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Executive Summary

Executive Summary

Recent catastrophic floods in Valencia underscore the [IPCC’s warnings about the increasing
frequency and severity of extreme weather events driven by Anthropogenic Climate Change.
The Petrochemical Industry, as a significant contributor to GHG emissions, remains locked
into carbon-intensive processes facing growing pressure to reduce GHG emissions. Ethylene,
a key product of this sector with high production volumes and diverse applications, serves as
a critical case study for addressing the industry's environmental challenges.

This study evaluates two innovative production pathways — Biomass-to-Olefins and
H>+CCU-to-Olefins —, incorporating several low-carbon technologies, against the conven-
tional Steam Cracking route using cradle-to-gate prospective Life Cycle Assessments fo-
cused solely on Global Warming Potential (GWP) under the functional unit of 1 t of ethylene.
The analysis covers several future scenarios by implementing Integrated Assessment Models,
geographies, and varying process set-ups and modifications retrieved from literature sources
to assess the decarbonization potential of these routes and their feasibility in breaking the
sector's carbon lock-in.

The Biomass-to-Olefins route consistently demonstrates the best GWP performance, achiev-
ing cradle-to-gate values as low as -2911.1 kg CO:-eq./t ethylene in future scenarios due to
its CO2 sequestration properties. The H>+CCU-to-Olefins route initially exhibits the highest
GWP due to its reliance on carbon-intensive electricity, but significant improvements are
observed in scenarios with decarbonized energy grids, reducing impacts as low as -2804.4 kg
CO:2-eq./t ethylene, ultimately surpassing the conventional Steam Cracking process in future
scenarios. In contrast, the Steam Cracking route offers limited GWP reduction potential due
to its dependence on the fossil feedstock upstream chain and technological maturity. Regional
electricity mixes play a critical role, with novel routes performing substantially better in
cleaner energy systems, emphasizing the importance of renewable energy adoption.

Process modifications further enhance GWP performance. In Steam Cracking, adopting low-
emission or electric furnaces combined with CCS achieves up to a 40% GWP reduction,
although improvements remain constrained by fossil feedstock dependency. The Biomass-
to-Olefins pathway benefits from process integration, optimized feedstocks and CCS, achiev-
ing GWP reductions of up to 330%. The H>+CCU-to-Olefins pathway is heavily influenced
by electricity demand and its source, with modifications such as replacing PEMEC with
SOEC or incorporating other energy-efficient process designs reducing GWP by up to 30%.
The findings underscore the necessity of integrating renewable energy, sustainable feedstocks
and advanced technologies to reduce GWP impact of ethylene production. While Steam
Cracking offers limited scope for improvement, the Biomass-to-Olefins and H.+CCU-to-
Olefins pathways present promising low-carbon alternatives, contingent upon a global tran-
sition to renewable electricity While the novel routes show promising GWP performances,
trade-offs with other environmental impacts and resources as well as their resource-intensive
nature highlight the need to reduce overall consumption alongside technological shifts. This
Master Thesis contributes to a better understanding of low-carbon pathways for the Petro-
chemical Sector and their role in mitigating climate change, while future research should
explore economic feasibility, downstream impacts, and trade-offs, such as land use and re-
source availability, to ensure sustainable and feasible decision-making in the Petrochemical
Sector.
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Introduction

1. Introduction

1.1 Problem Statement and Aim of Master Thesis — Climate Crisis
and the Chemical Industry

1.1.1 The Anthropogenic Climate Change and The Paris Agreement

Recent heavy rainfall, amounting to hun- i S

il : N
dreds of liters per square meter, has led to ' ‘l | ||
severe flooding in southeastern Spain, re- 7 ‘

sulting in over 200 casualties and causing H ; {'” - i
extensive damage valued in the billions (s. ' ' - > 1 TN
Figure 1) (Hall, 2024 & SRF, 2024). To I =

contextualize, the city of Chiva experienced

491 liters per square meter within an eight- : ' ¥ 4Pp |
hour period - surpassing the typical annual 7l
rainfall of nearby Valencia, which averages | ¢ I[.7 2

461 liters per square meter (Kixmiller, | . , ' : =
2024). Although such extreme events are ' : -
influenced by a complex interaction of fac- E- : N

tors, scientists from Brunel University Lon- Figure 1: Picture taken from the city of Catarroja, 10 km
away from Valencia after the floods (Arber, 2024; p. 1)

don emphasize that anthropogenic climate

change plays a critical role in intensifying these rainfall extremes. In this catastrophe in par-
ticular, the Mediterranean Sea has recently reached an unprecedented temperature of 28.47
°C, the highest on record, which facilitates increased evaporation and moisture uptake into
the atmosphere. This moisture is then likely to condense and precipitate as temperatures cool
during the autumn months, which fuels these heavy rainfalls (von Eichhorn, 2024).

The authors of the latest Intergovernmental Panel on Climate Change (IPCC) report also re-
affirm the strong link between the rise in extreme weather events — such as the recent flooding
in Spain — and Anthropogenic Climate Change (IPCC, 2023). According to this report, the
human-driven climate change has already profoundly impacted the atmosphere, cryosphere,
biosphere, oceans and ecosystems, favoring and intensifying the severity and frequency of
extreme weather events. These escalating conditions contribute to food and water insecurity,
pose significant risks to human health and lead to economic instability, all of which impede
progress toward achieving the Sustainable Development Goals (SDGs). The reason for these
developments is clear:

"Human-caused climate change is a consequence of more than a century of net GHG
emissions from [unsustainable] energy use, land-use and land-use change, lifestyle
and patterns of consumption, and production (...).” (IPCC, 2023, p. 44)
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The numbers from the IPPC report underpin these developments: By 2019, atmospheric CO»
levels reached 410 parts per million, a level unprecedented in at least 2 Mio. years, with CHy4
and N>O concentrations of 1886 and 332 parts per billion, respectively at historic highs, as
well (s. Figure 2). These cumulative greenhouse gas emissions (GHG) from 1850 to 2019
exceeded 2400 Gt, driving a global surface temperature rise of over 1.09°C since pre-indus-
trial times (s. Figure 3).

