atmospheric or
pressurised. If the gasifier needs an external source of energy, it is called allothermal, and if it is energy
autonomous, it is known as autothermal [30]. Depending on the gasification agent, gasifiers could be
air-blown, oxygen-blown, or steam-blown [32]. Based on gas-solid phase contact, gasifiers are divided

into fixed bed, fluidised bed, and entrained bed [30], [50]:

1. Fixed bed gasifier: Inside this type of reactor, a bed of fixed fuel particles is crossed by the gasifying
agent and the gas produced, both moving up (updraft), down (downdraft), or from one side to the
other (cross-draft) [32]. Because they are easily constructed, there are many small-scale fixed-bed
gasifiers around the world [30]. Normally, they operate with high carbon conversion efficiency, a
long solid residence time, low ash carry-over, and low gas speed [32]. Poor mixing and heat
transfer inside the reactor are the major operational drawbacks; thus, the cross-section does not
have a uniform distribution of fuel, temperature, and gas composition [30].

2. Fluidised bed gasifier: Within this unit, the gasifying agent moves a bed composed of fuel and
inert particles. Silica is commonly used as inert bed material; however, other particles such as

olivine, sand, dolomite, etc. have gained attention due to their catalytic power to discompose tars
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[47]. Their efficient gas-solid mixing and heat transfer enable operation in nearly isothermal
conditions [30], [47]. Nevertheless, the melting point of the inert material limits the increase in
the operating temperature, which normally ranges between 800 °C and 900 °C. Unless a catalyst
is added, this low temperature and short residence time do not allow gasification reactions to
reach chemical equilibrium. On the other hand, carbon conversion efficiency is high and could be
up to 95% [51]. Fluidised bed gasifiers are subdivided as bubbling, circulating, and dual fluidized
bed gasifier (DFBG).

3. Entrained bed gasifier: This type of gasifier is the most suitable for large-scale applications;
however, several technical difficulties are associated with its operation. Due to its short residence
time, the feedstock must be supplied in very small particle sizes; reducing biomass into small
particles is very difficult and high-energy-demanding due to its fibrous nature. For this reason, this
gasifier is not suitable for biomass conversion; nevertheless, it is important to highlight that the
syngas produced is almost free of tar since its operating temperature could go up to 1,000 °C or

more [30], [51].

In addition to these traditional gasifiers, there are novel technologies that have been developed,
including plasma gasification and gasification in supercritical water [41]. The plasma gasification
technology treats hazardous waste because the feedstock reacting within the gasifier is completely
decomposed into clean syngas [52]. The main part of the gasifier is a plasma torch where an electric
arc is generated between two separate electrodes, which are located in a closed container through
which an inert gas circulates and is converted into plasma [30]. Gasification with supercritical water
uses water over its critical point (647.10 K and 22.12 MPa), and it is used for biomass with high

moisture without the need for pre-treatment steps [41].
2.1.2.1 Dual Fluidised Bed Gasifier (DFBG)

DFBG consists of two separated compartments, as depicted in Figure 2-1. The feedstock enters the
first compartment, which is a bubbling fluidised bed, for its gasification with steam, resulting in raw
syngas and char; the residual char is sent to the second reactor, which is a circulating fluidized bed or
fast fluidized bed, for its combustion in the presence of an oxidising or fluidising agent. The produced
heat is recirculated to the first compartment by the inert particles for the endothermic gasification

reactions [32].
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Figure 2-1: Dual fluidized bed gasifier [53].

2.1.3 Gasification modelling

Experimental and computational aspects of biomass gasification have been widely studied. Different
mathematical models effectively depict chemical and physical phenomena occurring inside a gasifier.
Computational tools play a crucial role in determining optimal gasifier conditions, eliminating the need
for costly and time-consuming experiments [50]. Mostly, kinetic approaches, equilibrium, and artificial
neural networks are used [32]. The kinetic modelling approach encompasses the kinetic expressions
of the main reactions that occurred in the gasification process. The advantage of kinetic models is that
they are comprehensive and accurate; however, they are computationally intensive [50].
Furthermore, these models are useful for fluidized bed gasifiers because their chemical reactions are

limited by their kinetics [53].

2.2 Fischer-Tropsch

Fischer-Tropsch (FT) is a well-developed technology used for the production of hydrocarbons,
oxygenated compounds, H,0, and CO,, by hydrogenating carbon monoxide. Itsimportance is reflected
in the capability to obtain heavy hydrocarbon mixtures that can be used as synthetic fuels that
accomplish the most stringent environmental regulations for the ever-increasing energy demand [34],
[54]. An important advantage linked to the use of these liquid fuels is the fact that their properties are
similar to those of petroleum-derived fuels, which means that no further conversion is necessary [54].
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Currently, coal, oil, or natural gas are the main sources for the production of syngas. However, the
growing need to minimise dependency on fossil fuels has increased the importance of using syngas

derived from renewable sources as feedstock for the FT process [55].

The parameters affecting the quality and yield of the formation of hydrocarbons with a specific chain
length, are mainly the operating conditions, the design of the reactor, and the choice of catalyst [54].
Normally, the FT reactions occur in the presence of a catalyst under a pressure of 1x10° Pa to 6x10°
Pa (10 bar to 60 bar), and a temperature of 200 °C to 300 °C [56]. The reactions taking place over the
FT catalyst use a polymerization mechanism. The catalyst adsorbs H, and CO for their reaction and
production of a chain initiator. Then, next steps are chain propagation, chain termination and product
desorption from the catalyst surface [54]. The FT conversion is an exothermic process mainly
represented by two reactions. Equation (2-2) represents the formation of alkanes and Equation (2-3)
represents the production of alkenes [34]:
nCO + (2n + 1)Hy <5 CoHyp sy + nH,0
(2-2)

t
nCO + 2nH, < CyHyy, + nH,0
(2-3)

The main characteristic that a FT catalyst should have for the synthesis of fuels is a high capacity for
hydrogenation of CO into higher hydrocarbons [54]. According to this, the most active metals for FT
conversion are Co, Fe, Ru, and Ni. Nevertheless, due to availability and economic constraints, Fe and
Co are mainly used [34], [57]. Table 2-2 presents and contrasts the main properties of these two main
catalysts. Additionally, the selection of the catalyst is complemented by two operation modes: high-
temperature Fischer-Tropsch (HTFT), which uses a catalyst based on Fe at around 320 °C, and low-
temperature Fischer-Tropsch (LTFT), which employs either a Fe-based or Co-based catalyst at
temperatures ranging from approximately 170 °C to 270 °C. The main characteristics of the products
derived from these operating modes are detailed in Table 2-3. LTFT using a Fe-based catalyst produces
a synthetic crude (syncrude) that contains more alkenes than a Co-based catalyst [29]. In this sense,
to enhance kerosene and diesel production through FT, Co as a catalyst and LTFT are the preferred

choices [58]—[60].
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Table 2-2: Comparison of some salient features of cobalt and iron FT catalysts [54].

Parameter Co catalyst Fe catalyst
190-240 °C 200-350 °C
. . t hin HTFT LTFT
Operating Used only in LTFT reactors Operates both in and
temperature reactors
High temperature increases CH,4
selectivity and causes catalyst
deactivation
Feed gas Sygfazsovyzltg Zﬁi?c:iz(: lTotWheV\;ngge Flexible H,:CO ratio in the range 0.5-
& ne.S, QUe 0 Very 2.5, due to high WGS activity
activity
Activit More active at higher CO conversions More active than Co at higher space
y i.e., lower space velocities velocities
. . . Pri - ffi
Product Primary products are n-paraffins with .r|mary Products aren péra ns
. . . with considerable production of a-
spectrum marginal production of a-olefins .
olefins
Higher paraffin/olefin ration Lower paraffin/olefin ration
«=0.85-0.92 a=0.65-0.92

Shell Middle Distillate Synthesis,

Operating plants Oryx-GTL facility-Sasol

Sasol Slurry process (LTFT), Sasol-
SAS (HTFT), Mossgass facility

Promoters Noble metals (Ru, Rh, Pt, Pd)

Alkali metals (Li, Na, K, Rb, Ca)

Life & cost Longer life time, more expensive

Lower life time, less expensive

2.2.1

Table 2-3: Main Product Types Produced of different Fischer-Tropsch Operation Modes [29].

Product Property HTFT LTFT
Carbon number range C1-Cso C1-Ci20
Compound Classes
Alkanes (paraffins) 20-30% Major product (>70%)
Cycloalkanes (naphthenes) <1% <1%
Alkenes (olefins) Major product (>50%) 15 to 20%
Aromatics 1-5% <1%
Oxygenates 10-15% ~5%
HTFT using Fe-based catalyst
LTFT using Fe or Co-based catalysts

Fischer-Tropsch modelling
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The mathematical representation of the FT reactions plays an important role in the design and
operation of processes based on this technology. Furthermore, these models facilitate an insight into
reaction kinetics, product distribution, and catalyst performance. There are several mathematical

models, each with a different level of complexity and assumptions [61]. Studies on the FT synthesis




proposed different mechanisms, e.g., carbide, enol, CO-insertion, and hydrogen-assisted CO activation
mechanisms. The carbide mechanism suggests that CHx species originate from the breakdown of C-O

bonds on the surface of the catalyst [62].

Furthermore, the kinetic modelling of the FT synthesis encompasses three crucial steps: i) selection of
a possible mechanism; ii) formulation of the CO consumption rate; and iii) description of the product
distribution. The most common kinetic approaches are simple power-law expressions, or the
Langmuir—Hinshelwood—Hougen—Watson kinetic rate expressions [62]. Normally, most of the kinetic

studies approach the product distribution through the probabilistic Anderson-Schulz-Flory (ASF) [63].

The ideal ASF model mathematically describes the product distribution of n-alkanes [34], [57].
Equation (2-4) and (2-5) express this distribution in terms of mole fraction (yy,_»), and mass fraction
(Yn,,m) for n-alkane compounds with a carbon number (N.). Equation (2-6) defines @, which is known
as the chain growth probability factor, which depends of the rate of propagation (r;,) and the rate of
termination (r¢), but it is independent of the Carbon-number (N.) [34], [57]. The value of a depends
on several parameters, such as temperature, pressure, catalyst, and CO to H; ratio; to maximise the
yield of liquid transportation fuels a should range between 0.82 to 0.95 [34], [54]. Figure 2-2 reflects

the product distribution for different a values, between 0 and 1.

YNen = (1 - CZ) - qlNe™1

(2-4)
Ynem = Ne- (1= a)? - e
(2-5)
= Tp
Tp + 1
(2-6)
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Figure 2-2: Product distribution [57].

To improve the product distribution prediction, the deviations from the ASF model should be

accounted for. The selectivity of hydrocarbons is affected by local factors such as temperature,

pressure, and species concentrations (mainly CO and H,, but also the synthesised water) [63], [64],

but also by the inherent deviations of the FT synthesis, such as higher methane yield, lower ethylene

yield [62], and olefin production [64]. Therefore, for an enhanced FT representation, it is crucial to
integrate models that properly account for the deviations from the ASF models. An example of such

improved models is the one proposed by Marchese et al. [64], with its predicted product distribution
represented in Figure 2-3. The figure on the left displays the capability of the model to estimate

paraffin and olefin production. The black and red lines, on the other hand, depict the higher methane

yield and lower ethylene yield, respectively, which the ideal ASF model fails to represent.
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Figure 2-3: Experimental and calculated FTS distribution comparison for paraffins and olefins (left

column) and total distribution (right column), at T=482 K, p=2x10° Pa (20 bar), H,/C0=2.08 (adapted

from [64]).

2.3 Biomass to Liquid (BtL) for SAF production through Fischer-Tropsch

A generic representation of the bio-based FT process is presented in Figure 2-4. In accordance with

this diagram, five main sections are distinguished: pre-treatment of feedstock, gasification section,

syngas conditioning and cleaning section, and FT synthesis and refining of FT syncrude (synthetic

crude) [65].

Biomass

Conversion of
biomass to
synthesis gas

Mechanical
size reduction

L

Oxygen

» Fuel gas

Gasification

Raw
syngas

b

Gas

cleaning

Conversion of Refining of
synthesis gas oil to fuels
to oil [mTmm T e TS i
[ : Gas L — Aviation fuel
f —  Refinery i
Product ! Qil ' ! Other fuels
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recovery ; Wax Water '
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Fischer— i _______________
Tropsch '
» Stack gas

Figure 2-4: Diagram of the FT process for the production of synthetic fuels [29].

Initially, the feedstock is pre-treated via different processes such as drying and grinding, among others

[60]. Subsequently, the pre-treated biomass is sent to the gasification process, which depends on

many parameters, such as feedstock characteristics (particle size, biomass composition), operating
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parameters (pressure, temperature, type of gasifying agent, heating rate, equivalence ratio), catalyst

addition, and reactor configuration, all of which will impact the yield and composition of syngas [65].

Raw syngas has various impurities that must be separated to avoid problems with the FT catalyst. In
this sense, several cleaning-up technologies exist. Similarly, it is imperative to adjust the ratio H,/CO
to a value of 2.1 [30]. Once the syngas is purified and adjusted, it is directed to the Water-Gas-Shift
(WGS) reactor. This catalytic reaction, Equation 2—7, could be conducted either over Fe or Cr catalysts

at high temperatures (650—700 K) or in Cu-ZnO-AI203 at low temperatures (450-500 K) [66].
CO + H,0 - CO, + H, (AH = —41kjmol™1)
(2-7)

Purified and adjusted syngas is then introduced into the FT reactor, where parameters such as catalyst
and temperature will determine the properties and composition of the FT-syncrude produced. As
mentioned before, to maximise the production of middle distillates via FT, Co-based catalysts and LTFT
are selected [58]—[60]. Once the hydrocarbon product leaves the FT unit, it is upgraded to final liquid
fuels using common oil refinery processes. In order for the products to achieve the required
properties, it is necessary to convert the long chains into smaller units inside a hydrocracking reactor
and rearrange some of the atoms in an isomerization unit. The production of middle distillates is

maximised, while naphtha and diesel are also produced [36], [67].

2.3.1 Techno-economic assessment for BtL SAF

The preferred method for determining the economic feasibility of a SAF production pathway is
through the minimum jet fuel selling price (MJSP). The MJSP of SAF is the price at a net present value
(NPV) of zero and at a minimum acceptable internal rate of return (IRR) [35], [68]. A number of existing
TEA studies tried to be more transparent by considering a "pioneer plant analysis", while others
preferred not to take into account the risks associated with the immaturity level of development and

considered the "nth plant" approach.

A considerable number of techno-economic studies analysing biomass conversion through gasification
and FT have been published. Generally, there are more studies for the production of middle distillates
(jet fuel and diesel) [69]-[71] rather than only jet fuel [35], [60], [72]. These past TEA studies identified
that bio-based FT projects are not financially feasible, but economic parameters could be improved
by increasing the production capacity of the proposed configurations. However, commercial-scale
plants are associated with a high level of uncertainty, due mainly to the high capital investment, the

scarce and seasonal availability of biomass, and also its handling logistics [73].
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The cost of transportation fuels obtained through the FT process is higher for biomass derived fuels,
than coal or natural gas derived fuels. This could be as a consequence of the long distance for the
transport of the biomass and to its low energy density. In this sense, Hileman et al. [74] found that the
MISP for SAF from biomass is around 20% higher than the production cost of aviation fuel derived

from coal.

Typically, the economic performance of these FT configurations are found to be CAPEX and feedstock
intensive [35], [60], [65], [69]-[71]. In the FT pathway, the feedstock and syngas production and
conditioning have a significant effect on the cost of the fuel. Tijmensen et al. [69] studied the
conversion of poplar via gasification coupled with FT; the economic analysis showed that biomass
pretreatment, oxygasification and cold gas clean-up account for 75% of total capital cost, while
biomass represents 30% of total production cost. Similarly, Anex et al. [71] determined higher CAPEX
with the use of gasifiers at low temperature, since high temperature gasification leads to less complex
FT process due to a cleaner syngas and faster gasification kinetics. In the study of Atsonios et al. [72]
on the conversion of wood into jet fuel through FT; the TEA determined that the most expensive
section of the process is the syngas cleaning and conditioning section, representing near to 30% of the
Total Installation Cost (TIC). Additionally, the choice of oxygen as the gasifying agent increased the TIC

due to the need for an Air Separation Unit (ASU).

Among various SAF production pathways, the FT process stands out for having one of the highest
CAPEX [65]. Diederichs et al. [35] compared biochemical, thermochemical, and hybrid pathways for
the production of SAF from lignocellulosic biomass and first-generation feedstocks. The TEA results
for the investigated processes determined that the FT process has the highest capital investment,
while processes with first-generation feedstocks have lower values. Similarly, Neuling et al. [60]
compared four different conversion pathways; among HEFA, FT, biogas to liquids, and ATJ, FT had the

highest total investment costs.

Table 2-4 summarises some of the MJSP for the FT scenarios of the aforementioned studies.

Table 2-4: MJSP of FT jet fuel.

Plant size (based on
Pathway Feedstock feedstock input) MIJSP (£/L) Reference
(kg/h)

Wheat Straw 875,000 1.12 [60]

Wood Chips 650,000 0.70 [60]

FT Wood 864,000 1.10 [72]
Lignocellulose 27 800 1.45 35]

feedstock ’ '
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2.3.2 Life Cycle Assessment for BtL-SAF

LCA produced through FT has been broadly studied for middle distillate liquids, with more processes
focusing on diesel production [75], [76], rather than kerosene [77], [78]. While analyses of on-road
diesel are similar to those of kerosene, differences in product yields and changes in energy inputs, as

well as end-of-life applications, could lead to different estimations of the environmental impacts [79].

Compared with other SAF production pathways, FT achieves high GHG emission reductions. This is
mainly explained by the energy self-sufficiency of the process and the excess power production [60],
[80]. De Jong et al. [80] compared relative mature technologies, i.e., FT, HEFA, and ATJ, with a well-to-
wake (WtWa) approach. All of them have demonstrated high GHG emissions reductions compared to
fossil jet fuel; among them, FT is the one that performs better (86—104% of reductions). Similarly,

Neuling et al. [60] found that FT outperformed other processes in terms of GHG emissions reductions.

The analysis of the whole life cycle of FT-SAF led to the conclusion that stages associated with
feedstock production (e.g., biomass cultivation and fertiliser utilisation for cropped feedstock) and
transport have an important contribution to the GHG emissions [80]-[82]. Neuling et al. [60] analysed
the FT-derived SAF for two different feedstocks, including wood chips and wheat straw. The biomass
provision and transport contributed from 30 to 50% of the total GHG emissions. In a similar way, De
Jong et al. [80] determined that the major GHG contributor is the feedstock production. Furthermore,
they emphasized that this contribution becomes even more important for crops that are associated

with emissions from land use change.

It is also important to highlight that, in general, the choice of the method for addressing the
multifunctionality of a system significantly affects the estimated environmental performance. [79],
[83], [84]. De Jong et al. [80] analysed the FT pathway for SAF production using both an energy
allocation and a hybrid (energy allocation/system expansion) method. Their findings reported
important differences in the results of these two methodologies due to the high amount of co-
products derive from the FT pathway. For this reason, de Jong et al. recommended the energy and
economic (for non-energy products) allocation method to avoid the uncertainty introduced by the

system expansion.

Some results from the aforementioned studies are summarised in Table 2-5:
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Table 2-5: Green-House-Gas emissions of jet fuel production pathways.

GHG emissions
Pathway Feedstock (8CO2e0/ M) Reference

FT Wheat Straw 38.2 [60]

FT Wood Chips 32.4 [60]
Bio-GtL  Biomethane 38 [60]
Bio-GtL  Natural Gas 75.3 [60]

FT Wood Chips 6 [80]

FT Willow 9 [80]

FT Poplar 10 [80]

2.3.3 Bioenergy with carbon capture and storage (BECCS) for biofuels production

In recent years, there has been an increased interest in Carbon Dioxide Removal technologies (CDR)
since estimations claim that they have the potential to remove between 100 and 1,000 Gt of CO; in
the 21% century, and thus they are included in all strategies that intend to limit global warming to 1.5
°C, with limited or no overshoot. There are several CDR technologies, such as afforestation and
reforestation, land restoration and soil carbon sequestration, bioenergy with carbon capture and
storage (BECCS), direct air capture (DAC), enhanced weathering, and ocean alkalization [5]. Among
them, BECCS is a promising technology for carbon removal whose process stages have been
independently demonstrated at scale, such as bioenergy plants and the capture, transport, and

storage of CO, [85].

BECCS processes for energy production are more carbon-efficient (amount of carbon coming from
biomass that is reported as negative emissions) than BECCS processes for biofuel production.
However, the latter option has the ability to create negative-emissions alternatives to decarbonise the
transport sector, which lacks options to reduce its carbon footprint compared to power generation
[86]. Despite this, the literature abounds with case studies related to power production through BECCS
[87]-[93].

Few studies are available in the literature for CCS coupled with biofuel production plants. Generally,
the major benefit of this process configuration is the improvement of GHG emissions performance
with an increase in fuel production costs. Tagomori et al. [94] analysed the techno-economic
performance of biodiesel production via gasification and FT. The difference in the levelised cost
between the plant without and with CCS is almost negligible. From an environmental point of view,
important savings on GHG emissions are highlighted for the plants with CCS. A report of the IEA [73]
analysed the implementation of two different plants for the production of biofuels integrated with
CCS. For both cases, it was determined that the application of the CCS has a positive impact in the

sense that it halves the CO, emissions; however, it increases the biofuel production cost by 10%—14%.
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2.3.4 Summary of the findings and research gaps of the TEA and LCA of biomass-to-SAF through

the FT pathway

In this section, the key points and research gaps identified in the literature review are listed:

1.

Need for more detailed process models: The production of FT-derived fuels is still not well
implemented at commercial scale. Therefore, it is necessary to have detailed process models to
more accurately represent the mass and energy interactions within the production pathway. For
example, it has been found that for the reviewed studies, the most common practice is to model
the gasification process using a thermodynamic-equilibrium approach. Although this methodology
is reliable, it lacks accuracy. Few researchers have used the kinetic approach, which is an accurate

modelling method.

Biomass-to-liquids (BtL) process design for SAF production: Most studies found in the literature
analysed the FT process for diesel production, but the production of SAF may require additional
processing units as well as specific operating conditions for some important sections of the
process. In this sense, creating process models that contain more specific processes and operating

conditions for SAF production is important.

UK-based TEA and LCA studies for SAF production: The choice of location for conducting TEA and
LCA studies is an important parameter that can significantly impact the results. Despite the
increased interest in SAF production in the UK, there is a lack of studies focused on this location.
Region-specific parameters for feedstock availability, economic and environmental conditions,

and regulatory frameworks should be considered.

More comprehensive LCA: While there are many environmental studies for the production of SAF,
most of them involve simple carbon accounting. A comprehensive LCA is important as it offers a
deeper understanding of the stages within the process. Furthermore, this offers the opportunity
to identify the most polluting steps but also to estimate other environmental impacts beyond just

the GWP.

Need for the assessment of the Biomass to SAF with BECCS: While there are limited studies
analysing the BECCS concept for fuel production, none were found for SAF. Therefore, there is a
research gap due to the lack of comprehensive TEA and LCA studies addressing the scenario of
BECCS linked with FT for SAF production. It is critical to investigate the economic and
environmental implications of this configuration in order to determine its feasibility and

sustainability.
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Addressing the aforementioned gaps will advance our understanding of SAF production. Clearly, there
is a scarcity in TEA and LCA studies for the production of SAF through the BtL-CCS concept. To address
this research gap in a more comprehensive way including key points 1, 2, 3, and 4 in a single study is
important. Furthermore, while separate TEA and LCA studies are available, there is a crucial need for
combined evaluations that systematically examine technical, economic, and environmental

performance indicators for the identification of potential trade-offs between them.

2.4 Power-to-Liquids (PtL) for SAF production

The process of Carbon Capture and Storage (CCS) is a well-studied technology. Despite having been
developed for almost three decades within the scientific community, its high investment and
operation costs render its expansion and industrial implementation difficult. Thus, research is also
focusing on the field of Carbon Capture and Utilisation (CCU), as an alternative to justify the high
capital inversion of CO; capture, which is regarded as a feedstock for the synthesis of chemicals and
fuels [95]. CCU takes the name of Power-to-Liquids (PtL) for the process that aims to obtain liquid
hydrocarbons (Figure 2-5). The PtL is made up of three basic steps: i) Water electrolysis for H;
production, ii) Provision of CO, and iii) Synthesis of hydrocarbons that need to be upgraded or

converted to attain some specific properties [38].

00D

Figure 2-5: Schematic of power-to-liquids concept [38].

There are two main PtL processes for the production of jet fuel: FT synthesis and upgrading, and
Methanol synthesis and conversion [38], [96]. Although individual steps of these conversion pathways
are in a mature state of development (TRL between 8 and 9), full integrated systems for the selective
production of jet fuel from power are not commercially available [38], [97]. CCU conversion
technologies have a very low degree of maturity. Thus, research related with process configuration
and integration, process equipment design, catalyst, LCA, and policy analysis is in its early stages of

development [95].

FT has been widely explained in Section 2.3. To prepare CO for the conventional FT process, CO,

sourced from renewable or atmospheric capture undergoes conversion through a reverse water gas
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shift (RWGS) unit. This resultant CO is then blended with H; to generate syngas, which is subsequently
fed into the FT unit (Figure 2-6) [38]. FT synthetic jet fuel is ASTM approved to be mixed up to 50%

with conventional jet fuel [98].

Diverse methods for the production of hydrogen from renewable and non-renewable sources are
available [99]. Among them, electrolysis appears as the focus of interest of many researchers since it
could be easily coupled to renewable energy sources, producing hydrogen with minimum emissions.
Nevertheless, this immature technology needs more development to attain higher efficiencies and
consequently, lower H, production costs [99]. Three kind of electrolysers are mainly used, alkaline
water electrolysis (AE), proton exchange membrane water electrolysis (PEM) and solid oxide
electrolysis cell (SOEC) [97], [100]—-[102]. The AE is the technology that has the largest TRL (8 or 9), as

it is found in industrial applications [103].
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Figure 2-6: Process diagram of the Fischer-Tropsch pathway for power-to-liquids [104].

2.4.1 Techno-economic assessments for PtL SAF

Depending on the specific product of interest, CCU could be referred to in the literature or different
databases as “electrofuels”, “PtL”, “CCU", “Power-to-Aviation” and so on. Gathering these names with
additional keywords, such as “techno-economic analysis”, “environmental analysis” or LCA, different
search engines propose a variety of publications and reports whose number increases year after year.
The state-of-the-art of Power-to-X TEA and LCA research is developing around three main applications:

i) storing of intermittent electricity generation (as wind or PV) [105], [106], ii) production of
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transportation fuels [38], [39], [59], [97], [107]-[112], and iii) production of chemical substances [95],
[97], [111]. It is also important to highlight the large availability of bibliography for the production of
methane [113]-[115] and hydrogen production [97], [115].

The PtL concept for the production of FT-derived fuels is a relatively new alternative pathway. As for
now, only a few demonstration plants have been constructed [116], [117], and more studies are
required to fully understand the performance of the scenario for a larger commercial scale plant. Some
studies have focused on the technical aspect of the scenario through process modelling [118]-[121],
while others further proceeded to economic assessments [38], [39], [121], [122] to find the levelised
cost at which these fuels could be feasible. Similarly, there are other studies focusing on the
environmental performance of this production pathway, from which most of them focused on the

estimation of the global warming potential (GWP) [38], [123]-[125].

Some research towards technical and experimental [109], [126] performances of the PtL process or
bottleneck sections of the process, is currently under development. Through process modelling, Konig
et al. [110] found that the PtL process attained a carbon conversion rate of 73.7% and an efficiency of
43.3%. High costs of PtX (Power to any product) are associated with high capital costs and high H,
production cost (mainly influenced by the electricity cost and capital cost of the electrolyser). Tremel
et al. [108] compared different fuel/chemical synthesis technologies in terms of technology,
economics and acceptance; FT public acceptance is high due to its product similarity to conventional
fossil products. Additionally, they found that high cost of H, produced by water electrolysis is the main

reason for the high cost of PTX fuels and chemicals.

There has been only a little research that specifically analyses the production of SAF from a PtL process
that is available. Economic assessments are typically conducted to evaluate the cost and economic
feasibility of such a process, taking into account the cost of the feedstock, energy, and capital
investments needed. Three different reports produced by Batteiger et al.[127], Schmidt et al. [104],
and Fasihi et al. [128] assessed the economic and environmental performance of PtL-derived SAF. By
analysing short- and long-term scenarios, these reports determined whether this method was
economically viable. Furthermore, the estimated minimum jet fuel selling price of the SAF is much

higher when compared to the gate price of conventional jet fuel.

2.4.2 Life Cycle Assessments for PtL-SAF

The methodology of the LCA is relatively new. Many assumptions have to be undertaken during its
elaboration and for this reason, similarities between different case studies either do not exist or are

scarce. Consequently, there are many critical reviews on CCU studies [129]. As a measure to avoid the
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increasing cases of disparities between different LCA studies, some authors have elaborated
assessment guidelines [130]—-[134], in order to highlight the typical misunderstandings that many

researchers incurred and to give concise methodological guidelines to avoid them.

Many studies were developed around Power-to-gas, especially for H, and CH4 production [113], [135];
however, literature on LCA for PtL for SAF production is scarce. The three aforementioned reports by
Batteiger et al. [127], Schmidt et al. [104], and Fasihi et al. [128] assessed the environmental
performance of PtL-derived SAF. Generally, these assessments conclude that PtL is a more sustainable
option than other SAF production technologies, with significantly lower GWP. Key environmental
performance indicators for the PtL jet fuel is improved when compared with conventional jet fuel or
jet fuel from biomass. In the current situation, the PtL jet fuel has a reduction of GHG emissions of
about 70% compared to conventional fossil jet fuel. However, taking into account that the energy
matrix of the following years will be based on renewable energy, the reductions in GHG emissions will
be higher (>95%). It is also important to say that the combustion of PTL jet fuel is cleaner since less
volatile and non-volatile particulate matter is observed. Concerning water, the amount consumed in
the production of PTL jet fuel is 400 to 15,000 times lower than jet fuel from biomass. Finally, the yield
of fuel per land surface is higher than biomass jet fuel, and in terms of food competition, PtL does not

need arable land [96].

Although the information provided by the aforementioned reports is very informative, it lacks
accuracy as there are no process models and/or comprehensive LCAs. In this sense, the only study
registered for the LCA of Power-to-jet fuel is the one performed by Micheli et al. [136], who studied
the environmental assessment of various PtL SAF process configurations and calculated the GWP
alongside other environmental factors such as the water footprint and land use. The foreground data
used in the LCA of this study, which is solely an environmental assessment, derives from previous
available studies related to the production of PtL fuels and not from industrial data or detailed process

models.

2.4.3 Summary of the findings and research gaps of the TEA and LCA studies on PtL for SAF
production
The keys points identified in the literature review dedicated to this topic are as follows:
1. Limited understanding of the CCU processes: CCU is a developing discipline with a great need of
further research in a variety of related topics, such as catalysis, unit and process configuration
design, performance of commercial scale integrated plants, economic optimisation, life cycle

assessment, policy development, etc.
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Limited understanding of the PtL to SAF process: Few technical reports concerning the power-to-
aviation process exist. It is important to analyse the influence of various operating parameters in
order to maximise the overall efficiency of the process and maximise the jet fuel yield through a
detailed process design. Furthermore, detailed mass and energy balances are useful for identifying
opportunities for synergies between the different process sections. For instance, the heat
generated in the process could be used in the DAC section, or the water captured in the DAC could
be integrated to cover the system’s requirements.

UK-based TEA and LCA studies for PtL-SAF production: As stated in Section 2.3.4, the choice of
location for conducting TEA and LCA studies is an important parameter that can significantly
impact the results. Despite the increased interest in SAF production in the UK, there is a lack of
studies focused on this location. Region-specific parameters for electricity availability, economic
and environmental conditions, and regulatory frameworks should be considered. For example,
understanding how the UK SAF mandate impacts the economic feasibility of this production
pathway, which is a key part of the UK aviation net-zero strategy, is essential.

Assessment of the intermittent supply of electricity to the PtL-SAF system: Due to the high
electricity demand of PtL systems, most studies assumed that the energy requirements are met
with a dedicated renewable electricity source. Since this supply is often intermittent, it is
important to evaluate options for ensuring a consistent electricity supply, such as using battery
banks or a connection to the grid (as a virtual storage). TEA and LCA should incorporate these
considerations to assess their impact on the economic and environmental performances.

Need for TEA and LCA assessment of the PtL to SAF process: While limited studies few technical
reports have conducted general TEA and LCA studies of Power-to-jet fuel scenario; however, it is
necessary to analyse the influence of technical and economic parameters such as CO, source, CO>
price, type of electrolyser, electricity source and price, FT operating conditions and location, on
the feasibility of jet fuel production through a detailed TEA and LCA study. Furthermore, while
separate TEA and LCA studies are available, it is important to elaborate combined evaluations that
systematically examine technical, economic, and environmental performance indicators while

identifying potential trade-offs between them.

An exhaustive literature review revealed the lack of a comprehensive study on SAF production via the

PtL pathway. As a result, the goal of this research project is to fill this gap by doing a full process

simulation, developing a UK-specific framework, accounting for intermittent renewable electricity

supplies, and conducting a combined TEA and LCA. As a result, uncertainties about the feasibility,

efficiency, and sustainability of PtL-SAF production could be answered. Additionally, the effect of the

UK SAF mandate in this production pathway will be explored.
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2.5 Power-and-Biomass-to-Liquids for SAF production

The PBtL is a hybrid configuration that combines the original BtL and PtL technologies while also
producing drop-in SAF. This process is performed through various integrated stages, including water
electrolysis, biomass gasification, and liquid fuel synthesis and separation units, as shown in Figure
2-7. The synthesis of hydrocarbons typically occurs in a FT reactor; prior to FT, syngas production step
is achieved via the RWGS reactor or by the direct injection of H, [39], [137]. Several studies that
evaluated the PBtL technology exist in the literature [39], [137]-[149]. A summary of the technical
findings indicates that the PBtL process enhances the BtL carbon conversion efficiency, therefore
increasing fuel productivity. Moreover, when compared to the PtL configuration, the PBtL scenario

requires less energy per unit of fuel, therefore achieving higher energy efficiency.
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Figure 2-7: Schematic of the Power-and-Biomass-to-Liquid.

2.5.1 Techno-economic assessment for PBtL SAF

Extensive research has focused on the techno-economic (TEA) for BtL SAF production, and the number
of PtL SAF studies is also increasing. However, TEA of PBtL for SAF production remains limited, with
only a handful of studies exploring this configuration [137], [146]. Hillestad et al. [138] found that PBtL
diesel is more profitable than the one produced through the BtL process. In contrast, the net present
costs (NPC) estimated by Dietrich et al. [39] reflected that the BtL liquid fuel was less expensive than
the one produced through the PBtL route, while the PtlL-derived fuel was the least profitable.
Habermeyer et al. [147] evaluated a PBtL small-scale experimental facility for FT fuel production with
an integrated TEA and LCA approach. The conceptual design of this facility includes a water scrubber
for the separation of the CO; from the syngas, which is further recycled to the gasifier to substitute
the steam as gasification medium. This setup eliminated the need for a RWGS reactor, resulting in H;

injection occurring prior to the FT reactor, but downstream purification and separation units were
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excluded from the assessment. The resulting NPC of the PBtL C5+ hydrocarbons was estimated at
0.029 £2020/1 [147], while for a large-scale plant, the same authors estimated a NPC equal to 0.036
£2020/MJ [137].

Other studies contrast the PtL process against scenarios such as BtL and PBtL. Generally, the scenario
of PBtL has higher carbon conversion efficiency than BtL, but its total capital investment increases,
since the cost of the gasifier is added to the high cost of the electrolyser. Dietrich et al. [39] compare
these three technologies for the production of liquid hydrocarbons; as a result of the process
modelling and TEA, Dietrich et al. determined that the total capital investment of the PBtL is lower
than BtL, but higher than a simple PtL process; in respect to the technical performance, they found
that carbon conversion efficiencies for BtL, PBtL and PtL were 26.9%, 97.7% and 98.9% respectively.
Similarly, other authors as Konig et al. [107] Hillestad et al. [138] arrived to results that agreed with
Dietrich et al. [39].

2.5.2 Life Cycle Assessments for PBtL-SAF

There are few LCA of PBtL configurations in the literature [137], [146], [147], [149], mostly focusing
on the global warming potential (GWP) impact. These studies concluded that the major contributor to
the GWP is the consumed electricity. When compared to analogous BtL or PtL scenarios, the GWP of
the PBtL process was lower or higher, [147], [149] depending on the energy source that was used
[149]. Habermeyer et al. [137], [147] performed the only SAF-oriented LCA; [8], [21] the boundaries
of this LCA did not include the post-FT separation processes and hence it was a well-to-refinery gate
assessment. Their results briefly explored several environmental impacts in addition to the GWP; the
latter resulted in a positive value regardless of the source of electricity used. However, due to the
missing separation section, the estimated environmental impacts would be different to a WtWa
scenario since the various hydrocarbon fractions that are produced in the process plant imply the

presence of a multifunctional system.

2.5.3 Summary of the findings and research gaps of the TEA and LCA studies on PBtL for SAF
production
The keys points identified in the literature review dedicated to this topic are as follows:
1. Lack of Comprehensive Life Cycle Assessments (LCAs) for PBtL-SAF: There are limited LCA studies
focusing on PBtL SAF configurations. Given that these studies did not include the post-FT
separation processes, they are incomplete. Furthermore, more comprehensive LCAs are needed

to evaluate other environmental impacts of this process.
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2. Need for TEA and LCA assessment of the PBtL to SAF process: While separate TEA and scarce LCA
studies are available for the PBtL for SAF production, there is a crucial need for combined
evaluations that systematically examine technical, economic, and environmental performance
indicators while identifying potential trade-offs between them.

3. UK-based TEA and LCA studies for SAF production: As expressed in previous sections, it is relevant
to evaluate the feasibility of SAF production within a specific location. In this sense, there is the
need of PBtL-SAF assessment that can capture the UK conditions in the economic and
environmental performance. Furthermore, because the UK context affects the feedstock
production and electricity generation potential for the process, it is important to consider this
when evaluating PBtL scenario.

4. Need for the assessment of the PBtL with BECCS: While BECCS integration with BtL scenarios has
been proposed and limited studies are available in the literature, the PBtL process is also
promising for integration with CCS due to the presence of pure CO, streams. Therefore, a
comprehensive combined TEA and LCA of the PBtL-CCS configuration could revealed the feasibility
and sustainability of this novel process configuration, which has not been previously explored.

An exhaustive literature review revealed the lack of a comprehensive study on SAF production via the

PBtL pathway. As a result, this research aims at filling this gap by doing a full process simulation, based

in the UK, accounting for intermittent renewable electricity supplies, and conducting integrated TEA

and LCA. As a result, uncertainties about the feasibility, efficiency, and sustainability of PBtL-SAF
production could be answered. Additionally, the potential benefits of integrating CCS into the PBtL
process will be explored, offering the aviation industry the flexibility to choose a negative emissions
approach for SAF production via this pathway. Consequently, this research will assess various PBtL and

PBtL-CCS scenarios with a combined TEA and LCA approach.
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3. METHODOLOGY

The evaluation of the BtL, PtL and PBtL scenarios requires detailed models that can comprehensively
represent the mass and energy interactions of the various sections of the systems. Subsequently, the
resulting mass and energy balances, along with additional required data available in the literature, are
used for the economic and life cycle assessments. Based on these steps, this chapter is structured into

three main sections:

i Process modelling: The first section explains the steps and resources needed for the
construction of the process models in each case study. Moreover, the equations for
calculating the mass and energy efficiencies are explained.

ii. Economic assessment: This section depicts the methodology for the economic assessment,
which is further subdivided into OPEX and CAPEX estimations.
iii. Life Cycle Assessment: The last main section describes the methodology and resources that

are needed to perform the LCA.

Additionally, each scenario is subjected to sensitivity and uncertainty evaluations for both economic
and environmental performances. Given the specificity of the analysed parameters, these
assessments will be explained within the dedicated research chapter for each scenario. Similarly, the
development of some other scenario-specific models and the policy assessments are described in their

respective research chapters.

3.1 Process modelling

A model is the representation of a system by using a group of mathematical equations that are based
on fundamental laws of physics and chemistry. The simulation of a process is performed when these
equations are solved, resulting in a series of mass and energy outputs that reflect the behaviour of a
specific process. Therefore, process modelling and simulation are extremely useful tools for designing,
testing, optimising, and integrating existing or new chemical processes, such as the proposed SAF
production scenarios. This approach offers a safer, cheaper, and less time-consuming than performing
real systems observations [150]. Chemical process plants generally comprise various processing units
that are interconnected, and therefore requiring numerous equations for their accurate
representation. This model compilation task can be shortened by using process simulation software
that are available in the market. These software packages come with built-in models for the

representation of the most common chemical operation units.
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3.1.1 Aspen Plus models construction

Aspen Plus is a process simulation software that uses a flowsheet simulation approach. This approach
guantitatively represents all the stages of the process, from the transformation of the raw material to
the production of the final product. The methodology required to build the model of any chemical

process within this software encompasses the following steps [151]:

i Select the required chemical components and a suitable thermodynamic model from the

Aspen Plus databanks.

ii. Set up the flowsheet for the process: To start, the operating units of the process are identified
within the available models of the Aspen Plus library. Then, these models are placed on the

flowsheet and connected to each other through inlet/outlet mass and/or energy streams.

iii. Define the stream’s characteristics (such as flowrates and physical properties) and operating

conditions for the process units.

Three scenarios for the production of SAF are developed in the present research project; all these
pathways are modelled utilising the process simulation tool Aspen PlusV10. This software is the main
tool to represent most of the processes since, due to the nature of the processes, they are suitably
represented through the available chemical databanks and thermodynamic packages. All these
characteristics are important for the design and process optimisation in a steady-state regime. The
required data to be input in the model construction is gathered from a rigorous literature review.

More details on the models are provided in the respective research chapter for each scenario.

3.1.2 Aspen Plus-Matlab interface

Despite the wide range of available models in the Aspen Plus library, there are more specific new
technologies that are not included. This brings the need for programming softwares that can handle
more elaborate and complex mathematical models. Thus, Matlab could be used to develop user
models that can be integrated into the Aspen Plus interface so that they can continue to take
advantage of the capabilities of this process simulation software. The protocol of this connection was
explained in detail in the study of Fontalvo [152], and is summarised in Figure 3-1. To start, a "user
model" from the Aspen Plus library is connected to the flowsheet in representation of the specific
operating unit. Within this module, one defines the names and values of the input parameters of the
model, and at the same time, they specify the name of the Excel file that serves as a bridge to Matlab.
This Excel file contains some VBA routines that allow the reception of information of the "user model"
inlet streams and parameters. Subsequently, another VBA routine sends the received information to

the Matlab routine, which contains the mathematical models representing the operating unit. Then,
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the code in Matlab calculates the properties of the outlet streams and, if defined, some additional
outlet parameters. This information returns to the Excel file, which subsequently sends it to the Aspen
Plus model. Finally, Aspen Plus translates it as the user model’s parameters and output streams,

adjusting for these latter thermodynamic properties based on the information received.

Inlet streams and

l equipment data l

Microsoft®

Excel VBA
Outlet streams and Inlet streams and T A
— - > \/I A
[ equipment data x g equipment data ‘\ L B
Outlet streams and/

-~ @@ .
equipment data

Figure 3-1: Data exchange framework within the Aspen-Excel-Matlab interface (Adapted from

Fontalvo [152]).

3.1.3 Technical performance indicators

To quantify the performance of the proposed process configuration, the following mass and energy

performance indicators were calculated:

i. Carbon fixation (n¢), or carbon conversion efficiency, is the indicator that accounts for the level
of conversion of the feedstock into the product. This indicator is determined by Equation 3-1,
which relates the moles of carbon (7 roqucts in kmol/h) in the products with the moles of

carbon in the feedstock (7i¢ feeastock in kmol/h) [153], [154].

_ N¢,products
Me=——"
nC,feedstock

(3-1)

ii. Hydrogen conversion efficiency (), as calculated by Equation 3-2, indicates the conversion of
hydrogen entering the system's boundaries into the desired fuel products. This is determined
by the ratio of the hydrogen content of the hydrocarbon to the hydrogen content of the
feedstock [122].

Ny = nH,hydrocarbons
H— -
nH,feedstock

(3-2)
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iii. Energy ratio (n,) of a process is identified as the ratio between the energy of the produced
hydrocarbons and the energy content of the feedstock, as presented in Equation 3-3. Where
Ne is the energy ratio of the conversion process, Mgy, is the mass of the jet fuel obtained,
Myeedstock 1S the mass of the feedstock converted in the process, LHVye; and LHV eeqstock

are the lower heating value (LHV) of the fuel and feedstock [35].

|mfuel ’ LHVfuell

Ne = .
|mfeedstock ’ LHeredstock|

(3-3)

iv. The overall energy efficiency (,veran) €stablishes the global efficiency of the process, by taking
into account the energy in the products, such as fuels and electrical power produced (Pg;),

and the energy content the feedstocks, which is expressed as follows [35]:

|mfuel ' LHVfuel| + Pg;

Ne overall = ;
|mfeedstock ' LHeredstockl

(3-4)

v. For the PtL scenario, the overall energy efficiency, or Power-to-Liquid efficiency (np;;), is the ratio
of the energy content of the produced hydrocarbons to the electrical energy input of the
process (Equation 3-5). The electrical energy input represents the electricity consumed by the
electrolyser (Pg;) and the electricity required by the process (Py) [110].

_ |mfuel ' LHVfuel|
Mpet |Pg; + Pyl

(3-5)

vi. The Power-and-Biomass-to-Liquid efficiency (npgsy) is similar to the np efficiency, but
additionally it includes the energy content of the biomass in the denominator (Equation 3-6)

[110]:

mf;,tels ' LHVfuel|

NpptL = ;
Py + Py + Mfeedstock LHeredstock

(3-6)
LHVye is equivalent to the low heating value of the synthesized commercial hydrocarbon fractions,
being 42.6 MJ/kg [155], 44.9 MJ/kg [155] and 42.8 MJ/kg [156], for naphtha, diesel and kerosene
respectively. The LHV of the FR on a dry basis (db) is equal to 19.54 MJ/kg [157], and this value is
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recalculated at different moisture contents (MC) as received (ar) in accordance with Equation 3-7

[157].

M] 3 MC(w/w%) MC(w/w%)
LHV [Ea.r.] = <1 — o) * LHVap + — 5« 244

(3-7)

3.2 Economic assessment

The main purpose of the economic assessment is to estimate relevant economic indicators, such as
CAPEX, OPEX and MIJSP. Uncertainty about the future price of SAF is significant; thus, the preferred
method for determining the economic feasibility of a specific production pathway is through the MJSP.
This latter is defined as the SAF selling price at which the net present value (NPV) is equal to zero for
an internal rate of return (IRR) of 10% [35], [68]. A discounted cash flow analysis (DCFA) is used to
determine the MJSP, whose financial parameters and assumptions are detailed for each scenario and
presented in its corresponding research chapter. Furthermore, the TEA of all the SAF production
scenarios adopted the "nth plant" approach, as recommended by Humbird et al. [158]. The key
assumption of the "nth plant" is that the analysed technology is not a pioneering plant but that it has
been successfully scaled to a commercial level, with several plants operating at an industrial level [68],
[158]. Given that the main objective of the TEAs is to evaluate the economic performance of new SAF
production configurations, this adopted approach avoids unnecessary artificial inflation of project
costs related to uncertain characteristics of pioneer plants, such as risk financing, longer start-ups, and

overdesign of the equipment, among others.

3.2.1 CAPEX estimation

The CAPEX is estimated based on the expenditures for the acquisition of the equipment, which is also
known as “purchased equipment cost” (PEC). The purchased equipment cost (PEC) of the various
common process units, such as heat exchangers and pumps, absorbers, and strippers, was estimated
using the Aspen Plus Economic Evaluator tool. For other more specific equipment (e.g., gasifiers,
catalytic reactors, among others), bibliographic research was conducted to find baseline costs from
vendor quotes or past studies. Equation 3-8 [68], [159] was used to adjust the PEC for units at different
capacities. C denotes the cost of the unit at the actual capacity S, while C, is the base cost at a specific
base size S, or capacity. The scaling capacity factor f has different values depending on the type of

process equipment, and its goal is to reflect the effect of the economies of scale [68].
s\
c-a()
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Equation 3-9 is used to adjust the calculated PEC at different economic base year. Cyqge year and
indeXpgse year COrrespond to the base year of the study, while the other variables, €, and index,,
refer to the year in which the original cost was obtained. The indices were taken from the “Chemical
Engineering Plant Cost Index (CEPCI)” that serves as an important tool for chemical-process-industry
projects in the adjustment of equipment prices from one year to another. When the original prices of
the equipment were not reported in GBP (£), a conversion factor was applied, corresponding to the
year where this equipment price was detailed [160].

indexbase year)

C =C -
base year 0 mdexo

(3-9)

Following the calculation of the PEC, the Indirect Costs and Total Direct Costs were calculated as
depicted in Table 3-1. To include the cost of installation, the PEC is multiplied by a factor, which
represents the cost of auxiliary equipment, the cost of labour for installation, the cost of engineering,
and the cost of contingencies [161]. Subsequently, the FCl is estimated as the sum of Indirect Costs
and Total Direct Costs. The interest during construction is calculated considering that the investments
during the first, second, and third years are 10%, 50%, and 40%, respectively, at an interest rate of
10%. Finally, the CAPEX was estimated by adding the start-up cost and the interest during

construction. The working capital was considered to be 5% of the CAPEX.

Table 3-1: Methodology for the calculation of the CAPEX [162]-[164].

Component Cost, MM £
Installed direct costs (IDC) PEC+(A+B+C+D)
A) Purchased equipment installation 0.39*PEC
B) Instrumentation and controls 0.26*PEC
C) Piping 0.31*PEC
D) Electrical systems 0.10*PEC
Non-installed direct costs (NIDC) E+F+G
E) Buildings 0.55*PEC
F) Yard improvements 0.12*PEC
G) Land 0.06*PEC
1) Total direct costs (TDC) IDC+NIDC
2) Indirect costs (IC) 0.255*PEC
3) Fixed Capital Investment (FCl) TDC+IC
4) Start-up costs 0.05*FCI
5) Interest during construction Calculated
Total Capital Requirement (TCR) or CAPEX 3+4+5
Working Capital 0.05*FCI
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3.2.2 OPEX estimation

The OPEX (operating expenditures) or manufacturing costs were calculated by adding up the
estimated values of fixed operating and maintenance costs (FOM), variable operating costs (VC), and
plant overhead costs, as shown in Table 3-2. VC were calculated by adding the cost of raw materials,
utilities, and catalysts (that are replaced every three years). In turn, the labour, which is included
within the FOM, is calculated using an empirical relationship (Equation 3-10) proposed by Peters et al.
[165]. In this correlation, “plant capacity” refers to the amount of SAF produced, expressed in kg/h,
“Nprocess steps OF the number of process steps, refers to the number of sections within the process
where significant chemical and/or physical changes occur. In addition, “hy1ant operation”, refers to the
annual operating hours of the plant, which is considered as 8,000 h/year. Once the hours of labour
“Niabour” Were estimated, the cost of the labour was calculated by considering that the price of one

hour of labour is equal to 15 £/h [166], [167].

0.242 h
plant operation

kgfuel output
X Nprocess_steps 04

h
—| =213X% ]
Riabour [year] 2.13 X plant capacity [ A

(3-10)

Table 3-2: Fixed Operating and Maintenance cost, and Variable Cost [161]-[164].

Fixed Operating and Value

Maintenance (FOM)
Labour (Equation 3-10) * 15 £/h
Supervision 0.25*A
Direct overhead 0.5*(A+B)
General overhead 0.5*(A+B+C)
Maintenance Labour 0.015*FCl
Maintenance materials 0.015*FCl
Insurance and tax 0.010*FClI
Financing WC 0.1*Working Capital
FOM A+B+C+D+E+F+G+H
Variable Cost (VC)
OPEX FOM+VC

3.3 Life Cycle Assessment (LCA)

The LCA is a methodology used to determine the environmental impacts associated with the
production of a good or service, by analysing the whole production system [79]. The concept of the
life cycle of a product can be understood as the monitoring of a product from its "cradle" where raw
materials are obtained from natural resources through production and use until its "grave", the

elimination [168]. Applied to the SAF production processes, these system boundaries are also referred
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to as well-to-wake (WtWa). In turn, the WtWa analysis is divided into two stages: well-to-tank and

tank-to-wake [67].

To ensure consistency and transparency of the LCA estimations and assumptions, the standardised
approach outlined in the standards ISO 14040 and 14044 was adopted [168]. According to this
methodology, the LCA of the scenarios was divided into four main stages: Goal and scope definition,

life cycle inventories, environmental impact, and interpretation [169].

3.3.1 Goal and scope definition

According to the ISO standard, the goal of the LCA should clearly state the goal of the assessment, the
reasons behind its elaboration, and to whom the results will be communicated [170]. The scope of the
study is defined such that the profundity and extent of the study are enough to respond to the
specified objective. The establishment of a clear and detailed LCA scope requires the definition of a
variety of elements, including: the functional unit, system boundaries, allocation procedures, impact
categories (methodology of impact assessment and subsequent interpretation to be used), level of

detail in the study, data requirements, and limitations of the study, among others [168], [170].

LCA studies are structured around a functional unit, which basically defines what is being studied.
Therefore, subsequent analysis, as well as the inputs and outputs of the system, are correlated with
the functional unit [170]. For energy products such as SAF, the functional unit is usually referred to as
"unit of delivered energy" (e.g., a litre or a megajoule (MJ) of SAF). The purpose of this choice is to
easily compare fuels of different origins when they have the same end use (e.g., combustion in the
same aircraft) [81]. The boundaries for the LCA of BtL-derived SAF include the cultivation, harvesting,
and transportation of the feedstocks, as well as the associated land use change (direct and indirect);
it also includes the production and transportation of the auxiliary chemicals, the conversion process,
and the storage, distribution, and combustion of the SAF [65]. The system boundaries of the PtL
pathway do not include the stages associated with the feedstock; instead, they comprise CO; capture,

electricity generation, and H; production.

3.3.2 Multi-functionality

When multiple products and by-products are produced within the studied system, the attribution of
environmental impacts between products and co-products is done through allocation or substitution
methods. The choice of attribution procedure is challenging, as each method leads to results with
significant differences [79]. The substitution methodology (also known as system expansion or
displacement method) evaluates the effects of co-products by deducting from the LCA the impacts

avoided by substituting the co-products for other products that have the same purpose [79]. On the
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other hand, the allocation method assigns emissions to products according to their flow properties,

such as the content of carbon, energy, exergy, mass, or economic value [130].

Initially, 1ISO 14040 guidelines advice tackling a multifunctional system by applying subdivision or
"system expansion." However, in specific situations when this approach is not applicable, the
subsequent recommendation is the allocation based on any physical relationship. Lastly, when neither
of the approaches is deemed suitable, the economic allocation is advised by the guidelines [170].
Nevertheless, past LCA studies for the production of sustainable fuels observed a tendency of this
approach on calculating lower GWP since in most cases, the co-products were substituting analogous
goods with high emissions intensities, such as those of fossil origin [80], [171], [172]. In relation to SAF
production, de Jong et al. [80] found that the choice of allocation method has an effect on those
processes producing high proportions of co-products or generating co-products that are able to
displace carbon-intensive products (e.g., fossil fuels-derived electricity). Therefore, the authors
recommended using energy and economic allocation, as this hybrid method values both energy and
non-energy co-products. For his part, Suresh et al. [43] chose an energy allocation for energy products,

while the system expansion was used for the allocation of non-energy products.

3.3.3 Life cycle inventory (LCI)

The elaboration of the inventory implies the collection of data and the definition of calculation
procedures in order to quantify inputs and outputs of the system [170], which can be divided in the
following steps: Elaboration of the flowchart, assemble of data, and determination of the
environmental loads [168]. The construction of the flowchart model is based on the boundaries
determined in the goal and scope sections. The model is basically a material and energy balance
accounting for the environmentally relevant flows only [168]. The flowchart illustrates the process
through a combination of quantitative and qualitative data that must be collected. Numerical data can
be broadly classified as: energy inputs, raw materials, ancillary inputs, and other physical inputs;
products, co-products, and waste; as well as emissions to air, water, and soil. Qualitative data
encompasses the description of the process, temporal and geographical frames of inputs, outputs,
and emissions, and any other relevant information [168], [170]. Once de data are collected,
calculations are performed, including the following steps: data validation, and association of these

data to operating processes, and to the reference flow of the chosen functional unit [170].

Generally, the elaboration of the life cycle inventory is a time-demanding step [170]. Data collection
is a resource-intensive process, and its availability depends on many factors, such as the openness of

industries and companies to share process-related information. On the other hand, it is common that
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LCIs manage large amounts of data, which at the same time makes calculation procedures difficult.
For this reason, it is advisable to use LCA software tools, which generally come with built-in databases
containing LCls of numerous processes. These softwares also have calculation methods, making this
task less cumbersome [131], [168], [170]. Among the most known commercial LCA software, GaBi,
SimaPro, and Umberto could be mentioned [131]. For this research, SimaPro was used, given that it
comes with the Ecoinvent database. LCA practitioners point out that the advantages of using this
database are the completeness and transparency of their LCI datasets that are available for numerous

sectors.

For the LCAs of this research, the data sources are distinguished as foreground and background data.
The foreground LCls of the different scenarios were mainly built upon the resulting mass and energy
balances from the Aspen Plus models. The LCI Ecoinvent 3.6 database, as well as any other external
sources, are used to generate the LCI of the background data as well as to complete any information
missing for the foreground LCl. From the system models available, the "allocation, cut-off by
classification-system" was chosen, as recommended by Ecoinvent [173]. Given the chosen location for
the SAF production plant, preferably, UK LCIs were selected, but in the absence of this geographical

coverage, Europe, Global, or Rest of the World databases were used instead, in order of preference.

3.3.4 Impact assessment and interpretation

The impact assessment process consists of associating inventory data with particular health and
environmental impact categories [170]. In every LCA, it is important to establish which environmental
impacts are of interest for the study. There are several suggestions for complete sets of impact
assessment methods in the LCA literature [168], among them, the ReCiPe method was selected for
this research. This method calculates 18 midpoint indicators and 3 endpoint indicators. The main
difference between the midpoint and endpoint indicators is that the formers focus on single
environmental problems, while the others group these impacts in three aggregation levels: 1) effect
on human health, 2) biodiversity and 3) resource scarcity. The use of endpoint impacts makes the
interpretation of the LCA simpler but increases the uncertainty of the results. Instead, the midpoint
approach provides more insights on the emissions by breaking them down at each stage of the SAF

production pathway.

For this study, the chosen impact assessment is the "Recipe 2016 midpoint (H)", which calculates
several environmental impact indicators. The main focus was placed on the GWP, which is estimated
for a 100-year time horizon. The relevance of this environmental impact lies in the fact that it is used

as a sustainability criteria that allows comparison with existing SAF production pathways as well as
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with regulating standards, such as the U.S. Renewable Fuels Standard (RFS) and the European
Renewable Energy Directive Il (RED Il). These standards establish the required threshold for COyeq
emissions reduction compared to those of conventional jet fuel, which is equal to 89 gCO2s/MJ and
94 gC03e/MJ, for the RFS and the RED II, respectively [174], [175]. Synthesized jet fuel can be
considered SAF when its inherent GWP achieves at least 50% and 70% GHG emissions savings when
compared to fossil jet fuel, in compliance with the RFS [176] and the RED Il [175], respectively. On the
other hand, the UK government is planning that for SAF to receive credits under the SAF mandate, it
will be required to achieve a 50% GHG saving compared to a fossil fuel benchmark of 89 gCO2./MJ
[17]. In addition, for some scenarios, dedicated attention was paid to the estimated water footprint,

although there is currently no regulation on this specific environmental impact.

3.4 Sensitivity and uncertainty analysis

The sensitivity analysis is of the type of "scenario analysis" and was performed for both the economic
and the life cycle assessment. The main goal of this analysis is to provide insight on how economic or
environmental outputs are affected by the change of important parameters that are varied one at a
time within reasonable and realistic ranges while keeping the others unchanged [177]. Therefore, the
results of these optional scenarios can be compared with those of the baseline scenarios. The effects
of uncertain economic variables were studied for the MJSP, and depending on the SAF production
scenario, different parameters were considered, such as raw material costs, fixed capital investment,
internal rate of return, and so on. For the LCA, the sensitivity analysis focused on the GWP, for which,
depending on the scenario, different variables were considered, such as feedstock transport distance,

carbon footprint of some stages of the system, and GWP of the electricity generation, among others.

Understanding the effect of varying the uncertain parameters at the same time is also important;
therefore, a stochastic, probabilistic, or uncertainty analysis was performed for the MJSP and GWP
estimations. The sensitivity analysis varies one parameter at a time, whereas the interaction of varying
them simultaneously requires a statistical method such as the well-known Monte Carlo analysis. This
analysis was considered for the same economic and environmental parameters used in the sensitivity
analysis of each scenario. It was assumed that all of them follow a triangular distribution. A Monte
Carlo analysis was performed in Matlab, where a code randomly varied these parameters and
recalculated the MJSP and GWP of the system in 10,000 trials. The results are presented as a histogram
of frequency, for which the mean value (X) and the standard deviation (were calculated. Finally, for
each MJSP and GWP, the 95% confidence interval (95% CI) was determined based on Equation 3-11.
5% Cl=x+196 %0
(3-11)
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4. Bioenergy with carbon capture and storage (BECCS) potential in jet fuel
production from forestry residues: A combined Techno-Economic and Life
Cycle Assessment approach

Abstract

In this chapter, the economic and environmental feasibility of a process configuration based on the
Bioenergy and Carbon Capture and Storage (BECCS) concept is assessed. The research analyses the
production of jet fuel from forestry residues-derived syngas via the Fischer-Tropsch (FT) technology.
Further, the CO, removed in the syngas cleaning section is not released to the environment, instead
it is permanently sequestrated. The produced Sustainable Aviation Fuel (SAF) has the potential to
achieve negative emissions. The present research is a one-of-a-kind study for the jet fuel production
within the BECCS concept. The process was modelled within the Aspen Plus and Matlab software to
obtain detailed and realistic mass and energy balances. Based on these balances, the technical,
economic, and environmental parameters were calculated. Based on a plant that treats 20 dry-t/h of
forest residues, 1.91 t/h of jet fuel are produced, while 11.26 t/h of CO, are permanently stored. The
inclusion of the CCS chain in the biorefinery increases the minimum jet fuel selling price from 3.03
£/kg to 3.27 £/kg. The LCA results for global warming show a favourable reduction in the BECCS case,
in which negative emissions of -121.83 gC0O,eq/MJ of jet fuel are achieved, while without CCS case
exhibits GHG emissions equal to 15.51 gCO,eq/MJ; in both cases, the multi-functionality is faced with
an energy allocation approach. It is, then, evident the significant environmental advantages of the
BECCS process configuration. Nevertheless, financial feasibility can only be attained through the
implementation of existing policy schemes and the formulation of new strategies that would reward
negative emissions. The application of the UK’s policy “Renewable Transport Fuel Obligation” and a
hypothetical scheme that rewards negative CO, emissions, breaks-even the MISP at 1.49 £/kg for a

certificate and carbon price of 0.20 £/certificate and 246.64 £/tonne of CO..

Keywords: Sustainable Aviation Fuels (SAF); Fischer-Tropsch (FT) synthesis; Bioenergy and Carbon
Capture and Storage (BECCS); Techno-economic analysis (TEA); Life-cycle assessment (LCA);

Greenhouse gas emissions.

4.1 Introduction

In recent years, there has been an important development of SAF production technologies; therefore,
the American Society for Testing and Materials (ASTM) has developed the standard ASTMD 7566 to

validate the safe use of SAF without the need to modify the airplanes engines. Out of all the certified
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processes, the Fischer-Tropsch (FT) pathway has one of the highest TRL (6 to 8) and FRL (7) [3]. The FT
process is a well-established technology for the conversion of coal or natural gas-derived syngas to
long-chain hydrocarbons, such as liquid transportation fuels. On the contrary, the conversion of
biomass through FT requires overcoming some drawbacks, especially those related to the handling of
the biomass feedstock and the syngas cleaning-up steps [178]. However, the capacity to treat a wide
range of cheap feedstocks increases the attractiveness of the FT pathway [179]. As a consequence,
the use of residual lignocellulosic-based biomass, such as agricultural or forestry residues, is
promising. Apart from their ability to reduce GHG emissions, these “second generation” fuels avoid
the controversy over food versus fuel [4], [29], [30].

The critical literature review of BtL SAF production in Chapter 2 pointed out that techno-economic
studies on biomass conversion through gasification and FT have focused on the production of middle
distillates rather than just kerosene. FT processes were mostly found to be CAPEX and feedstock
intensive, making commercial-scale plants associated with high uncertainty. Environmental analysis
through LCA for FT fuels has also been assessed in previous studies, but mostly focused on diesel
production. It was found that FT achieves high GHG emission reductions due to energy self-sufficiency
and excess power production.

Carbon Dioxide Removal technologies (CDR) have gained interest due to their potential to remove
considerable amounts of atmospheric CO,. BECCS is a promising technology for carbon removal, with
applications and studies mostly focused on power generation. However, there is limited discussion
about the techno-economic and environmental performances of SAF production within the BECCS
concept, as demonstrated in the critical literature review of Chapter 2.

From the literature review, it is evident that there are a plethora of studies assessing the economic
and environmental feasibility of liquid fuels produced through the FT process. Nevertheless, few
studies have explored the feasibility of FT fuels production from a BECCS perspective. It seems evident
that the economic performance of the process is not dramatically affected by the incorporation of the
CCS. However, previous studies have failed to provide a detailed LCA that would provide a robust
accounting of emissions and a better understanding of the contribution of the different stages of the
life cycle of the fuel. At the same time, it is important to state that jet fuel is not the main product of
any of the aforementioned studies [73], [94]. Considering this gap in knowledge and the growing
importance of both CDR and SAF production technologies, the research in the current chapter seeks
to determine the economic and environmental performance of producing SAF from forest residues-
derived syngas coupled with CCS. To the best of our knowledge, this is the first attempt to assess
comprehensively the economic and environmental performance of a bio-CCS jet fuel production

route. The assessments are developed for two scenarios: the baseline scenario (referred to as BECCS)
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and the scenario without CCS (referred to as BE). The outputs of these analyses will establish a clear
contrast between the advantages and disadvantages of the BECCS configuration for the production of
aviation fuels and can provide meaningful insights to a wide range of audiences, including

policymakers and researchers.

4.2 Outline of the research

4.2.1 Goal and scope of the study

The main objective of this chapter is to evaluate the process, economic, and environmental
performance of the production of SAF from forest residues using the FT process under the BECCS
concept. To this end, a detailed process model is developed in Aspen Plus V10 to obtain accurate mass
and energy balances and, therefore, increase the reliability of the TEA and LCA outcomes. A cradle-to-
gate economic evaluation for the proposed scenarios, encompassing upstream costs for feedstock
production and distribution, is carried out in order to calculate relevant economic indicators, such as
the MIJSP. Likewise, a WtWa LCA is performed in the software SimaPro. These assessments are
developed for both the baseline "BECCS" and the "BE" scenarios in order to estimate trade-offs due
to the incorporation of the CCS. Moreover, a sensitivity analysis is applied to determine the
parameters with the greatest impact on economic and environmental performances. Finally, the

impact of relevant policies on the viability of the proposed process is also investigated.

4.2.2 Capacity of the plant and description of the process

Biomass is identified as an important constituent of the future UK energy grid, and forest residues (FR)
are highlighted as one of the main sources of biomass supply [180], [181]. Therefore, this scenario
considers FR as the main feedstock for the SAF production process, assuming that it is supplied entirely
by the UK’s forestry industry. Consequently, the capacity of the plant is fixed by the country’s
availability of this feedstock. FR originate from the unutilized remaining parts of felled trees, which
are generally left in the forest and that include tops and limbs. The below-ground part of stumps and
a percentage of the branches and stem tips are left on-site due to sustainability reasons, performing
a major role with their anti-erosion effect, their capability of avoiding loss of soil carbon and nutrients,
as well as providing habitats [181], [182]. The major advantage of considering FR as the feedstock is

that they are not related to any land use change, like some energy crops [94].

In the report elaborated by E4tech [183] for the total availability of sustainable forest residues in the
UK, it was determined that 1.35 Mtonnes/year are available, of which 0.8 Mtonnes/year originate in

Scotland. The same report proposed three potential locations for an advanced biofuel production
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plant, all of them placed in Scotland due to its high forest residue production capacity as well as the
short transport distance between feedstock collection points and potential conversion plants.
Therefore, it is assumed that the biorefinery is located in the Solway Firth area owing to its short
distance to two of the largest forests of public ownership in the UK (approximately 50km) [183]. Based
on this information, the capacity of the SAF production plant is fixed at 20 dry tonnes per hour (0.16
million dry tonnes per year) of FR, a feedstock requirement that could be supplied by the local

production.

The UK potential for the storage of CO, has been assessed in the past years, reaching the conclusion
that the available capacity for at least 600 potential storage sites could go as high as 78 Gt of CO,
[184], [185]. Most of the storage options are found in offshore saline aquifers, while some depleted
hydrocarbon fields are also available; both options are primarily located in Scotland [186]. A major
disadvantage of the facilities that are most suitable for CCS projects is their large size, which makes
their usage less likely to be quickly expanded for strategic projects. In this sense, the Hamilton store
(with a storage capacity of 5 Mtonnes/y of CO,) located in the East Irish Sea has been proposed as the
best candidate for relatively small-scale CCS projects [184] such as the proposed SAF scenario. Another
advantage of this location is the distance to the process plant, as it is below 200 km and no additional

electricity for recompression is needed [187].

4.3 Methods

4.3.1 Process design and modelling
4.3.1.1 Basis for process design

Aspen Plus V10 was used to create the process models of the proposed scenarios with the aim of
obtaining detailed mass and energy balances. The main thermodynamic property package "Redlich-
Kwong-Soave-Boston-Mathias (RKS-BM)" was assigned to the overall process plant as this method is
widely applied for gas processing, refinery, and petrochemical applications [188]. Nevertheless, the
CO, capture plant used a different thermodynamic package, i.e., "ELECNRTL", in order to represent
the ionic interactions of the electrolytic species associated with the amine solvent [188]. Ash and
biomass were considered non-conventional solids without particle size distribution (PSD), while char
was modelled as a conventional solid. The ultimate and proximate analysis of the feedstock can be

found in Table 4-1.
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Table 4-1: Proximate and ultimate analysis of forestry residues [189].

Proximate analysis (mass %) Wood
Moisture (as received) 30.00
Fixed carbon (dry basis) 17.16
Volatile matter (dry basis) 82.29
Ash (dry basis) 0.55
Ultimate analysis (mass %)

Carbon 50.54
Hydrogen 7.08
Nitrogen 0.15
Sulphur 0.57
Oxygen 41.11
Ash 0.55

Most of the reactors were modelled based on operating conditions and efficiencies obtained from
experimental and pilot plants documented in previous studies. However, the pyrolysis and gasification
sections were modelled in a more comprehensive way. Experimental correlations and kinetic
expressions were used with the intention of producing mass and energy balances that can accurately

reflect the operation of a dual fluidised bed gasifier (DFBG) at industrial level.
4.3.1.2 Process design

Figure 4-1 depicts the boundaries that were considered for the process modelling and the economic
analysis of the BECCS scenario. A more comprehensive description of the approaches used in the
Aspen Plus modelling, the operating conditions, and detailed process flow diagrams are explained in
the following sections. The BE scenario has a similar process configuration, with the only difference

being that it does not include a CO, compression section.
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Figure 4-1: Block flow diagram of the BECCS scenario. The boundaries include the units that have
been modelled in Aspen Plus. Also, the same boundaries have been used for the economic

assessment.

Biomass pre-treatment: This section aims to adjust the feedstock properties so that they are
suitable for the normal operation of the gasifier. The process starts with the mechanical particle-
size reduction of the FR chips in a hammer mill, for which the associated work for attaining a 2
mm particle size is determined by using Equation 4-1 [190]. Subsequently, the biomass is dried in

order to reduce its water content from 30% to 10% (w/w) [51]. The Aspen Plus model of the dryer
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consists of a calculator that controls the conversion of the biomass moisture content to water in

a RSTOIC reactor; the drying agent is the flue gases coming from the CHP unit at 120 °C [191].

kWh
Energy |[——| = 5.31 = size? — 30.86 * size + 55.45
ton

(4-1)

Gasification section: The DFBG consists of two separate compartments, as explained before. The
pre-treated FR enter the first compartment for gasification with steam, while the unreacted char
is sent to the second bed for combustion. Heat is transferred to the first compartment (for the
endothermic reactions) by circulating the inert bed particles [32]. Due to the absence of a DFBG
in the library of Aspen Plus, the pyrolysis, gasification, and combustion sections were decoupled
for modelling purposes [53], [192], as depicted in Figure 4-2. Ash and biomass were considered
non-conventional solids without particle size distribution (PSD), while char was modelled as a
conventional solid.

The pyrolysis chemistry was modelled in accordance with the correlations depicted by Arora et al.
and Abdelouahed et al. [53], [192]. Complete biomass pyrolysis was assumed inside a conversion
reactor, in which the dried particles are in contact with the inert bed particles and the reactions
are held at a constant temperature, i.e., 870 °C [192]. Generally, the equilibrium Gibbs
minimization approach is used to predict the pyrolysis products yield; however, this model uses
Equation 4-2 [193], in which the parameters a, b, and ¢ for each component were obtained from
relevant experimental studies [193]. The values of these parameters are shown in Table A-1 of
APPENDIX A-1, along with the Fortran code (APPENDIX A-2) containing these correlations, which

is coupled to the Aspen Plus conversion reactor.
Y; =aT?+ bT + ¢
(4-2)

Where Y; is the mass yield (based on anhydrous ash-free biomass) of each pyrolysis product, and
T is the sand temperature (in Kelvin) in the pyrolysis zone. Ash is considered inert, biomass water
moisture is added to the amount predicted with the above equation, and char mass yield is
calculated by difference in order to perfectly close the mass balance. Ten tar species are produced;
however, the developed model grouped them into four groups, including “benzene” (benzene),
“phenol” (phenol and cresols), “toluene” (toluene, xylene, and indene), and “naphthalene”
(naphthalene, 1+2methylnaphthalene, acenaphthylene, and phenanthrene) [192].

A cyclone is used to split the char produced in the pyrolysis section [53], of which 5% is sent to the
gasifier bed and the rest to the combustion chamber, where it is burnt with excess air at a constant
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temperature of 965 °C [53]. The combustion chamber was modelled using an equilibrium Gibbs
reactor where the exit products are fixed as CO, and H,0, mainly [191]. It is important to mention
that the heat generated in this section is enough to be provided to the endothermic sections of
the gasifier.

The pyrolysis products and an appropriate amount of steam are then fed into the gasification bed,
which is modelled as a plug-flow reactor (PFR) (represented by a user model unit in Aspen Plus).
The selected gasification reactions, along with their kinetic expressions, are detailed in Table A-2
of APPENDIX A-1 [53]. The mass balance of the gasification section is then obtained by solving a
system of differential equations representing the gasification kinetics. This was performed
through the Aspen-Excel-Matlab interface that was explained in the methodology chapter. The
Matlab code is attached to the APPENDIX A-3. It was assumed that the PFR operates at a constant
temperature of 891 °C with a steam-to-fuel ratio (kg of steam per kg of dry biomass) equal to 0.4
[53]. Figure 4-2 summarizes the mass and energy interactions described in this section and shows

the gasifier’s configuration for modelling purposes in Aspen Plus.
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Figure 4-2: PFD for the biomass pre-treatment and gasification sections.

Syngas cleaning-up and upgrading sections: The goal of the cleaning section is to reduce the
pollutant content that could have major effects on downstream catalytic units, such as the RWGS
and FT reactors. The advantage of using wood-derived biomass is that the level of contaminants
is relatively low when compared to other biogenic residues, and therefore pollutants such as NHs,
H.S, HCI, and sulphur-containing compounds are most probably found in low concentrations [194].

Nevertheless, regardless of the feedstock quality, tars are unavoidably produced, especially due
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to the relatively low operating temperature of the DFBG [195]. Considering the potential damage
to downstream applications, particular interest must be paid to the selection of the tar removal
technology [194]. The syngas cleaning section includes the following operating units: 1) Ash
separator; 2) Tar and methane reformer [196], [197]; 3) ZnO bed for H,S removal [166], [198]; 4)
WGS reactor, to adjust the ratio H,/CO to 2.1 [30]. Once the syngas is free of pollutants, it is
compressed from atmospheric pressure to 2.5x10° Pa (25 bar) [70], [199].

Initially, the ash is removed by a cyclone represented by a “component separator” from the
models available in Aspen Plus, assuming that all the ash is separated. For the tar removal, a high-
temperature tar cleaning technology is selected since it can improve the energy efficiency of the
system by avoiding unnecessary energy losses derived from cooling and reheating [200], [201].
For instance, the chosen technology is based on the catalytic reforming principle [197], in which
the tars are converted to CO and H,, while some methane reformation (50% of it) and ammonia
decomposition occur at the same time. The reformer operates at constant temperature and is
represented by an RStoic block. Due to the endothermicity of the reactions taking place inside this
reformer, 10% of the syngas is burnt in order to provide the heat. Finally, hydrogen sulphide (H,S)
is removed in a zinc oxide adsorption unit with a ZnO bed, in which a reaction of desulphurisation
takes place (ZnO + H,S = ZnS + H,0) [166], [198]. It is assumed that 100% of H,S is removed.

At the exit of the cleaning section, the ratio H,/CO is adjusted to a value of 2.1 [30]. For this
purpose, the process proposed by Scott et al. [199] was adapted herein. Syngas free of pollutants
is compressed and fed to a water gas shift (WGS) reactor, which is modelled by using three
adiabatic equilibrium reactors in series. Steam enters the first reactor, and its mass flow is
regulated by a manipulator in order to obtain the desired H,/CO ratio, i.e., 2.1 [199]. This process

section is described in Figure 4-3.
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Figure 4-3: PFD for the syngas pre-treatment section.

CO; capture plant: The CO; capture process is mainly comprised of a CO; absorption column and
a MEA regenerative stripper, throughout which circulates a solution of monoethanolamine (MEA).
The absorption column operates at high pressure (2.5x10° Pa pressure at the feed inlet), while the
stripper column operates at low pressure (2.5x10° Pa), and therefore the pump work is higher
than in an atmospheric process configuration [202].

A rate-based absorption model was implemented on Aspen Plus for the modelling of the CO,
capture section [203], while considering the ELECNRTL as the thermodynamic property package.
It is assumed that the capture plant separates 90% of the available CO, [70], [199], [204], [205]
since a higher capture level could compromise the energy efficiency of the plant [205]. The process

described in this section is shown in Figure 4-4.
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CO, compression section: As depicted in Figure 4-5, this section aims to adjust some properties,
such as pressure or moisture content, of the captured CO; so that it can be safely transported and
stored. For this purpose, the CO; passes through a series of operating units, as depicted in Figure
4-5. Initially, the CO; goes through a multi-stage compressor with intercooling stages that help in
keeping the temperature at 80 °C and reducing the moisture content (since the condensed water
is separated from the gas stream) [196], [199]. Later, in another multistage compressor, the CO>
is compressed to 8x10°Pa (80 bar), which is already above its critical pressure of 7.38x10°Pa(73.8
bar). Finally, this stream is cooled to 30 °C so that it is in a liquid state, and immediately afterwards,
a pump increases the pressure of this liquid CO; until it reaches 1.53x107 Pa (153 bar), which is the

required pressure for transport by pipeline [187], [199].
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Figure 4-5: PFD for the CO, compression section.

FT synthesis: As explained in Chapter 2, in order to obtain long-chain hydrocarbons, the operating
conditions of the synthesis reactor were selected as 240 °C and 2.5x10°Pa (25 bar), using a cobalt-
based catalyst [54]. The reactor of slurry type was selected for the process due to its advantages

in terms of simple configuration, and ease of temperature control, since the heat of the

54



exothermic reactions is removed by generating medium pressure steam [70], [206]. The model
assumes that the CO conversion per pass is equal to 40% and that only alkanes are produced [70].
The product distribution (in mole fraction of each hydrocarbon yy ;) is estimated by the ASF
correlation (Equation 4-3). In this expression, alpha (a) represents the chain growth probability
and assuming the value of 0.9 the synthesis reactions are oriented towards jet fuel production
[70]. This model was implemented in Aspen Plus by using a conversion reactor linked to a
calculator in which C; to Cy are defined as independent chemical compounds, while Csp is used to

represent long-chain hydrocarbons [70], [199].

Ynen = (1 — a@)a™e™
(4-3)

Syncrude upgrading section: The FT product is sent to a series of separators, where three phases
are obtained: gaseous hydrocarbons (Ci, C;, C3, mainly), liquid hydrocarbons (Cs-Cso) and water.
The liquid hydrocarbons head to the upgrading section, while a portion of the unreacted syngas is
sent to a combined heat and power (CHP) unit; in this way, the accumulation of inert gases in the
recycling loop is avoided. A value of 15% has been chosen as this amount of gas can raise electricity
that can match the power demand of the biorefinery. The remaining unreacted syngas fraction is
treated in an autothermal reforming reactor (ATR) and then recirculated to the CO, separation
section, where it is treated before being sent back to the FT reactor; as a consequence of the
recirculation, the global conversion of CO increases.

The liquid fraction of FT products, also known as syncrude, enters the atmospheric distillation
column with the aim of being split into different hydrocarbon commercial mixtures of different
boiling points. The partial condenser located at the top of the column produces a gaseous and a
liquid distillate. The gas stream, consisting mainly of C;, C;, C5, and some Ca., is recycled into the
process along with the unreacted syngas exiting the FT reactor. The liquid distillate is equivalent
to the gasoline fraction, which is mainly made up of Cs to C;. A few stages below the top of the
column, the jet fuel fraction (Cs to Ci¢) is recovered, and, further down, the diesel fraction (Cy7 to
Cy0). Finally, heavy hydrocarbons (C.1+) or waxes are extracted from the bottom of the column.
The atmospheric distillation column in Aspen Plus was modelled by using a series of “RadFrac”
distillation columns, where light and heavy keys are fixed along with their recovery fractions.

For the proposed SAF production scenario, wax is not a desired product, and to maximise jet fuel
production, a hydrocracking unit is incorporated into the process. The aim of the hydrocracker is
to break down long hydrocarbon chains in order to obtain smaller hydrocarbons. The operating

conditions, such as temperature, pressure, and H, inlet flow, define the severity of the
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hydrocracking reactions and, therefore, the product distribution. This work adopts the operating
conditions proposed by Teles et al. [207], i.e., 5x108 Pa (50 bar), 277 °C, and 1.5% of H, in the
reactor inlet stream, in order to favour mild hydrocracking that leads to the production of middle
distillates. Theoretically, this operation mode allows a complete conversion of the waxes with an
assumed average product distribution of 50% of jet fuel, 30% of diesel, 15% of gasoline, and 5%
of light gases (all on a mass basis) [58], [69], [70], [207], [208]. The necessary hydrogen for the
reactor is recovered from a fraction of the syngas stream that is directed to the FT synthesis
reactor [199] through a pressure swing absorption unit (PSA). In Aspen Plus, the hydrocracking
reactor was modelled using a stoichiometric reactor, where the product distribution defines the
fractional conversion of the hydrocracking reactions. For the PSA, a common separator was used
with a H, recovery efficiency of 70% [209]. The liquid stream produced in the hydrocracking
reactor is recirculated to the atmospheric distillation column, where it is mixed with the syncrude
before entering the column.

The mixture resulting from the combination of the unreacted syngas and gaseous hydrocarbon
fractions obtained from the hydrocracker and the distillation column contains high amounts of
CH,4 and other volatile hydrocarbons that have to be treated prior to recycling to the FT unit. To
this purpose, an ATR reactor is in charge of converting light hydrocarbons into CO and H..
Compared with steam reforming, ATR has a simpler design and is able to prevent carbon
deposition. The differences in the impact of the various syngas reforming technologies on the
H»/CO ratio are small. [210]. In the ATR process, the ratio H,/CO is adjusted by the flows of steam
and oxygen [211]; the latter is produced in an air separation unit (ASU). In Aspen Plus, the ATR
reactor is modelled using a Gibbs reactor operating at 950 °C. The heat for the endothermic
reforming reactions is provided by the combustion of a fraction of the gases. Therefore, the
amount of O, will be set by the amount of heat needed. The vapour mass flow is calculated in
Aspen Plus by determining a design specification so that the H,/CO ratio equals 2.1. Finally, the
product of the ATR is mixed with the fresh syngas before the CO; capture plant, where the excess

CO, is extracted. The process diagram for this section is presented in Figure 4-6.
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Figure 4-6: PFD for the Fischer-Tropsch synthesis, syncrude upgrading and gas turbine sections.

8. Combined heat and power (CHP) and cooling water system: The design of the biorefinery aims
to achieve energy autonomy in terms of both electricity and heat requirements. The process is
energy integrated since the high-temperature process streams are cooled in heat exchangers,
where steam at different conditions is produced, namely superheated steam (500 °C and 5x10°
Pa), steam saturated at high pressure (215 °C and 2x10° Pa), medium pressure (177 °C and 1x10°
Pa), and low pressure (135 °C and 3x10° Pa). Additionally, for further cooling, cooling water is used.
The cooling water system is designed by fixing the exit temperature of the water at 25 °C. The
system includes a cooling tower to decrease the temperature of the returning cooling water. A 5%
water loss is assumed to account for drift, evaporation, and blow-down losses [212].

Subsequently, the steam generated in the different processes is sent to the plant to cover the heat

57



requirements (distillation columns, heat exchangers, e.g.). The remaining steam fraction is used

in low, medium, and high pressure steam turbines to generate extra electricity.

As mentioned in the previous section, a gas turbine is coupled to the process, where 15% of the
recycling gas is combusted [70]. Air is compressed and split into two streams: the first fraction,
containing 9 to 10% of stoichiometric O, excess, is sent to the combustion chamber, which is
modelled using an adiabatic Gibbs reactor [213]. The second air fraction aims to cool down the
hot gases coming from the combustion chamber until they attain the operating temperature of
the gas turbine. It is assumed that the gas turbine technology is normally used for natural gas (GE
7FB) but adapted for syngas combustion. The recommended operating conditions for this turbine
are a ratio of mass flow of air through the compressor to mass flow of gas (Mg compressor/
Mgas turbine) Of around 0.91, and an inlet temperature of 1370 °C [214]. Due to the difference in
composition between the syngas and the natural gas, the ratio is slightly different and equal to
0.94. However, this value allows the gas turbine inlet temperature to remain below the

recommended temperature of 1370 °C.

Furthermore, mechanical, polytropic, and isentropic efficiencies for compressors, turbines,
expanders, and pumps assumed in all the explained Aspen models are presented in the following

Table 4-2:

Table 4-2: Assumed efficiencies for mechanical unit operations in the Aspen Plus models used in this

work.
. . Isentropic Polytropic Mechanical
Unit Operation Efficienpcy Effi‘::ienl:::y Efficiency
Compressors - 0.850 0.940
Gas Turbines 0.898 - 0.988
Expanders 0.898 - 0.988
Steam Turbines 0.875 - 0.983
Pumps - - 0.800

4.3.2 Economic Evaluation
4.3.2.1 System boundaries of the economic assessment

This section delivers a cradle-to-gate analysis, which is also represented by the boundaries of the block
diagram in Figure 4-1, which includes the following sections: 1) biomass pre-treatment; 2) biomass
gasification; 3) syngas conditioning and cleaning section; 4) CO, capture and compression; and 5) gas
and steam turbines. It is important to mention that the production of the forest residue chips has not

been modelled; however, the associated costs of harvesting, chipping, and transporting them to the
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processing plant are included in the price of biomass "as received". The cost of transport and storage

of CO; is considered part of the VC for the OPEX calculation.
4.3.2.2 Basis for the Economic Evaluation

The main purpose of the economic assessment is to estimate economic indicators of great importance,
such as CAPEX, OPEX and MJSP. The MIJSP of SAF is the selling cost at which the NPV is equal to zero,
at an IRR of 10% [35], [68]. A typical discounted cash flow analysis (DCFA) is used to determine the
MIJSP, whose financial parameters and assumptions, such as the discount rate, depreciation method,
income tax rates, plant life, and construction start-up period and so on, are detailed in Table 4-3. The
methodology followed for the economic assessment is described in more detail in Section 3.2. The
PEC for the components of the process plant of the BECCS and BE scenarios are detail in Table 4-4.

Similarly, the variable costs for the OPEX estimation are presented in Table 4-5.

Table 4-3: Parameters for conducting the discounted cash flow analysis [70], [196].

Location United Kingdom
Plant life 20 years
Currency f

Base year 2019
Plant capacity 20 dry-tonnes of FR/h
Discount rate 10%

Tax rate 30%
Construction period 3 years
First 12 months' expenditures 10%

Next 12 months' expenditure 50%

Last 12 months' expenditures 40%
Depreciation method Straight line
Depreciation period 10 years
Working capital 5% of FCI
Start-up time 6 months
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Table 4-4: Purchased equipment costs at base capacity and year of reference.

. Base cost Base . Scaling Base
Equipment [MM £] capacity Unit factorg year Reference
ASU 147.535 145 kg/s O, 0.50 2014 [215]
ATR 13.028 12.2 kg/s total feed 0.67 2014 [215]
Biomass
receive and 1.751 198.1 wet t/h 0.62 2007 [216]
unload
Biomass
storage,
preparation, =4 y94 64.6 wet t/h 077 1999  [217]
feeding to
atmospheric
gasifier
Compressor 0.395 413 kw 0.68 2014 [218]
Cooling tower 2.422 4530.3 kg/s 0.78 2014 [215]
Cyclone 0.040 1 m3/s total gas 0.70 2014 [218]
MW, hv at
DFBG 9.184 100 moisture contentof 0.72 2010 [157]
20%
Drier 5.064 1 air or hot gas m3/h 0.8 2003 [157]
FT-REACT  153.607 2,420 MW of fuels 075 2011  [216]
produced
Hydrocracker  6.233 1.13 ke/s (;f;‘/")mass 070 2014  [218]
Isomerization 16,288 1 t product/year 0.62 2015 [219]
PSA 4.710 0.294 kmol/s purge gas 0.74 2014 [218]
Steam turbine 0.274 10.5 MW 0.44 2014 [218]
TAR-REF 0.682 12 Nm3/s 0.6 2010 [157]
WGS reactor 2.224 150 kg/s total feed 0.67 2014 [218]
ZnO0 guard bed 0.016 8 m3/s total gas 1.00 2014 [218]
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Table 4-5: Variable Costs for the OPEX estimation.

Variable Operating Costs Value
A) Feedstock
Price Reference
Chips of FR 58.53 £/t [220]
B) Utilities
Price Reference
Ash disposal 20.218 £/t [58]
CO, T,S&M 19 £/t [196]
Waste water
treatment 0.415 £/t (>8]
Cooling water 0.025 £/t [196]
Feed boiler water 0.784 £/t [58]
C) Catalysts
Price Lifetime Reference
[years]
FT synthesis 16 £/kg 3 [221]
Tar Reformer 3% of VC 3 [196]
Wax hydrocracking 18 £/kg 3 [221]
WGS 13,836 £/m3 3 [221]
PSA 0.85 £/kg 3 [166]
ATR 42,452 £/m3 3 [222]

4.3.3 Life Cycle Assessment (LCA)

The LCA is constructed by the sequence of four main steps, following the standardized methodology

of ISO 14040 and 14044 [168], as explained in Section 3.3.
4.3.3.1 Goal and scope definition, functional unit

The goal of the LCA of this study is to assess the environmental sustainability of processing forest
residues for jet fuel production via gasification and Fischer-Tropsch coupled with CCS. To quantify the
global warming potential (GWP) of the whole supply chain of these processes, a WtWa LCA was
performed. The impact of adding CCS was measured by analysing the same scenario but without the
capture of CO; (BE scenario), and finally, the results of both analyses are compared against the GWP
of conventional jet fuel. The selected functional unit is 1 MJ of SAF while the LHV of the SAF is

considered to be 42.8 MJ/kg [98]. It is assumed that the process plant is located in the UK.

4.3.3.2 System boundaries for the LCA
The boundaries of the LCA section are broader than those of the techno-economic analyses (TEA), and
this is because the latter only focuses on the conversion process. Figure 4-7 shows in detail the stages

considered in this environmental assessment: i) Production and chipping of forest residues through
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sustainable forest management; ii) Transport of feedstock to the process plant; iii) Conversion of
forest residues into SAF (gasification and FT); iv) Compression, transport, and storage (T&S) of CO;; v)
Transport and distribution of SAF, and vi) Combustion of SAF. At the same time, these limits also
expand towards the production and transport of the secondary material inputs and energy required
by some stages of the life cycle. Since the LCA of this SAF production process considers the emissions
from the field where the feedstock is collected until the wake of the aircraft, this analysis is of the

WtWa kind [67].
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Figure 4-7: The System Boundary Diagram for the LCA of the BECCS scenario.
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4.3.3.3 Life cycle inventory (LCl) and description of the life cycle stages

The elaboration of the LCI for this study is based on two main sources. The first data source, as
depicted in previous sections, is the mass and energy balances, resulting from the process modelling
in Aspen Plus. This data includes the normalized values (for 1 MJ of jet fuel) for the conversion of the
main feedstock into jet fuel and the secondary products (gasoline, diesel and electricity). Seemingly,
the data contains information about the different emissions and waste streams generated in the
conversion process. The second data source is the inventories of the “Ecoinvent-3” database. The
inventories of the system stages depicted in Figure 4-7 are detailed in the APPENDIX A-4, however,
their construction are explained as follows:

Stage 1 of the life cycle in Figure 4-7 depicts the production of FR chips, which are mainly composed
of whole tree early thinning, small roundwood, stem tips, and branches. The FR chips are considered
co-products of the timber production process [180], [223]. To achieve more complete and reliable
mass and energy balances, the life cycle inventory of this stage is taken from Ecoinvent 3.6 [224],
[225]. The generic sustainable forest management database analyses the production of different
wood products over one stand’s rotation period, including site preparation and all processes
associated with forest management such as clearing, tending, pruning, thinnings, harvesting
operations, and the maintenance of forest roads [226]. The three produced assortments, which are
sawlogs, industrial wood, and wood fuel (which is further processed into chips and cleft timber), are
allocated according to the environmental load of the aforementioned activities, according to their
economic values [224]-[226]. Ecoinvent offers regional and tree-species-adjusted databases since the
assortment distribution varies depending on the tree species and the regional markets. For more
processed assortments, such as wood chips, the database “Wood chips, wet, measured as dry mass
{RoW}| sustainable forest management | Cut-off, U” is chosen. Apart from including the production
of the basic wood assortments, this database also includes the processes for further processing wood
fuel into chips. The wood chips production stage ends with their natural drying on the forest road

before transportation to the process plant [226].

It is also important to mention that a fraction of branches and stem tips should remain in the forest
site due to sustainability reasons [180], [182], [227]. However, there is no existing threshold that
determines the FR percentage that should be left on-site in the UK [227]. Therefore, the data
presented in the selected Ecoinvent inventory for wood chips is also adopted in this study. The chosen
database does not present this information as the amount of FR that are left on-site, instead, it
provides the amount of wood assortments harvested per hectare of stand over one rotation period

(in accordance with the prevailing principles of sustainable forest management practices in Europe)
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[226]. As mentioned before, the environmental loads of the stand establishment, management, and
harvesting steps are distributed among the wood assortments, therefore, FR left onsite are not
attributed with any environmental impact [224]-[226]. Because the wood chips production databases
are elaborated according to the sustainable forest practices of Germany [226], [228], [229], the
assortment distribution and the amount harvested could fail to exactly represent the UK’s practices,
and the environmental load of the FR chips could be slightly different. For this reason, the GWP of the

stage of wood chips production is included in the sensitivity and uncertainty analysis of the LCA.

Finally, in this study, the tree species that give origin to the forest residues were chosen according to
the data on wood production presented by the UK’s Forestry Commission estimation for 2018 [230].
In agreement with this source, 93.2% of the roundwood comes from stands of softwood, while 6.8%
comes from hardwood; herein, the same share is considered for the wood chips. Sitka Spruce and Oak
are the tree species representing softwood and hardwood, respectively, since they represent a higher

proportion of the stands found in the UK [231].

Stage 2: The second phase of the life cycle consists of transporting the chips to the process plant by
road, since this is the most common mode for the carriage of commodities in the UK [232]. Similarly
to stage 1, the transport of forest residues is taken from the database presented by Ecoinvent [233]
but slightly modified to fit the conditions of this study. Originally, this database considered that each
kg on a dry basis of forest residue chips contained 1.4 kg of H,0, and the transport distance to the
processing plant was 50 km. In this study, it is considered that the chips are left in their place of
production until their moisture content naturally reduces to 30% (0.43 kg of H,O for each kg of dry
biomass) [223], [234]. The average transport distance of the forest residues is considered to be 50 km
[183]. In addition, if the requirements of the plant could not be satisfied by the regional provision of

forest residues, the transport distance is another parameter to consider for the sensitivity analysis.

Stage 3: The third stage of the life cycle begins with the reception of forest residue chips and ends
with the final production of fuels and electricity. In this section, the inventory is built from the mass
and energy balances resulting from the modelling of the process. However, not all the material inputs
are obtained from Aspen Plus and therefore, some rough estimations have been made. The amount
of catalyst required for the different catalytic reactors is calculated according to data from the
literature, and it is considered that they will be changed every 3 years. There are no life-cycle
inventories for the production of the catalysts, but they are represented in the inventory by
considering the production of the main constituent of the catalyst, and therefore, the amount of this
material is equal to the total mass of its catalyst. In regards to the operation of the gasifier, the

fluidising medium is sand, and its reposition ratio is taken from a database of wood gasification in a
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fluidised gasifier found in Ecoinvent [235]. The construction of the process plant is represented by the
inventory related to a generic “Chemical factory organics” that can be found in Ecoinvent. For this
plant, the capacity is about 50,000 t/year (PC;) with a lifetime of 50 years. To adjust to the process
plant, a six-tenths factor rule was applied (Equation 4-4) [236] in order to find the fraction of the
original Ecoinvent plant (PU;) that is needed for this process (PU,), considering the capacity (PC,)

equal to the sum of the gasoline, diesel, and jet fuel mass flows and a plant’s lifetime of 20 years.

PC,\ %
PU2 = PU1 (ﬁ)
1

(4-4)

Stage 4 represents the compression of the CO, coming from the capture section of stage 3 and its
transport & storage. The compression section uses electricity produced by the plant, and for the
infrastructure, the inventory for “Air compressor screw type of 300kW” available in Ecoinvent is used
[237]. In line to the infrastructure considerations of stage 3, Equation 4-4 is used to adjust this

database according to the energy requirements (instead of capacity) of each compressor.

In regards to the CO; transport & storage subsection, the life-cycle inventory is developed as proposed
by Wildbolz (Figure 4-8) [187]. The inventory of the “Transport infrastructure” considers the
construction of the pipeline by considering the materials needed, the construction and land use, the
dismantling and disposal at the end of the lifetime of the pipeline, as well as the monitoring of the
operating pipeline by helicopter. Wildbolz [187] also considered an overpressure of 3x10°Pa (30 bar)
with respect to the place of injection (gas field or aquifer). According to their calculations, the
operation of the pipeline, considering a distance of 200 km, does not need a recompression station
since the CO; stream arriving at the injection point meets the overpressure requirement. Therefore,
the inventory of the operation section only considers the infrastructure construction and the leakage,
which is 0.026% per 1000 km. Another important section is the “Deep Drilling and Well infrastructure”.
Wildbolz [187] considers the establishment of a double well with the option of occupying an aquifer
or a depleted gas field. In the UK, saline aquifers have the highest storage option, but the
understanding of their properties is highly uncertain; thus, gas fields are preferred [238]. Figure 4-8

depicts the life cycle of the stored CO,:
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Figure 4-8: Scheme of the transport and storage chain [187].

Stage 5: This stage encompasses all the processes related to the transport of the fuel from the process
plant to the final user and is represented by the database for “Market for kerosene” in Ecoinvent [239].
This database includes the transportation of the fuel, the operation of the storage tanks, and the

emissions due to the evaporation and treatment of the effluents.

Stage 6: The last stage of the life cycle is the use of jet fuel in the airplane. The emissions from the
combustion of SAF are taken from the database of Ecoinvent for medium-haul aircraft for passengers
without considering the incurred environmental impact of the aircraft and airport construction. This
assumption is considered valid since the chemical properties of SAF are similar to those of jet fuel [80].
In this stage, it is also important to mention that the carbon neutrality [240] of CO, emissions from
the combustion of SAF is assumed, which means that biogenic CO, emissions are considered to be

zero.
4.3.3.4 Multi-functionality

The SAF and the by-products of the process plant are all used for energy purposes; therefore, energy
allocation was the main method to be considered in this assessment [79], [83]. Even though there is
associated uncertainty, the system expansion or substitution method is also recommended since it
considers the environmental impacts of the displaced by-products [79]. In this sense, this method was
also applied herein in order to determine the effect of the choice of the attribution methodology on

this environmental assessment.
4.3.3.5 Negative emissions

The benefit of using the BECCS concept in a process design is the potential of achieving negative
emissions. The negative emissions claimed by the BECCS scenario need to be demonstrated and
supported by a LCA. Conventional LCA of systems with biogenic inputs considers that the consumed

atmospheric CO; is released at the end of the product’s life cycle [241]. Therefore, the LCA impact
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methods assign a Global Warming Potential (GWP) of zero to biogenic CO; emissions. Time plays an
important role in the definition of “negative emissions”, since CO, removed from the atmosphere and
the biosphere to storage, is transferred from a short-term cycle to a long-term pool (geological) [242].
According to the 2006 IPCC Guidelines, the calculation and report of the emissions associated with
CCS in the energy of industrial sector do not consider any particular difference between CO; from
fossil or biogenic sources. In this sense, the emissions of the processes using biomass will be zero,
while the captured biogenic CO, will be subtracted resulting in negative emissions. Emissions from

transport, injection and storage of CO, are accounted regardless of its fossil or biogenic origin [243].

4.3.4 Sensitivity analysis

The sensitivity analysis was performed according to the methodology described in Section 3.4 and
applied only to the BECCS scenario. The following sections explain the parameters that were

considered for both the MJSP and the GWP:
4.3.4.1 Sensitivity analysis on the MISP

Table 4-6 presents the parameters with high uncertainty that were considered for the sensitivity
analysis of the MJSP. The CAPEX was changed between a low and a high value of -30% and +50%,
according to the recommendations of the classification of the AACE International, for plants of low
level of maturity, as in the case of a biomass to liquid fuels process plant [244]. The feedstock price
was changed by £50% with respect to the nominal value in order to reflect the market volatility and
uncertainties related to the commercialization logistics of the forest residues [196]. Different values
for important economic parameters such as tax and discount rates were also analysed. The discount
rate is associated with the risk of investing in a particular project. An optimistic value of 8% was
proposed for biorefinery investments [245], whereas the pessimistic discount rate was proposed at
12%. The optimistic tax rate value was set at 0% to reflect a scenario in which the biorefinery may be

eligible for tax exemptions, while the higher value was set at 40%.

Regarding the CO, T&S, low and high costs of 8 and 31 £/t CO, were considered [246]. For a better
interpretation, these values are adjusted to include the cost of the CO, compression. The cost of the
CCS is then obtained by adding the cost of the T&S and the annualised CAPEX of the capture section
(see Equation 4-5 [196], where i, is the internal rate of return and n the lifetime of the plant); it should
be noted that the electricity for the CO, compression is generated on-site, and as such, it is not
included in the CCS cost, and the respective energy penalty is captured in the electricity exported to

the grid.
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ACAPEX = CAPEX -

id : (1 + id)Tl

—14+ (1 +ig)

Table 4-6: Parameters for the sensitivity analysis.

Parameter Low Value Nominal High value Unit
CAPEX 130.38 186.25 279.38 MM £
Feedstock cost 29.26 58.53 87.79 £/t
CCS cost 13.38 24.38 36.38 £/t CO,
tax rate 0 30 40 %
Discount rate 8 10 12 %

4.3.4.2 Sensitivity analysis on the GWP

(4-5)

A sensitivity analysis was also conducted for the LCA results to identify the process sections with the

greater influence on the GWP of the BECCS scenario. When uncertainty data is not available for life-

cycle stages, reasonable ranges have been chosen (see Table 4-7).

Table 4-7: Variables used for the sensitivity and uncertainty analyses.

Parameter Nominal Value Units Var(u;t)lon
(1]

Share Jet Fuel (Energy basis) 58.35 % +10*

FR Chips production 6.04 130
Transport FR Chips 1.30 4COse/M) -30, +200

Biorefinery 3.40 SAF 130

CO,; Fompl.'essmn—T&S 0.22 +10

(operation + infrastructure)

CO; stored 90 % -15, +5*

SAF distribution 0.69 gC0zeq/MJ +30

SAF combustion 4.36 SAF 110

* percentage points

The share of the jet fuel could be slightly different due to different process conditions and the

uncertainty associated (e.g., a different product distribution of the hydrocracker). Therefore, a

deviation of £+10% was considered. According to the proposed plant location, the transport distance

for the FR chips is 50 km. However, in the event that the required feedstock could not be supplied by

the surrounding forests, the possibility of getting it from the northern region of Scotland (a travel

distance of about 150 km) was also analysed [183]. An increase in the efficiency of the CO, capture

plant was also examined through different percentages of CO, that could be separated from the
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syngas and subsequently stored. Finally, concerning the other parameters of Table 4-7, as explained
in the LCA section, they were associated with some level of uncertainty. This decision is based on the
fact that their inventories were adapted from existing databases for similar processes and/or for
different geographic locations. Therefore, their GWP is also changed between +30% and +10%,

depending on whether this uncertainty is high or moderate.
4.3.4.3 Monte Carlo Uncertainty analysis

Based on the uncertain parameters considered for the sensitivity of the GWP, a Monte Carlo analysis
was performed in Matlab; a code randomly varied these parameters and recalculated the GWP of the
system in 10,000 trials. The results are presented as a histogram of frequency, for which the mean
value is calculated as well as the standard deviation; finally, it is possible to determine the 95%

confidence interval.

4.4 Results and discussions

This section reports in detail the TEA and LCA results for both the BECCS and BE scenarios. Firstly, the
technical parameters in conjunction with the mass and energy balances are presented. Subsequently,
the economic and environmental performance indicators are presented. Finally, a sensitivity analysis
determines the impact of different parameters on the economic and environmental results of the
BECCS scenario, as well as the effect of the plant capacity (economies of scale). Additionally, the effect

of policy schemes on the feasibility of the SAF produced through the BECCS scenario is investigated.
4.4.1 Process modelling

4.4.1.1 Gasification and pyrolysis section

The predicted composition of the syngas obtained through the modelling methodology described for
the gasifier and pyrolysis sections is presented and compared with the experimental data, found in a
report of E4Tech [247], in Table 4-8. From these results, it can be inferred that there is a good
agreement between the results obtained from the model and the pilot plant outputs [247], especially

concerning the major components of the syngas (H,, CO, CO; and CH,).
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Table 4-8: Modelling results of the DFBG compared to experimental data [247].

Composition (dry basis) Experimental [247] This model
H. 41.50% 33.35%
Cco 22.50% 24.07%
CO; 21.50% 23.56%
CHa 10.50% 12.69%
CaHq 2.50% 3.74%
C2Hs 0.50% 0.09%
CeHs 8.00 g/Nm? 18.66 g/Nm?
CsHs 0.50 g/Nm3 3.00 g/Nm?3
CioHs 2.00 g/Nm3 3.40 g/Nm3

4.4.1.2 Carbon distribution

The mass and energy balances of the process were obtained from the process models. Based on the
ultimate analysis of the feedstock, and the resulting mass balances of both processes, it is possible to
calculate the carbon efficiency. The input of 20 dry-tonnes/h of forest residues resulted in the
production of 0.31 tonnes/h of gasoline, 1.91 tonnes/h of jet fuel, and 0.93 tonnes/h of diesel, for
both scenarios. In reference to the BECCS scenario, carbon is lost as CO; at different points of the
plant, but mainly in the combustion of char at the gasifier (12.32 tonnes/h of CO,), and in the gas
turbine (3.68 tonnes/h of CO,). In addition, CO,is separated from the syngas in the CO; capture section
and is stored underground (11.26 tonnes/h of CO,). Therefore, as depicted in Figure 4-9, the carbon
balance indicates that 26.26 % of the carbon is found in the products, 43.24% is wasted in the flue
gases, and 30.50% is captured and permanently stored. Hence, according to Equation 3-1, the carbon
efficiency of the BECCS scenario is equal to 26.26%. The resulting carbon balance of the BE scenario is
only different to the baseline scenario only regarding the stored CO,, which is now included in the
share of the flue gases. Hence, the carbon efficiency is equal to the BECCS case. Therefore, the carbon

efficiency is not affected by the addition of the CCS.
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Figure 4-9: Biomass carbon distribution for the BECCS scenario.

The results of both scenarios are in agreement with Swanson et al. [70] who obtained a carbon
efficiency of 26.26% for a low temperature gasifier+ FT scenario, and they are slightly different to
Marchese et al. [154], i.e. 32%, and Hillestad et al., i.e. 38% [138]; but they considered either different
process configuration [154] or gasification technology [138]. The jet fuel mass yield of both scenarios
equal 9.6%, agreeing with the 9.7% value obtained by Atsonios et al. [72], while the total fuel mass

yield is equal to 0.16, which properly falls in the range of 0.13-0.22 determined by de Jong et al. [248].
4.4.1.3 Energy performance of the process

In terms of energy balance, both cases have been designed to be energy-autonomous, by fixing at 15%
the amount of unreacted syngas burnt in the gas turbine. The basis for the design was the BECCS
scenario, as it requires additional electricity to compress the captured CO,. This parameter has been
also adopted for the BE, which resulted in higher production of excess electricity. Table 4-9 presents
a detail of the power interactions among the plant for both cases. The major consumer of electricity
is the syngas compressor due to the difference in operating pressures between the gasifier and the FT
reactors, which work at atmospheric and 2.5x10° Pa (25 bar) respectively. This huge differential
pressure could be avoided by using a gasifier that can operate at higher pressures [70]; however, the
drawback of this kind of gasifier, such as the entrained flow gasifiers, is that more power is required
to chop the biomass in fine particles, the high capital cost as well as the low H, content in the syngas

[67].
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Table 4-9: Breakdown of power generation and usage.

Power (MW) BECCS. BE scenario
scenario
Total Generation 10.39 10.39
Gas Turbine 5.36 5.36
Steam Turbines 5.02 5.02
Total Usage 8.93 7.93
Grinder 0.43 0.43
Syngas compressor 5.74 5.74
Amine pump 0.12 0.12
CO, compression 1.00 0.00
PSA compressor 0.033 0.033
Wax compressor 0.006 0.006
Recircul n

ecireu i:::':ésizi 0.027 0.027
ASU+0O; compressor 1.57 1.57
Net Export 1.46 2.46

Table 4-10 presents a summary of the use and production of steam at different pressures, as well as
the amounts that are sent to the steam turbines for power generation for both scenarios. The process
streams, from which heat cannot be recovered for steam generation, are cooled down with cooling
water; the consumption of which is also reported in Table 4-10. From the data presented, it can be
seen that the CCS section does not affect the steam requirements of the process as the CO; capture

unit is an integral part of both scenarios. The cooling water requirements are minimally increased for

the BECCS case.

Table 4-10: Steam generation & utilization and cooling water requirements.

Steam generation and utilization for the BECCS and BE scenarios

135°C; 3x10°Pa

Steam [tonnes/h] Generation Consumptionin  Use in distillation To st_eam
process columns turbines
Superheated
steam;500°C; 4x10° Pa 16.33 12.85 1.65 1.83
High pressure
steam;210°C; 2x10°Pa 23.98 0.00 0.00 25.81
Medium pressure
21. . . A
steam;177°C; 9x10°Pa 35 0.00 0.00 47.16
Low pressure steam; 1527 0.00 1527 0.00

Cooling water requirement [tonnes/h]

BECCS scenario

1733.21

BE scenario

1683.89
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The jet fuel efficiency of the process is calculated as 22.1% for the production of jet fuel (in BECCS and
BE scenarios), considering a LHV of 42.8 MJ/kg for the jet fuel [98], and a value of 12.95 MJ/kg for the
biomass as received (moisture content equal to 30%). Based on the results of the process modelling,
the overall energy efficiency is calculated through Equation 3-4, by taking into account the energy in
all the products, such as gasoline, diesel, jet fuel and electricity, as well as the input energy of the
forest residues. The overall energy efficiency equals 37.9% and 38.9% for the BECCS and BE scenarios
respectively. The efficiency of the BE scenario compares well to the ones obtained in other similar
studies [35], [249] and as expected, its overall energy efficiency is higher than in the baseline scenario,
due to the higher amount of electricity produced (or equally the more electricity consumed in the
BECCS case). Therefore, the CCS section does not compromise the energy efficiency of the process,

since the energy penalty is only 2.57%; a value similar to the one reported in [73].

4.4.2 Economic Evaluation

The mass and energy balances are the basis for the economic evaluation since they provide the
necessary information for sizing the equipment. Table 4-11 presents the breakdown of the purchased
equipment cost according to the main areas of the process plant, for the BECCS and BE scenarios. The
total amount of PEC does not have a significant change between both scenarios. In both cases the PEC
expenses are dominated by the Biomass Pretreatment+Gasification and the FT synthesis section while
the cost of the CO, compressors for is relatively small and does not have a significant impact on the
total PEC.
Table 4-11: Results for Purchased Equipment Cost, Fixed Capital Investment and Total Capital

Requirement.

Cost [MM £]

BECCS Scenario

BE Scenario

Biomass Pre-treatment
+gasification

Syngas cleaning up

CO; capture
Fischer-Tropsch synthesis
Syncrude upgrading

CO, compression
HRSG+Gas

12.37 (21.66%)

4.29 (7.51%)
0.69 (1.21%)
28.15 (49.29%)
5.50 (9.63%)
1.12 (1.96%)

12.37 (22.09%)

4.29 (7.66%)
0.69 (1.23%)
28.15 (50.28%)
5.50 (9.82%)

. .749 . 919
turbine+Cooling Tower 4.99 (8.74%) 4.99 (8.91%)
PEC 57.11 55.99
Fixed Capital Investment 173.91 170.50
(FCI)
Total Capital Requirement 186.25 182.60

(TCR) or CAPEX
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Table 4-11 also presents the FCl and CAPEX for both scenarios. The obtained results are of the same
order of magnitude as in previous studies that evaluated the economic performance of biofuels
production through the FT technology [65], [70], [250], [251]. The incorporation of the CO;
compression section for the BECCS case increases the CAPEX only by around 2%. Similar differences
have been also reported in the literature [73], [94]; even if these studies are not oriented to the

production of jet fuel, they may serve as a reference to validate the results.

Yearly operating costs or OPEX are presented as £/kg of SAF in Figure 4-10. Among these incurred
expenses, the major contributor to the OPEX is the cost of the feedstock (forest residues). Similar
results have been found by Tijmensen et al. [69] where the cost of the biomass accounts for at least
30% of the total production cost. Therefore, an increase or decrease in the FR cost could highly
influence the value of the MJSP of the BECCS scenario; this is further analysed in the sensitivity analysis
section. When comparing both scenarios, the higher OPEX of the BECCS scenario is justified by the
cost of CO, T&S.
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B VVC Raw materials
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Figure 4-10: Normalized OPEX for the BECSS and BE scenarios.



Finally, a break-even analysis was developed and, by using a DCFA, the MJSP was calculated. The DCFA
estimated MISP of 3.27 £/kg and 3.03 £/kg, for the BECCS and the BE scenarios respectively. The
inclusion of the CCS supply chain increased the MISPs by 7.92%; this figure is in agreement with the
results of a previous study available for BECCS, in which the price of the syncrude increases by 10%

with the addition of the CCS section [73].
4.4.2.1 Sensitivity analysis on the MJSP

Results from the sensitivity analysis for the alternative scenarios proposed are presented in Figure
4-11. The MIJSP is primarily sensitive to CAPEX. If the gasification and FT technologies continue
developing, in the upcoming years, equipment prices would drop, which in turn could help improve
the economic feasibility of the SAF. In addition, the MISP exhibits great sensitivity to the feedstock
prices; in order to limit volatilities in the feedstock price longstanding procurement deals at ideally
fixed costs with forest management corporations are necessary. It is also apparent that the CCS does
not have a significant impact on the MJSP and hence future implementations in biorefineries come at

relatively low cost and risk. Finally, the discount rate and the tax rate have moderate influence on the

CAPEX i 4.48

2.54

MISP.

Feedstock cost  2.77 |G 3.77

CCS cost 3.18 Bl 334

TAX rate .00 [ 341

Discount rate 2.99 1 3.57

2.50 3.00 3.50 4.00 4.50 5.00
Jet Fuel MISP (£/kg)

Figure 4-11: Effect of the governing parameters on the MJSP.
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4.4.2.2 Effect of the economies of scale

The effect of economies of scale has been also analysed for the BECCS scenario. The CAPEX of the
plant is not linearly related to the capacity; therefore, an overall scaling factor of 0.65 was used for
upgrading CAPEX [196]. The OPEX (apart from labour) have been assumed proportional to the size of
the plant and hence the product yields, waste streams and utilities have been linearly adjusted to the
capacity of the plant. In particular, the labour cost has been recalculated for each case by using
Equation 3-10. Figure 4-12 shows the MIJSP as a function of the plant capacity. The slope for plant’s
capacities between 20 and 100 dry-tonnes/h is quite steep, and this results in a significant decrease
of the MISP. For a plant size beyond 100 dry-tonnes/h, the MJSP continues to drop but at a slower
rate. On the other hand, the increase in the size of the plant implies the need for more feedstock,
which availability is limited in the UK. As reported by E4tech [183], 0.8 dry-Mtonnes/year of forest
residues are produced in Scotland, where the biorefinery is assumed to be located, meaning that all
the available feedstock should be used in a plant treating 100 dry-tonnes/h. This, in turn, will most

probably not be a realistic scenario since there exist competing sectors such as CHP.
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Figure 4-12: Effect of the size of the plant on the MJSP.

4.4.3 Life Cycle Assessment
The inventory of the BECCS and BE scenarios have been developed based on the mass and energy
balances, that have been first normalized on a basis of 1 MJ of jet fuel along with the databases of
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Ecoinvent 3. In addition, the the ReCiPe 2016 Midpoint (H) impact assessment method has been used.
Figure 4-13 presents the results for the GWP (100) for both scenarios at the different life cycle stages
(as depicted in Figure 4-7). When the multi-functionality is treated with an Energy Allocation approach,
the WtWa results of the GHG emissions for the BECCS and BE, are -121.83 gCO,eq/MJ and 15.51
gC0,eq/MJ, respectively, while the system expansion method yields -127.16 gCO,eq/MJ and 6.02
gC02eq/MJ, respectively. In both cases, it can be noticed that the stages that contribute the most to
the total GHG emissions are the production of forest residues as well as their transport to the process
plant. Regardless the multi-functionality method used, the GWP of the BECCS scenario is negative,
due to the characterization factor of -1 for the biogenic CO; that is stored. The results for the GWP of
the BE scenario (for both multi-functionality methods) are positive, and although it could not approach
a net-zero scenario, it still achieves a considerable reduction in emissions when compared to the fossil

jet fuel.
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Figure 4-13: Global Warming impact for the BECCS and BE scenarios for displacement and energy

The results of the GHG emissions for both scenarios are compared against the carbon intensity of
conventional jet fuel. Previous studies considered a reference value for the average WtWa GHG
emissions equal to 87.50 gCO,eq/MJ [80], [252]. However, as the GWP depends on several factors,
the carbon intensity of fossil aviation fuel varies according to different regulations, such as 89

gC02eq/MJ or 94 gC0O,eq/MJ, for the U.S. Renewable Fuels Standard (RFS) [174] and the European

allocation.
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Renewable Energy Directive Il [175], respectively. Compared to these values, and in accordance with
the sustainability criteria thresholds used for the aforementioned standards (70% of GHG savings for
the RED Il [175] and a minimum of 50% for the U.S. RFS [176]) the BECCS scenario is way below the

GHG emissions reduction targets, while the BE scenario only marginally .

Because of the absence of any study analysing the SAF production within BECCS, the results of both
scenarios are compared against FT studies without CCS. In this sense, the GWP for the BE scenario is
comparable with similar studies, since its value falls within the range of -1.60 and 18.20 CO»eq/MJ
determined by Wei et al. [65], while it is slightly higher than the value of 6 CO,eq/MJ determined by
de Jong et al. [80]. The low WtWa GHG emissions were explained by de Jong et al. [80] as the result of
the self-sufficiency of the process in terms of energy and excess electricity production. In relation to
the multi-functionality approach, de Jong et al. [80] found that the system expansion method tends
to calculate lower WtWa GHG emissions when the substituted co-products have higher emission
intensities than those of the system. This last statement has been also verified in the present work,
since the emissions of the substituted fossil gasoline, diesel and electricity are greater than the carbon
intensity of the studied system. Therefore, the fact that the displacement method estimates lower
GHG emissions than those of the energy allocation method, and as recommended by other authors
[80], [83], [253], the results of the energy allocation method are preferred and used for further

analyses.

Further, APPENDIX A-5 provides information of the other environmental impact categories calculated
by Recipe 2016 Midpoint (H). The fossil jet fuel environmental impacts are taken from the database
provided by Ecoinvent3 and compared against the results of the BECCS and BE scenarios analysed by

the energy allocation approach.
4.4.3.1 Sensitivity analysis and uncertainty analysis

A parametric analysis was conducted by varying the values of the carbon footprint of each life-cycle
stage, as presented in Table 4-7. The ranges of variation for each variable have been roughly defined,

either according to the evidence found in the literature or on reasonable assumptions.

As depicted in Figure 4-14, the GWP of the system is very sensitive to the amount of CO; that is
captured and stored. A 5% increase in the capture capacity of CO, has a positive impact on the total
emissions of the plant and the GWP diminishes to -129.29 gCO,e/MJ. On the other hand, a decrease
of the capture level by 15% is translated to a higher GWP of -100.50 gCO,e/MJ. The fact that even in
the extreme negative case the GWP value is highly negative, it highlights the importance of storing

permanently the captured CO, and provides certainty on the sustainability of FT-biofuels production.
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In addition, the FR chips production and their transport to the process plant cause relatively significant
fluctuations in the GWP of the process. Therefore, ensuring short distance transport for the feedstock
is of high importance for the sustainability of the system. Finally, the other process stages appear to

have a negligible effect on the GWP.

Share Jet Fuel (Energy basis) -122.57 J -121.10

FR Chips production -123.64 Il -120.02

Transport FR Chips -122.22 | -119.24

Biorefinery  -122.85 lj’—-120.81
CCS (includes operation and
infrastructure of compression, T&S) -121.85 1 -121.81

-129.29 i -100.50
CO2 stored [

SAF distribution -122.04 | -121.62

SAF combustion 212227 | -121.40

-130 -125 -120 -115 -110 -105 -100
GHG emisssions (gC0O2e/MJ SAF)

Figure 4-14: Sensitivity analysis on the Global Warming Potential.

4.4.3.2 Monte Carlo analysis

The obtained results for the uncertainty analysis of the BECCS scenario are reflected in the form of
histogram in Figure 4-15. The mean value and the GWP’s obtained from the simulations is equal to -
118.93 gCO,e/MJ of SAF with a standard deviation of 6.17 gCO,e/MJ of SAF. In addition, the project
has 95% interval for the GWP to be between -131.26 and -106.60 gCO,e/MJ. Hence, the Monte Carlo
simulations revealed that, despite the uncertainty of several parameters, proposed BECCS refinery

would most problem achieve highly negative emissions in most cases.
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Figure 4-15: Uncertainty analysis on the GWP for the BECCS scenario.

4.5 Policy incentives assessment

This section intends to analyse the effect of existing renewable and potential, that would incentivise
negative emissions, support schemes. Therefore, herein the effect of the Renewable Fuel Transport

Obligation (RTFO) and the carbon price have been analysed.

The RTFO is a policy of the UK Government that intends to reduce GHG emissions in the transport
sector by supporting the production and use of renewable fuels, while imposing an economic
obligation to fossil fuel producers. Suppliers that produce more than 450,000 L per year are affected
and should pay an amount of 0.50 to 0.80 £ per litre of fossil fuel supplied. On the other hand, this
scheme rewards suppliers of sustainable renewable fuels, by granting them one Renewable Transport
Fuel Certificates (RTFC) per each litre of fuel produced. If the feedstock for the production of these
renewable fuels are wastes or residues, dedicated energy crops, and/or material of non-biological

origin, suppliers are awarded two RTFC per litre delivered [254].

Concerning the aviation sector, fossil jet fuel does not have an obligation. However, producers of SAF
are rewarded by certificates under the same criteria applied to road-mobile and NRMM [254]. Further,

we consider herein the effect of receiving both single and double (as the feedstock is residue from
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sustainable forest management) certificates on the economic performance of the process. Since RTFCs
can be traded among fuel suppliers [254], it is necessary to determine a price for the certificates in
the market. Nevertheless, it is not easy to assign a price to the RTFCs because there is no data
published by the government. In the market, an average peak price of 0.30 £/RTFC is provided;
however, the prices used for the trading vary from 0.09 to 0.20 £/certificate [255]. As an example, if a
price of 0.20 £/certificate is used SAF prices drop from 3.27 £/kg to 3.01 £/kg and 2.76 £/kg when one

or two certificates are awarded respectively.

Another support action considered in this study is the price of CO,, which is a decisive element for the
feasibility of CCS projects in the coming years. Theoretically, the CO, price may have a double effect
on the feasibility of this type of project, since not only additional revenues will be received by the
storage of CO,, but at the same time, the price of conventional jet fuel will be increased. As an
example, Figure 4-16 presents the effect of the CO; price with and without the effect of the RTFCs,
over the MJSP. On considering a CO, price of 303.70 £/tonne CO,, an emission factor of 5.21 kg CO»/kg
for the BECCS-derived SAF (according to the LCA results of -121.83 gC0,./MJ), a conventional jet fuel
gate price of 0.56 £/kg [256] and an emission factor of the conventional jet fuel of 3.74 kg CO»/kg (87.5
gC02e4/MJ) [257], the MISP of the SAF breaks even the price of the conventional jet fuel at a value of
1.70 £/kg. While, considering both, the CO, policy and the RTFCs at a price of 0.20 £/certificate, the
MJSP breaks-even the price of the fossil jet fuel at a value of 1.60 and 1.49£/kg, at a CO; price of 275.17
and 246.64 £/tCO,, for a single and double assignation of certificates per kg of SAF produced,

respectively.
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Figure 4-16: MIJSP and fossil jet fuel price as a function of CO; price and number of RTFC
(RTFC=£0.2). Interception points indicate CO, prices at which MJSP breaks-even with fossil jet fuel

price.

Since the cost of the RTFCs does not have a defined value, as it fluctuates in the market, Figure 4-17
depicts the variation of the MIJSP when double certificates are assigned per kg of SAF at different
certificates and CO; prices. The first thing to notice is that the higher the price of the RTFCs and CO,,
the lower is the value of the MJSP. Similarly, the break-even line indicates that the cost of the SAF
could only equal the price of the conventional jet fuel at a range of CO, prices between 189.60 and
303.70 £/tonne CO,, in the price range of the RTFC's between 0 and 0.40 £/certificate. Therefore, the
economic feasibility of sustainable fuels has a huge dependence on the incentive policies proposed by

the government, which plays the main role for attaining the goal of decarbonizing the country by 2050.
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Figure 4-17: Effect of the RTFCs and the CO; price on the MISP. The break-even line indicates pair of
CO; price and RTFC at which MJSP breaks-even with the fossil jet fuel price.

4.6 Conclusions

This chapter investigated the effect of incorporating CCS on a biorefinery that aims to produce jet fuel
from forest residues. The biomass processing capacity of the plant is based on the estimated
availability of forest residues in the UK. The purpose of the current study was to evaluate the techno-
economic and environmental feasibility of SAF produced through gasification and FT via a BECCS
scenario, and this was compared against the same pathway but without the sequestration of carbon
dioxide. The CO; capture unit is inherent to the process regardless of the provision of permanent CO,
storage or not and therefore adding the CCS section highly enhance the environmental feasibility of
the process while minimally increasing the MIJSP. In addition, the on-site generation of heat and
electricity generation makes the BECCS-FT attractive since it covers the energy demand of both the
CO; capture and the compression and hence avoiding the use of external energy loads that may be
derived from fossil sources. The LCA results suggest that the BECCS configuration achieves highly

negative emissions. The main outcomes of the present study can be summarised as follows:
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The results of the process modelling in Aspen Plus for the BECCS scenario has revealed that 26.26%
of the carbon ends up in the products, 43.24% is wasted in the flue gases, and 30.50% is captured
and permanently stored. The BE scenario has a similar carbon balance but in this case the CO,
captured is released to the atmosphere.

The energy balance of the BECCS and BE processes reveal that the electricity production is lower
in the former, due to the energy penalty associated with the compression of CO,. However, in
terms of heating and cooling utilities, the requirements of both scenarios are quite similar. As a
result, the overall energy efficiency of the BECCS scenario is 37.7%, which is only 2.57% lower than
the efficiency of the BE scenario.

The economic analysis revealed similar results for the CAPEX for both scenarios. For the BECCS
scenario, the CAPEX only increases by 2% due to the cost of the CO, compression section. In
addition, the addition of CCS increases the OPEX by 8.4%. The calculated MJSP are 3.27 £/kg and
3.03 £/kg, for the BECCS and the BE scenarios respectively. The gap between the MISPs is about
7.34 %, and hence adding CCS does not have a significant effect on the economic viability of the
project. Nevertheless, in both cases, the MJSPs are higher than the gate price of fossil jet fuel (0.56
£/kg [256]).

The sensitivity analysis over the MJSP suggest that the BECCS process is CAPEX intensive (MJSP
varies from 2.54 to 4.48 £/kg) and hence research and deployment of similar technologies is highly
suggested as due to learning effects CAPEX reduction can be achieved. Another important cost
factor is the feedstock price. Economies of scale may reduce the MISP by 33% if the plant size
increases to 100 dry-tonnes/h of feedstock. However, this strategy should be carefully analysed
in the UK (and elsewhere) due to the restricted availability of FR.

The GWP calculated for both BECCS and BE scenarios with the Energy Allocation approach, results
in -121.83 gC0O,eq/MJ and 15.51 gCO,eq/MJ, respectively. According to the sustainability criteria
thresholds used for the different investigated standards (70% of GHG savings for the RED Il [175]
and a minimum of 50% for the U.S. RFS [135]), the BECCS scenario is well below these targets. This
result is encouraging since it does not only reflect the potential of the BECSS in reducing the carbon
footprint of the aviation sector, but also its suitability as a carbon dioxide removal strategy that
could offset the GHG emissions of other sectors that are difficult to decarbonise such as heavy
industries.

The sensitivity analysis revealed that the GWP of the BECCS scenario is sensitive to the amount of
CO; to be captured from the syngas, the emission intensity of the FR chips production and the

feedstock transport. Despite all the uncertainties associated with the values adopted for the LCA,
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the Monte-Carlo analysis demonstrated that the SAF derived from the FT-BECCS configuration

would most probably always have a negative GWP, and therefore will act as a CDR technology.

The study demonstrates the importance of coupling the production of value-added products such as
jet fuel with CCS since such strategies can achieve negative emissions and facilitate the deployment
of next generation CCS/CDR technologies. The current results add to a growing body of literature on
the BECCS process configurations, and more studies should be developed to create a robust database
to encourage further development and deployment. Similarly, studies that analyse other
environmental impacts are highly recommended for a complete environmental evaluation of the

BECCS configuration.
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5. Sustainable Aviation Fuel (SAF) production through Power-to-Liquid (PtL):
A combined techno-economic and life cycle assessment

Abstract

The current chapter critically evaluates the technical, economic, and environmental performance of a
Power-to-Liquid (PtL) system for the production of sustainable aviation fuel (SAF). This SAF production
system comprises a direct air capture (DAC) unit, an off-shore wind farm, an alkaline electrolyser, and
arefinery plant (reverse water gas shift coupled with a Fischer-Tropsch reactor). The calculated carbon
conversion efficiency, hydrogen conversion efficiency, and Power-to-liquids efficiency are 88%,
39.16%, and 25.6%, respectively. The heat integration between the refinery and the DAC unit
enhances the system's energy performance, while water integration between the DAC and refinery
units and the electrolyser reduces the demand for fresh water. The economic assessment estimates a
minimum jet fuel selling price (MJSP) of 5.16 £/kg. The process is OPEX intensive due to the electricity
requirements, while the CAPEX is dominated by the DAC unit. A Well-to-Wake (WtWa) life cycle
assessment (LCA) shows that the global warming potential (GWP) equals 21.43 gCO2eq/MJsas, and is
highly dependent on the upstream emissions of the off-shore wind electricity. Within a 95%
confidence interval, a stochastic Monte Carlo LCA reveals that the GWP of the SAF falls below the UK
aviation mandate threshold of 50% emissions reduction compared to fossil jet fuel. Moreover, the
resulting WtWa water footprint is 0.480 |/MJsar, with the refinery’s cooling water requirements and
the electricity’s water footprint to pose as the main contributors. The study concludes with estimating
the required monetary value of SAF certificates for different scenarios under the UK SAF mandate

guidelines.

Keywords: Sustainable Aviation Fuels; Power-to-Liquids, process modelling; System integration,

Minimum Jet Fuel Selling Price; Global Warming Potential; Water Footprint

5.1 Introduction

Growing concerns over global warming have led to increased awareness among different sectors,
including the aviation industry. The Air Transport Action Group (ATAG) has set an ambitious target for
2050 of reducing the net annual emissions to half of what they were in 2005. Achieving this target
requires various action plans, including the use of sustainable aviation fuels (SAF) [3]. To support and
increase the share of SAF utilization in the total kerosene consumption, some countries such as
Germany and the UK are formulating and implementing supporting policies. However, producing SAF
on a large scale requires strategies to meet the proposed production targets. The main challenge

associated with this is the availability of large quantities of high-quality feedstock, as land-use changes
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may have greater environmental consequences than petroleum-based fuels. Therefore, the feedstock
selection for SAF production is limited to waste biomass [29]. While some countries have large
amounts of residual biomass, others are unable to meet their own needs and must import it from
other regions. Given that LCAs have shown that biomass-derived fuels are transport-intensive [257],
focusing on the availability is not a sustainable strategy. As a result, having a diverse SAF supply chain

is critical in order to meet the aviation market's sustainability criteria.

PtL production has been proposed in this context as a promising and scalable alternative SAF
production pathway. This process combines CO,, water, and renewable energy to produce SAF with
properties that are similar to those of fossil jet fuel. The three major steps that comprise this pathway
are the CO, capture, hydrogen production (generally from water electrolysis), and hydrocarbons
synthesis and conditioning process [258]. Hydrocarbons synthesis can be performed through two
different pathways: Fischer-Tropsch (FT) synthesis, or methanol to jet fuel; however, the FT process
outperforms the methanol pathway since the use of blends containing 50% of FT-derived SAF and 50%
of conventional jet fuel is ASTM-certified as drop-in. In terms of CO, sources, direct air capture (DAC)
is gaining popularity due to its potential for mitigating anthropogenic GHG emissions from dispersed
sources while ensuring flexibility in plant location selection [259]. Furthermore, when coupled to low
carbon footprint energy, the use of DAC for fuel synthesis may be able to close the carbon cycle and
lower CO, emissions [260]. More studies that evaluate a suitable integrated Power-to-jet fuel system
from a techno-economic and environmental standpoint are thus required to justify this carbon
footprint reduction and other economic and environmental claims while providing quantified

feasibility data for policymakers or other aviation-related organisations.

The PtL concept for the production of FT-derived fuels is a relatively new alternative pathway. As for
now, only a few demonstration plants have been constructed [116], [117], and more studies are
required to fully understand large-scale commercial plants. Some past studies focused on the technical
aspect through process modelling [118]-[121], while others evaluated the economic feasibility [38],
[39], [121], [122], or the environmental performance through the estimation of the GWP of the PtL
pathway [38], [123]-[125]. There has been only a little research that specifically analyses the
production of SAF from a PtL process that is available, as mentioned in Chapter 2. A commonality
between these assessments is that none of them base the economic and environmental assessment
on detail process models, and they are not LCAs. The only comprehensive LCA found in the literature
was performed by Micheli et al. [136], who studied the environmental assessment of various PtL SAF

configurations and calculated the GWP, alongside other environmental factors. Their foreground data
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is solely an environmental assessment that derives from previous available studies related to the

production of PtL fuels, and not from detail process models.

The research mentioned above is valuable for understanding the economic and environmental
performance of PtL-SAF, but they lack a comprehensive process modelling and integration. Without
such models, it is difficult to analyse the effect of various parameters, including system design,
operation, and energy generation, on the mass and energy performance, as well as the economic and
environmental indicators. In particular, these models could improve our understanding of low TRL
units, such as the Reverse Water Gas Shift (RWGS) reactor. Moreover, there are few studies that
examine SAF production from an integrated techno-economic and environmental perspective, and
early studies did not consider the possibility of process integration. By developing detailed models of
different sections of the system, it may be possible to achieve synergistic integration that improves
technical, economic, and environmental performances [261]. In this regard, given the growing interest
in PtL processes, and as for the aforementioned knowledge gaps, to the best of our knowledge, this is
the first study of its kind that jointly analyses the technical, economic and environmental performance
of the PtL for SAF production, based on comprehensive process models for an integrated DAC-
electrolyser-process plant, based in the UK. Furthermore, most studies in the literature concentrate
on FT configurations that generate diesel, naphtha, or simply syncrude. Further, the current study
focuses on maximising the jet fuel yield that requires the use of additional units, such as hydrocracking

and isomerization, as well as higher syngas recycling ratios [257].

5.2 Methodology

5.2.1 Capacity of the plant and potential plant location

The growing interest in producing SAF via the PtL route is reflected in the growing number of studies
and projects being developed [262]. For example, a roadmap to support the development of the PtL-
derived SAF has been proposed by the German government and industrial leaders targeting an annual
production of 200,000 tonnes of SAF for regional utilization by 2030 [263], [264]. In the same context,
a public consultation has been released in the UK in order to lay the groundwork for a future SAF
mandate [17], [20]. Various SAF uptake scenarios were proposed to replace the UK aviation fuel
demand in the short and long term (starting in 2025 until 2050). The UK government has set a target
of replacing 10% of fossil jet fuel by 2030. Given the PtlL's low GHG emissions and future cost
reductions, the government has stated its intention to promote PtL's technological and commercial
development. Since the UK consumption of jet fuel estimated by 2030 equals 12.7 Mtonnes [265], and

considering that the efuel’s production potential has been estimated as 2.7% of the 2030 jet fuel
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demand, an estimated 0.34 Mtonnes/year of PtL-derived SAF could be produced. Considering a
coverage of 6% of this SAF target, the production capacity of the plant of the present study is set as
2,500 kg/h of jet fuel [20].

The electricity requirements of PtL systems are significant [258], [266], and this can have a major
impact on the GWP of the resulting fuel. Therefore, in this study, the energy for the process is assumed
to be supplied by a dedicated offshore wind farm. By 2019, capacities of on-shore and off-shore wind
farms in the UK, were 10 GW and 8.5 GW, respectively [267]; furthermore, there is a plan to increase
off-shore wind capacity to 40 GW by 2030 [268]. Among the current UK operational off-shore wind
farms, the Teesside facility operated by EDF is responsible for producing 62MW of electricity. BP has
also announced plans to build a 60 MW facility for electrolysis-based hydrogen production in the same
region by 2025, with plans to increase the size to 500 MW by 2030 [269]. Due to the region's high wind
potential, the integrated wind farm-electrolyser-DAC-process system of this study has been located in

the Teeside region.

5.2.2 System description and modelling
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Figure 5-1: Process flow diagram of the investigated PtL process for SAF production.
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The system is divided into three major sections, as depicted in Figure 5-1: the DAC unit, water
electrolysis, and the refinery plant (syngas and fuel synthesis, as well as conditioning). The process
configuration has been set up to favour the production of middle distillates, especially jet fuel range
hydrocarbons. The various sections are represented by models at operating conditions that have been
determined as optimal [106], [120], [121], [154]. More details of the system are given in the following

sections:
5.2.2.1 Direct Air Capture:

Various DAC technologies have been developed, with alkali hydroxide solutions in liquid scrubbing and
VTSA (vacuum temperature swing adsorption) on supported sorbents achieving the most
advancement [270], [271]. The VTSA technology, also referred to as the low temperature DAC, was
chosen for this study because of its modularity that facilitates scaling-up efforts. Another advantage
is its ease of operation, as all steps of CO, capture occur in the same unit, and bed regeneration occurs
at low temperature, allowing low-quality heat generated at different stages of the proposed process
to be integrated with the DAC unit [271]-[273]. The sorbent used in low-temperature DAC technology
is critical, but the lack of experimental and mathematical models that accurately describe their
operation increases the uncertainty of their mass and energy performance [270]. In this study, an
amine-functionalized adsorbent, i.e. APDES-NFC, is considered because it has been indicated to be

similar to the sorbent used by Climeworks DAC technology [270].

The Toth model is used to represent CO, adsorption [270]. The APDES-NFC sorbent behaves by the
physisorption mechanism, with chemisorption being ignored [270]. The temperature and partial
pressure of CO; are the main driving forces in this model: the higher the temperature, the less CO; is
adsorbed in the bed [274]. Moreover, it has been observed that relative humidity improves CO;
adsorption; however, few experimental or modelling papers have attempted to investigate its effect
on CO; adsorption [270], [275]. The methodology proposed by Sabatino et al. [270] is used for this
study because it is based on the empirical calculation of the dependence of temperature on relative
humidity. Water co-adsorption, on the other hand, is unaffected by factors other than temperature
and water content. The temperature-dependent "GAB model" is used to represent water adsorption
[270]. The use of the aforementioned models, as well as some ideal gas equations, allows the
estimation of the amount of CO; and H,0 that are captured after a DAC bed operating cycle. Finally, a
carbon capture fraction of 90% (an average value determined at the Hellisheidi and Hinwil Climeworks
plants) is assumed [260]. More information on these models can be found in APPENDIX B-1. Finally,
the energy consumption encompasses both, heat and electricity requirements. Particularly, energy

demands for the APDES-NFC sorbent are assumed to be equal to the data provided by Deutz et al.
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[260], and therefore, the process created by Climeworks needs between 1.8 and 2.6 Mla/kg
(electricity requirement) and between 5.4 and 11.9 MJw/kg (heat requirement) in which the lowest

value indicates the future target, and the highest the current consumption.
5.2.2.2 Off-shore Wind Farm and electricity supply

A dedicated offshore wind farm provides electricity to the integrated system. The wind speed profile
is not constant and consequently the power generation fluctuates. Hence, to estimate the power
generation curve, the hourly wind profile of the selected location, Teeside, was obtained from the
NASA/MERRA-2 website [276]. The chosen data is for the year 2021, and the geographic coordinates
correspond to the Teeside wind farm operated by EDF. The software SAM was used for the estimation
of the hourly energy generation, which was calculated from the adjusted wind speed profile, as well
as with the selection of the nominal power generation (by defining the number of wind turbines). The
selected wind turbine model is the Senvion 6.2M126 offshore, due to its suitable operation between
the speed ranges registered in the chosen location. The wind speed profile (see Figure 5-2) is provided
at 10 m above the ground and therefore is adjusted with Equations 5-1 and 5-2 to a height of 80 m.
Equation 5-1 estimates a, which is the power law exponent, and is calculated by using the mean wind
speed (Uyr) and the height at which wind speeds have been collected. Equation 5-2 is the power law

profile and finds the new speed valuesU(z), at a specific height z.
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Figure 5-2: The wind speed profile for Teeside.
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For an enhanced operating performance, it is important that the electrolyser receives uninterrupted
nominal power, which will also maximise its service life [277]. Annexing a battery bank to the wind
farm could allow the storage of the excess power, and the supply of energy, when the power
generated is lower than the required nominal. Although, few studies have assessed the techno-
economic potential of this integrated wind farm-battery bank-electrolyser system for H, production
[278]-[281]. Moreover, the design of such a system is time consuming since it is a multi-objective
optimisation problem, with multiple solutions that have trade-offs between several technical,
economic and environmental performance indicators, and due to this reason, this design is out of the
scope of this study. Additionally, such hybrid wind farm-battery systems have shown lower energy
efficiency and higher capital costs [278], [279]. Therefore, to tackle the energy production fluctuation,

III

the use of the grid network as a “virtual” storage system is proposed: when excess electricity is
produced, electricity is injected into the grid, while in the case of lower power generation, the system
takes electricity from the grid [278], [282]. The wind farm is sized so that the average annual electricity
generation equals the overall electricity demand of the whole PtL system. Further, the grid annual
electricity consumption (and its inherent emissions) is offset by the injection of the wind farm excess

electricity [282].
5.2.2.3 Electrolyser

Three main water electrolysis technologies can be mentioned: alkaline electrolyser (AE), proton
exchange membrane (PEM) and solid oxide electrolysis cell (SOEC). Despite its lower performance, the
AE was chosen for this evaluation due to its high TRL and potential for industrial scalability. Equation
5-3 depicts the electrolysis reaction and indicates a requirement of 9 kg of deionised water for the
production of 1 kg of H,. On considering, losses at several sections of the AE operation plant, such as
water treatment (ion exchange), condensate, and others, the amount of water required to produce 1
kg of H, increases to 9.26 [103]. The ion exchange method of water treatment involves the adsorption
of water contaminants into the ion exchange media (resin), which is disposed of or regenerated on a

regular basis [283].
1
H,0 = Hy(g) + 5 02(g)

(5-3)

Larger electrolysis capabilities might be accomplished by connecting multiple AE stacks, while also
modifying the balance of the plant's elements to the desired size, as commercially available AE stacks
have a maximum capacity of 2.5MW [103]. The electrolyser's efficiency is constrained because some

of the electricity it receives is converted to heat. This heat must be continuously evacuated in order
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to maintain the electrolyser's isothermal operation. Typically, cooling water is utilised for this, and for
the sake of increasing the energy efficiency, we assumed that it is also used for district heating at low
temperatures. Another additional element of the balance of the plant of the AE electrolyser includes
the AC-DC converter, where around 6% of the energy is lost [103]. All the operational parameters and
energy and mass balances considered for this study are taken from a 100 MW electrolyser as
presented in the work of Holst et al. [103], and adjusted to the required electrolyser capacity. With
regards to the operating pressure, it has been found to have low influence in the efficiency of the
stack, and it could be set according to the downstream application requirements [284], [285]. Even
so, the pressurised AE is described as a system with several operating issues with a larger cost due to
the need of resistant to high pressure materials; therefore, it is regarded as rather undesirable, and

an atmospheric system with downstream compression is preferred [103].
5.2.2.4 Process plant

The refinery process model was developed in Aspen Plus with the aim of estimating the mass and
energy balances of the proposed process configuration. Due to its suitability for gas processing,
refinery, and petrochemical plants, the Peng-Robinson-Boston-Mathias was chosen as the
thermodynamic property package [188]. In the following sections, the main functional units are

explained.

1. Reverse Water Gas Shift: In the refinery, the reverse water gas shift reactor is a crucial component
since it primarily enables the catalytic conversion of the CO,/H, mixture into syngas. Generally,
RWGS reactors operate at a temperature ranging from 700 °C to 1,000 °C, and H; to CO; ratios of
1:1 to 3:1 [102]. Chemically, the RWGS process is represented by a main reaction (Equation 5-4)
that is thermodynamically favoured at high temperatures. In addition, side reactions (Equation 5-
5, Equation 5-6, Equation 5-7, and Equation 5-8) occur and are responsible for the production of
methane and soot deposition. In order to eliminate the energy penalty of the pre-FT compression
unit, it is generally recommended that the RWGS reactor be operated at the same high operating
pressure as the downstream FT reactor [286]. However, it has been observed that high pressure
increases the rate of the methanation reaction [122], [286], which has a negative impact on the
energy efficiency of the process and outweighs the advantages of a high pressure RWGS reactor.
The studies by Adelung et al. [119], [122] used process modelling method to analyse this effect.
The ideal operating pressure and temperature ranges that increase de PtL efficiency and the
CO,/H, conversion efficiencies have been determined by the authors through a parametric

analysis.

CO, +H;, & CO+H,0 AH=41.2k]/mol
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(5-4)

€O, +3H, & CHy, + H,0 AH <0

(5-5)
CO, + 4H, & CH, + 2H,0 AH <0
(5-6)
2C0 & C+C0, AH >0
(5-7)
CH, & C+2H, AH<0
(5-8)

The recycling of the unreacted syngas from the FT unit to the RWGS is another topic of uncertainty.
Although recycling boosts the efficiency, the presence of light hydrocarbons raises the level of
operational unpredictability. Various approaches to modelling the decomposition of these light
hydrocarbons have been used in previous studies, with a majority assuming an equilibrium
conversion inside the RWGS reactor (Equations 5-9, 5-10, 5-11, 5-12, and 5-13). However, there is
a lack of kinetic models and experimental data to analyse the effect of the conversion of these
components on the selectivity of the RWGS reaction, or whether they can cause any operating
problem. The only experimental work analysing the effect of the recycling of hydrocarbons over
the performance of the RWGS is the one performed by Wolf et al. [287]. They found that CH, was
not responsible of any coking up to a CH4/CO; ratio below one. However, replacing CH4 by C3Hs, is
responsible of thermal and catalytic coking. Catalytic coking increases up to 700 °C and decreases
above this temperature. Thermal coking, on the other hand, increases with higher temperatures
but can be suppressed by the addition of water [287]. Another approach considers prior reforming
of these hydrocarbons with an ATR unit, which may solve the uncertainty problem at the expense

of higher CAPEX and lower process efficiencies [102].

CnHy = Cy + zH,

(5-9)
CmHy » CyH, + zH,
(5-10)
CnH, +0, > CO+H,
(5-11)
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CpHy + H,0 > CO + H,
(5-12)
CH, + CO, > CO + H,
(5-13)

Based on the information presented above, the operating conditions selected for this study are
850 °C and 5x10° Pa (5 bar) [54] for the "minimization of Gibbs energy modelling" of the RWGS
unit, assuming that the operating conditions and reactor geometry are adjusted to reach the
equilibrium stage [119], [120]. As a consequence, under these operating conditions, it is assumed
that catalytic coking does not occur and due to the presence of moisture in the recycling gas,
thermal coking is considered negligible. The same approach as Adelung et al. [122] has been taken
in terms of the source of energy for the RWGS reactions. Thus, the RWGS reactor is designed as a
steam-reforming reactor, which means that the catalyst is packed inside the tubes, which are then
placed inside the furnace, where oxy-combustion provides heat to the system. The RWGS reactor
must be made of a high-quality metal or alloy (reactions above 850 °C) that can withstand
temperatures as high as 1200 °C [288]. It is also worth noting that following this reactor, the outlet
streams are cooled and a biphasic separator is installed to remove water that could deactivate the

FT catalyst [119].

Fischer-Tropsch: There are several approaches for the modelling of the FT reactor, for this study,
the kinetic model derived by Marchese et al. [64] has been chosen. The proposed model is a
carbide mechanism model which was validated by the authors using experimental data obtained
from a tubular fixed-bed reactor filled with Co-Pt/y-Al,Os catalyst [64], with a length that
determines a CO per pass conversion of 75%. This model includes some modifications to account
for the main deviations from the Anderson-Schulz-Flory (ASF) distribution including higher
methane selectivity, lower ethylene selectivity, and inclusion of olefins production.

The FT synthesis is modelled through a mechanistic carbide model. The model assumes that CO
and H; are dissociated on the surface of the catalyst, giving place to the synthesis of CHx, which
acts as a building block for long chain hydrocarbons. The model was derived by Marchese et al.
[64], and the product synthesis can be estimated through a rate-based approach [64], [120]. The
kinetic model can estimate the rate of production of alkanes and alkenes (Table 5-1), which
depend on the syngas composition, pressure, temperature and the calculated chain growth

probabilities. The deviations from the Anderson-Schulz-Flory model, such as the higher methane
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and lower ethylene yield, are accounted in this model. More detail on the model derivation and

the equations of Table 5-1 are presented in the publication of Marchese et al. [64].

Table 5-1: Rate of formation for the different species [64].

Methane Ren, = Ketn® /(KOPHZ)PHZ [vac]*
Ethylene Re,n, = kpne* oy ay /(KOPHZ)[vac]*

Paraffin Re, typey = Kpar@1@z 1_[ an |(KoPy,)Py,[vacl; forn > 2"

Olefin Re u,,,, = kore™ alaznan /KOPH2 )[vac]; for n > 3

The FT reactor is modelled as a multi-tubular/catalytic reactor, which is sized in order to achieve
a CO per pass conversion of 75% [121]. The equation for the synthesis of paraffin could be used
until the production of C70 hydrocarbon, and up to C40 for the olefins. In addition to the kinetic
equations, the mass balance equation for a catalytic plug flow reactor is considered, by
assuming that a cobalt catalyst is used with a bed density of 820 kg/m? [118]. These kinetic
expressions cannot be directly applied in Aspen Plus; therefore, a “User Model” block is used
to represent the FT reactor. The block is connected to Matlab in order to solve the mass
balances for each component. The connection is done through excel, which receives and sends
information from and to Aspen plus and Matlab [152], [171]. This Aspen Plus-Excel VBA-Matlab
interface is represented in Figure 5-3. The resulting size of the reactor for this process

configuration was calculated at 150.24 m?3.
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START

Data to be defined in Aspen Plus
User model: Reactor volume (tube
diameter, number of tubes,

FT inlet stream data reactor length), catalyst bed

defined by upstream density, Excel File name and
Aspen Plus model location

VBA macro executed by Aspen
Plus

Excel file receives Aspen Plus
information (Inlet stream and
reactor data)

Design specification adjusts FT
reactor volume (length)

VBA macro interface to Matlab is
executed

NO

Matlab receives information and
runs kinetic model

If CO per pass
conversion =
75%

Matlab sends resulting output
stream properties to Excel
YES
Aspen Plus proceeds with solving Excel receives and send output
downstream process model stream properties to Aspen Plus

Figure 5-3: Schematic of the pseudo-algorithm of the Aspen Plus-Matlab interface for the mass

balance calculations of the FT reactor.

3. Syncrude upgrading section and unreacted syngas recycling: The FT reactor's output requires
additional processing to yield commercial hydrocarbon fractions, such as naphtha (Cs to C;),
kerosene (Cs to Ci6), and diesel (C17 to Cy0). To accomplish this, a series of cooling and separation
stages are used, yielding three phases: 1) unreacted syngas + light hydrocarbons, 2) liquid
hydrocarbons, and 3) condensed water. The liquid hydrocarbons are separated in an atmospheric

distillation column, and the heavy fraction (Czi.) is further processed to increase the final yield of

99



middle distillates. As a result, the waxes are sent to a hydrocracking reactor, which runs on
hydrogen and configured to maximise the jet fuel output [289], [290]. More details about the

assumed operating conditions of this reactor can be found in previous work by the authors [171].

To increase efficiency and productivity, the refinery plant must be set up to recycle unreacted
gases [118]-[121]. More than one recycling stream can be sent back at various stages of the
process and for various purposes, as shown in Figure 5-1: i) One stream is recycled just before the
FT reactor to ensure that its inlet has an inert content of 25% for thermal stability inside the
reactor [118]. ii) The second stream generates heat for the endothermic RWGS reactions, by its
oxy-combustion in the RWGS reactor, which is similar to a steam reformer unit [119]. The oxygen
coming from the electrolyser is used in stoichiometric amount(1 = 1), and the resulting flue gas
is cooled further for energy recovery before being partially recycled to the oxy-combustor, with
the goal of lowering its temperature to 1,200 °C. Finally, the other flue gas fraction is mixed with
the fresh CO; and H,, which is then directed to the RWGS reactor after further heating. iii) Finally,
the third unreacted gas stream fraction that remains after the split of the required streams

mentioned above, is also mixed with the fresh CO;, and H,, before the RWGS reactor.
5.2.2.5 Heat integration

The process was heat-integrated to maximise plant energy efficiency while reducing the use of hot
and cold utilities. To that end, the software Aspen Energy Analyzer (AEA) was used to perform a Pinch
Point analysis. The process and property information of the process streams were sent to the AEA
model, while the energy requirements for the DAC and electrolyser were manually entered. The DAC
unit requires heat for its operation during the desorption stage. An increase of the bed temperature
diminishes the working capacity of the solid sorbent, and therefore, CO, and H,O are released. For the
Climeworks DAC unit, desorption occurs at low pressure and moderate temperature. Therefore, a low
quality heat source, such as medium or low pressure steam, could be integrated with the DAC system.
The latest information provided by Climeworks, shows that the heat requirement is equivalent to 11.9
MJinermai/ kg of CO, captured [260]; however, Climeworks has also claimed that, due to the continuous
improvement and development of the sorbent materials, this heat requirement could be reduced to
5.4 MJierma/kg of CO,[260]. The electrolyser, in contrast, generates heat. The heat released is used
for a heat district system in the same manner as in von Hepperger's study [291]. It is assumed that the
electrolyser operates at 70 °C [103], and this can be used in a 4™ generation or low-temperature
district heating system, where the supplied and returned temperatures are 60 °C and 35 °C,

respectively [292].
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5.2.2.6 Water integration and cooling water system

When it comes to water integration, different parts of the system have the capacity to produce water
that could be used to meet the needs of different sections of the system, such as the hydrogen
productionisland. The electrolyser requires to be cooled with cooling water, as indicated in the section
above, in order to run at an isothermal temperature of 70 °C. The cooling set-up, however, resembles
a dry-cooling system because the heat generated by the electrolyser will be used for district heating.
This indicates that the cooling water cycles in a closed loop, never needing make-up water and never
creating waste water [283]. As a result, the total ratio of 9.26 kg of H,0 to 1 kg of H, remains constant.
Furthermore, it is worth noting that the water requirements are primarily derived from the air
(captured alongside CO; at the DAC unit), and from the RWGS and FT reactors, where it is synthesized
as a by-product. In comparison to tap water, the total dissolved solids (TDS) level of air-derived water
is roughly ten times lower [293], [294], and as a result, less sewage sludge will be produced. On the
contrary, given that the water produced in the PtL process will contain some hydrocarbons, extra

treatments may be necessary before its integration.

Moreover, a generic assumption of the amount of water that is lost from the cooling water network
of the process plant is not sufficient, and therefore, a more detailed estimation is necessary and it is

calculated according to the following equations 5-14:
Make up water = Evaporation Loss + Drift Loss + Blowdown
(5-14)

The evaporation loss is calculated using Equation 5-15 and is caused by water evaporation when cold
dry air comes into contact with hot cooling water. Where evaporation is assumed to be 1% of
circulation flow for every 10 °F (5.56 °C) rise between the outlet and inlet across the tower. Wind and
relative humidity, among other factors, must be corrected. A factor of 0.85 is a reasonable
approximation. If the climate is particularly moist, the value may fall to 0.65; if the climate is extremely

dry, the value may rise to 1.0 - 1.2 [295].

1 1
Evaporation Loss = (0.85 * ( ) * AT) * (E) * Circulation Flow

100

(5-15)

Drift loss is water entrained in the tower discharge vapours, and can range between 0.1 to 0.2% of the
circulation flow. For a conservative scenario, 0.2% is assumed. Finally, in order to reduce the system

solids concentration, blowdown discards a portion of the concentrated (due to evaporation)

circulating water. The number of concentration cycles required to limit scale formation can be used
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to calculate the blowdown, as indicated in Equation 5-16 [295]. For a conservative scenario, we

assumed four cycles [296].

Evaporation Loss

Blowd Loss =
owaown 05 Cycles of concentration — 1

(5-16)
5.2.2.7 Performance indicators

To quantify the performance of the proposed process configuration, the mass and energy
performance indicators that are calculated are the carbon conversion efficiency, hydrogen conversion
efficiency, and power to liquids efficiency. The equations that describe the mathematical correlations

were introduced in Section 3.1.3.

5.2.3 Economic Evaluation

The goal of the economic assessment is to estimate economic indicators, such as CAPEX, OPEX and
MIJSP. A typical discounted cash flow analysis (DCFA) is used to determine the MJSP, whose financial
parameters and assumptions are detailed in Table 5-2. The methodology followed for the economic
assessment is described in more detail in Section 3.2. The PEC for the components of the process plant
are detailed in Table 5-3. Similarly, the variable costs for the OPEX estimation are presented in Table

5-4.

Table 5-2: Parameters for conducting the discounted cash flow analysis [70], [196].

Location United Kingdom
Plant life 20 years
Currency £

Base year 2020
Plant capacity 2,500 kg SAF/h
Discount rate 10%

Tax rate 30%
Construction period 3 years
First 12 months' expenditures 10% of FCI
Next 12 months' expenditure 50% of FCI
Last 12 months' expenditures 40% of FCI
Depreciation method Straight line
Depreciation period 10 years
Working capital 5% of FCI
Start-up time 6 months
*FCl = Fixed Capital Investment
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Table 5-3: Purchased equipment cost data.

Base cost Base Scaling Base
Equipment Unit Reference
[MM £] capacity factor year
Compressor 0.40 413 kWelectricity 0.68 2014 [218]
Cooling tower 2.42 4,530.3 Kgwater/s 0.78 2014 [215]
MWoc(for the
Electrolyser 22.79° 100 0.88° 2020 [103]
stack)
MMcf/h inlet
FT-reactor 6.42¢ 2.52 0.72 2003 [216]
stream (STP)
Hydrocracker kg/s (feed mass
6.23 1.13 0.70 2014 [218]
reactor flow)
Isomerization
0.0042 1 tonnesproduct/year 0.62 2015 [219]
reactor
Pump 0.08 10 M3wax/s 0.36 2014  [218]
RWGS-reactor 4.61 23.89 kg/s reactor output  0.65 2019 [122]

@Base cost is back calculated from the CAPEX that is provided by the reference (using a

factor of 3.26). Scaling factor is calculated based on the 5MW and 100MW electrolysers

studied for 2020. “Value back calculated from installed cost provided by source (using a

installing factor of 3.6)

MM=Miillion; cf=cubic feet
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Table 5-4: Estimation of the Fixed Operating and Maintenance Cost, and Variable Cost.

Variable Cost (VC)
A) Products
Price Reference
Naphtha 0.53 £/kg [297]
Diesel 0.44 £/kg [297]
Oxygen 0.060 £/kg [298]
District Heating 0.026 £/kWh [122]
LP Steam 0.0024 £/kg [299]
HP Steam 0.0072 £/kg [299]
B) Utilities
Price Reference
Electricity from wind 0.061 £/kWh a
turbines
EIectricity.from the 0.026 £/kWh [298]
Grid
Waste water
treatment 0.415 £/t [58]
Cooling water 0.025 £/t [196]
Feed boiler water 0.784 £/t [58]
Refrigerant (-25 °C) 0.0072 £/kWh b
C) Catalysts
Price Lifetime Reference
[years]
FT synthesis 20.70 £/kg 3 [221]
RWGS reactor 24.95 £/kg 4 [122]
Wax hydrocracking 23.28 £/kg 3 [221]
VC A+B+C
OPEX FOM+VC

2 Value calculated from SAM ° Aspen Plus V10 2016

Different cost estimations for low TRL technologies, such as DAC, come with more uncertainty and
direct, indirect costs, as well as operating and maintenance costs, should not be estimated by using

the factors applied in cost estimation of nth plant technologies.

1. Alkaline electrolyser: Researchers at Germany’s Fraunhofer ISE have estimated the costs for both
AE and PEM electrolysers, finding that the former has bigger margins for cost reduction. According
to this report, the costs of a large scale AE with a capacity of 100MW could drop from 663€/kW in
2020 to 444€ in 2030 [103]. Herein, we have used the 2020 value for the cost estimation of the
AE.
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Direct air capture cost: There is a great deal of uncertainty surrounding the present and future
costs of DAC units. Among the various assessments developed for DAC cost estimation, the
National Academies of Science [300] and Young et al. [301] are the only assessments that
thoroughly describe the breakdown of the capital and operating expenditures for relatively high
TRL DAC technologies; solid sorbents by Climeworks among them. In this sense, the methodology
adopted by Young et al. [301] was considered for the present study. Young et al. [301] determined
that long-term Gt CO-scale DAC plants would result in lower costs than first-of-a-kind. The
approach taken into account by the authors considers a first-of-a-kind (FOAK) solid sorbent DAC
unit, the CAPEX and OPEX of which were estimated for a 0.96 ktonneCO,/y unit (identical capture
rate with the Hinwil plant operated by Climeworks). Then, CAPEX, fixed operating and
maintenance costs (fixed OPEX costs), and variable costs (variable OPEX costs) are scaled up to
the required plant capacity by using learning rates. Since the main intention of this study is to
estimate costs for CO, capture, transport and storage, the CO; capture was recalculated by using
the approach proposed by the original source [301]. More details on the calculations could be
found in APPENDIX B-2.

Reverse Water Gas Shift reactor: Due to the novelty of this technology it is challenging to find a
reliable equipment price. The considered PEC was taken from the work of Adelung et al. [122].
They developed an approach that is sensible to the operating conditions of the RWGS system.
Since the operating conditions of our system are closer to the ones used by these authors, the
same cost of the RWGS reactor was considered; nevertheless, the capacity was adjusted to the
required for this system, by assuming a generic scaling factor of 0.65 due to the lack of relevant

data (Table 5-3).

The levelised cost of the offshore wind electricity is calculated by the SAM software, following the

calculations of the power generation curve. Because continuous supply of electricity via wind turbines

is not possible, the grid is used as a "virtual storage" of electricity. Policies regulating this dynamic

wind farm-grid interaction were not clearly found for the UK. Assuming a similar scheme as in existing

net-metering policies (generally applied for small/medium scale generators of renewable energy

connected to the grid), the generation costs of the electricity going and coming from the grid are

offset. Given the private nature of the companies that own and operate transmission and distribution

networks, a fee for network costs, must be paid for electricity drawn from the grid [298]. According to

Eurostat [302], this fee is equal to 0.009 £/kWh for a UK-non-household consumer with electricity

consumption above 150,000 MWh in 2019. In UK, the network costs are generally passed to the

consumers [303], [304], and therefore no charges for injecting energy to the wind farm are considered.
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It is important to mention that the OPEX of the DAC unit is not calculated according to this
conventional methodology. Instead, the approach followed by Young et al. [301] is adopted as
explained for the DAC-CAPEX section. The methodology followed by these authors calculates the OPEX
in two stages. The energy requirements are considered from the values stated from Climeworks in the
study of Deutz et al. [260]. The DAC unit does not necessitate external heating since the amount of
heat that is necessary for the process is provided by the steam produced at the FT reactor. On the
other hand, the DAC electricity is considered in the economic calculations. APPENDIX B-2 provides
more information of the adopted approach. Additionally, for the estimation of the OPEX, it is
important to mention that for the AE, it is necessary to change the stack every ten years, and therefore

this cost is as well considered and calculated according to the following Equation 5-17 [305]

2
Alkrepl.[E/kW] = 3 * 0.4 * Alkcapgx

(5-17)

5.2.4 Life Cycle Assessment (LCA)

The Life Cycle Assessment (LCA) is performed according to the standardised approach outlined in I1SO

14040 and 14044 [168]:
5.2.4.1 Goal and scope definition, functional unit

The goal of this LCA is to find the environmental performance of the integrated system, which
represents a CO; utilisation scenario under the Power-to-aviation concept. The system boundaries are
placed in a way that the LCA analyses the whole supply chain until the combustion of the produced
SAF, which is known as the Well-to-Wake (WtWa) analysis, as depicted in Figure 5-4. Among the
various environmental impacts, the global warming potential (GWP) is mainly assessed, which allows
a comparison with existing SAF production pathways, as well as with regulating standards, such as the
U.S. Renewable Fuels Standard (RFS) and the European Renewable Energy Directive Il (RED II). These
standards establish the required threshold for COz4 emissions reduction compared to those of
conventional jet fuel, which is equal to 89 gCO2e,/MJ and 94 gC0O2q/MJ, for the RFS and the RED II,
respectively [174], [175]. Synthesized jet fuel can be considered as SAF when its inherent GWP
achieves at least 50% and 70% GHG emissions savings when compared to fossil jet fuel, in compliance
with the RFS [176] and the RED Il [175], respectively. On the other hand, the UK government is
planning that for SAF to receive credits under the SAF mandate, it will be required to achieve a 50%
GHG saving compared to a fossil fuel benchmark of 89 gCO,./MJ [17]. In addition, the water footprint

is estimated, although there is currently no regulation towards this specific environmental impact.
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The functional unit is selected on an energy basis, and therefore it is equal to 1 MJ of SAF while
considering that the LHV of the SAF is equal to 42.8 MJ/kg [98] . This choice is made for ease of
comparison of fuels with different origin when they have the same end use (e.g. combustion in the
same aircraft) [81]. Additionally, SimaPro V.9.3.0.3 is used to conduct the LCA together with its built-

in databases, such as Ecoinvent 3.6, which is a reliable source of background information.
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Figure 5-4: The system boundaries for the LCA of the investigated SAF route.

5.2.4.2 Multi-functionality

The selected methods for the multifunctional systems of this study was the energy, as well as the

exergy allocation, due to the energy content of the produced SAF and the by-products (naphtha,
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diesel) [79], [83]. The base scenario is defined as the exergy allocation, which uses an exergy allocation
at the refinery level, however, no allocation is applied in the electrolyser due to the reasons that are
further explained in the following sections. The allocation approach based on system expansion is not
further explored since this method is prone to calculate lower GHG emissions for substituted products

with larger carbon intensities than the studied system [171] [80].
5.2.4.3 Life cycle inventory (LCl) and description of the life cycle stages

The LCI for the described system is elaborated based on two primary data sources: The mass and
energy balances produced through the process modelling in Aspen Plus, as well as from the literature-
derived data. This information covers the normalised figures, as per the functional unit, for the DAC
process, the electrolyser, as well as for the refinery plant. Moreover, the data includes information
about the various waste streams and emissions produced throughout the indicated processes. The
second data source is comprised of the required background data, which is mainly found in the
Ecoinvent 3.6 database, as well as in the literature. The different stages of the system are depicted in
Figure 5-4, while more details about the establishment of their associated LCI are explained in the

following sections, and can be found in APPENDIX B-3.

1. Off-shore wind farm: All phases of the life cycle should be taken into account when evaluating
the environmental impact of the electricity produced by the offshore wind farm. Beginning with
the production of the various parts, their installation, use, and maintenance, and concluding with
the decommissioning and disposal of the buildings and machinery. Previous studies have
performed the LCA of different off-shore wind turbine models, while also testing the effect of the
operation and maintenance strategy [306], [307], leading to different results in terms of GWP.
However, the results obtained are not dramatically different and therefore, for this assessment, a
generic inventory is used to represent the production of electricity from an off-shore wind turbine.
This LCl is found in the Ecoinvent database, which is available in the SimaPro software, and comes
under the name of “electricity production, wind, 1-3MW turbine, offshore, GB”. The database
provides information of the high voltage electricity generated in 2012 at UK offshore wind farms
connected to the grid. It covers infrastructure inputs as well as operating and maintenance costs.
It is worth noting that the database does not account for the use of grid electricity during periods
when the wind farm is not in operation. This is because the wind farm has been designed in a way
that the electricity taken from the grid equals the electricity injected into it, thereby negating any
environmental issues associated with the grid electricity.

2. Alkaline electrolyser: For this section, the LCI for the AE is taken from the work provided by Koj

et al. [308]. This database provides a thorough inventory for the construction of a Zirfon alkaline
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electrolyser of 6MW of capacity. At the same time, this database is combined with the
comprehensive mass and energy balances produced in the current work based on [103]. All these
data are accordingly arranged, normalized, and introduced in the software SimaPro, where a new
inventory is created to represent AE construction and operation (maintenance is not considered
due to the absence of data representing this activity). Concerning the AE’s operation, no papers
or studies have been found that analyse the effect of multi-functionality inherent to it, since an
electrolyser not only produces hydrogen, but also by-products, such as oxygen and excess heat.
Despite the opportunity of reducing emissions burden to the hydrogen (allocation) or gaining
credits due to the displacement of industrial oxygen and heat for district heating production
(system expansion), these options have not yet been considered due to some technical challenges
and lack of technical and operational expertise, associated to the lack of commercial scale PtL
plants [309]. In this sense, different scenarios for the allocation of the emissions in the AE
operation are analysed, as explained in Table 6. The main assessment (AA1) assigns 100% of the
environmental impacts to hydrogen. The second approach (AA2) assumes an energy allocation,
with no emissions attributed to oxygen, while the heat generated from the isothermal operation
of the electrolyser is now considered a by-product. Finally, the third approach (AA3) considers
both oxygen and district heating as by-products, by using exergy allocation.

Direct Air Capture: The inventories for the DAC technology is based on two studies found for the
Climeworks technology [260], [310]. Deutz et al. [260] and Terlouw et al. [310] provided for the
first time complete LCA of a VTSA DAC unit at industrial scale, based on proprietary and
confidential information provided by Climeworks, in which refers to the construction of the DAC
unit. Despite the fact that the authors did not share this LCI, Terlouw et al. [310] provided a rough
inventory based on freely accessible databases that could replicate their obtained findings.
Consequently, these inventories were applied to represent the construction of the studied DAC
technology. As for the operation, the LCl is also based on the data provided by [260], [310];
however, some numbers are adjusted to reflect the energy and water integration of the DAC
system, to the other sections of the plant.

Refinery Plant: The inventory of the refinery plant is based on the generated mass and energy
balances from Aspen Plus, which are normalized for 1 MJ (LHV based) of SAF. The inventory for
the construction of the infrastructure is based on the existing inventory for “Chemical factory,
organics {GLO}| market for | Cut-off, U” available in Ecoinvent.

Transport of jet fuel: The Ecoinvent database for “Kerosene {Europe without Switzerland}|
market for kerosene | Cut-off, U” [239] is selected to represent this stage. This inventory includes

information on the transport of the fuel from the process plant to the final consumer, which
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includes data for the operation of storage tanks, and the emissions attributable to the SAF’s
evaporation, as well as to the effluent treatment.

6. End use (combustion): Utilizing jet fuel in an airplane is the final phase of the life cycle. The
emissions for the combustion of SAF are obtained from the Ecoinvent database for “Transport,
passengers, aircraft, medium haul | Cut-off, U”. Since SAF's chemical characteristics closely
resemble those of jet fuel, this supposition is considered accurate [80]. In this stage, it is also
important to mention that carbon neutrality [240] is assumed for the CO, emissions derived from

combustion of SAF, since the main building block of the SAF is atmospheric CO..
5.2.4.4 Impact assessment: Global Warming Potential and water consumption

Among the midpoint impact categories available in SimaPro, the “Recipe 2016 midpoint (H)” is
selected due to its popularity among LCA practitioners, as well as its ability to estimate GWP for a 100-
year time horizon. Out of the 18 calculated environmental impacts, the GWP and water consumption

are further discussed:

1. Global Warming Potential: This effect measures the infrared radiative force caused by GHG
emissions, which are given as kgCO,eq, and characterisation factors are used for gases other than
CO,. Since the SAF derives from CO, drawn from the atmosphere, it is believed that their
combustion generate CO, with a characterization factor of zero.

2. Water consumption: Water is an important resource in the production of hydrogen for the PtL
plant. While being the main resource for the process of hydrogen generation, it is also used as a
cooling utility. Understanding the water balance is important when it comes to economic and
mainly environmental performances of the integrated PtL system. The water utilisation and
consumption is accounted in every stage of the process, as mentioned in Section 5.2.2.6. However,
the water utilisation of background LCI is detailed in the databases provided by Ecoinvent,
alongside the results of Section 5.2.2.6 provide a better accounting of this resource which is as

well calculated by ReCiPe Midpoint (H).

5.2.5 Sensitivity and Uncertainty analysis for the TEA and LCA assessments

As shown in Table 5-5 for the TEA, the parameters linked to high uncertainty are modified. According
to the classification of the AACE International, for low level of maturity plants, as in the case of the PtL
process plant, the CAPEX of the refinery is changed between -30% and + 50% [244]. Analyses of various
tax and discount rates values and other significant economic characteristics are also conducted. The
risk of investing in a specific project is correlated with the discount rate. For investments in PtL process

plants, an optimistic discount rate of 8% is suggested [245], whereas a pessimistic discount rate of
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12% is suggested. To reflect a scenario in which the PtL process might qualify for tax exemptions, the
optimistic tax rate value is set at 0%, while the higher value is set at 40%. Supporting policies towards
renewable energy industries may subsidise the network cost for the grid electricity [303], and
therefore a bandwidth between 0 to +50% is considered for this parameter.

For the estimation of the MJSP, the TEA model requires inputs of CAPEX and OPEX estimations of the
different sections of the integrated system. However, for ease of interpretation, the TEA model is
modified for the sensitivity assessment and, instead of requiring individual CAPEX/OPEX of the CO,
and H; production sections, the cost of capturing CO, and producing H; are the new inputs; in this way
the readers can correlate costs with different technologies for capturing CO; and producing H,. Table

5-5 shows the ranges of these costs using both an optimistic and pessimistic perspective:

Table 5-5: Variables used for the sensitivity and uncertainty analyses of the TEA.

Parameter Low Value | Nominal | High value | Unit

CO; cost 50 359 1000 £/tonne CO,
H, cost 1 3.09 8 £/kg Hz
CAPEX refinery 40.63 58.04 87.06 MME£

Cost of wind electricity | 0.030 0.060 0.09 £/kWh

Cost of network use 0 0.009 0.014 £/kWh

TAX rate 0.00 30.00 40.00 %

Discount rate 8.00 10.00 12.00 %

The variables taken into account for the sensitivity analysis of the GWP are listed in Table 5-6. In order
to find trustworthy values, the low, nominal, and high values for each parameter were evaluated in
the current literature. Given that the system needs a lot of electricity, parameters related to electricity
are essential. There are numerous studies that examine the carbon footprint of energy produced by
wind; the NREL [307] developed a study that harmonised them, and this analysis took into account
both the reported low and high values. Similar to this, several values for the stack efficiency of the AE
were identified [284], [311]-[313]; as a result, the low and high values from this review were taken
into consideration. The expected reductions of the DAC energy requirements, as a result of the
improvements in the Climeworks technology, are used as the low heat and power demands [260]. As
there are no reported high-values for DAC energy consumption, a 50% increase over the nominal
values is assumed. Likewise, sorbent efficiency, which translates into the sorbent to capture the CO;
mass ratio, is considered for this sensitivity analysis; for this, the Deutz et al. [260] study provides low,
nominal, and high values for it. Finally, three different scenarios are analysed: 1) the UK grid is
provided instead of the dedicated renewable energy source. 2) Energy allocation is used for the

allocation of the products of the refinery (naphtha, diesel and jet fuel) and electrolyser (hydrogen and
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district heating); and 3) ‘Excess oxygen, exergy allocation’, where exergy allocation is used for the
allocation of the products of the refinery (naphtha, diesel and jet fuel), as in the base scenario,
however, there is an exergy allocation applied to the electrolyser as well (hydrogen, excess oxygen

not used in the refinery, and district heating).

Table 5-6: Variables used for the sensitivity and uncertainty analyses of the LCA.

Value References

Low Nominal | High Low | Nominal | High
Electricity carbon intensity "
(£CO/kWh) 7 15.25 | 22.5 | [307] [307]
Alkaline Stack efficiency (%) 58 68.81 72.82 | [314] [103] [103]
Sorbent amount (g/kg CO>) 3 7.5 11.25 | [260] [260] -
DAC power requirement
[M)/kgCO5 captured] 1.8 2.6 3.9 [260] [260] -
UK grid (gCO2/kWh) - 193.38 - - - -
Excess oxygen, exergy
allocation i i i i i i
Energy allocation - - - - - -

* Electricity, high voltage {GB}| electricity production, wind, 1-3MW turbine, offshore |
Cut-off, U
Due to the novelty of the ‘PtL’ concept, the different variables considered for the TEA and LCA
assessment are associated with some degree of uncertainty regarding their real value, as reflected in
Table 5-5 and Table 5-6. In this sense, the uncertainty analysis is essential to showcase the effect of
the uncertain variables on the final results. Thus, Monte Carlo simulations are performed for the MJSP
and the GWP based on the same parameters considered for the sensitivity analysis, except for the

GWP that uses the first four variables of Table 5-6.

5.3 Results

5.3.1 Process modelling

This section presents the results of the mass and energy balances calculated using the various process
models. The FT product distribution is presented in APPENDIX B-4. The DAC models estimate the
amount of water that could be captured, and the results are used to explain the water integration and
footprint. The process model created in Aspen Plus is critical for presenting mass and energy balances,
which are then used for environmental and economic assessments. In addition, the water and heat

integration are further discussed.
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5.3.1.1 PTL process: mass and energy balance

The mass and energy balances, overall, estimated that 13.3 tonne/h of CO; and 3.35 tonne/h of H, are
required for the production of 0.88 tonne/h of naphtha, 2.52 tonne/h of jet fuel, and 0.81 tonne/h of
diesel. Figure 5-5 presents the carbon molar flow and distribution along the process and the products.
Carbon is only lost to the atmosphere at the DAC unit and the purge gas, where 1.48 tonne/h and 0.29

tonne/h of CO, are emitted, respectively.
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Figure 5-5: The carbon mole flow of the investigated SAF route.
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Based on these overall balances, efficiencies such as carbon conversion, hydrogen conversion, and
PtL, equal to 88.0%, 39.16%, and 25.6%, respectively. Table 5-7 lists the findings from similar research
that examined the synthesis of electrofuels using PtL/FT. It can be seen that the carbon conversion
efficiency estimated for this study is in line with previous studies. High carbon efficiencies are highly
linked to high CO; capture fractions and most studies assume capture of more than 90%. The presence
of appropriate recycling streams of the unreacted syngas to the synthesis sections is another crucial
factor to take into account. In this sense, a combination of DAC with high CO, capture efficiency, as
well as the existence of proper recycling streams (as in the present study), enhances the productivity

of the products.

Due to the water synthesis that occurs at the RWGS and FT reactors, PtL systems have generally low
hydrogen efficiency. One mole of water is synthesised for every mole of CO produced in the RWGS
reactor, while at the FT reactor, the amount of produced water is greater (mole basis) than the
hydrocarbons generated [315].The estimated hydrogen conversion efficiency of this study is higher
than previous research and this is attributed to variations in the process configurations, such as the

existence of several recycling streams as well as the employment of a comprehensive FT kinetic model.

Although the PtL efficiency is lower compared to other studies that are contrasted in Table 5-7, it is
within the bounds reported in Marchese et al. [121]. The main reason for this is the utilisation of the
kinetic approach for the FT reactor. As previously stated, the lumped kinetic model can predict the
ASF model's deviations and predicts higher levels of CH. production of, which lead to lower production

levels of liquid hydrocarbons and, thus, lower PtL efficiency.

Table 5-7: Literature review on technical performance of PtL studies for e-fuel production.

Main Product Car:b'on Hyfir:ogen PtL. .
efficiency efficiency efficiency
This study Jet Fuel 88% 39.16% 28.06%
Adelung et al. [119] FT liquid fuels | 88.00% 28.00% 38.70%
;’ii;']'vazq”ez e A il and Wax | 59.50% 30.80% N/A
- | Oil and Wax .00% .00% .00%
;’1";;'] Vazquez et al| o g wax | 94.00% 32.00% 47.00%
Zang et al. [316] 45.53% 24.35% 52.20%
Konig et al.[106] FT liquid fuels | 73.00% --- 45%
Hannula et al. [286] FT liquid fuels | 65%-89% -—-- 37%-41%
Hannula et al. [286] FT liquid fuels | 50%-55% -—-- 34%-36%
o/ _
Marchese et al. [121] FT liquid fuels | 58.1%-73.78% -—-- gég;
. ()
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5.3.1.2 DAC working capacities

Section APPENDIX B-5 illustrates, at atmospheric pressure, the influence of the RH over the CO;
working capacity. These results [270] confirm the impact of temperature and relative humidity on the
CO, working capacity: the latter increases with an increase in RH, with the impact being more
pronounced at low temperatures. At the operating weather conditions that are taken from the data
provided by Merra-2 for Teeside [276] (hourly temperature, pressure and relative humidity conditions
for 2020), and considering temperature and pressure of desorption equal to 110 °C and 1x10*Pa (0.1
bar) [270], [317], the resulting working capacities for the CO, and the H,0 equal 2.82 molCO,/kg and
9.61 molH,0/kg of sorbent, respectively. In other words, for 1 kg of CO,, 1.4 kg of water is produced.
When compared with the literature, these results are in agreement with previous studies [270], [317]-
[319], for instance, DLR et al. found a value of 1 kg of extracted water per kg of captured CO, [319].

Based on the mass balance, this water can cover 60% of the electrolyser’s water demand.
5.3.1.3 Heat and water integration

Figure 5-6 illustrates the hot and cold streams taken into account for the Pinch Point analysis as a
starting point for the heat integration. The streams that need cooling are shown in red on the diagram,
whilst those needing heating are shown in blue. Since the heat released by the syngas combustion is
integrated to the RWGS reactor and its inlet stream preheating, they are not taken into account for
this diagram or the subsequent analysis. The hot and cold composite curves clearly show that the
system's heat integration is a "threshold problem" rather than a "pinch point problem," which means
that only one thermal utility is needed, and there is no pinch point temperature. As the process itself

provides the necessary heating, no external hot utility is needed in this particular instance.
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Figure 5-6: The composite curves of the PtL system.

The streams that were taken into consideration for this heat integration, exchange heat when it is
possible, but because the process requires more heat than it does cooling, the excess heat is used to
produce steam at different qualities, as shown in APPENDIX B-6. As a result, the cooling needs are met
by the production of LP and HP steam, cooling water, and a refrigerant. There is no need to install an
additional external heat source because the system itself completely meets the heating requirements.
There is a synergy between the DAC unit and the process plant because the LP steam generated at the
FT reactor is integrated with the DAC for the regeneration of the sorbent. Surplus LP and HP are
produced at rates of 7.85 and 26.28 tonne/hr, respectively, which are considered as products with a

positive economic input for the system.

The water integration is important for the hydrogen generation, which totally derives from water
electrolysis. In total, 30.98 tonnes/h of water is required, from which 17.35 tonnes/h are potentially
produced at the DAC unit, while the remaining requirement is considered to be provided by the
process. The synthesis reactions occurring at the RWGS and the FT reactors are responsible of the
production of 24.84 tonnes/h of water, from which 11.21 tonnes/h are sent to the electrolyser for the
hydrogen generation. It is crucial to note that the water produced by the process may contain trace
amounts of a variety of substances, including alcohols, ketones, aldehydes, carboxylic acids, and

inorganic compounds [315]. As a result, it is crucial that industrial setups choose the best technology

117



for treating the water. In terms of this study, a typical waste water treatment is taken into account.
Although the selection of an adequate water treatment is outside the scope of this study, it is
important to mention that if more rigorous purification techniques are needed, this could have an

impact on the economic performance of the system.
5.3.1.4 Electricity Requirements and Wind Farm Electricity Generation

The power demand for the various sections of the system are presented in Table 5-8. The dedicated
off shore wind farm is designed in order to produce the requirements for the plant. Thus, 103 wind
turbines can generate 199.69 MW based on the weather data and the wind farm's technical design.
The annual hourly profile of energy generation, as represented in Figure 5-7, reveals that there are
times when the wind farm cannot produce the necessary energy. To tackle this, grid electricity is
supplied to the system as part of the constant energy supply strategy explained before. In contrast,
when the system generates more electricity than what is necessary, the excess is delivered to the grid.

Overall, 660 MWh per year are exchanged between the wind farm and the grid.

Hours

Winter Spring Summer Autumn

Figure 5-7: Power curve for the designed wind farm.

118



Table 5-8: The electricity demand of the integrated PtL system.

Process sections Electricity demand
[(Mw]
Refinery 5.57
Electrolyser 181.15
Direct Air capture 9.61
Overall electricity demand [MW)]
196.33

5.3.2 Economic performance

Initially, the CAPEX of the system was evaluated, and it is estimated to be 331.55 MME£ (or 1.93 £/kg
of SAF). The CAPEX breakdown of the process is 31%, 18% and 51% for the electrolyser, the refinery
plant and the DAC respectively. The DAC unit is the dominating expense, and due to its early stage of
development, the estimated DAC CAPEX is associated with significant uncertainty [320]. It is difficult
to compare the predicted CAPEX with past PtL research because most of them used CO; capture costs
as inputs for their economic assessment. A similar process configuration was studied by Comidy et al.
[102], who found that the cost of the AE+RWGS reactor accounts for 59% of the overall CAPEX.
Similarly, Marchese et al. [305], analysed several scenarios for the production of FT-derived wax,
finding CAPEX dominated by the cost of the DAC unit, which was based on a liquid sorbent (Carbon

Engineering) technology.

The MISP has been estimated as 5.16 £/kg of SAF (or 0.12 £/MJ). The process is OPEX intensive and
the OPEX accounts for around 73% of the MISP, i.e., 3.76 £/kg; the OPEX breakdown is detailed in
Figure 5-8. This figure details the contribution of each component to the OPEX normalised per 1 kg of
SAF. Based on these findings, it is possible to conclude that the cost of electricity (grid and wind-
derived) accounts for the majority of the OPEX and, as a result, the MJSP. The annualised CAPEX is also
a small proportion of the total MISP, making the uncertainty created by certain equipment costs less
significant when compared to the importance of the OPEX. Previous PtL based on FT studies found a
variety of levelised costs of the analysed products, probably due to the differences in process
configurations, plant capacities and equipment cost data; however, even under the most optimistic
scenarios, all the estimated costs are much higher than the fossil-derived fuels. For example Hombach
et al. [125] estimated a figure of 4.25 £/kg for the levelised cost of e-diesel in 2015, and a cost
reduction to 3.37£/kg for 2030, for DAC-derived CO, costs. Adelung et al. [122] calculated minimum
selling costs ranging from 1.59 to 4.79 £/kg, for optimistic and pessimistic electrolysis-derived
hydrogen scenarios, using CO; captured from a cement plant. In another study, Marchese et al. [305],
estimated wax production costs ranging from 4.43 to 24.04 £/kg, based on liquid sorbent DAC

technology for the capture of CO,. Comidy et al. [102], assessed a system using nuclear energy and
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sea water acidification for CO; capture, and for the scenario operating with a dedicated nuclear power
plant, the minimum production costs or aircraft carrier’s fuel were found ranging from 2.52 to 3.28
£/L. Furthermore, existing research targeting jet fuel production is scarce, and for a similar process
configuration as the one of this study, some reports were found in the open literature [38], [127],
[128]. In the report of Batteiger et al. [127] a figure of 2.00-2.57 £/kg of SAF are presented for the
near-term estimation of the MJSP. Long term (2050) estimations predict that the MJSP could drop to
figures of 1.54-1.94 £/kg [38], [127]. Similarly, Fasihi et al. [128] found values for the MISP ranging
between 1.20-1.43, 0.86-1.09 and 0.68-0.80 £/kg for 2030, 2040 and 2050, respectively.

The main conclusion of the analysed scenarios is that the economic performance of the SAF is
attributed primarily to the high power requirements associated with green hydrogen generation.
Another important point to discuss is that the studies that source their CO, requirements from a DAC
unit, similar to this study, estimate larger minimum production costs for their PtL products, compared
to other configurations with different CO, sources (e.g. concentrated sources); therefore, reducing
CAPEX and OPEX costs of the various DAC technologies available in the market can play an important
role on the reduction of production costs of e-fuels, alongside carbon credits that can be earned due

to the utilisation of atmospheric CO..
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5.3.2.1 Sensitivity analysis and economies of scale

The outputs of the sensitivity of the calculated MISP are presented in Figure 5-9; the blue and grey
bars represent a reduction or increase in the baseline MJSP value, respectively. The largest variations
are observed for the cost of producing H; and cost of capturing CO,. Improvements in increasing the

efficiency and decreasing the cost of the electrolyser is essential for cost reductions. In addition, lower
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Figure 5-8: The normalised OPEX of the investigated SAF route.



electricity costs should be sought and ideally expected; in the UK, for example, low offshore wind
electricity prices have already been attained in 2022 (0.037£/kWh) [321], which can be seen as an
incentive for the development of PtL projects. The MJSP exhibits low sensitivity to the CAPEX of the
refinery. Moreover, governments undoubtedly have a significant role to play in formulating tax rates
that could help reduce the MJSP; however, even in the most optimistic scenarios, the MJSP never
decreases to levels that could make SAF competitive with fossil-derived jet fuel. Therefore, to
encourage the production and consumption of SAF, it is crucial for governments to offer carbon credits

or other incentives.

CO2 cost 3.69 i 9.25

H2 cost 3'19_- 13.65
CAPEX REFINERY 4.99 i 5.44
Cost of wind electricity 3.64 _ 6.67
Cost of network use 4.83 .- 5.32
TAX rate 4.80 .- 5.35
Discount rate 4.78 1- 5.56
3.00 5.00 7.00 9.00 11.00 13.00 15.00

Jet Fuel MJSP (£/kg)

Figure 5-9: Sensitivity of the MJSP to various economic variables.

The effect of economies of scale on the MJSP of the SAF, is shown in Figure 5-10. The CAPEX of each
section of the system was adjusted separately for the calculations at different capacities; for the
refinery plant, an escalation factor of 0.65 was used; for the AE, a factor of 0.88 (calculated from
reference [103]); and for the DAC, the learning rates methodology were applied. On the other hand,

a linear adjustment to the capacity of the plant was assumed for all the raw materials, utilities, and
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products of the system, as detailed in Rojas et al. [171]. The MJSP can decrease by 15% but the size of
the plant should increase by approximately 5 times. When the PtL process is compared to a similar
biomass to liquid (BtL) system for the production of SAF, the decline of the MSJP with the increase of
the system’s capacity is less steep than in the BtL system, as evidenced in the Rojas et al. [171] study.
This is explained by the fact that PtL-derived SAF has been shown to be OPEX dependent, whereas

BtL-derived SAF has a significant dependence on the CAPEX.
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Figure 5-10: Economies of scale for the of the investigated SAF route.

5.3.2.2 Uncertainty analysis

The Monte Carlo analysis yields mean and median MISPs of 7.68 and 7.47 £/kg of SAF. The similarity
of these values demonstrates the uniform distribution of the 10,000 datasets, and this is shown in
Figure 5-11. The MISP could be located anywhere between 2.45 and 12.91 £/kg with a 95%
confidence. These findings highlight two points: first, the relatively high value of the standard
deviation means that the distribution of the possible MJSP around the mean is very scattered due to
the high level of uncertainty that is taken into account for the CO, and H; costs; and secondly, even in
the most optimistic situation, the MJSP is never in a strong position against fossil jet fuel, which further

supports the idea that incentives and carbon credits are necessary for PtL-derived SAF.
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Figure 5-11: Uncertainty analysis of the MJSP.

5.3.3 Environmental performance

The two primary environmental effects examined in the LCA are GWP and water footprint. The
discussion of the selected allocation technique is crucial because the subsystems exhibit
multifunctional behaviour. As explained before, the chosen allocation methods are based on energy
or exergy content, due to the final utilisation of the products. The various factors that have been taken
into account for each allocation method are shown in Table 5-9. The primary allocation approach, for
which the sensitivity and uncertainty analysis are developed, is the "Exergy allocation process plant,
no allocation in the electrolyser," as a result of the facts disclosed about the by-products of the
electrolyser. In the following sections, the GWP and water footprint results are widely analysed;
however, for a more detailed overview of the other environmental impacts calculated by the ReciPe

2016 Midpoint (H) method, the reader is referred to APPENDIX B-7.
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Table 5-9: Description of different allocation methods.

Products considered for the allocation method

Exergy allocation

Subsystem Main and by- process plant, no Energy Exergy
products allocation in the | allocation (AA2) | allocation (AA3)
electrolyser (AA1)

Hydrogen Yes Yes Yes

Electrolyser Excess Oxygen No No Yes

District Heating No Yes Yes

DAC Carbon Dioxide Yes Yes Yes

Water No No No

Naphtha Yes Yes Yes

Process plant Diesel Yes Yes Yes

SAF Yes Yes Yes

Water No No No

5.3.3.1 Global Warming Potential

The GWP is estimated at 21.43 gCO,.,/MJ and the largest contributor is the hydrogen production

stage, as shown in Figure 5-12. For more clarity about the role of the offshore-wind electricity, Figure

5-13 provides more specific information about each stage of the WtWa LCA and how the offshore

wind electricity contributed to them. Most of the emissions are due to the carbon footprint of the

electricity. In this sense, strategies to even further reduce the GWP of the PtL-derived SAF could be

considered, such as improvement of the energy efficiency of the system and reduction of the carbon

footprint of the electricity source (by improving construction, maintenance, and operation stages). On

the other hand, it should be noted that the GWP performance of the SAF complies with the threshold

emissions reduction set by the European Renewable Energy Directive Il (RED 11) [174], the Renewable

Fuels Standard (RFS) [175], and the UK SAF mandate [17].
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Figure 5-12: The breakdown of the GWP for each process stage.
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Figure 5-13: The contribution of electricity for each process stage, the overall GWP and comparison

with existing sustainability standards.
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Some LCA studies have assessed the GWP of FT/PtL for liquid fuels synthesis [102], [125], [322], and
some the specific scenario of jet fuel production [38], [124], [127], [136]. The carbon footprint
performance of SAF production was found as 13.88 gC0zeq/MJ, 5-10 gC024/MJ and 1 gCO%eq/MJ, by
Falter et al. [124], Batteiger et al. [127], and Schmidt et al. [38], respectively. The GWP value estimated
herein, i.e. 21.43 gCO2e4/MJ, is of the same order of magnitude, but still significantly higher. These
discrepancies may be attributed to factors such as the choice of the DAC technology, the process
configuration of the refinery (no FT off-gas recirculation), assumptions for the refinery's mass/energy
balance (use of simplified models instead of detailed models), as well as the use of various energy
sources to provide electricity. Further, recent studies such as Micheli et al. [136] display a value of
13.4 g CO2/MJ for a similar system, while the Royal Society report [323] displays a range of 17-27
gC02eq/MJ for PtL SAF. It is important to point out that none of these studies or reports have examined
synergies between the main components (CO; capture, H, production and refinery) of the PtL systems

as we did in the current research such as the water and heat integration previously discussed.
5.3.3.2 Sensitivity analysis on the GWP

The outputs of the sensitivity analysis of the GWP are presented in Figure 5-14, with the blue and grey
bars representing a reduction or increase in the baseline GWP value. The GWP exhibits great
sensitivity to the electricity carbon intensity. Furthermore, as shown in Figure 5-14, increasing the
energy efficiency of the AE and the DAC, which are the two largest electricity consumers of the system,
barely affects the GWP. Some scenarios were evaluated by taking into account various allocation
strategies or a different energy supply, such as electricity from the UK grid. Regarding the system's
multi-functionality, the GWPs for the energy (AA2) and exergy allocation (AA3) decrease by 13.15%
and 7.59%, respectively, when compared with the baseline allocation scenario (AA1). This decrease
can be explained by the fact that AA2 and AA3 considered that the electrolyser-related emissions are
distributed upstream among its by-products (oxygen, heat), reducing the burden on the H, and,
consequently, the GWP of the final SAF. Nevertheless, it appears that the different allocation methods
do not have a great effect on the GWP. The same cannot be said for the scenario using the current UK
grid electricity mix. As it can be seen, using grid energy rather than a dedicated offshore wind farm
increases the GWP by almost ten times. Based on these findings (except for the grid electricity
scenario), the SAF synthesised under any low/high bounds of the examined parameters will always

comply with the most stringent emissions reduction threshold (RED Il).
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Figure 5-14: Sensitivity analysis on the GWP, and scenario analysis for other allocation methods (AA1

and AA2) and UK grid electricity.

Further, the sensitivity of the GWP is assessed for different electricity sources at different total power
requirements as depicted in Figure 5-15. The range for the carbon footprint of the electricity is chosen
according to the existing options that are part of the UK grid [324], [325]; however, because the carbon
footprint of the fossil-derived sources is very high, only low GWP sources are included. The range for
the electricity consumption is based on the efficiency ranges considered for the electrolyser and DAC;
the electricity requirement of the refinery plant is assumed unchanged). The GWP potential is
recalculated at different conditions as shown in Figure 5-15. The horizontal lines represent the various
electricity sources. Clearly, high carbon footprint electricity sources increase the GWP of the SAF. In
the bottom of the diagram, Wind, Nuclear and Norwegian import (named in decreasing order) are
able to produce SAF with GWP below the SAF mandate threshold at any system power consumption.
Moreover, changes in the amount of required electricity does not have a big impact on the GWP,
especially for low carbon footprint electricity sources. Thus, achieving low GWP SAF should rely in

electricity sources such as wind or nuclear.
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Figure 5-15: The GWP of the WtWa life cycle of SAF for different electricity sources at different PtL electricity consumption.
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5.3.3.3 Uncertainty analysis on the GWP

Figure 5-16 depicts the results for the Monte Carlo analysis on the GWP. Further the mean and median
GWP values equal to 21.05 and 21.13 gCO.q/MJ of SAF, respectively. Their similarity is attributed to
the symmetric probability distribution. The standard deviation equals 3.54 gCO2.q/MJ which translates
into a 95% interval of confidence between 14.10 gCO2zq/MJ to 28.00 gCOz4/MJ. Based on these
results, it is clear that regardless of the uncertainty associated, the GWP of the WtWa study will always
result in a SAF that complies with all the emissions reduction thresholds for sustainable aviation fuels.
It is expected that the standard deviation will become smaller as the involved technologies become

more mature.
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Figure 5-16: Uncertainty analysis of the GWP.

5.3.3.4 Water footprint

It is worth noting that the global warming potential is just one aspect of the environmental impact of
SAF production from PtL, and other factors such as water footprint and land use should also be
considered. However, reducing the water footprint of SAF production from PtL can help to reduce the
overall environmental impact and improve the sustainability of aviation. The resulting water footprint
for the analysed scenario equals 0.480 |I/MJ of SAF and this is further detailed in Figure 5-17. It is
obvious that the stage of hydrogen production accounts for almost 50% of the overall water footprint
of the WtWa analysis for SAF derived from PtL. Additionally, Figure 5-18 show the precise impact of

the different shares of the various steps for the three stages of the analysis that use the most water:
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the production of H,, CO,, and SAF. Figure 5-18A shows the water footprint of H, production via AE,
with negligible contributions from chemicals production (nitrogen, potassium hydroxide). The water
requirement for the electrolysis reaction is covered by water produced in the DAC and the refinery,
and thus not accounted for the water footprint calculations. It is thus evident that electricity
generation has the greatest influence on the water footprint of hydrogen production, while the

construction of the electrolyser is almost negligible.
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Figure 5-17: The WtWa Water Footprint of the investigated SAF route.
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Similarly to the AE, the DAC unit's water footprint does not account for the positive credit of water
generated from the air because the electrolyser uses all of it, and therefore is not represented in Figure
5-18B. In contrast to the generation of hydrogen, the phases of construction and chemical production
(sorbent) are important for the water footprint calculations of this stage. The inventories used to
represent the construction of the DAC unit, as well as the production of the sorbent, are taken from
earlier research [260], [310] that are available from Climeworks. It is crucial to note that the inventory
provided for the construction phase was an adaptation of the original inventory, which was withheld
from publication because it contained proprietary company data. Hence no details regarding the
reliability of the water footprint of the adapted inventory are offered. In regards to the sorbent
production, which is the main contributor to this stage, the inventory used for this analysis is derived
from Terlouw et al. [310]. This inventory is a generic proxy that could represent any sorbent material.
As a result of the importance of these two stages, the uncertainty associated with the water footprint

of construction and sorbent production should be further investigated.

As depicted in Figure 5-18C, it is clear that the water losses from the cooling water network have a
great effect on the final water footprint. The design of the cooling water network estimates the
amount of makeup water to replace cooling water losses; these losses will depend on the design
operating parameters, as well as on the atmospheric conditions of the plant location. In this sense, an
optimised design that targets heat integration, and/or the choice of air cooling system, could play an
important role in the reduction of water footprint of this specific stage. Overall, it is found that the
water footprint of SAF produced from PtL technology highly depends on the cooling water network
design as well as on the water intensity of the electricity used to produce the fuel. Furthermore, the
refinery stage benefits from a negative balance in the final water footprint, since the amount of waste

water goes to treatment, and after that, it can be utilized for other purposes such as agriculture.

According to a study published by Micheli et al. [136], the water footprint of SAF produced from PtL
technology ranges from 6.19x1073 to 0.182 |/MJ of SAF produced, when wind electricity is used, and
the variation depends on the technology adopted for the DAC (High or low temperature) and the FT
reactor (high or low temperature). For example, SAF produced using wind energy, LT DAC and LT FT
reactor, has a water footprint of 0.113 I/MJ. The main difference with the value obtained by this work
could be attributed that the former study considered that the manufacturing and end of life of the
associated equipment was negligible, while in this study it is seen that this affirmation is not exactly
negligible for the DAC stage; another major difference is that the cooling water network was not
considered, while this study shows that it has an important contribution, and therefore should be

included in future LCA analysis of SAF studies. Other studies analysing the water footprint of SAF from
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PtL were elaborated by Batteiger et al. [127] and Schmidt et al. [38], who estimated 0.12 and 0.040
I/MJ of SAF, respectively; however, these analyses do not display the detailed assumptions behind the

presented figures.

Scenario analysis is performed considering some of the electricity sources used for the UK grid
electricity. The water footprint of the considered sources was taken from Simapro-Ecoinvent
Databases, as well as the water footprint of the fossil jet fuel. The results are depicted in Figure 5-19.
Among the represented energy sources, the off-shore wind farm shows a better performance
compared to the other analysed sources, from which the hydropower has the biggest water footprint.
It is evident that this environmental impact puts PtL-derived SAF in disadvantage against fossil jet fuel,
regardless of the electricity source linked to the system. However, when compared against biomass-
derived aviation fuels, the PtL-SAF has a water footprint 100 or 1000 times lower (as per the values

displayed in the report of Schmidt et al. [15]).
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Figure 5-19: Water footprint of the PtL-SAF when connected to different electricity sources.

5.4 Policy analysis: UK SAF Mandate

It is evident that SAF achieves GHG emissions reduction, and that better environmental and economic
performance could be achieved by increasing the production and use of SAF. As outlined by the ICAO
[326], a range of policy options can be used to promote SAF, including financial incentives, regulations,
mandates, and market-based mechanisms. Government subsidies and/or tax credits for companies
producing SAF could help offset their expensive production, promoting their more widespread
adoption. Similarly, carbon offset programs could be offered by governments or organizations, so

companies can invest in SAF production projects in order to neutralize their environmental impact
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[327]. Moreover, the creation of guaranteed markets for SAF producers, through the establishment

of mandates or targets, could drive investment and innovation to the industry.

The UK government has set a mandate for the use of sustainable aviation fuels (SAF) in commercial
aviation. By 2030, all UK airlines must use fuel blends that contain a minimum of 10% SAF, while this
will be increased to 50% by 2050. The mandate is a part of a broader government strategy to attain
net-zero emissions by 2050 and to promote the growth of a sustainable aviation industry. The
mandate includes a number of actions to aid in the creation and application of SAF, such as the
establishment of a stakeholder engagement process, the development of a SAF clearinghouse to aid
in the trading of SAF certificates, and the provision of financial incentives for SAF production and

application [17], [20].

The SAF certificate scheme is applied to simulate various scenarios and calculate the certificate price
at which the SAF breaks-even with the fossil jet fuel (gate cost assumed at 0.56 £/kg [256]), for
different CO; capture, and H, production costs. The number of certificates is estimated according to
the second consultation of the SAF mandate [19]. Under this approach, the number of certificates is a
function of the energy content of the produced SAF (m X LHV;) (Equation 5-18). However, to promote
the use of SAF with larger GHG emissions savings, the number of certificates is also a function of the
carbon intensity of the fuel. For the calculation of the carbon intensity factor (Clrqct0r) Of the SAF
(Equation 5-19), it is assumed that the average Cl of SAF (CI},) is 26.7 gCO./M! for a baseline scenario
(which considers a SAF with a GWP reduction of 70% compared to fossil jet fuel), that is compared
with the emissions of fossil jet fuel (CIz) which is taken as 89 gC0O,./MJ [19]. The carbon intensity of
the SAF, Cls4F, is the estimated GWP, which is equal to 21.43 gCO2eq/MJ.

Certificates = m X LHV; X Clsgeror
(5-18)

I _ Clp — Clgyp
factor Cl — CI,

(5-19)

Figure 5-20 illustrates the price at which the certificates must be purchased for SAF to break even the
cost of conventional jet fuel for different H, production costs and CO, capture costs. For illustration
purposes and to account for even the most unfeasible LCOH for blue and green hydrogen, the
considered values take into account a cost range of 1 to 8 £/kg. A range of 30 to 1000 £/tonne is taken
into account for the CO; capture cost to represent even the most expensive situation due to the low

TRL of DAC technologies. Furthermore, APPENDIX B-8 presents the same results for the certificate
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cost, but for the carbon impact factor calculated when no upstream emissions are considered for the

electricity of the wind farm.
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Figure 5-20: The SAF certificate cost for the MJSP to break-even with fossil jet fuel cost (0.56£/kg) for

different CO; capture and H; production costs.

The calculated Clygctor is 1.08 and the annual production of SAF is 8.64E+8 MJ/year. The investigated
process is eligible for 9.37E+8 certificates per year. According to this figure, the cost of the SAF
certificate should be 0.10 £ for the baseline scenario to break-even. Further, the hydrogen produced
through biomass gasification with CCU at two distinct scales is presented, along with hydrogen
produced by an AE electrolyser from dedicated wind farms and electricity curtailment, at the
estimated 2030 cost by BEIS [328]. It is evident that better economic performance is achieved when
using hydrogen produced from biomass or curtailed energy. However, limited availability of biomass

and of curtailed electricity pose challenges in scaling-up SAF production technologies.

5.5 Conclusions

The aviation industry has set an action plan, in which the development and use of SAF could have the
largest impact on decarbonising the sector. The development of such SAF alternatives face technical,
economic and environmental issues. Therefore, the development of integrated techno-economic and
environmental assessments can provide a better overview on the performance metrics and identify

actions that can improve and accelerate their deployment.

Within this context, this research has jointly examined the economic and environmental performance

of SAF production through the PtL pathway in the UK. The system has been designed to maximize the
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potential benefits of integrating its various components. For example, incorporating the LT DAC unit

presents an opportunity to integrate heat from other parts of the process, such as the heat released

by the FT reactor. Additionally, the DAC unit produces water and this has been fed to the electrolyser.

The economic and environmental evaluations provided significant insights that can be compared to

fossil jet fuel. Further, a policy analysis explored ways to support the development of sustainable

aviation fuel (SAF). The key findings of these various evaluations can be summarized as follows:

1.

The process has a carbon conversion efficiency of 0.88, with PtL and hydrogen conversion
efficiencies of 0.26 and 0.39, respectively. Despite modelling efforts to demonstrate this process
configuration, there are still several sources of uncertainty, particularly regarding process design.
These include the operation of the RWGS reactor, recycling streams to both RWGS and FT reactors,
and operating conditions for different sections of the process. As more demonstration and pilot
plants become operational, the uncertainties related to these values will decrease.

The energy balances indicate that the refinery plant has a lower energy demand compared to the
AE and DAC operations. Although the off-shore wind farm has been shown to be a reliable
dedicated energy source, ensuring a stable energy supply to the system will require strategies
such as utilizing the grid as a virtual storage or designing an effective storage system.

The economic evaluation indicates that the cost of SAF produced by this pathway is not
competitive with fossil jet fuel. The calculated MISP stands at 5.16 £/kg and is highly sensitive to
electricity and DAC costs. Therefore, technical and economic improvements in CO, and H,
production technologies could lead to cost reductions in MJSP. Lower electricity prices or
consumption result in better economic performance. Economies of scale demonstrate that
increasing production capacity leads to cost reductions, but not as much as for biomass scenarios,
since the PtL system is highly dependent on OPEX. However, it's worth noting that scaling up the
PtL system is not limited by feedstock supply and has less location restrictions.

The life cycle assessment (LCA) of the system has shown that the global warming potential (GWP)
of the SAF produced through this pathway is lower than that of fossil jet fuel and it can meet
existing aviation emissions reduction targets, such as the UK SAF mandate. If the source of
electricity is an off-shore wind farm (base case scenario), the GWP of the PtL system is 21.43
gC02.4/MJ. Moreover, the GWP is sensitive to the carbon footprint of the electricity, indicating its
dependence on the energy source.

The water footprint of the PtL system is 0.48 |/ MJ of SAF and is highly dependent on the water
footprint of electricity generation and cooling water requirements. Therefore, a combination of
system energy efficiency improvements and an optimal design of the cooling water system are
essential for reducing the water consumption. Understanding the appropriate treatment of water
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synthesized in the PtL process plant could enable its use in an operating facility. Furthermore, it is
important to highlight that the water footprint of PtL-SAF is higher than conventional fossil jet
fuel. Nevertheless, compared to other SAF alternatives like biomass-derived fuels, the water
footprint of PtL-SAF is significantly lower.

6. The Monte Carlo analysis of the MJSP revealed that it will always remain higher than the gate price
of the conventional jet fuel. Therefore, more efforts and government economic incentives are
necessary for these fuels to be widely adopted by the aviation industry. On the other hand, for
the GWP, the uncertainty analysis showed that the SAF GWP will remain lower than the
established UK SAF mandate threshold and other existing thresholds such as the RED Il, or the RFS.

7. A policy analysis indicated that the SAF mandate certificate cost should be between 0.009 to 0.35
f£/certificate depending on the CO, capture and H, production costs. For the base case scenario,

the SAF mandate certificate should be equal to 0.10 £/certificate of SAF.

These conclusions are part of the growing body of research on power to liquids process configurations,
with a particular focus on creating sustainable aviation fuels. It is pivotal that more demonstration and
pilot plants should become operational, so that the uncertainties related to the technical, economic
and environmental metrics will decrease. Based on the assumptions made in this study, it has been
demonstrated that the Power to liquids has the potential to greatly decrease greenhouse gas
emissions and thereby aiding the decarbonisation of the aviation industry. However, supporting
policies are needed for further development and eventually deployment at large scale. Further

research and data gathering for pilot/demo plants will support future investigations and applications.
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6. A combined techno-economic and life cycle assessment of a new Power and
Biomass to Liquids (PBtL) configuration with negative emissions for the
production of Sustainable Aviation Fuel (SAF)

Abstract

A novel configuration of the hybrid Power-and-Biomass to Liquids (PBtL) pathway for producing
sustainable aviation fuels (SAF) has been developed and assessed from a techno-economic and
environmental perspective. The proposed configuration can achieve negative emissions and hence
create a new bioenergy with carbon capture and storage (BECCS) route. The amount of CO; that is
captured within the process and that is sent for storage ranges from 0% to 100%, defining the various
PBtL-CCS scenarios that are evaluated in this study. The outcomes of the economic assessment reflect
minimum jet fuel selling prices (MJSP) that range from 0.0651 to 0.0673 £/MJ for the proposed
configurations. The calculated MJSPs are OPEX dependent and the major contributor are the
electricity consumption, followed by the price of the feedstock, i.e. forest residues chips. Costs for CO,
compression, transport, and storage have a small contribution to the MJSPs of all the proposed
scenarios. The global warming potentials (GWP) range from -105.33 to 13.9°3 gCO,eq/MJ. Negative
emissions have been calculated for the PBtL-CCS scenarios, which demonstrate compliance with
emissions reductions thresholds and aligns with the aviation industry’s net-zero ambition for 2050.
The estimated water footprints range from 0.52 to 0.40 I/MJ. Primary responsible for these values are
the water requirements for the operation of the alkaline electrolyser (AE) and refinery, followed by
the water footprint of the wind farm electricity. Across all the scenarios, the resulting water footprints
are bigger than that of the fossil jet fuel. Based on the economic and environmental estimations of
this study, the resulting SAF could benefit of the support proposed by the UK SAF mandate, which
could boost their economic performance by awarding certificates with monetary value. Estimates
indicate that the cost of certificates that breakeven the fossil jet fuel price could reduce if negative

emissions are also rewarded under this scheme.

Keywords: Biomass gasification, Fischer-Tropsch, Power-and-Biomass-to-Liquids, Bioenergy with

Carbon Capture and Storage, Techno-economic assessment, Life cycle assessment.

6.1 Introduction

The aviation industry aims to achieve net-zero emissions by 2050, but no SAF production pathway can
achieve 100% reduction. Combining BECCS with SAF could lead to fuels with negative emissions, which
could be benefited from higher subsidies. Biomass to Liquid (BtL) and Power-to-Liquids (PtL)

technologies are essential for sustainable fuel production, but their deployment is limited due to their
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early development stages. Furthermore, SAF production from biomass may have a limited production
in regions lacking this resource. The PBtL is a hybrid configuration that combines BtL and PtL
technologies, producing drop-in SAF through integrated stages like water electrolysis, biomass
gasification, and liquid fuel synthesis. The process typically involves a Fischer-Tropsch reactor for
hydrocarbon synthesis, with syngas production via reverse water gas shift or direct injection of H..
Studies show that the PBtL process enhances BtL carbon conversion efficiency, increases fuel

productivity, and requires less energy per unit of fuel compared to the PtL configuration.

As explained in Chapter 2, research on TEA for BtL and PtL for SAF production is increasing, but for the
PBtL for SAF production remains limited. Habermeyer et al. [147] evaluated a PBtL small-scale
experimental facility for FT fuel production with an integrated TEA and LCA approach, however
without including FT post-treatment stages. Similarly, few studies have focused on the LCA of PBtL
configurations, with a primary focus on the estimation of the GWP. Habermeyer et al. [147] performed
the only PBtL SAF-oriented LCA. However, due to the missing syncrude separation section, the

estimated environmental impacts would differ from that of a WtWa scenario.

Although a considerable reduction of emissions with respect to fossil jet fuel can be achieved through
the PBtL process, a PBtL configuration that can achieve negative emissions was never explored.
Recently, there has been a growing interest in CDR technologies as a strategy to constrain global
warming to 1.5 °C [5]. BECCS and direct air capture (DAC) are CDR methods that could be applied to
the aviation industry. Given that the aviation industry aims to reach net-zero emissions by 2050 and
the inherent limitations of SAF technologies to achieve negative emissions, BtL-CCS configurations
deserve more consideration. While there is one study for SAF from BtL-CCS in the literature [171],
none was found for the PBtL-CCS configuration. This process setup, if properly designed, contains pure
CO, streams that could be stored, creating potential negative emissions configurations. Further,
detailed and combined economic and environmental assessments are required to provide insight into

a number of SAF production possibilities on which the aviation industry will rely to meet its 2050 goals.

It is evident that there is still a need for more TEA and LCA studies for the PBtL configuration for SAF,
given that none of the existing research has evaluated a Well-to-Wake scenario. Without these LCA
boundaries, it is difficult to understand the effect of several parameters on the environmental
performance and the interaction of these results with other technical and economic indicators that
could be the foundation for the formulation of supporting policies. Furthermore, due to the ambition
of a net-zero aviation industry, the assessment of PBtL-CCS configurations capable of achieving
negative emissions is deemed crucial, and it is the main focus of this study. To the best of our

knowledge, this is the first study of its kind study that analyses the production of SAF through the
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PBtL-CCS process configuration from a TEA and LCA approach. Moreover, sensitivity and probabilistic
analyses evaluate the degree of uncertainty in the estimated economic and environmental indicators.
This study is also significant since it takes a UK-focused approach and provides insightful information
about the effect of the preliminary version of the SAF mandate on these SAF production pathways.
The SAF mandate is the UK policy scheme to support the development and deployment of SAF

technologies.

6.2 Methodology

6.2.1 Goal and scope of the study

The current study evaluates the technical, economic and environmental performance of the SAF
production based on the PBtL-CCS process configuration, for various scenarios that differ on the
amount of CO; that is sent for storage. To this end, a thorough process model is created in Aspen Plus
with the goal of establishing the governing mass and energy balances that constitute the foundation
for the techno-economic and life cycle assessments. The main TEA key performance indicators (KPIs)
are the MIJSP, Capital expenditures (CAPEX) and operating expenditures (OPEX), while the LCA
guantifies the environmental impacts of the scenarios under consideration; the focus of this study is
the GWP and water footprint. Finally, this study combines the resulting technical, economic and
environmental KPIs to assess the effect of the UK SAF policy scheme on the viability of the investigated

process.

6.2.2 Capacity and location of the plant

The production of SAF from biogenic residues that are not detrimental to normal food provision
and/or constitute a danger of deforestation are supported by the UK SAF mandate [19]. As a result,
and in addition to their availability in the UK, forest residues (FR) are selected as the source of carbon
for the proposed system. A processing capacity of 20 dry-tonnes per hour of FR is considered, as
proposed in Section 4.2.2. This value is below the estimated availability of this resource for the
production of biofuels in the UK [183]; additionally, even under the most pessimistic scenarios of
regional availability, this plant capacity would ensure broader availability of FR for other purposes

beyond the demand of the SAF production industry [19].

The operation of PBtL configurations depends on a large supply of low carbon electricity [329]. The UK
has a great potential for offshore wind electricity generation, and the UK government has recently
declared the goal of achieving an installation capacity of up to 50GW of offshore wind by 2030 as part

of its British Energy Security Strategy [330].
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Herein, a dedicated off-shore wind farm is connected to the proposed PBtL-CCS scenarios. This study
considers that the process plant is located in the Humber area (Teeside), due to its optimal wind
profile, and its proximity to Scotland, which contains most forests of public ownership [183].
Furthermore, this choice is supported by the decarbonisation plans of the East Coast Cluster, which is
comprised of the Teeside and Humber industrial regions [331]. The Endurance Reservoir, a saline
aquifer located 145 kilometres offshore in the North Sea, could be used as the primary CO, storage

site, based on the cluster’s proposal [332].

6.2.3 System description and modelling

This section contains details regarding essential assumptions and specifications used to create the
process models of the scenarios. The first section provides a broad overview of the system
accompanied with brief descriptions of its key process units and their interaction in terms of mass and
energy exchanges. Subsequent sections thoroughly explain these processes and how they are
represented in Aspen Plus. Further, additional sections describe the methodology for the heat
integration and the sizing of the wind farm. Finally, the main technical performance indicators are

defined.
6.2.3.1 System description

Figure 6-1 depicts the main components of the process configuration: 1) The process begins with the
grinding and drying of the forest residues chips (pre-treatment). Moreover, the water content is
reduced from 30% to 10 % [51] through a drier that uses hot air at 120 °C and is implemented in Aspen
Plus by following the approach described in Section 4.3.1.2. 2) The processed feedstock is then
directed to the gasifier, where it is converted into syngas (more explanation is found in Section 6.2.3.3.
3) The latter then enters the syngas cleaning section for the mechanical or chemical separation of
some impurities. This section includes the ash separator, the tar reformer and the zinc oxide bed for
the separation of the sulphur. 4) The cleaned syngas, accompanied by recycled CO,, and hydrogen are
mixed and sent to the reverse water gas shift reactor (RWGS) to increase the yield of the syngas. 4)
The following section is the synthesis and separation of hydrocarbons in the FT reactor to convert
syngas into syncrude. The latter is separated from the unreacted syngas and short chain hydrocarbons,
before being sent to the hydrogenation reactor for the saturation of olefins, and the final fractionation
in the distillation column. The resulting hydrocarbon are naphtha, kerosene, and diesel. A fraction of
wax is also produced, but it is sent to the hydrocracking reactor, where large paraffins are cracked
into smaller size hydrocarbons, which are sent back to the distillation column for its fractionation. 5)

The CO; produced by the oxycombustion of unreacted syngas is combined with the CO, generated in
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the gasifier’s combustion chamber; this stream is then split into two distinct streams. The first stream
is recycled to the RWGS reactor, for conversion to CO, while the remaining portion is sent to the €O,
compression section, that involves a series of compressors and intercoolers. This section is responsible
to take the gaseous CO; to supercritical conditions, enabling its subsequent transport and storage
[166], [199]. The fraction of the total CO, stream that is sent for storage varies between 0% and 100%,
and hence seven different scenarios have been assessed, as presented in Table 6-1. Because there is
no gas exiting the refinery plant the 0%TS scenario, a purge (2% of the total CO; stream) is included to
ensure that inert gases do not accumulate within the system. [119]. More information on the
aforementioned process sections can be found in Section 4.3.1.2. 6) Another critical component of the
process is the alkaline electrolyser (AE), which produces H; for the hydrocracker, hydrogenation and
RWGS reactors. The by-produced oxygen is also valuable for the oxycombustion taking place at three
different process sections, the gasifier, tar reformer, and RWGS reactor (more about details on the AE
and the RWGS can be found in Sections 5.2.2.3 and 5.2.2.4). 7) Depending on the scenario, the oxygen
produced in the AE could be in excess, or below the process’ requirements. In the first case, excess
oxygen is considered as by-product of the total process plant. Otherwise, an air separation unit (ASU)

is annexed to the process for supporting the oxygen provision.

Table 6-1: Description of the investigated scenarios.

Type of process

Scenario name Description ) )
configuration

0% of the total CO, stream is sent for

0%TS storage. 2% of the total CO; stream is PBtL
purged.
5 -
20%TS 20% of the total CO; stream is sent for PBL-CCS

storage. No purge gas.

5 -
A0%TS 40% of the total CO, stream is sent for PBL-CCS
storage. No purge gas.

5 -
50%TS 50% of the total CO, stream is sent for PBL-CCS
storage. No purge gas.

5 -
60%TS 60% of the total CO, stream is sent for PBL-CCS
storage. No purge gas.

5 -
S0%TS 80% of the total CO; stream is sent for PBL-CCS
storage. No purge gas.

1009 i
100%TS 00% of the total CO, stream is sent for PBL-CCS
storage. No purge gas.
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Figure 6-1: Process flow diagram of the investigated PBtL scenarios for SAF production (process plant boundaries).
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6.2.3.2 Process modelling

The Aspen Plus V10 software is used to model the refinery plant, with the exception of the ASU and
the alkaline electrolyser, for which the mass and energy balances are extracted from the studies of
Holst et al. [103] and Young et al. [333], respectively. The “Redlich-Kwong-Soave-Boston-Mathias (RKS-
BM)” method is selected for the representation of the thermodynamic and physical-chemical
properties, due to its suitability for hydrocarbons processing plants [188]. The approach adopted for
dealing with process streams containing solids, such as biomass and ash, is to treat them as non-
conventional solids without particle size distribution [171]. The ultimate and proximate composition
of the forest residues are presented in Table 6-2. The sections of the refinery as depicted in Figure 6-1,

are explained in more detail in Chapter 4 and Chapter 5.

Table 6-2: Proximate and ultimate analysis of forest residues [189].

Proximate analysis (%) Forest residues
Moisture (as received) 30
Fixed carbon (dry basis) 17.16
Volatile matter (dry basis) 82.29
Ash (dry basis) 0.55
Ultimate analysis (mass %)

Carbon 50.54
Hydrogen 7.08
Nitrogen 0.15
Sulphur 0.57
Oxygen 41.11
Ash 0.55

6.2.3.3 Gasification section

Section 4.3.1.2 discusses the gasifier selection and approach for model development in Aspen Plus;
however, this section explains the DFBG design that allows the production of pure CO; as flue gas. The
DFBG is composed of two separated compartments, one acting as the gasification unit and the other
as a combustion chamber [334]. The first compartment uses steam to convert the feedstock into
nitrogen-free syngas and char; the latter is sent to the combustion compartment, where it is burnt in
the presence of air; the released heat is transported to the gasification compartment through the
circulation of the inert bed material, generally sand [201]. A detailed representation of the DFBG and
more technical details can be found elsewhere [335]. The advantage of the DFBG is that the separated
combustion section allows the use of an inexpensive oxidant such as air. However, more DFBG

configurations have been proposed to enhance the carbon recovery, such as the use of pure oxygen
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as the oxidant for the combustion chamber [336]. The production of oxygen from an ASU may be
similar or even more energy demanding than post combustion CO;, capture [336]; however, the
availability of oxygen from the AE makes the DFBG with oxycombustion configuration suitable, and

thereby greater CO; availability for storage or for fuel production can be achieved.
6.2.3.4 Recycling of gases and CO; and Air separation unit (ASU)

The recycling of the unreacted syngas, and short chain hydrocarbons, that are produced in the FT
reactor are recompressed and sent back to various sections of the system as shown in Figure 6-1.
Some fractions are recycled back to the synthesis reactors to increase the conversion of the process,
while others act as the fuel for oxycombustion [118]—[121]: 1) One fraction is recycled to the FT reactor
to increase the inlet inert content to 25% and thus ensure the thermal stability of its operation [118].
2) Two different streams are utilised as fuel for the oxycombustion of the RWGS and the tar reformer
reactors [119]. 3) The remaining fraction is recycled to the RWGS reactor to enhance the syngas

production.

The flue gas from the oxycombustion chamber of gasifier contains only CO,, while the flue gases from
tar reformer and RWGS reactor contain also water. Therefore, the hot flue gases from these two latter
are first combined and cooled down by heating the air that is used for the drying of the forest residues.
Furthermore, some steam is raised and final cooling is achieved by using cooling water. As a result of
the cooling process, the water from the flue gas is condensed, and the resultant pure CO; stream is
mixed with the one coming from the gasifier. The CO, stream is split, with one fraction being recycled
to the RWGS for enhanced syngas yield, while the other is sent to the compression section for
compression, transport and storage. As described in Table 6-1, the choice of the percentage of the

total CO; stream that is sent to storage creates the different scenarios that are assessed in this study.

The Air Separation Unit is an auxiliary unit that is necessary for meeting the requirements of oxygen
of the system for some scenarios, if the oxygen derived from the electrolyser is not enough. The
technology selected is the Cryogenic Air Separation, which requires electricity, cooling and heating as
the utilities for its operation, while the feedstock is atmospheric air. For simplification, this unit is not
modelled within the Aspen Plus system; instead, the mass and energy balances that are found in the
study of Young et al. [333] are adjusted according to the needs of each scenario. The advantage of this
unit is that is self-sufficient in terms of high-quality cooling utilities, while the heat requirement is
provided by the steam produced within the process plant. The electricity consumption, which is
equivalent to 0.58 kWh/kg of O, [333], is supplied by the wind farm to maintain a low carbon

operation.
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6.2.3.5 Heat integration and utilities requirements

The scenarios are heat integrated by applying the Pinch Point methodology which optimizes the
energy requirements, and results into less cold and hot utilities requirements; within this approach,
the cost of the heat exchanger network design is also optimized [337], [338]. The software Aspen Plus
Energy Analyser is used for this heat integration. It receives the data of the hot and cold streams from
the models created in Aspen Plus, and as output the heat exchanger design and the required utilities
are estimated. The selected cold utilities are LP (Low Pressure), MP (Medium Pressure), and HP (High
Pressure) steam generation, as well as cooling water and refrigerant. For the steam generation system
a 5% of water reposition was assumed [339], meanwhile for the cooling water, the make-up water is
calculated in accordance to the environmental conditions of the plant location [295]. The heat that is
generated by the electrolyser is used for low temperature district heating, with a supply and return
temperature of 60 °C and 35 °C [291], [292], with no reposition water since it is assumed that this

cooling water circulates in a closed loop [283].
6.2.3.6 Off-shore wind farm

As proposed in a previous study by the authors [340], the system is connected to a dedicated offshore
wind farm. The estimation of the power generation is based on the hourly wind profile that is
extracted from the NASA-MERRA 2 website [276], for Teeside (Figure 5-2). Furthermore, the number
of turbines for each scenario is adjusted in order that the total injected and total taken electricity are
equal during one year of operation of the process plant [282]. Other alternatives such as the
annexation of a battery bank [278]-[281] was not analysed, since it has been found to have high capital
cost and low energy efficiency [278], [279]. More details on the design of the off-shore wind farm can

be found in Section 5.2.2.2

6.2.4 Economic assessment

The economic feasibility of the SAF production scenarios are reflected throughout the estimation of
important economic KPls, such as the CAPEX, OPEX and MJSP, which are calculated based on several
assumptions as presented in Table 6-3, and using the discounted cash flow analysis (DCFA). The
methodology followed for the economic assessment is described in more detail in Section 3.2. The
PEC for the components of the process plant are detailed in Table 6-4. Similarly, the variable costs for
the OPEX estimation are presented in Table 6-5. The estimation of the OPEX of the AE and the RWGS,
assumptions related to the electricity price, and the AE stack replacement cost are explained in more

detail in Section 5.2.3.
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Table 6-3: Main adopted assumptions for the economic assessment [70], [196].

Location United Kingdom
Plant life 20 years
Currency £

Base year 2022
Plant capacity (based on

feedstocpk inr?/u(t) 20,000 kg FR/h
Discount rate 10%
Federal tax rate 30%
Construction period 3 years
First 12 months' expenditures 10% of FCI
Next 12 months' expenditure 50% of FCI
Last 12 months' expenditures 40% of FCI
Depreciation method Straight line
Depreciation period 10 years
Working capital 5% of FCI
Start-up time 6 months

*FCl = Fixed Capital Investment
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Table 6-4: Purchased equipment cost data.

Equipment Base cost Base Unit Scaling Base Reference
[MM £] capacity factor vyear

Biomass

receive and 1.751 198.1 Wet tonnes FR/h 0.62 2007 [216]

unload

Biomass

storage,

preparation, 4 594 64.6 Wettonnes FR/h 077 1999 [217]

feeding to

atmospheric

gasifier

Compressor 0.40 413 kWielectricity 0.68 2014 [218]

Cooling tower 2.42 4,530.3 kgwater/s 0.78 2014 [215]

Cyclone 0.040 1 m3/s total gas 0.70 2014 [218]
MW, Lhy at

DFBG 9.184 100 moisture content of 0.72 2010 [157]
20%

Drier 5.064 1 m3air/s 0.8 2003 [157]
Electrolyser 22.79° 100 MWoc(for the stack) 0.88° 2020 [103]
c MMcf/h inlet
FT-reactor 6.42 2.52 stream (STP) 0.72 2003 [216]
Hydrocracker 6.23 113 kg/s (feed mass 0.70 2014 [218]

reactor flow)

Hydrogenation 135 819 kg/s (feed mass 0.60 2014 [215]
reactor flow)

Isomerization 5345 1 tonnespoc/year  0.62 2015 [219]
reactor

Pump 0.08 10 m3uax/s 0.36 2014 [218]
RWGS-reactor 4.61 23.89 kg/s reactor output 0.65 2019 [122]
Tar reformer  0.68 12 Nm3/s 0.60 2010 [157]
Zn0O guard bed 0.016 8 m?3/s total gas 1.00 2014 [218]

2Base cost is back calculated from the CAPEX that is provided by the reference (using a
factor of 3.26). PScaling factor is calculated based on the 5MW and 100MW electrolysers
studied for 2020. “Value back calculated from installed cost provided by source (using a
installing factor of 3.6)

MM=Miillion; cf=cubic feet
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Table 6-5: Estimation of the Variable Costs.

Variable Cost (VC)

Products

Price Reference
Naphtha 0.53 £/kg [297]
Diesel 0.44 £/kg [297]
Oxygen 0.060 £/kg [298]
District Heating 0.026 £/kWh [122]
LP Steam 0.0024 £/kg [299]
HP Steam 0.0072 £/kg [299]
A) Feedstock Price Reference
Chips of FR 58.53 £/t [220]
B) Utilities

Price Reference
EIec’Fricity from  wind 0.061 £/kWh a
turbines
Electricity from the Grid  0.026 £/kWh [298]
Waste water treatment 0.415 £/t [58]
Cooling water 0.025 £/t [196]
Feed boiler water 0.784 £/t [58]
Refrigerant (-25 °C) 0.0072 £/kWh b
C) Catalysts

Price Lifetime Reference

[years]

FT synthesis 20.70 £/kg 3 [221]
RWGS reactor 24.95 £/kg 4 [122]
Tar Reformer 3% of VC 3 [196]
Wax hydrocracking 18 £/kg 3 [95]
Wax hydrocracking 23.28 £/kg 3 [221]
VC A+B+C
OPEX FOM+VC

2 Value calculated from SAM P Aspen Plus V10 2016
6.2.5 Life cycle assessment

The environmental impact of the SAF production and utilisation was evaluated according to the
methodology of the life cycle assessment on a Well-to-Wake (WtWa) basis. To ensure consistency and
transparency of the LCA estimations and assumptions, the standardised approach outlined in the
standards ISO 14040 and 14044 was adopted [168]. According to this methodology, the LCA of the
scenarios is divided in four main stages: Goal and scope definition, life cycle inventories,
environmental impact and interpretation [169]. The following sections will briefly explain the

assumptions adopted for the assessment.
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6.2.5.1 Goal and scope definition

The aim of this study is to quantify the environmental impacts of SAF production through various PBtL-
CCS scenarios, and then compare them against the environmental performance of conventional jet
fuel. The analysed scenarios have the same process configuration; however, since the amount of CO;
that is compressed and sent to storage is different for each one, so are the material and energy
balances. Therefore, seven different scenarios are evaluated: 0%TS, 20% TS, 40% TS, 60% TS, 80% TS,
and 100%TS. The boundaries of the scenarios start with the extraction of resources and production of
raw materials, and finish with the utilisation of the produced SAF, also referred as combustion or end
of life, thus a WtWa system, as depicted in Figure 6-2. Given that the SAF is the main product of the
system and that this is used for energy purposes, the functional unit is defined as 1 MJ of SAF produced

based on its LHV, which is assumed at 42.8 MJ/kg [156]. The location of this assessment is the UK.
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Figure 6-2: Well-to-Wake boundaries of the life cycle assessment of the PBtL-CCS scenarios.

6.2.5.2

Life cycle inventories

This section details the data collection in terms of mass and energy flows interactions within the

different stages of the LCA as well as from the interactions of the system with the surroundings. The
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data sources are distinguished as foreground and background data. The foreground life cycle inventory
(LCI) is mainly built upon the resulting mass and energy balances from the Aspen Plus models. The LCI
Ecoinvent 3.6 database, as well as any other external sources are used to generate the LCl of the
background data, as well as for completing any information missing for the foreground LCIl. The
advantage of using Ecoinvent is that it is a very complete database containing a huge variety of LCl for
various sectors. From the system models available, the “allocation, cut-off by classification-system” is
chosen, as recommended by Ecoinvent [173]. Given the chosen location for the SAF production plant,
preferably, UK LCI are chosen, but in the absence of this geographical coverage, Europe, Global, or
Rest of the World databases are selected, in order of preference. More insight on the assumptions
and data sources of the LCI for the stages inside the system’s boundaries is provided in: i) Forest
residues chips production and transport, Section 4.3.3.3; ii) Electrolyser and Wind farm, Section
5.2.4.3; iii) Refinery plant, APPENDIX C-1; iv) CO, compression transport and storage, Section 4.3.3.3;
v) Transport and final use of jet fuel, Section 4.3.3.3. Additionally, the tables summarizing the inputs

and outputs of the LCls are presented in APPENDIX C-1.
6.2.5.3 Multi-functionality

Initially, 1ISO 14040 guidelines advice tackling a multifunctional system by applying subdivision or
"system expansion." However, in specific situations when this approach is not applicable, the
subsequent recommendation is the allocation based on a physical relationship. Lastly, when neither
of the approaches is deemed suitable, the economic allocation is advised by the guidelines [170].
Nevertheless, past LCA studies for the production of sustainable fuels observed a tendency of the
system expansion approach on calculating lower GWP since in most cases, the co-products were
substituting analogous goods with high emissions intensities, such as those of fossil origin [80], [171],
[172]. In this sense, the preferred approach for such multifunctional systems is allocation by energy
and this approach has been considered herein. The boundaries of the proposed LCA include two
multifunctional systems: The alkaline electrolyser and the refinery plant. For the AE or the refinery,
allocation means the distribution of the environmental impacts related to its operation, and
maintenance, as well as the upstream environmental impacts of all the inputs (energy, or materials),
among the outputs of the system. Table 6-6 describes the baseline approach and other
complementary approaches. A “YES” means that the related product is considered as a product for

the corresponding allocation approach.
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Table 6-6: Allocation approaches for the multifunctional system of the WtWa PBtL system.

APPROACH
PRODUCT/CO- 1 (Baseline | APPROACH | APPROACH | APPROACH | APPROACH
PRODUCT/BY- allocation 1B 2 3 4
PRODUCT
approach)
Allocation NO* NO* EXERGY NO* NO*
) Hydrogen YES YES YES YES YES
Alkaline
Oxygen NO NO YES NO NO
Electrolyser District
Istric NO NO YES NO NO
heating
Allocation ENERGY ENERGY ENERGY EXERGY ECONOMIC
SAF YES YES YES YES YES
Refinery Naphtha YES YES YES YES YES
Plant and Diesel YES YES YES YES YES
upstream LP,MP,HP
inputs Steam NO NO NO YES YES
By-products
from ASU NO NO NO YES YES
Allocation NO** ENERGY NO** NO** NO**
€O, storage SAF YES YES YES YES YES
2 Storag Naphtha NO YES NO NO NO
Diesel NO YES NO NO NO

*Meaning that no allocation is applied, and all the emissions go to the produced hydrogen
**Meaning that the total net negative emissions are substracted only from the WtWa GWP of the
SAF

The “baseline approach” is a conservative allocation method recommended in a methodological tool
by the UNFCC [341]. Following this approach, emissions are only allocated to the main product of a
system. Consequently, for the AE, the emissions from the electrolysis and its upstream activities are
solely allocated to the produced hydrogen. For the refinery plant, this translates similarly, and all
emissions are allocated to the produced fuels (SAF, diesel, and naphtha) on an energy basis. The choice
of this conservative "baseline approach" is supported by the argument that by-products are not
produced in significant quantities or that they have little economic or energy significance in
comparison to the main products [309], [341]. However, in order to provide more than one set of
results, additional allocation approaches are proposed as described in Table 6-6, and relevant results

are provided in the results section of the sensitivity analysis.
6.2.5.4 Impact assessment

For the evaluation of the environmental impact as described in the LCIs of the different stages of the
system, the ReCiPe midpoint (H) method was chosen. This method is widely applied by LCA
practitioners, as it calculates 18 midpoint impact categories, among which the GWP for a 100 years’

time horizon [342]. The accounting of the carbon requires a differentiation between the one of
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biogenic or fossil origin due to the storage of CO,. Biogenic feedstock, such as forest residues requires
an uptake of atmospheric CO,, which is listed as “Carbon dioxide, in air” in the “Inputs from nature”
section of the wood chips LCl from Ecoinvent. This carbon experiences a series of physical and
chemical transformation until it is released back to the air during the combustion of the SAF; therefore,
null GWP characterization factors are assigned to the “Carbon dioxide, in air” and “Carbon dioxide,
biogenic” as suggested by the IPCC guidelines [343]. Nevertheless, not all the carbon intake is released
through the combustion of the fuel, since some scenarios are coupled to CO; storage. For this, the
recommended approach is to consider as “negative emissions” when biogenic CO; is store [242],

therefore a characterization factor of “-1” is applied in these cases.

6.2.6 Sensitivity and uncertainty analysis

Table 6-7 and Table 6-8 summarize the parameters for which the greatest uncertainty is observed and,
according to previous studies [171], [340], they are also the ones that contribute the most to the final

indicators of economic and environmental performance.

Table 6-7: Parameters considered for the sensitivity and uncertainty analysis of the TEA.

Parameter Nominal value. (for all Minimum | Maximum
the scenarios)

H, generation cost [£/kg H,] *Different for each 1 8
scenario, to be

CAPEX refinery [MME£] presented inresults | 550, +50%"

section

Cost of wind farm electricity [£/kWh] 0.06 -50%° +50%°

Network cost [£/kWh] 0.01 0 -

TAX rate [%)] 30 0 40

Discount rate [%] 10 8 12

Feedstock cost [£/kg] 0.06 -50%° +50%°

If Naphtha and diesel gate prices same as MJSP N/A i i

of SAF

2 Percentage points lower than the nominal value
b percentage points larger than the nominal value

The selection of the uncertainty range of -30% to + 50% for the CAPEX of the process plant is based
on the suggestion by the AACE International [244]. Acknowledging that the CAPEX and OPEX of the AE
is also subjected to uncertainty, the cost of H is chosen for ease of representation, instead of analysing
the two parameters individually. Therefore, the H, production cost is calculated for each scenario. The
minimum and maximum discount rates of return represent optimistic and pessimistic scenarios,
respectively [245], and the same applies for the tax rate. Moreover, it is also assumed that in an

optimistic scenario this type of renewable projects could benefit from the exemption of network cost
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payment [303]. For the other parameters a £ 50% range of uncertainty was considered. An additional
scenario is also analysed, by considering that the naphtha and diesel are also sold at the same price of

the SAF; however, this scenario is not considered for the probabilistic TEA.

Table 6-8: Parameters considered for the sensitivity and uncertainty analysis of the GWP.

Nominal value .. .
Parameter X Minimum Maximum
(for all the scenarios)

Wind electricity carbon intensity

15.25 7 225
[gCOZQq/kWh]
GWP of FR chips production b

42. -309 %
[gCO2eq/kg wood chips dry basis] 3 30% +30%
GWP of Transport of FR chips b

18.1 -309 200%°
[gC02eq/kg wood chips dry basis] 8.16 30% +200%
GWP of CO; compression, T & S b

222 -109 10%°¢

[gC02eq/kg of CO; to storage] 3 0% +10%
Alkaline Stack efficiency (%) 68.81 58.00 73.00
UK grid [gCO2eq/kWh] 193.38 - -
No upstream emissions wind 0 i i

electricity [gCO2eq/kWh]
Allocation, Approach 2 - -

Allocation, Approach 3 - -
Allocation, Approach 4 - - -
2For the scenario 0%TS, the nominal value of this parameter is 0

bPercentage points lower than the nominal value

‘Percentage poinst larger than the nominal value

Five main parameters are chosen for the analysis of the sensitivity of the GWP, as presented in Table
6-8. In previous studies, PBtL and PtL configurations were found to be highly affected by the choice of
electricity source; therefore, the effect of the GWP of the wind farm electricity is tested for. The
selected bandwidth of the carbon intensity for the off-shore wind farm electricity was reported in a
National Renewable Energy Laboratory (NREL) report [307], that summarised and harmonised the
findings of numerous LCA. Following, the AE efficiency is also tested, for which the chosen range is
based on the minimum and maximum values that were found in the literature [284], [311]-[313]. For
the GWP of the FR production and transport, and the GWP of CO, compression, T & S ranges of + 30%
or £10% of their nominal values are chosen depending on whether their uncertainty is high or
moderate [171]. However, the maximum value for the range for the FR transport is set as +200% of
the nominal value, considering a pessimistic scenario where feedstock supply might be covered from
forest that are very far. In addition, the effect of the different allocation methods, as described in

Table 6-6, was tested.

The probabilistic TEA and LCA are important since they are able to reflect the uncertainty of the

estimating parameters [344]. Therefore, this study also performed probabilistic assessment based on
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the uncertain parameters presented for the TEA and the LCA, as depicted in Table 6-7 and Table 6-8
respectively. The statistical Monte-Carlo approach changes the uncertain parameters at the same
time, choosing arbitrary values between the given uncertain rages for each of them. Assuming a
triangular distribution for all the parameters, and executing 10,000 trials, the MJSP and the GWP are

recalculated, and estimate mean, median, and standard deviations for each of them.

6.3 Results

6.3.1 Technical results
6.3.1.1 Overall mass and energy balances, and PBtL efficiencies

Table 6-9 summarizes the main inputs and outputs of Aspen Plus simulations for all scenarios. As PBtL
configurations are power-intensive processes, the breakdown by process section of the required
electricity is also presented. The inlet of forest residues is constant among the different scenarios,
while the amount of CO; sent for storage gradually increases from the 0%TS to the 100%TS scenario.
An increase in the flowrate of CO; that is sent for storage is associated with lower carbon circulating
throughout the various refinery sections, lower SAF production, and lower hydrogen demand (which
is equivalent to a lower electricity requirement). Furthermore, from the 50%TS scenario onwards, the
reduced demand for hydrogen makes it necessary to install an ASU to cover the gap between the
oxygen requirement of the process and the amount produced in the electrolyser. The PBtL efficiency
gradually increases from the 0%TS to the 100%TS scenario and this can be attributed to the reduction
of the electricity demand, especially for the electrolyser, where a share of the required electricity is

converted into heat.

Table 6-9: Main input/output process streams and electricity requirements for the proposed PBtL

scenarios.
Scenario

Main inlet/outlet | oo | J00Ts | 40%TS | 50%TS | 60%TS | 80%TS | 100%TS
streams [kg/h]
Forest residues 285714 28571.4 28571.4 285714 28571.4 28571.4 28571.4
Naphtha 3294.35 2820.01 2493.33 2360.31 2221.73 2019.48 1830.23
SAF 6617.46 5770.66 4984.25 4668.55 4399.18 3909.27 3499.67
Diesel 1951.85 1707.36 1475.64 1382.95 1303.54 1158.97 1037.22
CO; to storage 658.69 5478.44 951438 11185 12688 15270.9 17494.1
Electricity requirements [MW]
Electrolyser 286.41 219.68 164.73 142.49 122.98 89.13 61.22
Refinery plant 25.57 23.44 21.76 21.14 20.68 19.79 19.15
ASU 0 0 0 0.3 1.3 3.01 4.48
CO;compression 0 0.6 1.04 1.22 1.38 1.66 1.9
PBtL efficiency (%) | 34.05% | 35.44% | 36.85% | 37.55% | 38.09% 39.31% | 40.41%
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6.3.1.2 Electricity requirements and wind farm design

Table 6-9 exhibits the electricity requirements for the various sections of the analysed scenarios. This
information reveals that among all the components for all scenarios, the highest consumption is
attributed to the electrolyser, which requires between 71% to 92% of the total power demand. The
power demand of the refinery plant represents the second-largest electricity consumption, ranging
from 8% (0%TS) to 22% (100%TS). The balance is attributed to the power demand of the ASU and/or
the CO, compression, depending on which PBtL-CCS scenario is analysed. In brief, the proposed
scenarios are energy-intensive, mostly due to H, production. Moreover, the energy penalty of coupling

a CCS section is almost negligible, even for the scenarios that send large amounts of CO; for storage.

To address these substantial electricity requirements, a dedicated offshore wind farm was connected
to the PBtL system, which was sized according to the criteria explained in Section 6.2.3.6. Based on
the wind speed profile of the plant location and the number of wind turbines, the energy generation
profile for all scenarios was calculated using SAM software. Given that the wind profile and the wind
turbine model are the same across all scenarios, their energy generation profile only differ in the
amount of energy generated. Therefore, only the energy generation profile of the 0%TS scenario is
presented in Figure 6-3. This latter highlights the fact that the power supply is not constant and the

need for a backup power system, particularly during spring and summer periods.

Annual AC energy
in 1 year [kW] _><105

Hour

50 100 150 200 250 300 350
Day
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Figure 6-3: Power curve for the wind farm of the 0%TS scenario.
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APPENDIX C-3 summarizes the number of wind turbines calculated for each scenario, the total power
from the wind farm to the system, the power from the grid to the system, and the excess power from
the wind farm to the grid. The estimated number of wind turbines decreases from 164 to 46 for the
0%TS scenario to the 100%TS scenario, as the electricity requirement gradually decreases. Moreover,
there is a slight discrepancy between the excess wind electricity sent to the grid and the power

received from the grid, but in all cases the former is slightly larger than the latter.
6.3.1.3 Carbon and hydrogen conversion efficiencies

Figure 6-4 and Figure 6-5 depict the flow of the carbon and the hydrogen throughout the main sections
of the refinery for all scenarios, while Table 6-10 and Table 6-11 quantitatively describe the molar
flows of carbon and hydrogen for the involved streams as depicted in their corresponding figures.
Carbon only enters the system as forest residue and after undergoing various transformations, it
leaves the refinery plant as gasoline, diesel, SAF, and CO,. The input of forest residues is constant
across the different scenarios, while the amount of CO; that is sent to storage varies, and this results
in different carbon conversion efficiencies with the 0%TS and 100%TS scenarios having the largest and

the lowest values, respectively.

On the other hand, there is more than one input stream of hydrogen: 1) pure hydrogen coming from
the AE for the RWGS reactions, the saturation of the olefins produced in the FT reactor and for the
hydrocracking reactor; 2) hydrogen contained in the forest residues ; and 3) steam for the gasifier. The
hydrogen is either found in the fuels or lost as water since the latter is produced during the RWGS, FT,
and combustion reactions. Consequently, the hydrogen conversion efficiency is constrained to values
below 23%, which is relatively low when compared to the estimated carbon conversion efficiencies.
Furthermore, the amount of pure hydrogen required in the process is determined by the quantity of
carbon available in the system as a whole. Given that the conversion of this hydrogen depends on the
chemical reactions within the system, the hydrogen conversion efficiencies are very similar across
different scenarios (i.e. 21.52% to 22.59%). As a result, the amount of CO, sent for storage does not

have a substantial impact on them.
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Figure 6-4: Flow of carbon throughout the main process units of the refinery plant.
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Figure 6-5: Flow of hydrogen throughout the main process units of the refinery plant.
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Table 6-10: Molar flowrates of carbon among the various sections of the refinery for the different

scenarios.
Scenarios

Fka;:‘:"c Ih] low | oots | 20%Ts | 40%Ts | 50%Ts | 60%TS | 80%TS | 100%Ts
Biomass 84156 | 841.56| 841.56| 841.56| 841.56| 841.56| 841.56
Syngas 1 634.69 | 634.69 | 634.69| 634.69| 634.69| 634.69| 634.69
Syngas 2 634.69 | 634.69 | 634.69| 634.69| 634.69| 634.69| 634.69
Syngas 3 243427 | 2112.84 | 1843.41 | 1739.68 | 1658.03 | 1517.48 | 1429.55
Syngas 4 243428 | 2112.84 | 1843.40 | 1739.69 | 1658.04 | 1517.48 | 1429.54
Syngas 5 5071.62 | 4484.73 | 3856.01 | 3616.23 | 3389.55 | 2986.76 | 2646.70
Syncrude 1627.66 | 1191.83 | 1006.62 | 932.93 | 866.37 | 740.47 | 630.98
Wax 299.65 | 255.71| 146.97 | 123.76 | 203.43| 137.26| 129.96
t;j;‘:gcarbons 283.22 | 241.40| 137.57| 11558 | 192.18| 12887 | 122.15
Recycle 1 2637.34 | 2371.89 | 2012.61 | 1876.55 | 1731.51 | 1469.29 | 1217.15
Recycle 2 1087.72 | 980.22 | 885.42 | 851.51| 831.59| 796.21| 794.86
Recycle 3 709.34 | 49541 | 32330| 25349 | 191.76| 86.58 0.00
Flue gas 1 206.79 | 206.79| 20679 | 206.79| 206.79| 20679 | 206.79
Recycling gases 1 | 3727.05 | 3292.78 | 2849.31 | 2683.23 | 2523.12 | 2246.27 | 2015.71
Recycling gases 2 | 498.61 | 457.50 | 371.37 | 336.82 | 301.34| 236.94| 178.53
Recycling gases 3 16.43 14.31 9.41 8.18 11.25 8.39 7.81
Recyclinggases 4 | 517.03 | 412.47 | 332.06| 300.18 | 272.60| 226.10| 190.04
Flue gas 2 517.03 | 412.47| 332.05| 300.18| 272.60| 226.10| 190.04
Naphtha 22574 | 19323 | 170.77 | 161.63| 152.05| 138.11| 125.04
SAF 465.61 | 406.03 | 350.70 | 328.48 | 309.53 | 275.06| 246.24
Diesel 138.06 | 120.77 | 10438 | 97.82| 9220| 81.98| 7337
CO, to storage 14.48% | 123.85| 21554 | 253.49 | 287.63| 34631 | 396.83
CARBON
CONVERSION 98.56% | 85.56% | 74.37% | 69.86% | 65.80% | 58.84% | 52.84%
EFFICIENCY (%)

* This is a purge stream, to avoid accumulation of inert gases
The green highlights denote that the streams are inlets or outlets of the system

162




Table 6-11: Molar flowrates of hydrogen among the various sections of the refinery for the different

scenarios.
Scenario

'["k‘ﬁz’ie/';] flow | hoers 20%TS | 40%TS | 50%TS | 60%TS | 80%TS | 100%TS
Biomass 2356.56 | 2356.56 | 2356.56 | 2356.56| 2356.56 | 2356.56 | 2356.56
Steam 888.13 | 888.13| 888.13| 888.13| 888.13| 888.13| 888.13
Hydrogen 1 5130.44 | 3914.60 | 2934.42 | 253322 | 2160.74 | 1557.77 | 1051.37
Hydrogen 2 12803 | 113.27 95.26 88.09 81.60 69.42 | 5887
Hydrogen 3 62.74 53.54 30.82 25.97 42.59 28.76 | 27.23
Syngas 1 255422 | 2544.09 | 2544.09 | 2544.09 | 2544.09 | 2544.09 | 2544.09
Syngas 2 2547.08 | 2547.08 | 2536.99 | 2536.99 | 2536.99 | 2536.99 | 2536.99
Syngas 3 10747.25 | 9309.01 | 8106.88 | 7637.80 | 724895 | 6605.03 | 6175.35
Syngas 4 9738.18 | 8548.86 | 7539.69 | 7149.56 | 6835.08 | 6307.90 | 5976.55
Syngas 5 17180.34 | 15438.14 | 13529.93 | 12807.79 | 12146.99 | 10940.14 | 9937.98
Syncrude 308553 | 2746.12 | 2320.23 | 2150.67 | 1997.06 | 1704.69 | 1449.37
Wax 611.82 | 52237 | 303.42| 256.41| 41522 281.96| 266.58
t;j;:icarbons 593.15| 506.19| 296.40 | 251.35| 402.12| 274.09| 258.82
Recycle 1 744213 | 6889.27 | 5990.26 | 5658.20 | 5311.91 | 4632.25 | 3961.43
Recycle 2 3069.35 | 2847.10 | 263533 | 2567.48 | 2551.14 | 2510.24 | 2587.00
Recycle 3 0.36 0.22 0.13 0.10 0.07 0.03 0.00
Flue gas 1 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Recycling gases 1 | 10665.88 | 9734.67 | 8654.33 | 8261.64 | 7891.40 | 7223.85| 6680.34
Recycling gases 2 | 1223.19 | 1130.02| 921.76 | 838.10| 752.25| 594.86| 451.60
Recycling gases 3 81.41 69.73 37.84 31.03 55.69 36.62 | 34.98
Recycling gases 4 | 1458.98 | 1198.03 | 988.34| 905.11| 836.28| 712.83| 618.51
Flue gas 2 0.37 0.28 0.22 0.21 0.18 0.15 0.13
CO, to storage 0.01 0.06 0.09 0.10 0.11 0.12 0.13
Waste Water 1 1009.10 | 760.16 | 567.13| 48822 | 413.85| 297.14| 198.80
Waste Water 2 2865.75 | 249278 | 215339 | 2016.76 | 1901.40 | 1691.17 | 1517.31
Waste Water 3 691.68 | 578.18| 497.57| 467.08| 43899 | 390.14| 350.03
Waste Water 4 145859 | 1197.76 | 988.18 | 90491 | 836.09| 712.69| 618.38
From Dryer 704.87 | 70487 | 704.87| 704.87| 70487| 704.87| 704.87
Naphtha 53537 | 45828 | 40526 | 383.68| 361.12| 328.26| 297.43
SAF 1016.99 | 886.82 | 76596 | 717.44| 676.03| 600.74| 537.79
Diesel 29130 | 254.82| 22023| 206.40| 19455| 172.97| 154.80
HYDROGEN

CONVERSION | 21.52% | 21.84% | 22.07% | 22.19% |22.27% | 22.49% | 22.59%

EFFICIENCY (%)

The green highlights denote that the streams are inlets or outlets of the system

Discussion and validation of the technical results of the PBtL scenarios: A literature review evidences

a variety of PBtL configurations for the production of FT-syncrude that were evaluated; they differ
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from each other by the choice of technologies/operating conditions, such as the type of gasifier,
gasification agent, type of electrolyser, use of oxygen for fired heaters etc. As a consequence, a wide
range of carbon conversion efficiencies are reported, ranging from 33.8% to 97.7%. Most of these
studies concluded that PBtL processes have higher carbon conversion efficiencies than BtL [39], [138],
[142], [147], and that they have lower or even achieve similar efficiencies compared to PtL scenarios,
depending on the process configuration choices. In this study, regardless of the amount of CO; that is
sent to storage, the estimated carbon conversion efficiencies of the various PBtL scenarios are higher
than that of an analogous BtL scenario that was evaluated by the authors [171]. When compared
against a similar PtL system (also evaluated by the authors) [340], the 0%TS and 20%TS PBtL scenarios
achieve comparable carbon conversion efficiencies. Further, in the literature, the reported PBtL
efficiencies range from 32.1% to 54.8% [39], [147], and these are in good agreement with those
calculated herein, i.e. 34.05% to 40.41%. The hydrogen conversion efficiency has not been discussed
in other PBtL studies, but when compared to the PtL literature, it is evident that for both
configurations the efficiency is constrained to low values due to the water production in the FT and
RWGS reactors. It should be mentioned that, the gasification model utilised was previously validated
in [171], while the FT model was developed and adjusted to experimental values by Marchese et al.

[64].
6.3.1.4 Heat integration

Another important output of the process modelling is the estimation of the heating and cooling
requirements. These heat interactions were translated into hot and cold composite curves, which are
presented in Figure 6-6 for the 0%TS, 50%TS, and 100%TS scenarios (the results for the other scenarios
are found in the APPENDIX C-2). The figures show the streams that require cooling in red and those
that require heating in blue. The high-temperature heat requirements of the tar reforming and RGWS
reactions are met by the oxycombustion of a fraction of the recycling gas, and therefore these units
were not considered for the heat integration. Similarly, the ASU was not considered for this integration
since the cooling requirements are internally supplied while the heating is met by internally generated
MP steam. The hot and cold composite curves exhibit that there is no pinch point temperature and
that the system's heat integration is a "threshold problem", meaning that one single thermal utility is
required. All the scenarios are self-sufficient in terms of heat requirements, and only external cold
utilities are needed. After the heat integration of the process streams, more excess heat at moderate
temperatures was available, therefore LP, MP and HP steam are generated. Some of this steam is

used within the process (e.g., gasifier, ASU); the mass flows of available steam for sale is detailed in

164



Table 6-12. Other cooling utilities that were used were cooling water and refrigerant (only for one

process stream).
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Figure 6-6: Composite curves of the A) 0%TS scenario, B) 50%TS scenario, and C) 100%TS scenario.
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Table 6-12: Net steam production for the various scenarios.

Scenario

Steam

available for 0%TS 20%TS 40%TS 50%TS 60%TS 80%TS 100%TS
sale

sz/s;f o 73,202 | 58,039 | 48,411 | 43,714 | 39,309 | 35902 | 31,946
MP Steam

[ka/h] 172,050 | 148,244 | 127,842 | 119,483 | 112,084 | 98,791 86,182
hf;:ﬁam 6,643 | 5555 | 4,820 | 4,480 | 4,192 | 4,087 2,900

6.3.2 Economic performance

Figure 6-7 presents the summary of the CAPEX and the breakout for all scenarios. For the 0%TS and
20%TS scenarios, the dominant element of the CAPEX is the electrolyser, which represents a share of
48% and 44%. As the amount of CO; sent to storage increases, the CAPEX decreases due to the
reduction of the plant’s productivity (and hence equipment size). The reduction is not linear, since at
50%TS, the ASU CAPEX appears (as the oxygen generated in the electrolyser is no longer enough for
the gasifier and the oxycombustors) and this additional equipment slows down the pace of the overall
CAPEX reduction. For the scenarios 40%TS, 60%TS, 80%TS, and 100%TS, the CAPEX of the “RWGS, FT,
and upgrading” takes over as the primary CAPEX contributor. Further, the CAPEX of the “CO,
compression” section, even for the scenarios with large amounts of CO, sent for storage, is very small;

thus, the addition of the CCS supply chain is not expensive.
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Figure 6-7: CAPEX breakdown for the different scenarios.
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Figure 6-8: OPEX breakdown for the different scenarios, in £/MJ of SAF.
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The normalised OPEX per MJ of SAF and its breakdown across all scenarios is presented in Figure 6-8.
The largest OPEX was calculated for the 0%TS scenario, while the lowest was found for the 100%TS
scenario. As more CO; is sent for storage, the OPEX decreases since less hydrogen is required for the
process. Across all scenarios, the cost of wind electricity dominates the OPEX, with shares ranging
from 65% for the 0%TS scenario to 47% for the 100%TS scenario. The second most significant
component is the cost of the forest residue chips, which accounts for 11% and 21% for the 0%TS and
the 100%TS scenarios, respectively. Notably, the 100%TS scenario incurs the highest cost for
“transport and storage of CO,,” yet this expense only represents 3% of its overall OPEX. In conclusion,
the OPEX of the proposed SAF production scenarios are electricity-dependent, and the annexation of
CCS does not significantly increase their operational expenditures. Therefore, substantial OPEX

reductions rely on lowering the cost of the electricity source.
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Figure 6-9: MJSP for the scenarios in £/MJ of SAF.

Despite the varying productivity of the scenarios, their MISPs are not significantly different, as
depicted in Figure 6-9. There is no defined trend for these variations since, in some scenarios, the
CAPEX changes significantly due to the addition of the ASU. From the information provided in Figure
6-8 and Figure 6-9, it is clear that the MJSP for all cases is OPEX-intensive (e.g., 74% to 88% of the
MJSP) and therefore electricity-dependent. None of the scenarios could break even the gate price of
the fossil jet fuel, which is equal to 0.0131 £/MJ [256]; however, the estimated MJSPs show a clear

reduction when compared to a PtL scenario for SAF production [340]. Finally, it is important to
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highlight that the cost of adding CCS does not highly affect the final MJSP, and therefore these PBtL-

CCS configurations show their potential as negative emissions technologies (PBtL-CCS).

Comparison of the economic performance of the PBtL scenarios with previous research: Previous
studies on PBtL configuration show a wide range of economic performance indicators due to
differences in technology selection, process configuration, and final product. Summarizing those
studies that assessed PBtL for SAF production, the selling price ranges between 0.0290 £/MJ and
0.0636 £/M1J [39], [147], [345]. The MISPs of this study are in the upper range of the reported values.
Furthermore, these studies also found that the driver for the MISP value is the OPEX, which is mainly

dominated by the cost of the electricity and the feedstock.
6.3.2.1 MIJSP sensitivity and uncertainty analyses

Figure 6-10 presents the results of the sensitivity analysis on the MJSP. The production cost of H,, the
electricity cost, and the refinery’s CAPEX are responsible for the largest variations of the MJSP for all
the analysed scenarios. Considering that the production of H; is the biggest electricity consumer, it
could be summarised that the MJSP is highly sensitive to the electricity price. This affirmation becomes
more noticeable for the 0%TS scenario since it has the largest power requirement among all scenarios.
Furthermore, if naphtha and diesel are sold at the same price as the SAF’'s MISP, this latter
considerably drops. As long as there is a desire to encourage the use of renewable naphtha and diesel,

this strategy presents a chance to lower the cost of SAF production.

Furthermore, Figure 6-11 represents the sensitivity of the MJSP at different H, and forest residues
costs for the 0%TS, 50%TS, and 100%TS scenarios (for the other scenarios, please refer to APPENDIX
C-4). While the cost of forest residues may not have a significant impact on the MIJSP, their limited
availability and resource competition can introduce FR cost volatility, which can potentially impact the
economics and feasibility of the proposed SAF production scenarios [346]. From the information
provided by Figure 6-11, it is again concluded that the wind electricity cost is the main driver for the
MISP value; especially for the 0%TS, where the effect of the FR cost in the considered window of

prices, is smaller. The MJSP becomes more sensitive to the FR cost for the 100%TS scenario.

170



H2 cost

CAPEX refinery

Electricity cost to run
the plant*

Network cost
TAX rate
Discount rate

Feedstock cost

Naphtha and Diesel
gate prices equal MJSP|

H2 cost

CAPEX refinery

Electricity cost to run
the plant*

Network cost
TAX rate
Discount rate

Feedstock cost

Naphtha and Diesel
gate prices equal MJSP

0%TS 20%TS 40%TS 50%TS
0.023 0.171 | 0.026 0.155 0.141 0.031 0.135
0.077 0.059 0.076 0.077 0.079
0.085 0.050 0.081 0.079 0.053 0.079
0.061

0.070 0.061 M 0.068 0,067 0.068

0.072 0.061 W7 0.070 0.070 0.071

0.071 0.062 Wi 0.070 0.070 0.071

0.043 0.042 0.042
.00 0.05 0.10 0.15 .00 0.05 0.10 0.15 .00 0.05 0.10 0.15 .00 0.05 0.10 0.15
Jet Fuel MUSP (£/MJ) Jet Fuel MISP (£/M)) Jet Fuel MISP (£/MJ) Jet Fuel MISP (£/M))
60%TS 80%TS 100%TS
0.035 0.130 0.039 0.116 0.044 0.103
0.082 0.056 0.082 0.054 0.085
0.055 0.080 0.055 0.076 0.056 0.075
0.063 0.063

0.070 0.061 0.068 0.061 0.068

0.072 0.061 0.071 0.060 0.071

0.072 0.060 0.072 0.059 0.072

0.042 0.041 0.041
.00 0.05 0.10 0.15 .00 0.05 0.10 0.15 p.00 0.05 0.10 0.15
Jet Fuel MISP {£/MJ) Jet Fuel MISP (£/M)) Jet Fuel MISP (£/MJ)

*Electricity is used for the electrolyser, the refinery, the ASU, and the CO, compression.

Figure 6-10: Sensitivity analysis on the MISP for the various scenarios.
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Further, a probabilistic estimation of the MISP is presented in Table 6-13. Given the wide range that
was assigned for the cost of production of H,, the standard deviations are relatively high, and
therefore, a wide range of possible values for the MJSP are estimated. Moreover, it should be noticed
that the effect of the uncertainty of the H; cost is reflected in the mean values, which are higher than
those estimated from the deterministic economic assessment. In addition, the lower range of the
confidence intervals shows that even in the most optimistic conditions, the PBtL-CCS scenarios are not

feasible.

Table 6-13: Monte Carlo results for the estimation of the MISP.

Standard 95%
Scenario Mean Median L. Confidence Units
Deviation
Interval

0%TS  0.087 0.084 0.032  0.025t00.149
20%TS 0.083  0.080 0.028  0.0281t00.137

40%TS  0.079  0.077 0024  0.031t00.126 ¢y
50%TS 0.078 0.076 0.023  0.034t00.122 of
60%TS 0.078 0.077 0.021  0.037t00.119 SAF
80%TS 0.075 0.074 0.018  0.040to 0.109
100%TS 0.072  0.072 0.015  0.044to 0.101

6.3.3 Environmental performance

The Recipe Midpoint (H) method calculated 18 environmental impacts, from which two are discussed
in the main manuscript, while the others are presented in APPENDIX C-5, calculated under the

“baseline allocation approach”.
6.3.3.1 Global warming potential (GWP)

Figure 6-12 depicts the results of the GWP for the different scenarios, following two different
allocation approaches, as explained in Table 6-6. The "baseline allocation approach," denoted as
Approach 1 and represented by orange points, attributes the net negative emissions of CO, storage
solely to SAF, resulting in a more negative WtWa GWP for each scenario. On the other hand, Approach
1B, represented by blue points, distributes the negative emissions among the SAF, naphtha, and diesel
based on their energy content. Considering that the utmost interest of the system is the production
of SAF, and that the aviation industry has set the target of “Net-zero” by 2050, the outputs of Approach

1 are considered the main WtWa GWP results. Furthermore, they serve as the foundation for

sensitivity analyses and for discussions on GWP results in the subsequent sections. It should be noted,
regardless the allocation approach used, the amount of net negative CO2eq stored permanently

remains the same and this equals to 17,464 tCO,/y for the 20%TS and 126,214 tCO,/y for the 100%TS.
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Figure 6-12: GWP as a result of the main and second approach for the attribution of negative

emissions, upon the “baseline scenario” (as defined in Table 6-6) allocation method.

The estimation of the GWP results in negative emissions even at 20%TS scenario. Figure 6-13 presents
the breakdown of the GWP by LCA stages for each scenario, which are on its turn differentiated
between emissions originated from the wind farm electricity and those unrelated to it. Without
considering the negative contribution of the CO, storage, the major drivers for the GWP of each
scenario are the wood chips production and transport, and the wind electricity that is used for the AE
operation. Despite the absence of CO, storage, the 0%TS scenario achieved a notably low GWP (13.93
gC02¢4/MJ) when compared to the estimated value for a PtL SAF scenario [340] and relatively close to
the GWP of a BtL SAF scenario [171]. Furthermore, all the scenarios meet the threshold for emissions
reductions specified in existing normative, such as the European Renewable Energy Directive Il (RED
I1) [175], the Renewable Fuels Standard (RFS) [176], and the UK SAF mandate [19]. The estimation of
the GWP was addressed by previous research for the PBtL scenario; however, specific LCAs for the SAF
production from a PBtL-CCS configuration were not found. Habermeyer et al. [137], [147] have
performed a carbon accounting considering the most important stages of the WtWa boundaries, from
which they found that green electricity plays an important role on the final specific fuel emissions,

which agrees with the results for the 0%TS scenario.
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Figure 6-13: Breakdown of GWP for the various scenarios.
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6.3.3.2 Sensitivity analysis on the GWP

Figure 6-14 presents the results of the sensitivity analysis on the GWP. A change in the carbon
footprint of wind farm electricity (referred to as “electricity carbon intensity”) causes the largest
variation. Additionally, Figure 6-14 presents the GWP of the alternative scenarios that were proposed
based on: 1) various allocation approaches (as described in Table 6-6: Allocation approaches for
the multifunctional system of the WtWa PBtL system.Table 6-6), and 2) the use of other electricity
sources. The choice of the allocation method slightly affects the results, with approach 4 (economic
allocation in the refinery plant) being the one that induces the largest variation. On the other hand,
the use of a different electricity source has a high impact on the GWP. For example, when grid
electricity is used, the GWP of all the configurations considerably increases; despite this, for scenarios
such as 50%TS, 60%TS, 80%TS, and 100%TS, the produced SAF still complies with the 50% emissions
reduction threshold of the SAF mandate. Furthermore, if upstream emissions of wind electricity are
neglected (as suggested by the SAF mandate), the carbon accounting leads to low GWP for all the

scenarios.

Given that it was determined that the main contributor to the GWP is the electricity consumption, the
sensitivity of the WtWa GWP under different electricity sources and system’s power requirements is
presented in Figure 6-15 for the 0%TS, 50%TS, and 100%TS scenarios. The UK SAF mandate defines
that a SAF should demonstrate a 70% reduction on the GWP in the most strict threshold, or a 50%
reduction in a most reliant case, with respect to the emissions of fossil jet fuel (GWP equal to 89
g8C02e4/MJ) [17], [19]. For the 0%TS scenario, despite the absence of CO, storage, the WtWa emissions
comply with the SAF mandate restrictions under the considered electricity carbon footprint and
consumption ranges proposed in Figure 6-15, while for the 100%TS scenario, the GWP of the SAF is
always negative. The figures representing the results for the other scenarios are presented in

APPENDIX C-6.
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Figure 6-14: Sensitivity analysis on the GWP for the various scenarios.
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Figure 6-15: The GWP of the WtWa life cycle of SAF for different electricity sources and different

electricity consumption for the: A) 0%TS scenario, B) 50%TS scenario, and C) 100%TS scenario.
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Table 6-14: Monte Carlo results for the estimation of the GWP.

Scenario Mean Median Star:nda.rd 95% Confidence Units
Deviation Interval
0%TS 14.43 14.47 2.02 10.47 to 18.40
20%TS -8.24 -8.22 1.85 -11.86 to -4.62
40%TS -31.17 -31.15 1.68 -34.47 t0 -27.88
50%TS -42.79 -42.78 1.60 -45.93 to -39.65 gC02q/MJ
60%TS -54.39 -54.38 1.54 -57.40 to -51.37
80%TS -78.67 -78.68 1.41 -81.44 t0 -75.90
100%TS -104.54 -104.55 1.31 -107.11 to -101.97

Furthermore, a probabilistic estimation of the GWP derive in the results of Table 6-14. Despite the
uncertainty of the selected parameters, the estimated mean is similar to the estimated values from
the deterministic assessments for all the scenarios. Moreover, the resulting standard deviations lead
to the conclusion that in a 95% confidence interval, the range of estimated GWPs are always negative,
except for the 0%TS, that despite possessing a positive GWP, the resulting probabilistic estimations
shows that it will always comply even with the most restrictive emissions reduction threshold of the

SAF mandate proposal.
6.3.3.3 Water footprint

Figure 6-16 depicts the water footprint, where the contribution of wind electricity is distinguished
from the contribution of other parameters for each stage in each scenario. Across all the scenarios,
the majority of water consumption occurs in the refinery and the AE, accounting for more than 90%
of the total. In the case of the AE, both the electricity consumption and the “other contributions”
(which are mainly linked to the water required for the electrolysis) are equally responsible for the total
water footprint value. In the case of the refinery plant, the water footprint of the electricity
consumption is almost negligible, while the “other contributions” of the refinery plant, which refer to
the make-up water for the steam and cooling cycles, account for 97% and 94% in the 0%TS and 100%TS
scenarios, respectively. The forest residues production and transport stages have an insignificant
effect on the final water footprint value, but it may become more important with other biogenic
feedstock source. As an example, it was found that the water footprint of some crops, such as maize
or wheat, could have a ten-fold higher value [347] than that of the forest residues. The lowest water
footprint is found for the 100%TS scenario, which has the lowest hydrogen requirement and therefore

lower electricity consumption.
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Figure 6-17: Water footprint of the PBtL-CCS scenarios when connected to different electricity

sources.

Since the operation of the refinery plant is the main contributor to the water footprint, some
strategies, such as the use of air coolers, could reduce it. However, a drawback of dry cooling
technologies is that their operating performance is highly sensitive to the humidity and ambient
temperatures [348]. Another reduction strategy is that the water synthesized in the process plant
could cover the water requirements of the electrolyser. Although the use of waste water does not
lower the system's water requirements, it does lessen the removal of water from body sources, and
as a result leaving good-quality water for direct consumption [348]. Nevertheless, the use of waste
water would require stringent treatment to reduce its hydrocarbon content. Additionally, given the
importance of the electricity source on this environmental impact, Figure 6-17 presents the estimated
water footprint with other electricity sources. The results show that the best choice is the wind
electricity, which results in lower water footprint compared to solar, nuclear, or hydropower. None of
these cases achieved a low water footprint when compared with the one associated to fossil jet fuel

(0.0632 1/M)).

6.4 Policy analysis: SAF mandate and negative emissions trading system

The effect of the UK SAF mandate on the economic performance of the SAF production scenarios is

assessed in this section. The SAF mandate is still under consultation, with a finalised version expected
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by 2025; nevertheless, guidelines for the so called “second consultation” [19] are already available,
and these are used herein. The SAF mandate was conceived with the intention of supporting the UK’s
Net-zero Strategy by achieving net-zero emissions for the aviation industry by 2050 [18]. To
accomplish this target, the Jet Zero Strategy was launched by the UK government, from which one of
the proposed action plans is to replace 10% of the fossil jet fuel by 2030 with the intention of achieving
a 50% SAF uptake by 2050 [19]. The SAF mandate defines SAF as a drop-in fuel that could be used in
existing aircraft without modification, while exhibiting a 50% reduction in the life cycle emissions
compared to conventional jet fuel. Furthermore, these SAFs must be obtained from sustainable
feedstocks that are non-competitive with human consumption and that do not create deforestation
[17], [19], [20]. The last statement translates into the use of all kinds of waste, residues, and low-
carbon footprint energy, and therefore, since the scenarios analysed on this study rely on forest

residues, they qualify for the incentives offered by the SAF mandate guidelines.

The economic support offered by the SAF mandate could benefit SAF producers through a scheme of
tradable certificates that will have a monetary value. The value of these certificates will be determined
by the market in order to close the gap between SAF and jet fuel prices [19]. Equation 6-1 [19]
describes the methodology for the calculation of the amount of certificates; this is proportional to the
energy content of the SAF, represented by the term mg,r X LHVs,4r (Where mgyfr is the mass of the
SAF produced and LHVs,r the SAF low heating value, which is fixed at 42.8 MJ/kg [156]). Moreover,
to promote the use of SAF with large GHG savings, the number of certificates is proportional to a
carbon intensity factor, (Clgqctor), Which in turnis a function of the carbon intensity of the fuel (Cls4r),
as depicted in Equation 6-2). The CI}, is the carbon intensity of a benchmark SAF that achieves 70%
emission reduction, i.e. 26.7 gC0/MJ, and the CI is the carbon intensity of the fossil jet fuel, i.e. 89

gC05eq/MJ [19].

Under the current stage of the SAF mandate, there is not yet any provision to account for net negative
emissions. It is still under discussion whether these negative emissions should be recognized and
awarded under the same SAF mandate or another additional policy should reward these BECCS-SAF
scenarios [19]. Therefore, to align with this statement, for the six investigated scenarios with negative
emissions, the Clrgetor could be also calculated by assuming that the GWP is zero, as shown in
Equation 9. In this sense, two sets of results are presented: 1) Recognising the negative emissions of
the scenarios and using Equation 6-2, 2) Disregarding the negative emissions and using Equation 6-3

instead.
Number of certificates = mggp X LHVssp X Clrgeror

(6-1)
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o Cle=Clsar
factor Clp — Clb

(6-2)

Clg — If (Clspr 2 0, Clsyp, 0)
Clr — I,

CI factor =

(6-3)

Only the results representing the extreme and middle scenarios are displayed in the main document,
while the reader is referred to APPENDIX C-7, for those of the other scenarios. Instead of estimating
one specific value, the figures below intend to show the variability of the price of the certificates under
various electricity costs and carbon footprints of the electricity, given that both parameters dominate
the MJSP and GWP values. The advantage of this representation is that the effect of using other
electricity sources is also represented. Figure 6-18 displays the results for the scenario 0%TS. For a
specific electricity cost, the cost of the SAF certificate increases when the GWP of the electricity

increases, which highlights the importance of affordable and low-GHG electricity.
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Figure 6-18: The SAF certificate cost for the MISP to break-even with fossil jet fuel gate price

(0.56£/kg) for different electricity costs and electricity carbon footprint, for the 0%TS scenario

The aforementioned explanation could be used to understand the outputs of Figure 6-19 for the
scenarios 50%TS and 100%TS, which have much lower SAF certificate costs due to their negative GWP.

In what concerns Figures 6-19A and 6-19B, the cost of the SAF certificate is constant for each electricity

183



cost, regardless of the GWP of the electricity source, since a Clgqtor 0f 0 is assigned by Equation 6-3.
Therefore, acknowledging the negative emissions from BECCS configurations for the production of
SAF could enhance the economic performance of these processes by breaking-even the gate price of

fossil jet fuel at lower certificate prices.
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185



In the second consultation of the SAF mandate, it was put under consideration whether upstream
emissions of the electricity source should be taken into account for the carbon accounting of the SAF,
meaning that the emissions of renewable energy at the point of delivery could be equal to zero. The
only energy source for which potentially upstream emissions will be considered is nuclear energy [19].
If this were confirmed, then the number of certificates estimated for each scenario would be higher

for each scenario and therefore the price of the certificates would be lower.

6.5 Conclusions

As proposed by IATA, the achievement of a net-zero aviation industry by 2050 implies several
activities, such as the use of SAF. Furthermore, several technical, economic, and environmental
challenges need to be overcome in order to achieve the large implementation of the SAF. As the
capacity of production for countries with limited biomass availability could be one remarkable
challenge, it has been demonstrated that the SAF production capacity of a BtL configuration can be
increased by hybridization with the PtL technology. Findings from previous research stated that SAF
production pathways could achieve emission reductions; however, achieving net-zero emissions
would be only possible by deploying CDR technologies. The proposed PBtL configuration can achieve
negative emissions and hence it can be classified as a CDR option. Even for the scenarios with low
amounts of CO, that goes for storage, a negative GWP was estimated. The following points summarize
the findings of this research:

1. The PBtL-CCS processes for SAF production achieved high carbon conversion efficiencies ranging
from 55% to 99%, spanning from the 100%TS scenario to the 0%TS scenario. These efficiencies are
greater than the one obtained for an analogous SAF BtL pathway, while being similar to the one
of a SAF PtL configuration. For the PBtL-CCS scenarios, the CCS addition negatively affects this
efficiency as less SAF is produced. Overall, the estimated hydrogen conversion efficiency for all
scenarios is very low (21.5% to 22.6%) due to the unavoidable H, conversion to water in several
unit operations such as the RWGS and FT reactors.

2. The proposed PBtL and PBtL-CCS configurations have large energy requirements, especially the
0% TS scenario which has the highest hydrogen demand, and hence it attains the lowest PBtL
efficiency (34.05%). Furthermore, for the PBtL-CCS scenarios, this efficiency increases when more
CO. is sent to storage (e.g., 40.41% for the 100%TS scenario). The CO, compression, transport and
storage section requires relatively small amount of electricity, therefore, the energy efficiency of
the PBtL-CCS scenarios depends mainly on the hydrogen production stage.

3. The MIJSPs range from 0.0651 to 0.0673 £/MJ and are OPEX intensive, due to high electricity

consumption. In addition, it was observed that the contribution of the CO, compression, to the
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4.

5.

6.

OPEX is small. The MISP sensitivity analysis showed that a significant reduction in the cost of
production could be achieved by using cheap electricity. Furthermore, the Monte Carlo analysis
revealed that the MJSP is subject to a high level of uncertainty as wide ranges of 95% confidence
interval were estimated.

The GWP of PBtL 0%TS equals 13.93 gCOe,/MJ. In spite of being a positive value, the reduction in
emissions compared to fossil jet fuel is considerable and well below the UK reduction threshold
(but also European and USA) compared to fossil jet fuel. However, in order for the aviation
industry to reach the goal of net-zero, the CCS scenario prove to be more suitable. These scenarios
yield GWPs ranging from -8.84 to -105.33 gCO2.,/MJ of SAF, spanning from the 20%TS to the
100%TS scenarios. Furthermore, it is important to highlight that all the evaluated scenarios meet
even the most stringent emission reduction thresholds (such as the European Renewable Energy
Directive Il (RED Il) [175], the Renewable Fuels Standard (RFS) [176], and the UK SAF mandate
[19]), at a low uncertainty level based on the Monte Carlo simulations.

The water footprint is not affected by the storage of CO,, since it mostly depends on the water
footprint of the electricity source, the water requirement for the AE, and the refinery processes.
Across the various scenarios, the lowest and highest water footprints were observed for the
100%TS scenario, amounting to 0.40 I/MJ, and the 0%TS scenario, with a value of 0.52 I/MJ,
respectively. When compared with different electricity sources such as nuclear, solar or hydro
power, the wind energy achieves the lowest water consumption. However, when compared to
the fossil jet fuel, the water footprints of the analysed scenarios are approximately ten times
higher.

The use of policies such as the SAF mandate certificate trading scheme could help on achieving
more affordable SAF, especially when the negative emissions are also rewarded, demonstrating

the advantage of the CCS scenarios over the normal PBtL configuration.

It has been demonstrated that the addition of the CCS supply chain to this new PBtL system has a small

effect on the economics and a positive effect on the environmental footprint of the process. Further,

such a CDR process that is capable of producing SAF can offset emissions and help the aviation sector

to meet its net-zero targets.
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7. CONCLUSIONS AND FUTURE WORK

In an effort to reduce its environmental impact, the aviation industry has set a net-zero target to be
achieved by 2050. Some major strategies that need to be undertaken to achieve this goal have been
identified. It is expected that SAF could be responsible for a significant portion of the emissions
reduction efforts in the aviation industry. While SAFs offer lower GWP when compared to fossil fuels,
they alone cannot achieve emissions neutrality. Therefore, the aviation industry has integrated CDR
technologies into their action plans to achieve the net-zero emissions target by 2050. In addition to
the industry's individual efforts, governments must develop their own aviation emissions reduction
strategies, supported by robust policies, to facilitate the deployment of SAF, particularly given their

current economic challenges.

In this context, this thesis evaluated some process configurations for the production of SAF based on
the FT technology that was selected due to its high TRL and adaptability to various feedstocks. The
evaluation adopted a holistic approach by including technical, economic, and environmental
assessments. This comprehensive examination allowed the identification of trade-offs among the
estimated performance indicators and emphasised the importance of supportive policies to improve
the economic viability of SAF production routes. In this sense, this chapter outlines the key findings of
this research by providing specific insights into each of the main research chapters and presenting an
overall perspective on the entire research. Furthermore, the chapter highlights some limitations of
the study and identifies knowledge gaps that need further exploration to enhance the understanding

of SAF production for a more sustainable aviation industry.

7.1 Importance and contribution of the research

The importance and main contributions of this thesis can be summarised as follows:

1. The study in Chapter 4 provides valuable information for the field of SAF production with negative
emissions. The detailed mass and energy balances are useful insights into the effect of adding the
CCS to the well-studied BtL process for SAF production, which is also reflected in the economic
and environmental performances. This is a pioneering study since it assessed the production of
SAF from a BtL-CCS process with a combined TEA and LCA approach. Additionally, it provides
insights on the effects of policies that reward SAF production and negative emissions, all within
the UK context, but similar policies can be applied elsewhere.

2. The study conducted in Chapter 5 represents an important contribution to the field of SAF
production through the PtL pathway. In this study, a detailed model of an integrated DAC, AE, and

refinery plant based on the RGWS and FT processes was created in Aspen Plus. This
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comprehensive modelling approach allowed the identification of mass and energy integration
opportunities among the various sections of the process, something that has not been addressed
in the scarce research available for PtL-SAF. In this sense, this study is a first attempt of a
comprehensive and combined TEA and LCA assessment of SAF production from the PtL pathway.
Another significant contribution is that it is the first study to evaluate how the UK SAF mandate
could impact the feasibility of SAF produced from the PtL pathway.

3. The assessments in Chapter 6 represent an important contribution to the research on SAF
production within a combined PBtL and BECCS system. The study is the first comprehensive and
combined TEA and LCA evaluation of the PBtL and PBtL-CCS scenarios for SAF production.
Furthermore, this is the first study proposing a novel process configuration, PBtL-CCS, which can
potentially achieve negative emissions. Like the previously mentioned study, another notable
contribution of this research is its exploration of the UK SAF mandate and how it aligns with

supporting SAF production with negative emissions.

7.2 Scenario-specific and general conclusions

This thesis has investigated several SAF production pathways based on the FT process, which include
BtL, BtL-CCS, PtL, PBtL, and PBtL-CCS. The results of these assessments emphasize the critical role of
SAF in achieving the aviation emission reduction target, as well as the supportive role of CCS toward

the achievement of a net-zero emissions aviation industry.

The conclusions of the study for BtL and BtL-CCS for SAF production can be summarized as follows:

1. The addition of CCS to the BtL process had minimal impact in the technical performance indicators.
For instance, the carbon conversion efficiency was the same, while the energy efficiency of the
BtL-CCS was slightly lower due to the additional electricity requirement of the CCS section.

2. The integration of the CCS resulted in higher CAPEX and OPEX, which increased the MISP
(£3.27/kg for BtL-CCS vs. £3.03/kg for BtL). None of the scenarios is feasible when compared to
the gate price of fossil jet fuel. Nevertheless, as aviation should invest in CDR the proposed
negative emissions refineries offer a much cheaper solution than other CDR options such as DAC.

3. Lower feedstock price and reduction in the CAPEX of both scenarios lead to substantial reductions
on the MISP. Additionally, economies of scale can achieve considerable production cost
reductions.

4. The LCA estimated a GWP of the BtL-CCS scenario equal to -121.83 gCO2eqg/MJ. This result
highlights the potential of this SAF production pathway as a CDR strategy.

5. The GWP of the BtL scenario depends on feedstock production and transport, but for the BtL-CCS
this can be offset by the CCS chain.
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The conclusions for the PtL for SAF production are summarised as follows:

1.

The PtL process achieved a good carbon conversion efficiency (e.g., 88%); on the other hand,
hydrogen efficiency (e.g., 39%) and PtL efficiency (e.g., 26%) were low due to water synthesis and
electricity losses as heat, respectively.

The PtL process for SAF production is power-intensive, due to the electrolyser high electricity
consumption.

The MISP of the PtL process was estimated at 5.16 £/kg, which is mainly OPEX-intensive.
Considerable cost reductions could be achieved with CO, and H, cost reductions.

The GWP (21.43 g CO24/MJ) of the SAF from PtL met several aviation emissions reduction
thresholds (such as the European Renewable Energy Directive Il (RED Il) [175], the Renewable
Fuels Standard (RFS) [176], and the UK SAF mandate [19]). This is heavily influenced by the
electricity source.

The water footprint is mainly due to the cooling water requirements and the electricity source,
which highlights the need for appropriate process design and selection of the electricity source.
In addition, the estimated value was bigger than the one of fossil jet fuel.

The SAF produced through PtL qualifies for the economic incentives of the UK SAF mandate
because of its GHG emissions reductions. However, in the present context, the economic support

must be very high for this fuel to be feasible.

The conclusions for the PBtL and PBtL-CCS for SAF production are the following:

1.

PBtL-CCS processes achieved high carbon conversion efficiencies (ranging from 53% to 99%), and
the largest was estimated for the PBtL scenario without CCS.

High energy requirements were observed, especially for the 0% TS scenario (PBtL only), which had
the lowest PBtL efficiency (34.05%). This efficiency improved when more CO, was sent to storage,
given that the electrolyser was smaller and less electricity was required.

The estimated MJSPs were dominated by the OPEX, which heavily depends on electricity
consumption. Therefore, the reduction in electricity costs has a significant impact on the MJSP.
The estimated GWPs ranged from 13.93 gCO2eq/MJ for PBtL 0%TS to negative values (-105.33
gC02e4/MJ) for scenarios with CCS. Regardless of the scenario, the analysed process configurations
meet the most stringent GHG emission reduction thresholds and show the potential of the PBtL-
CCS as a CDR strategy.

The water footprint was dominated by the electricity source, the water requirements for AE, and
the cooling water requirements of the refinery plant. The estimations lead to values varying from
0.40 1/MJ to 0.52 I/M for the different scenarios; these values are higher than the water footprint

of fossil jet fuel.
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6.

The analysed scenarios qualify for the economic incentives of the UK SAF mandate. However,

there is a need for clarification if negative emissions are to be rewarded under this scheme.

Based on these scenario-specific outputs, some comprehensive conclusions for this research can be

listed:

1.

The study is a theoretical one and provides designs that can improve operations. Nevertheless, as
in any modelling study, uncertainties exist and these can be decreased when more operational
data will be available from demonstration plants.

When comparing the various process configurations investigated in this study, it is evident that
they exhibit different technical performance indicators. A comparison of the BtL scenarios to the
PBtL ones, highlights that the former (BtL and BtL-CCS) result in the lowest SAF production.
However, the BtL process stands out for its lower energy requirements, followed by PBtL, and PtL,
with the latter being the more energy-intensive. While PtL offers scalability, it could certainly
benefit from technical improvements to enhance its energy efficiency. On the other hand, the
scalability of BtL and PBtL processes is restricted by the limited availability of biomass in the UK.
The FT pathway for the production of SAF under either, the BtL, PtL, or PBtL configurations is not
economic feasible against fossil jet fuel. For each scenario several opportunities of economic
performance improvement were identified. In common, all these processes for SAF production
could become feasible with economic incentives such as the UK SAF mandate.

Conduction of sensitivity and uncertainty analysis is crucial to tackle cost uncertainties associated
with the low maturity of some critical process stages, e.g., RWGS and FT reactors, the biomass
feedstock cost and the energy prices..

All the analysed FT production pathways demonstrated to achieve GHG emissions reductions that
in most cases are below the thresholds for aviation emission reductions, such as the RED Il, or the
UK SAF mandate. On the other hand, water footprints of the processes were greater than that of
fossil jet fuel. This highlights the trade-offs between various environmental impacts and
emphasises the importance of evaluating all environmental aspects, not just the GWP.

Overall, the SAF production scenarios without BECCS demonstrated the need for CDR technologies
to achieve the net-zero target of the aviation industry. BECCS scenarios demonstrated suitability
for the production of negative emissions scenarios, which highlights its suitability as a CDR
strategy. The economic impacts of adding CCS were considered negligible, but they resulted in
lower fuel productivity in the case of PBtL-CCS configurations. In any case, the proposed CDR

refineries appear to be a much more cost-effective solution than other CDR such as DAC.
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7.3 Limitations of the study and future work

Based on the findings of this study and the challenges encountered during its elaboration, various
recommendations emerge to enhance the work presented in this thesis and address more research
gaps within the field of SAF. These recommendations highlight the need for the continued research
towards a more comprehensive understanding of SAFs, their production pathways, and their broader

technical, economic, and environmental implications.
Various feedstock sources:

e A comprehensive evaluation of non-crop biomass feedstock options available in the UK for
SAF production is needed. Initially, it is important to estimate potential availability and assess
competing interest for their use in SAF production.

e |tisessential to assess the suitability of different syngas cleaning technologies since these new
types of feedstocks, e.g., MSW, may contain higher levels of contaminants compared to forest
residues. This is particularly relevant because the quality of the raw material directly impacts
the composition of the syngas produced, and therefore a more exhaustive cleaning process

may be needed.
Different process configurations:

e |n scenarios including biomass gasification, it is recommended to explore other types of
gasifiers. Technological improvements are continually emerging, which leads to enhanced
gasification technologies with better efficiencies, syngas with fewer pollutants, and higher
hydrogen yields.

o Different CO, sources and electrolyser technologies can be investigated for the PtL-SAF
production pathway. This is particularly relevant for the energy requirements, since research
is mainly dedicated to more efficient technologies, which can enhance the efficiency of the
whole PtL system.

e It is recommended to perform a technical and critical review of studies assessing various
process configurations of the BtL, PtL, and PBtL for SAF production. A harmonization of the
economic and environmental outputs from these studies could give a better understanding of
the benefits and drawbacks of different process configurations that are increasingly diverse.

e The inclusion of a battery bank for the storage of intermittent electricity supply should be
analysed for the PtL and PBtL scenarios, and the impact that this would have on the TEA and

environmental performance should also be estimated.

Other SAF production routes:
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e As the ASTM D7566 standard continues to approve SAF production pathways, there is an
increasing requirement for integrated techno-economic and life cycle assessment studies.
These research would provide a more complete understanding of the numerous benefits and
drawbacks connected with various SAF production processes.

e Other promising processes that have not yet been certified by the aforementioned standard,
such as the Power-to-methanol-to-SAF pathway, should also be explored. Furthermore,
advances in catalyst research, particularly in the PtL pathway, where single catalytic
conversions are being studied as opposed to typical two-step processes, should also be

assessed.
Experimental or demonstration plants data:

e More experimental campaigns could provide real data for the validation of the models in this
and other research. Particularly, more certitude is needed for the catalytic processes, whose
performances are generally measured with an ideal and "clean" feedstock. The performance
under real conditions could enhance the process design, which will reflect on the technical,

economic, and environmental performance of the whole process configuration.
Techno-economic and life cycle assessments:

e More TEAs are needed as the price of equipment available for low TRL technologies is still
uncertain. As there is more technological progress, there is more clarity regarding the prices
of this equipment, therefore this data could improve economic estimates.

e It is important to have supply chain and mapping studies of SAF considering more robust
models for the UK performance on SAF production, for a realistic metric of production
potential.

e Life cycle assessments could be improved by introducing more accurate life cycle inventories
for the different foreground and background stages. While GWP can be easily estimated from
the available databases, her environmental impacts are reliant on additional data, such as
materials used in the construction of these technologies, which is not display by the
technology owners. This could be hiding some environmental impacts that might surpass
those associated with fossil jet fuel.

e More experimental studies that predict the accurate emissions performance of specific SAF in
aircraft engines are crucial. In this thesis, the performance of the combustion of fossil jet fuel
was used; however, considering the different properties of this new SAF, this could result in

slightly different emissions and therefore different GWP estimations.
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In terms of other contributors to GWP, the associated problems with the large amounts of
heat being ejected into the atmosphere as a component of the exhaust efflux are not
accounted for in the LCA methodology framework. More research is needed on its

contribution to GWP and how it could be taken into account in the assessment of LCA.

Tools for combined techno-economic and life cycle assessment evaluations:

The approach of combined TEA-LCA evaluation requires the sharing of data between distinct
softwares. Developing an interface that could make this process less cumbersome could be of
help by reducing the time for the calculations and improving the accuracy of the transfer of
data. Furthermore, such a tool could help in developing multi-objective optimisation studies
for the whole system while considering technical, economic, and environmental performance

indicators in a more straightforward way.

Supporting policies:

As proposed above, other technologies, process configurations, feedstock inputs, and SAF
production pathways should be assessed, in the context of the UK, and other geographic
locations, especially in countries with the largest GHG emissions due to international aviation.
In this context, the formulation of support policies that help in the implementation of SAF
fuels is considered crucial.

Other policies that reward the negative emissions of SAF-BECCS production pathways are
needed. Within the UK framework, the SAF mandate rewards the production of SAF; however,
there is still a need for more clarity in whether or not it will include the counting of negative

emissions.

The effects of excluding cradle-to-grave emissions from renewable electricity should be thoroughly

discussed within the UK SAF mandate. This is especially crucial given that renewable energies still

contribute to greenhouse gas emissions in the current context.
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APPENDIX A

A-1. Pyrolysis and gasification correlation parameters and kinetic expressions

Table A-1: Parameters for the correlations of pyrolysis [192], [349].

Product a b c
CH; |-4.341x10°| 10.12x10? |-51.08
H, 1.362x10° |-2.517x102| 12.19
CO |-3.524x10%| 9.770x1072 |-24.93
CO, | 3.958x10° |-9.126x10?| 64.02
C:H; |-6.873x10°| 14.94x102 |-76.89
CoHe 8.265x10° |-2.105x102| 13.38
CeHs |-3.134x107° | 7.544x102 |-42.72
C/Hs |-4.539x10°| 0.687x1072 | 1.462
CsHeO | 1.508x10° |-3.662x1072| 22.19
CioHs |-8.548x10°| 1.882x10? |-9.851
H:0 5.157x10° | 11.86x1072 | 84.91
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Table A-2: Reaction kinetics for homogenous and heterogeneous reactions [53].

Heterogeneous reactions References
1 7 61000\ mMcpar
1  CoHe—=9C+=-C.H, +—H rn =2111ex (— ) : [192]
10778 - 6 6776 2 2 ! p RT Vreactor C10H8
61000\ M par
2 CeHg + H,0 - 3C +2CH, +CO 1, = 21.11exp (— ) CoHe [192]
RT Vreactor
61000\ Mcpqr
3 C7H8 + HZ il C6H6 + CH4 r3 = lelexp (— ) C,Hg [192]
RT Vreactor
263000\ mcpqr
4 CH4 - C + 2H2 T4 = 001exp <_ ) CH, [192]
RT Vreactor
Homogeneous reactions
263000
5 COZ + HZ - CO + Hzo s = 1.26 x 1056xp <— RT )CCOZCHZ [30]
12560
6 CO+H,0-CO,+H, 16 = 2780exp (_T> CcoCh,yp [30]
211000 —-1.48 -0.11 -0.91 4
7 CH,+ H,0 - CO + 3H, r; = 234.14exp (— BT )PCH4 Py o Py, [349]
49884
8 C+H,0-CO+H, g = 2 X 108exp <_T> CH,o Cehar [350]
148995
9 C+ ZHZ - CH4_ Ty = 1209Xp (-T) CHZCChar [350]
1 7 350000
10 CjoHg — 9C + ¢ Coll + 5 Hy 10 = 3.4 X 10Mexp (— T )ccloHsl-ﬁcHz‘O-S [192]
443000 -
11 CeHe+ H,0 - 3C+2CH, +CO 1y =4 x 10™exp (— T ) e Crt, " Cri, 7 [192]
247000
12 C,Hg+ H, » C¢Hg + CH, 71, = 1.04 x 10%2exp (— o7 )CC7H8 Cy, " [192]
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A-2. Fortran Statements for the pyrolysis section

FACT=(100 - MOIST)/100

ASH=(ULT(1)/100)*FACT

N2=(ULT(4)/100)*FACT

CL2=(ULT(5)/100)*FACT

S=(ULT(6)/100)*FACT

EXT=ASH+N2+CL2+S

FACTT=(100-MOIST-ASH*100)/100

CH4=((-4.341E-5*TEM*TEM+10.12E-2*TEM-51.08)*FACTT)/100

H2=((1.362E-5*TEM*TEM-2.517E-2*TEM+12.19)*FACTT)/100

CO =((-3.524E-5*TEM*TEM+9.970E-2*TEM-24.93)*FACTT)/100

CO2 =((3.958E-5*TEM*TEM-9.126E-2*TEM+64.02)*FACTT)/100

C2H4 =((-6.873E-5*TEM*TEM+14.94E-2*TEM-76.89)*FACTT)/100

C2H6=((0.826E-5*TEM*TEM-2.105E-2*TEM+13.38)*FACTT)/100

C6H6=((-3.134E-5*TEM*TEM+7.544E-2*TEM-42.72) *FACTT)/100
(

C7H8=((-0.453E-5*TEM*TEM+0.687E-2*TEM+1.462)*FACTT)/100
C6H60=((1.508E-5*TEM*TEM-3.662E-2*TEM+22.19)*FACTT)/100
C10H8=((-0.854E-5*TEM*TEM+1.882E-2*TEM-9.851)*FACTT)/100
H20=((5.157E-5*TEM*TEM-11.86E-2*TEM+84.91)*FACTT + MOIST)/100

CHAR=1-CH4-H2-CO-CO2-C2H4-C2H6-C6H6-C7H8-C6H60-C10H8-H20-EXT

A-3. Matlab Code for the gasification reactions

function

[ParEnt, ParReal, CorSal]l=user model (ParEnt, ParReal, CorEnt)

T=CorEnt (27) ;

P=CorEnt (28) ;

zf=ParReal (1) ;

dia=ParReal (2) ;

z0=0;

a0=CorEnt (1

b0=CorEnt (7

c0=CorEnt (1

dO0=CorEnt (6

e0=CorEnt (3
(2
(2
(1
(1

4

) ;

4

4

f0=CorEnt
g0=CorEnt
hO0=CorEnt
10=CorEnt

) ;
) ;
).

’

)
)
5
)
)
)
3
4
6

o

zspan = [z0 zf]; % Range for the length of the reactor
y0 = [a0; b0O; c0; d0; e0; £f0; gO; hO; 101];
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[z, y] =oded5 (R (z
TA=[z y];
A=(TA(:,2));
B=(TA(:,3));
C=(TA(:,4));
D=(TA(:,5));
E=(TA(:,6));
F=(TA(:,7));
G=(TA(:,8));
H=(TA(:,9));
IL=(TA(:,10));

~

CorSal=CorEnt;
CorSal (1l)=A(end);
reactor

CorSal (7)=B(end) ;
reactor

CorSal (15)=C (end)
reactor

CorSal (6)=D(end) ;
reactor

CorSal (3)=E (end) ;
reactor

CorSal (2)=F(end) ;

reactor
CorSal (23)=G (end)
reactor
CorSal (14)=H (end)
reactor

CorSal (16)=L (end)
reactor

,y) Designequation(z,y,T,P,dia), zspan,y0);

tkmoles of H20 per second at the exit of the
$kmoles of H2 per second at the exit of the
;$kmoles of C per second at the exit of the
Skmoles of CH4 per second at the exit of the
Skmoles of CO per second at the exit of the
tkmoles of CO2 per second at the exit of the
;$kmoles of Cl0H8 per second at the exit of the
;$kmoles of C6HG6 per second at the exit of the

;$kmoles of C7H8 per second at the exit of the

CorSal (26)=sum(CorSal(1:25));

function dydz

Designequation(z,vy,T,P,dia)

a=y(1l);

b=y (2) ;

c=y(3);

d=y(4);

e=y(5);

f=y (6);

g=y(7):

h=y (8) ;

1=y (9);

ca=((a*P)/ ((atb+d+e+f+g+h+1) *8.314e3*T)) ;
cb=((b*P) / ((a+b+d+e+f+g+h+1) *8.314e3*T)) ;
cc=((c*P)/ ((atb+d+e+f+g+h+1) *8.314e3*T)) ;
ce=((e*P)/ ((atb+d+e+f+g+h+1) *8.314e3*T)) ;
cf=((f*P) / ((atb+d+e+f+g+h+1) *8.314e3*T) ) ;
cg=((g*P)/ ( (atb+d+e+f+g+h+1l) *8.314e3*T)) ;
ch=((h*P) / ((atb+d+e+f+g+h+1) *8.314e3*T) ) ;
cl=((1*P) / ((atb+d+e+f+g+h+1) *8.314e3*T) ) ;
Pd=((d*P) / (at+b+d+e+f+g+h+1l)) ;

Pa=((a*P)/ (atb+d+e+f+g+h+l));

Pb=( (b*P) / (a+b+d+e+f+g+h+1)) ;
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r1=21.11* (exp (-61000/(8.314*T))) *(cg)*((cc)*12);

r2=21.11* (exp (-61000/(8.314*T))) *(ch)* ((cc)*12);
r3=21.11*(exp (-61000/(8.314*T))) *(cl)* ((cc)*12);

r4=0.01* (exp (-263000/(8.314*T))) *(Pd) * ((cc)*12);

r5=1.26e5* (exp (-263000/ (8.314*T)) ) * (cf) * (cb) ;

r6=2780* (exp (-12560/(8.314*T))) * (ce) * (ca) ;

r7=234.136* (exp (-211000/(8.314*T)) ) *((Pd) ~(-1.48))* ((Pa) " (-

0.11))*((Pb)~(-0.91));

r8=2e8* (exp (-49884/(8.314*T)) ) * (cc) * (ca);

r9=120* (exp (-148995/ (8.314*T) ) ) * (cc) * (cb) ;

r10=3.4el4* (exp (-350000/(8.314*T)))* ((cg)"(1.6))*((cb)"(-0.5));
rll=4el6* (exp (-443000/ (8.314*T))) *((ch)”~(1.3))* ((cb)" (-

0.4))*((ca)"(0.2));

r12=1.04el2* (exp (-247000/ (8.314*T)))* (cl) *((cb)"(0.5));
da=(-(r2)+(r5)-(r6)—-(r7)-(r8)-(rll))* (pi*((dia/2)"2));
db=((7/2)* (rl)+2* (rd) - (r5)+(r6)+3* (r7)+(r8)-2* (r9)+(7/2) * (rl0) -
(rl2)-(x3))*(pi*((dia/2)"2));
dc=(9*r1+3*r2+rd4-r8-r9+9*r10+3*rll) * (pi* ((dia/2)"2));

dd=(2* (r2)+(r3) = (r4) - (r7)+(r9) +2* (rl1ll) +(rl2) ) * (pi* ((dia/2) "2));
de=((r2)+(r5)=-(xr6)+(r7)+(r8)+(rll)) *(pi* ((dia/2)"2));
df=(-(r5)+(r6))*(pi* ((dia/2)"2));
dg=(-(rl)-(rl0))*(pi*((dia/2)"2));

dh=(-(r2)+(r3)+(1/6)* (rl0) -
(rll)+(rl2)+(1/6) *(rl))* (pi* ((dia/2)"2));

dl=(-(r3)-(rl2))*(pi*((dia/2)"2));

dydz = [da; db; dc; dd; de; df; dg; dh; dl];
end

end
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A-4. Life cycle inventories

Table A-3: Transport of wood chips from forest to process plant

PRODUCTS

Outputs to technosphere: Products and co-products Amount | Unit
Wood chips, wet, measured as dry mass {UK}| market for | Cut-off, U 0.24 | kg
INPUTS

Inputs from nature Amount Unit
Inputs from technosphere: materials/fuels Amount | Unit
Transport, freight, lorry, unspecified {ZA}| market for transport, freight, lorry, unspecified | Cut-off, U 1.75E-02 | tkm
Wood chips, wet, measured as dry mass {RoW}| hardwood forestry, oak, sustainable forest management | Cut-off, U 1.67E-02 | kg
Wood chips, wet, measured as dry mass {RoW}| softwood forestry, spruce, sustainable forest management | Cut-off, U 2.28E-01 | kg
Inputs from technosphere: electricity/heat Amount | Unit
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Table A-4: FT process (Displacement method), BECCS Scenario.

Outputs to technosphere: Products and co-products Amount Unit
Jet fuel production, from synthetic gas, from wood gasification, at DFBG, with CCS 1|MJ
Amount

Outputs to technosphere: Avoided products Unit
Naphtha {Europe without Switzerland}| naphtha production, petroleum refinery operation | Cut-off, U 3.80E-03 | kg
Diesel {Europe without Switzerland}| diesel production, petroleum refinery operation | APOS, S 1.14E-02 | kg
Electricity, high voltage {GB}| production mix | APOS, S 1.78E-02 | kWh
Inputs from nature Amount Unit
Water, cooling, unspecified natural origin, GB 1.06E+00 | |
Water, process and cooling, unspecified natural origin 1.57E-01 ||
Inputs from technosphere: materials/fuels Amount Unit
Wood chips, wet, measured as dry mass {UK}| market for | Cut-off, U 2.45E-01 | kg
Monoethanolamine {GLO}| market for | Cut-off,U 2.07E-04 | kg
Silica sand {GLO}| market for | Cut-off, U 1.21E-02 | kg
Cobalt {GLO}| market for | Cut-off, U 1.96E-05 | kg
Zeolite, powder {GLO}| market for | Cut-off, U 2.19E-06 | kg
Portafer {GLO}| market for | Cut-off, U 1.91E-07 | kg
Aluminium oxide, non-metallurgical {RoW}| market for aluminium oxide, non-metallurgical | Cut-off, U 2.71E-07 | kg
Nickel, 99.5% {GLO}| market for | Cut-off, U 3.00E-07 | kg
Petroleum refinery {GLO}| market for refinery | Cut-off, U 3.11E-11 |p
Inputs from technosphere: electricity/heat Amount Unit
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“

fmref . Amount .
Emissions to air Unit
Carbon dioxide, biogenic 1.95E-01 | kg
Carbon monoxide, biogenic 5.03E-06 | kg
Nitrogen oxides 1.49E-03 | kg
Sulfur dioxide 2.78E-04 | kg
Water/m3 5.82E-02 | m3
Monoethanolamine 2.07E-04 | kg

Amount .
Outputs to technosphere: Waste treatment Unit
Inert waste, for final disposal {RoW}| market for inert waste, for final disposal | Cut-off, U 1.21E-02 | kg
Wastewater, from residence {RoW}| market for wastewater, from residence | Cut-off, U 1.94E-04 | m3
Wood ash mixture, pure {Europe without Switzerland}| market for wood ash mixture, pure | Cut-off, U 1.35E-03 | kg
CO2 1.38E-01 | kg

226



Table A-5: FT process (Displacement method), BE Scenario.

. Poduts

Outputs to technosphere: Products and co-products Amount Unit
Jet fuel production, from synthetic gas, from wood gasification, at DFBG, with CCS 1|MJ
Outputs to technosphere: Avoided products Amount Unit
Naphtha {Europe without Switzerland}| naphtha production, petroleum refinery operation | APOS, S 3.80E-03 | kg
Diesel {Europe without Switzerland}| diesel production, petroleum refinery operation | APOS, S 1.14E-02 | kg
Electricity, high voltage {GB}| production mix | APOS, S 3.00E-02 | kwh
o mputs
Inputs from nature Amount Unit
Water, cooling, unspecified natural origin, GB 1.06E+00 | |
Water, process and cooling, unspecified natural origin 1.57E-01 ||
Inputs from technosphere: materials/fuels Amount Unit
Wood chips, wet, measured as dry mass {UK}| market for | Cut-off, U 2.45E-01 | kg
Monoethanolamine {GLO}| market for | APOS, S 2.07E-04 | kg
Silica sand {GLO}| market for | Cut-off, U 1.21E-02 | kg
Cobalt {GLO}| market for | Cut-off, U 1.96E-05 | kg
Zeolite, powder {GLO}| market for | Cut-off, U 2.19E-06 | kg
Portafer {GLO}| market for | Cut-off, U 1.91E-07 | kg
Aluminium oxide, non-metallurgical {RoW}| market for aluminium oxide, non-metallurgical | Cut-off, U 2.71E-07 | kg
Nickel, 99.5% {GLO}| market for | Cut-off, U 3.00E-07 | kg
Petroleum refinery {GLO}| market for refinery | Cut-off, U 3.11E-11|p
Inputs from technosphere: electricity/heat Amount Unit
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.. Oupuws
Emissions to air Amount Unit
Carbon dioxide, biogenic 3.33E-01 | kg
Carbon monoxide, biogenic 1.07E-04 | kg
Nitrogen oxides 1.49E-03 | kg
Sulfur dioxide 2.78E-04 | kg
Water/m3 6.00E-02 | m3
Monoethanolamine 2.07E-04 | kg
Outputs to technosphere: Waste treatment Amount Unit
Inert waste, for final disposal {RoW}| market for inert waste, for final disposal | Cut-off, U 1.21E-02 | kg
Wastewater, from residence {RoW}| market for wastewater, from residence | Cut-off, U 1.94E-04 | m3
Wood ash mixture, pure {Europe without Switzerland}| market for wood ash mixture, pure | Cut-off, U 1.35E-03 | kg
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Table A-6: FT process (Energy allocation), BECCS scenario.

Outputs to technosphere: Products and co-products Amount Unit | Allocation %
Jet fuel production, from synthetic gas, from wood gasification, at DFBG, with CCS 1Ml 58.35169
Naphtha {Europe without Switzerland}| naphtha production, petroleum refinery operation | Cut-off, U 3.80E-03 | kg 9.630282
Diesel {Europe without Switzerland}| diesel production, petroleum refinery operation | APOS, S 1.14E-02 | kg 28.2796
Electricity, high voltage {GB}| production mix | APOS, S 1.78E-02 | kWh 3.738425
Outputs to technosphere: Avoided products Amount Unit

Inputs from nature Amount Unit
Water, cooling, unspecified natural origin, GB 1.06 |
Water, process and cooling, unspecified natural origin 0.16 |
Inputs from technosphere: materials/fuels Amount Unit
Wood chips, wet, measured as dry mass {UK}| market for | Cut-off, U 2.45E-01 | kg
Monoethanolamine {GLO}| market for | Cut-off,U 2.07E-04 | kg

Silica sand {GLO}| market for | Cut-off, U 1.21E-02 | kg

Cobalt {GLO}| market for | Cut-off, U 1.96E-05 | kg

Zeolite, powder {GLO}| market for | Cut-off, U 2.19E-06 | kg

Portafer {GLO}| market for | Cut-off, U 1.91E-07 | kg
Aluminium oxide, non-metallurgical {RoW}| market for aluminium oxide, non-metallurgical | Cut-off, U 2.71E-07 | kg

Nickel, 99.5% {GLO}| market for | Cut-off, U 3.00E-07 | kg
Petroleum refinery {GLO}| market for refinery | Cut-off, U 3.11E-11|p
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Inputs from technosphere: electricity/heat Amount Unit
Emissions to air Amount Unit
Carbon dioxide, biogenic 1.95E-01 | kg
Carbon monoxide, biogenic 5.03E-06 | kg
Nitrogen oxides 1.49E-03 | kg
Sulfur dioxide 2.78E-04 | kg
Water/m3 5.82E-02 | m3
Monoethanolamine 2.07E-04 | kg
Outputs to technosphere: Waste treatment Amount Unit
Inert waste, for final disposal {RoW}| market for inert waste, for final disposal | Cut-off, U 1.21E-02 | kg
Wastewater, from residence {RoW}| market for wastewater, from residence | Cut-off, U 1.94E-04 | m3
Wood ash mixture, pure {Europe without Switzerland}| market for wood ash mixture, pure | Cut-off, U 1.35E-03 | kg
C02 1.38E-01 | kg
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Table A-7: FT process (Energy allocation), BE Scenario.

Outputs to technosphere: Products and co-products Amount Unit | Allocation %
Jet fuel production, from synthetic gas, from wood gasification, at DFBG, with CCS 1 MJ 56.90
Naphtha {Europe without Switzerland}| naphtha production, petroleum refinery operation | Cut-off, U 3.80E-03 kg 9.39
Diesel {Europe without Switzerland}| diesel production, petroleum refinery operation | APOS, S 1.14€E-02 kg 27.57
Electricity, high voltage {GB}| production mix | APOS, S 3.00E-02| kWh 6.14
Outputs to technosphere: Avoided products Amount Unit

Inputs from nature Amount Unit
Water, cooling, unspecified natural origin, GB 1.06 |
Water, process and cooling, unspecified natural origin 0.16 I
Inputs from technosphere: materials/fuels Amount Unit
Wood chips, wet, measured as dry mass {UK}| market for | Cut-off, U 2.45E-01 kg
Monoethanolamine {GLO}| market for | Cut-off,U 2.07E-04 kg
Silica sand {GLO}| market for | Cut-off, U 1.21E-02 kg
Cobalt {GLO}| market for | Cut-off, U 1.96E-05 kg
Zeolite, powder {GLO}| market for | Cut-off, U 2.19E-06 kg
Portafer {GLO}| market for | Cut-off, U 1.91E-07 kg
Aluminium oxide, non-metallurgical {RoW}| market for aluminium oxide, non-metallurgical | Cut-off, U 2.71E-07 kg
Nickel, 99.5% {GLO}| market for | Cut-off, U 3.00E-07 kg
Petroleum refinery {GLO}| market for refinery | Cut-off, U 3.11E-11 p
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Inputs from technosphere: electricity/heat Amount Unit
Emissions to air Amount Unit
Carbon dioxide, biogenic 3.33E-01 kg
Carbon monoxide, biogenic 1.07E-04 kg
Nitrogen oxides 1.49E-03 kg
Sulfur dioxide 2.78E-04 kg
Water/m3 6.00E-02 m3
Monoethanolamine 2.07E-04 kg
Outputs to technosphere: Waste treatment Amount Unit
Inert waste, for final disposal {RoW}| market for inert waste, for final disposal | Cut-off, U 1.21E-02 kg
Wastewater, from residence {RoW}| market for wastewater, from residence | Cut-off, U 1.94E-04 m3
Wood ash mixture, pure {Europe without Switzerland}| market for wood ash mixture, pure | Cut-off, U 1.35E-03 kg
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A-5. Environmental impacts of SAF and fossil jet fuel

Table A-8. Recipe 2016 Midpoint environmental impact categories.

Symbol Impact category
A Global warming
Stratospheric ozone depletion
lonizing radiation
Ozone formation, Human health
Fine particulate matter formation
Ozone formation, Terrestrial ecosystems
Terrestrial acidification
Freshwater eutrophication
Marine eutrophication
Terrestrial ecotoxicity
Freshwater ecotoxicity
Marine ecotoxicity
Human carcinogenic toxicity
Human non-carcinogenic toxicity
Land use
Mineral resource scarcity
Fossil resource scarcity
Water consumption
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Figure A-1: Recipe 2016 Midpoint environmental impact categories for the Energy-allocation (EA) results of BECCS and BE scenarios, against conventional jet
fuel.
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APPENDIX B

B-1. Direct Air Capture modelling

A simplified model has been used for the calculation of the working capacities of the adsorbent
and obtain an estimate of the amount of CO, and H,0 produced in the DAC unit. It is important
to highlight that the model takes into account the effect of the relative humidity in the working
capacity of CO,. The energy requirements could be calculated through geometry assumptions;
however, due to the modularity of the system, the power and thermal requirements are taken
from the literature [260]. As in previous studies, the calculations were based on the sorbent
APDES-NFC, which according to Sabatino et al. [270] is supposed to be similar to the one used
by Climeworks. The CO; equilibrium loading capacity (gco2) is calculated according to the
temperature-dependant Toth equation (Equations B.1, B.2, B.3, B.4). The calculation of an
empirical temperature (Equation B.5) also captures the effect of the humidity in the calculation

of the CO; loading capacity.

teon (. T) = NngbPco2 ] + [ nsbpcoz
co2i8 (1 + (bpco)OY 4 LA+ (Bpco2)H)ME phys
Equation B.1
T
Ng = Ngo€XP [)( (1 - T_)]
0
Equation B.2
AH, (T,
b= boexp |22 (22— 1)]
0P IR, \T
Equation B.3
To
Equation B.4
278K\"
Toq(T,H) =T — a( 7 ) RH
Equation B.5
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In Equation B.1, B.2, B.3 and B.4, ns, b and t are Toth parameters that depend on the
temperature. Sabatino et al. adjusted these equations to experimental work available in the
open literature, for a group of commercial solid sorbents, from which the values for the sorbent
APDES-NFC are considered (Table B.1). In equation B.5, RH is the relative humidity, while ‘a’ and
‘b’ are parameters that were adjusted by Sabatino et al. from the humidity-related experimental

data provided by Veneman et al. (Table B.1).

The working capacity of the water was calculated by using the Guggenheim-Anderson-de Boer
(GAB) model (Equation B.6). Similar to the Toth model, Equations B.7, B.8 and B.9 are used to
calculate the temperature-dependant parameters that are applied in the GAB model. The

various experimental fitted values are listed in Table B.1.

PH,0
( ) CGKadsp_;
qHZO T; pH20 = Cm PH, 0 PH, 0
— 050 — 050
(1 Kads Do )(1 + (CG 1)Kads Po )
Equation B.6
AH
Ce(T) = Cgoexp (ﬁ)
Equation B.7
AHy
Kaas(T) = Koexp (—*)
Equation B.8
_ B
Cn(T) = Cmoexp (-
Equation B.9
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Table B-1: Fitted parameters for the empirical equations for the APDES-NFC sorbent.

Parameter APDES-NFC Reference
CARBON DIOXIDE
70 (K) | 296
PHYSISORPTION
b0 (1/Mpa) 5.60x10*
AH (kJ/mol) 50
0 (-) 0.368
a(-) 0.368
nsO (mol/kg) 2.31
x () 2.501
CHEMISORPTION [270]
b0 (1/Mpa) -
AH (kJ/mol) -
t0 (-) -
a }
nsO (mol/kg) -

X (-) -
EMPIRICAL TEMPERATURE (RH EFFECT)

a(s) 116.87
b(-) 15
WATER
Cgo (-) 6.86
AHc (kJ/mol) -4.12
KO (-) 2.27 351]
AHk (kJ/mol) -2.53
CmO (mol/kg) 0.0208
B [K] 1540
PROCESS CONDITIONS
Tads (K) 283 [276]
Pags (Pa) 1x10° [276]
Yco2, ads (-) 0.0004 [270]
RHads (%) 85 [276]
Taes(K) 388 [270]
Paes(Pa) 1x10% [270]
Yco2, des(-) To be calculated -
RH % des To be calculated -

The concentration of CO, during the desorption stage is calculated by the relation of the working
capacities of the CO, and H,O (Equation B-10), which are calculated considering the solid

efficiencies of 0.55 and 0.57 for the CO, and the H,0 respectively, according to Bos et al. [317].
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At the same time, the working capacities depend of the desorption conditions. Therefore,

Equation B-10, B-11 and B-12 are solved iteratively.

X _ Aqco2Ms,coz
co2,des =
“ Aqcoallscoz + AuzoNs o
Equation B-10
P 1—x
RHdes — des( COZ,des)

P, sat (Tdes)

Equation B-11

AqQ; = Qiads — Qides

Equation B-12
B-2. DAC CO; capture cost estimation methodology

The cost estimation of the DAC section is based on the methodology presented by Young et al.
[301]. The researchers employed the hybrid costing approach, which combines a bottom-up cost
estimation of the First-of-a-Kind (FOAK) project and a top-down approach, leveraging
technological learning, to calculate the costs of future, Nth-of-a-Kind (NOAK) projects. The
chosen scale for the FOAK plant of the solid sorbent technology is based on the Hinwil plant,
operated by Climeworks. The following sections, summarize the approach proposed by Young
et al. [301], while pointing out some modifications to better reflect the scenario analysed by this

study.
B-2.1 FOAK CAPEX estimation

Initially, Young et al. [301]estimated the direct material costs for the different components of a
FOAK plant, which were upgraded to installed costs through installation factors. It is important
to note that our research only takes into account the capture and utilisation of CO,, and hence
CO, compression, transport and storage are excluded from any analysis. The installation cost
(IC) is increased by a factor of 1.15 to become the "installed cost with engineering procurement”
(EPC), which is then modified to the UK context by a "Material scaling factor" (x;). Following,
the EPC is escalated to the total project cost (TPC) of the FOAK plant. The TPC is obtained from
equation B-13:
TPC = EPC * (1 + x,/100)
Equation B-13
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For this, the EPC is added with the contingencies (x,), which are TRL dependant. Then, by using
Equation B-14, the total capital requirement (TCR) was calculated by adding the overnight costs,
which are composed by the owner’s costs, spare parts costs, start-up capital, start-up labour,

start-up fuel, and start-up chemicals:
TCR = TPC + Overnight costs
Equation B-14

The following step consists in calculating the capital recovering factor (CRF), by using a discount
rate (x3) specific for the UK, and 20 years as plant life (differently to the 25 years proposed by
Young et al. [301]):

xq % [(1+ r
CRF = 3+ [( x3)" ]
-1+ +x3)7

Equation B-15

Then, the CRF is used to annualise the TCR (ATCR), and by applying a capacity factor of 90%, the
CAPEX for the FOAK plant is calculated, as shown in the following Equation B-16:

ATCR = 0.9 * AnTCR
Equation B-16

The factors marked as ‘x4, x,, and x5’ are associated to some uncertainty and expressed with a
triangular distribution (minimum, mean, and maximum), therefore the CAPEX calculation is
tackled with a probabilistic approach, from which the mean value is assumed as the CAPEX for
the unit. For more information about the values of the aforementioned factors, please refer to

Young et al. [301].
B-2.2 FOAK OPEX estimation

The OPEX estimation is divided into ‘Fixed Operating and Maintenance and costs’ (FOM) and
‘Variable Operating Costs’ (VOC). The FOM is constituted by the direct and indirect labour, as
well as maintenance, insurance and local taxes. These parameters are calculated based on
reasonable assumptions, and some of them are estimated as a percentage of the TPC [301];
then, these parameters are adjusted according to some factors that are location specific, and

therefore adjusted to the UK context.
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As for the VOC costs, this section of the OPEX is made of energy requirements (heat and power),
cooling water and chemical costs (solid sorbent). The energy requirements are considered from
the study published by Deutz et al. [260]. Moreover, the VOC estimation does not consider the
heat requirement, since the DAC unit of the proposed system is integrated to the process plant,
from which it receives low grade heat as required. Furthermore, the cost of the electricity is
considered constant and the value calculated by the software SAM is assumed. Finally, the

addition of the FOM and VO result in the total OPEX for the FOAK plant.
B-2.3 NOAK cost estimation

The resulting ATCR and OPEX calculated based on the methodology explained in the previous
sections can be combined to calculate the cost of CO, capture when a FOAK plant is used. The
FOAK CO; capture cost must then be upgraded to t that of the NOAK plant, the capacity of which
is adjusted to the required CO; for the refinery plant. The learning rates proposed by Young et

al. [301] are applied, as shown in Equation B-17 and B-18.

_ln (1-1Lr)

b= n2

Equation B-17

Equation B-18

In equation B-17, b represents the learning exponent, while Lr is the learning rate. The estimated
b is then used in Equation B-18, where x represents the ratio of the desired capacity over the
FOAK capacity. ‘y’ is the NOAK CAPEX or OPEX estimated in $/tonneCO,. Since the FOM
estimation depends on the CAPEX (TPC) value, the same learning rate is applied for both cases.
The value of Lr provided inin [301] is again expressed as a range with a minimum, middle and
maximum values, and therefore a probabilistic approach is employed for the NOAK cost
estimations. As for the VOC estimations, the authors proposed to use different Lr for the NOAK-
VOC value. However, this value indirectly implies that the energy consumption of the system
will be lower in a NOAK plant; in our study, being more conservative, it is assumed that the NOAK
and FOAK VOC costs are the same (energy requirements will stay constant in the next years).
Finally, the upgraded CAPEX, FOM and VOC are added, resulting in the NOAK-CO; capture cost.

The estimations and the approach proposed by Young et al. [301] are based in 2019 in US dollars,
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and therefore, they are adjusted accordingly to the set conditions of the economic assessment

of this study.
B-3. Life Cycle Inventories

The inventories for the most significant WtWa stages are shown in the following tables. Table B-
2 provides the main inventory for the operation of the DAC unit. The background information
for the construction section can be found in the study of Terlouw et al. [310]. Tables B-3, B-4,
and B-5 describe the mass and energy balance of the operation of the alkaline electrolyser, using
different approaches for the multi-functionality of this stage. The background information of the
construction can be found in the study of Koj et al. [308], while the operation inventory was
formulated based on the information provided by Holst et al. [103]. Similarly, Tables B-6 and B-
7, describe the operation of the process plant, by considering energy and exergy allocations.

These inventories were constructed based on the models developed in Aspen Plus.

Table B-2: LCI of DAC operation.

Outputs to technosphere: Products and co-products Amount Unit
CO2 captured from air 1000 kg
Outputs to technosphere: Avoided products Amount Unit
Inputs from nature Amount Unit
Inputs from technosphere: materials/fuels Amount Unit
DAC unit construction 1.25E-05 p
Chemical, organic {GLO}| market for | Cut-off, U 7.5 kg
Inputs from technosphere: electricity/heat Amount Unit
Electricity, high wltage {GB}| electricity production, wind, 1-3MW turbine, offshore | 2600 MJ
Outputs

Emissions to air Amount Unit
Emissions to water Amount Unit
Outputs to technosphere: Waste treatment Amount Unit
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Table B-3: LCI of AE operation, without allocation to the by-products.

WITHOUT ALLOCATION

Products
Outputs to technosphere: Products and co-products Amount Unit
Hydrogen, gaseous produced from AE 1 kg
Outputs to technosphere: Avoided products Amount Unit
Inputs from nature Amount Unit
Inputs from technosphere: materials/fuels Amount Unit
Nitrogen, liquid {RoW}| market for | Cut-off, U 0.29 g
Potassium hydroxide {GLO}| market for | Cut-off, U 19¢g
Inputs from technosphere: electricity/heat Amount Unit
Electricity, high woltage {GB}| electricity production, wind, 1-3MW turbine, offshore | Cut-
off, U 192.09 MJ
Alkaline Electrolyser Cell Stack Construction 9.63E-08 p
Outputs
Emissions to air Amount Unit
Emissions to water Amount Unit
Outputs to technosphere: Waste treatment Amount Unit

242



Table B-4: LCI of AE operation, with exergy allocation.

INVENTORY 2-1 EXERGY ALLOCATION

Prod
Outputs to technosphere: Products and co-products Amount Unit | Allocation %
Hydrogen, gaseous produced from AE 1 kg 90.34%
Heat, district or industrial, natural gas {Europe without Switzerland}| market for he: 29254.58 kJ 2.93%
Oxygen 4.33 kg 6.72%
Outputs to technosphere: Avoided products Amount Unit

Inputs from nature Amount Unit
Inputs from technosphere: materials/fuels Amount Unit
Nitrogen, liquid {RoW}| market for | Cut-off, U 0.29 ¢
Potassium hydroxide {GLO}| market for | Cut-off, U 199¢g
Inputs from technosphere: electricity/heat Amount Unit
Electricity, high woltage {GB}| electricity production, wind, 1-3MW turbine, offshore | Cut-off, 192.09 MJ
Alkaline Electrolyser Cell Stack Construction 9.63E-08 p
Outputs

Emissions to air Amount Unit
Emissions to water Amount Unit
Outputs to technosphere: Waste treatment Amount Unit
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Table B-5: LCI of AE operation, with energy allocation.

INVENTORY 2-1 ENERGY ALLOCATION

Prod
Outputs to technosphere: Products and co-products Amount Unit
Hydrogen, gaseous produced from AE 1 kg
Heat, district or industrial, natural gas {Europe without Switzerland}| market for he: 2.93E+04 kJ
Outputs to technosphere: Avoided products Amount Unit

Inputs from nature Amount Unit
Inputs from technosphere: materials/fuels Amount Unit
Nitrogen, liquid {RoW}| market for | Cut-off, U 0.29 g
Potassium hydroxide {GLO}| market for | Cut-off, U 1949
Inputs from technosphere: electricity/heat Amount Unit
Electricity, high wltage {GB}| electricity production, wind, 1-3MW turbine, offshore | Cut-off, 192.09 MJ
Alkaline Electrolyser Cell Stack Construction 9.63E-08 p
Outputs

Emissions to air Amount Unit
Emissions to water Amount Unit
Outputs to technosphere: Waste treatment Amount Unit
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Table B-6: LCI of the process plant operation, with exergy allocation.

Outputs to technosphere: Products and co-products Amount Unit
Jet fuel production, from synthetic gas 1 kg
Naphtha {Europe without Switzerland}| naphtha production, petroleum

refinery operation | Cut-off, U 0.35 kg
Diesel {Europe without Switzerland}| diesel production, petroleum refinery

operation | Cut-off, U 0.32 kg
Outputs to technosphere: Avoided products Amount Unit
Inputs from nature Amount Unit
Water, cooling, unspecified natural origin, GB 17.88 |
Water, process and cooling, unspecified natural origin 2.10 1
Inputs from technosphere: materials/fuels Amount Unit
CO2 from DAC 5.27 kg

H2 from electrolyser 1.35 kg
Cobalt {GLO}| market for | Cut-off, U 2.03E-03 kg
Zeolite, powder {GLO}| market for | Cut-off, U 3.52E-05 kg
Nickel, 99.5% {GLO}| market for | Cut-off, U 6.45E-05 kg
Chemical factory, organics {RER}| construction | Cut-off, U 3.11E-11 p
Inputs from technosphere: electricity/heat Amount Unit
Electricity, high wltage {GB}| electricity production, wind, 1-3MW turbine, off: 7.94 MJ
Emissions to air Amount Unit
Carbon dioxide, atmospheric 1.16E-01 kg
Water/m3 3.29E-03 m3
Oxygen 1.61E-15 kg
Emissions to water Amount Unit
Outputs to technosphere: Waste treatment Amount Unit
Wastewater, from residence {RoW}| market for wastewater, from residence | 9.70E-03 m3
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Table B-7: LCI of the process plant operation, with energy allocation.

Outputs to technosphere: Products and co-products

Jet fuel production, from synthetic gas

Naphtha {Europe without Switzerland}| naphtha production, petroleum
refinery operation | Cut-off, U

Diesel {Europe without Switzerland}| diesel production, petroleum refinery
operation | Cut-off, U

Outputs to technosphere: Avoided products

Inputs from nature
Water, cooling, unspecified natural origin, GB
Water, process and cooling, unspecified natural origin

Inputs from technosphere: materials/fuels
CO2 from DAC
H2 from electrolyser

Cobalt {GLO}| market for | Cut-off, U

Zeolite, powder {GLO}| market for | Cut-off, U

Nickel, 99.5% {GLO}| market for | Cut-off, U

Chemical factory, organics {RER}| construction | Cut-off, U

Inputs from technosphere: electricity/heat
Electricity, high wltage {GB}| electricity production, wind, 1-3MW turbine, off:

Emissions to air

Carbon dioxide, atmospheric
Water/m3

Oxygen

Emissions to water

Outputs to technosphere: Waste treatment
Wastewater, from residence {RoW}| market for wastewater, from residence |

Amount Unit

1 kg

0.35 kg

0.32 kg

Amount Unit

Amount Unit
17.88 |

2.101

Amount Unit
5.27 kg
1.35 kg

2.03E-03 kg

3.52E-05 kg
6.45E-05 kg

3.11E-11 p

Amount Unit

7.94 MJ

Amount Unit
1.16E-01 kg
3.29E-03 m3

1.61E-15 kg

Amount Unit

Amount Unit
9.70E-03 m3

B-4 Fischer-Tropsch product distribution

The product distribution at the outlet of the FT reactor, which is modelled by using the carbide
mechanism, is presented in Figure B-1. As explained above, this model takes into account the
main deviations from the Anderson-Schulz-Flory (ASF) model. This can be observed by three
main effects on Figure B-1: 1) the amount of methane produced is much higher than the one
predicted by ASF; 2) the amount of ethylene is less than the estimation by ASF, and 3) the model
is able to predict the production of paraffin, as well as olefins. These results are validated against

the results obtained by Marchese et al. [64], which are presented as rate of formation and

validated against experimental values.
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It is important to mention that the higher prediction of methane production has an impact in
the process design, since it also means that the amount of gaseous streams that are recycled to
the different sections of the process is larger, when compared to a process model that follows

the ASF distribution. Concerning the olefins, their production is significant until the olefin C15.

1.E+00
1.E-01 -
1.E-02
1.E-03
1.E-04
1.E-05

Mass Fraction

1.E-06
1.E-07

1.E-08
0 10 20 30 40 50 60 70

Carbon Number

Parafins ——Olefins ----- Parafins+Olefins ASF

Figure B-1: Hydrocarbon distribution after the FT reactor and comparison with the ASF model.
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B-5. DAC humidity influence on the CO; working capacity
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Figure B-2: CO, working capacities at different temperatures and relative humidity.

* Model is not very accurate at low temperature (283 K) and high relative humidity (>0.9);
however, this is outside the operating conditions of the proposed system).

B-6. Heat integration

Figure B-3 represents the heat exchanger network designed for the refinery plant; the
electrolyser and the DAC units have been included. The blue lines at the top represent external
cooling utilities corresponding, i.e., from top to bottom, HP Steam Generation, LP Steam
Generation, Cooling Water (electrolyser), Cooling water (process), and Refrigerant. The middle
red and blue lines represent the process streams needing cooling and heating, respectively.
Finally, the bottom red line represents LP steam as heating utility, which is internally generated.
Therefore, it can be seen that a proper heat integration results in a system requiring only

external cooling utilities.
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Figure B-3: Heating and cooling network of the PtL system.
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B-7. Life Cycle assessment: Midpoint Environmental impacts

Table B-8: Midpoint Environmental Impacts

Impact category Units Allocation AA1
Global warming kg CO, eq 2.14E-02
Stratospheric ozone depletion kg CFC11 eq 1.17E-08
lonizing radiation kBq Co-60 eq 9.15E-04
Ozone formation, Human health kg NOx eq 3.99E-04
Fine particulate matter formation kg PM2.5 eq 1.25E-04
Ozone formation, Terrestrial ecosystems kg NOx eq 4.02E-04
Terrestrial acidification kg SO2 eq 3.33E-04
Freshwater eutrophication kg P eq 1.23E-05
Marine eutrophication kg N eq 2.51E-06
Terrestrial ecotoxicity kg 1,4-DCB 4.83E-01
Freshwater ecotoxicity kg 1,4-DCB 7.78E-03
Marine ecotoxicity kg 1,4-DCB 9.84E-03
Human carcinogenic toxicity kg 1,4-DCB 5.70E-03
Human non-carcinogenic toxicity kg 1,4-DCB 9.63E-02
Land use m2a crop eq 5.64E-04
Mineral resource scarcity kg Cu eq 1.38E-03
Fossil resource scarcity kg oil eq 5.93E-03
Water consumption m?3 4.18E-04

B-8. Policy analysis: UK SAF Mandate

1000 =

o
N
a

900

800

o4
[N}

SAF certificate cost [E/certificate]

700

600

500

AE-Curtailed

400

CO2 capture cost [£/tonne]
o

300

200

o
=}
a

100

Biomass gasification with CCUS 473N

Biomass gasification with

=
N
w
1N
o B
»
~
[

H2 production cost [£/kg]

Figure B-4: The SAF certificate cost for the MJSP to break-even with fossil jet fuel cost (0.56£/kg)
for different CO, capture and H; production costs. The upstream emissions for the wind farm

electricity are neglected.
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APPENDIX C

C-1. Life cycle inventories (LCI)

The following sections present the data for the LCI of some relevant subsystems of the proposed

configurations:

Table C-1: LCI of forest residues chips transport.

Outputs to technosphere: Products and co-products Amount Unit
kg of

Wood chips, wet, measured as dry mass {UK}| market for | Cut-off, U 1.000 dry
biomass

Inputs from nature Amount Unit

Inputs from technosphere: materials/fuels Amount Unit

Transport, freight, lorry, unspecified {ZA}| market for transport,

. . 0.143* tkm

freight, lorry, unspecified | Cut-off, U

Wood chips, wet, measured as dry mass {RoW}| hardwood forestry, 0.068 kg

oak, sustainable forest management | Cut-off, U )

Wood chips, wet, measured as dry mass {RoW}| softwood forestry, 0.932 kg

spruce, sustainable forest management | Cut-off, U

*Value adjusted from original inventory to represent the transport of FR chips with 30% of
water content for 100 km
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Table C-2: LCI of alkaline electrolyser operation [308].

Products

0%TS

20%TS

40%TS

80%TS 100%TS

Outputs to technosphere: Products and co-products
Hydrogen, gaseous produced from AE

Heat, district or industrial, natural gas {Europe without
Switzerland}| market for heat, district or industrial,
natural gas | Cut-off, U

Oxygen

Outputs to technosphere: Avoided products

Inputs from nature
Inputs from technosphere: materials/fuels

Water, completely softened {RER}| market for water,
completely softened | Cut-off, U

Nitrogen, liquid {RoW}| market for | Cut-off, U
Potassium hydroxide {GLO}| market for | Cut-off, U
Inputs from technosphere: electricity/heat

1-3MW turbine, offshore | Cut-off, U
Alkaline Electrolyser Cell Stack Construction

Emissions to air
Emissions to water
Outputs to technosphere: Waste treatment

Electricity, high voltage {GB}| electricity production, wind,

29254.58 29254.58 29254.58

2.16

9.26

0.29
1.90

192

1.00

1.47

9.26

0.29
1.90

193

1.00

0.45

9.26

0.29
1.90

194

50%TS 60%TS
Amount
1.00 1.00

29254.58 29254.58

1.00 1.00 ke

29254.58 29254.58 kJ

0.00 0.00 0.00 0.00 kg
Amount Unit
Amount Unit
Amount Unit
9.26 9.26 9.26 9.26 kg
0.29 0.29 0.29 0.29 g
1.90 1.90 1.90 1.90 g
Amount Unit
195 196 197 198 MJ

9.63E-08 9.63E-08 9.63E-08 9.63E-08 9.63E-08 9.63E-08 9.63E-08 p

Amount
Amount
Amount

Unit
Unit
Unit
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C-1.1 Refinery plant: This stage encompasses the gasification island (biomass pre-treatment, gasifier
and syngas cleaning sections), the syngas conversion and syncrude upgrading plant (RWGS, FT,
hydrogenation, hydrocracking, distillation columns, and isomerization sections), and the ASU. The
main inputs to the refinery are electricity, hydrogen and oxygen coming from the electrolyser, forest
residues chips, and some other external utilities, such as water and air. On the other hand, the outputs
of this section are SAF, naphtha, diesel, and LP/MP/HP steam. Alongside, other materials are needed,
such as catalyst, reposition of fluidising media for the gasifier, and make up water for the cooling and
steam systems. As some of this data are not calculated in the process model, some rough
assumptions/calculations were performed: 1) Catalyst are changed every 3 years, and in the LCI of the
refinery, they are represented by their main constituent (in terms of functionality). 2) The amount of
fluidising media to be replaced was taken from an existing gasifier LCI from Ecoinvent [235]. 3) The
makeup water flows for the cooling water and steam systems were calculated as explained in a
previous study by the authors [340], and they are considered as “inputs from nature”. Furthermore,
for the background data related to the chemical facility (construction, assembling, installation,
disassembling, among others) the LCI was taken from Ecoinvent [352] and adjusted to the capacity of
the analysed scenario as explained in a previous work by the authors [171]. Table C-3 presents the LCI

for the refinery stage:
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Table C-3: LCI of the process plant (as shown in Figure 1 of the main manuscript, except by the AE).

Products 0%TS 20%TS 40%TS 50%TS 60%TS 80%TS 100%TS
Outputs to technosphere: Products and co-products Amount Unit
Jet fuel production, from synthetic gas 1 1 1 1 1 1 1.00 kg
Naphtha production from synthetic gas 0.498 0.489 0.500 0.506 0.505 0.517 0.523 kg
Diesel production from synthetic gas 0.295 0.296 0.296 0.296 0.296 0.296 0.296 kg
HP Steam 11.062 10.058 9.713 9.364 8.936 9.184 9.128 kg
MP Steam 25.999 25.689 25.649 25.593 25.478 25.271 24.626 kg
LP Steam 1.004 0.963 0.967 0.960 0.953 1.045 0.829 kg
Gaseous N2 0.000 0.000 0.000 0.108 0.498 1.301 2.165 kg
Liquid 02 0.000 0.000 0.000 0.020 0.091 0.239 0.398 kg
Liquid N2 0.000 0.000 0.000 0.011 0.051 0.133 0.221 kg
Liquid Ar 0.000 0.000 0.000 0.002 0.010 0.027 0.044 kg
Outputs to technosphere: Avoided products Amount Unit
. mpus
Inputs from nature Amount Unit
Water, process and cooling, unspecified natural origin 28.674 27.406 26.567 26.410 26.602 26.130 27.262 |
Inputs from technosphere: materials/fuels Amount Unit
Wood chips, wet, measured as dry mass {UK}| market
for | Cut-off, U 3.022 3.466 4.013 4.284 4.546 5.116 5.715 kg
H2 from electrolyser 0.811 0.713 0.619 0.572 0.524 0.427 0.328 kg
Silica sand {GLO}| market for | Cut-off, U 0.150 0.172 0.199 0.212 0.225 0.254 0.283 kg
Cobalt {GLO}| market for | Cut-off, U 1.94E-03  1.84E-03 1.84E-03  1.85E-03  1.84E-03 1.84E-03 1.85E-03 kg
Nickel, 99.5% {GLO}| market for | Cut-off, U 3.50E-05  3.59E-05 3.77E-05  3.86E-05  3.94E-05 4.12E-05 4.32E-05 kg
Zeolite, powder {GLO}| market for | Cut-off, U 9.17E-05  8.99E-05 5.44E-05 4.71E-05  9.49E-05 6.80E-05 7.30E-05 kg
Chemical factory, organics {RER}| construction | Cut-
off, U 3.11E-11 3.11E-11 3.11E-11 3.11E-11 3.11E-11 3.11E-11 3.11E-11 »p
Inputs from technosphere: electricity/heat Amount Unit
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Electricity, high voltage {GB}| electricity production,
wind, 1-3MW turbine, offshore | Cut-off, U

13.911
Emissions to air

Carbon dioxide, biogenic 0.0963
Outputs to technosphere: Waste treatment

Inert waste, for final disposal {RoW}| market for inert 0.150
waste, for final disposal | Cut-off, U '

Wastewater, from residence {RoW}| market for 8.20E-03
wastewater, from residence | Cut-off, U
Wood ash mixture, pure {Europe without

Switzerland}| market for wood ash mixture, pure | 0.0166
Cut-off, U
CO; 0.000

14.993 16.468 17.474 19.113 22.522 26.270 MJ

Amount Unit

0 0 0 0 0 0 kg
Amount Unit

0.172 0.199 0.212 0.225 0.254 0.283 kg

7.85E-03 7.60E-03  7.48E-03  7.35E-03 7.12E-03 6.91E-03 m3

0.0191 0.0221 0.0236 0.0250 0.0281 0.0314 kg

0.949 1.909 2.396 2.884 3.906 4.998 kg
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Table C-4: LCl of the CO, compression, transport and storage.

ZProducts 0%TS 20%TS 40%TS 50%TS 60%TS 80%TS 100%TS
Outputs to technosphere: Products and co-products Amount Unit
Storage, CO2, aquifer, 100 km pipeline 0 1 1 1 1 1 1 kg
Inputs from nature Amount Unit
Inputs from technosphere: materials/fuels Amount Unit
Well, double aquifer 0 2.54E-11 2.54E-11 2.54E-11 2.54E-11 2.54E-11 2.54E-11 P
Transport, pipeline, supercritical CO2, w/o recompression 0 0.2 0.2 0.2 0.2 0.2 0.2  tkm

Air compressor, screw-type compressor, 300kW {RER} 1.14E-09 6.57E-10 5.59E-10 4.93E-10 4.09E-10  3.57E-10
production | Cut-off, U 0.00E+00 p

Inputs from technosphere: electricity/heat Amount Unit

Electricity, high voltage {GB}| electricity production, wind, 1-
3MW turbine, offshore | Cut-off, U

0.00E+00 1.09E-01 1.09E-01  1.09E-01 1.09E-01 1.09E-01 1.09E-01 kWh

Emissions to air Amount Unit
Carbon dioxide, fossil 0 -1 -1 -1 -1 -1 -1 kg

Emissions to water Amount Unit
Outputs to technosphere: Waste treatment Amount Unit

256



C-2. Heat integration results: Composite curves of the intermediate scenarios

Actual Temperature [°C]

Actual Temperature [°C]

1200

1000

800

600

400

200

-200

1200

1000

800

600

400

200

-200

/

250000

!
50000 100000 150000 200p00
Heat Flow [kW]
.
20000 40000 60000 80000 100000 120000 140000 160000 180000

Figure C-1: Composite curves of the A) 20%TS scenario, B) 40%TS scenario, C) 60%TS scenario, and D) 80%TS scenario.
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C-3. Power curves of the proposed scenarios

Table C-5: Wind farm size and output of electricity.

Scenario 0%TS 20%TS 40%TS 50%TS 60%TS 80%TS 100%TS
Number of turbines 164 127 98 86 77 59 46
Average hourly power 314.46 246.23 187.53 165.59 147.30 114.36 88.53
generation [MW]

Total annual power

from wind farm to the | 1,438,265.82 | 1,128,210.58 | 861,705.47 | 761,039.48 | 673,811.68 | 525179.56 | 402,023.95
system [MWh]

Totalannual Power | ) o cec 0o | 85148923 | 638,517.91 | 560,143.16 | 496,910.46 | 383,517.95 | 292,061.32
from the grid [MWHh]

Total annual Powerto | ) 310 131 95 | 1 02876842 | 781,078.84 | 689,514.93 | 616,579.18 | 476,603.18 | 373,523.77

the grid [MWAh]
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C-4. Sensitivity analysis on the MJSP
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Figure C-2: Sensitivity of the MJSP of the SAF produced at various feedstock cost and H; production cost for: A) 20%TS scenario, B) 40%TS scenario, C)
60%TS scenario, and D) 80%TS scenario.
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C-5. Life Cycle assessment: Midpoint Environmental impacts

Impact category Units 0%TS 20%TS 40%TS 50%TS 60%TS 80%TS 100%TS
Global warming kg COz eq 1.39E-02  -8.84E-03  -3.18E-02  -4.35E-02 -5.51E-02 -7.94E-02 -1.05E-01
Stratospheric ozone

depletisn kg CFC11 eq 8.24E-09 7.93E-09 7.64E-09 7.51E-09 7.41E-09 7.18E-09 6.99E-09
lonizing radiation kBq Co-60 eq 5.92E-04 5.60E-04 5.29E-04 5.14E-04 5.01E-04 4.74E-04 4.48E-04
Ozone formation, Human ke NOx eq

health 3.84E-04 3.84E-04 3.83E-04 3.83E-04 3.83E-04 3.83E-04 3.83E-04
Fine particulate matter

formztion kgPM25€d 37605 901605  8.656-05  8.48E-05 8.32E-05 7.99E-05 7.67E-05
Ozone formation, Terrestrial kg NOX eq

ecosystems 3.87E-04 3.86E-04 3.86E-04 3.86E-04 3.86E-04 3.86E-04 3.86E-04
Terrestrial acidification kg SO2 eq 2.56E-04 2.47E-04 2.37E-04 2.33E-04 2.29E-04 2.20E-04 2.11E-04
Freshwater eutrophication kg P eq 7.31E-06 6.80E-06 6.29E-06 6.04E-06 5.83E-06 5.38E-06 4.95E-06
Marine eutrophication kg N eq 1.62E-06 1.52E-06 1.42E-06 1.37E-06 1.33E-06 1.24E-06 1.15E-06
Terrestrial ecotoxicity kg 1,4-DCB 3.35E-01 3.18E-01 3.01E-01 2.93E-01 2.86E-01 2.70E-01 2.56E-01
Freshwater ecotoxicity kg 1,4-DCB 4,33E-03 3.95E-03 3.56E-03 3.37E-03 3.21E-03 2.85E-03 2.51E-03
Marine ecotoxicity kg 1,4-DCB 5.52E-03 5.05E-03 4.56E-03 4.32E-03 4.11E-03 3.68E-03 3.25E-03
Human carcinogenic toxicity kg 1,4-DCB 3.16E-03 2.90E-03 2.62E-03 2.49E-03 2.37E-03 2.13E-03 1.90E-03
Human non-carcinogenic kg 1,4-DCB

toxicity ! 6.74E-02 6.45E-02 6.16E-02 6.03E-02 5.92E-02 5.68E-02 5.45E-02
Land use m2a crop eq 4.06E-02 4.67E-02 5.37E-02 5.71E-02 6.06E-02 6.77E-02 7.53E-02
Mineral resource scarcity kg Cu eq 8.76E-04 8.10E-04 7.51E-04 7.25E-04 7.01E-04 6.49E-04 6.00E-04
Fossil resource scarcity kg oil eq 3.82E-03 3.70E-03 3.59E-03 3.54E-03 3.51E-03 3.43E-03 3.37E-03
Water consumption m? 5.19E-04 4.86E-04 4.53E-04 4.40E-04 4.34E-04 4.07E-04 4.01E-04
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C-6. Sensitivity analysis of the GWP
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Figure C-3: The GWP of the WtWa life cycle of SAF for different electricity sources and different electricity consumption for the: A) 20%TS scenario, B) 40%TS
scenario, C) 60%TS scenario, and D) 80%TS scenario.
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C-7. Policy analysis: SAF mandate
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Figure C-4: The SAF certificate cost for the MJSP to break-even with fossil jet fuel gate price (0.56£/kg) for different electricity costs and electricity carbon
footprint, for the: A) 20%TS scenario, acknowledging the negative GWP; B) 20%TS scenario, without acknowledging the negative GWP; C) 40%TS scenario,
acknowledging the negative GWP; and D) 40%TS scenario, without acknowledging the negative GWP.
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Figure C-5: The SAF certificate cost for the MJSP to break-even with fossil jet fuel gate price (0.56£/kg) for different electricity costs and electricity carbon
footprint, for the: A) 60%TS scenario, acknowledging the negative GWP; B) 60%TS scenario, without acknowledging the negative GWP; C) 80%TS scenario,
acknowledging the negative GWP; and D) 80%TS scenario, without acknowledging the negative GWP.
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