Concentrations of GHGs have increased rapidly since 1850 Global surface temperature has increased by

(scaled to match their assessed contributions to warming over 1850-1900 1.1°C by 2011-2020 compared to 1850-1900

to 2010-2019) gc20
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Figure 2: Measured CO;, CH; and N>O concentrations Figure 3: Observed global surface temperature
throughout the years 1850-2020 (IPCC, 2023, p. 43) throughout the years 1850-2020 (IPCC, 2023, p. 43)

Furthermore, the annual CO;-equivalent
(CO2-eq.) emissions reached 59 Gt/year in 60
2019, a 12% increase compared to 2010 (s.
Figure 4), with the energy sector contrib-

Greenhouse gas (GHG) emissions resulting
from human activities continue to increase

Non-CO,
emissions

CO0, from Land
Use, Land-Use

45

uting the largest share (34%). Other signifi- Change and
. . . Forestry
cant sectors include industry (24%), agricul- (LULUCA)

CO, from
fossil fuels
and industry

ture, forestry, and land use (22%), transport
(15%) and buildings (6%) (IPCC, 2023). In
response to these concerning developments,

® GHG Emissions (GtCO,-eq/yr)
8

0
1850 1900 1950 2000 2019

the 2015 Paris Agreement with over 196 par-  Figure 4: Annual GHG emissions in COx-eq./vear through-
ties sought to limit global temperature rise to out out the years 1850-202 (IPCC, 2023, p. 43)

well below 2°C above pre-industrial levels, with an aim to restrict it to 1.5°C — a milestone
in the multilateral climate change process (UN Climate Change, 2015). To meet this goal,
urgent action is necessary because the world needs to aim at peaking global GHG emissions
by 2025 and reducing them by 43% by 2030 to stay on track (IPCC, 2023; UN Climate
Change, 2015).

1.1.2 The (Petro-)Chemical Industry as one of the biggest (polluting) industries
n a unique situation

The previous chapter emphasized that rapid climate change is driven by human activities
with severe impacts on various ecosystems threatening our livelihoods, while industries as a
sector significantly contribute to it. Therefore, especially the chemical industry, the third-
largest industry polluter after cement and iron, must act (Bauer et al., 2022). As a key eco-
nomic player, this industry also generated $4.7 trillion in revenues in 2022, contributing 4%
of global Gross Domestic Product. It employs more than 15 million people, while synthesiz-
ing products integral to over 96% of all manufactured goods (Gabrielli et al., 2023). The
Petrochemical Industry in particular, is a fundamental sector within the chemistry sphere

2
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serves as cornerstone in organic chemistry (Chemie, 2024). It acts as a bridge between the
Petroleum and Chemical Industry and is carbon-intensive, responsible for 10% of global
GHG emissions due to its high reliance on fossil fuels as source of energy and feedstock
(Bauer et al., 2022; Chemie, 2024). Despite energy efficiency improvements in this sector,
the Petrochemical Industry remains in a carbon lock-in situation as over 99% of its produc-
tion depends on fossil resources. Moreover, it only changes slowly due to the requirement of
large investments to modify its business models, operating and safety standards as well as its
complex value chains (Bauer et al., 2022; Gabrielli et al., 2023; Meng et al., 2023). This
carbon lock-in situation can be described as followed:

“Carbon lock-in is the “self-perpetuating inertia that is created by large fossil-fuel-
based energy systems and that inhibits the emergence of alternative energy technol-
ogies” and can be seen as a special case of path dependency in the economy, relying
on increasing economies of scope, scale, and networks related to fossil fuel re-
sources.” (Bauer et al., 2020, p. 3)

a) Ethylene b) Propylene c) Butadiene
H H H o H
H. ~ H =
o o, Y
H H H H
d) Ammonia e) Methanol f) Benzene, mixed Toluene and Xylene

H CH3 CH3

H.--_H H.C._ H H H H H H
N >“~OH
I LN ]

H H H H H H H

H H CH3
Figure 5: LEWIS-structures of the primary chemicals: light olefins (ethylene, propylene, butadiene), ammonia, MeOH

and mixed aromatics (benzene, toluene, xylene)

A significant part of the petrochemical sector's emissions comes from producing primary
chemicals namely methanol (MeOH), ammonia, aromatics (mixed benzene, xylene and tol-
uene (BTX)) and light olefins (notably ethylene, propylene and butadiene), which are the
backbone of most chemicals and are produced at a million tons scale mostly from a combi-
nation of high-temperature heat and fossil resources (s. Figure 5a-f) (Gabrielli et al., 2023;
Galan-Martin et al., 2021; IEA, 2023).

In fact, according to Bauer et al., 2022 and Cefic, 2023, these primary chemicals are mostly
derived from coal, natural gas liquids, and refined petroleum products with multiple down-
stream applications ranging from textiles and detergents, over various fuel types to wind tur-
bines and furniture. Despite increasing use of different feedstocks and advanced processes,
the core Steam Cracking process, which produces most of the primary chemicals or their
precursors, remains unchanged.

Global production capacity for petrochemicals, particularly in Asia, the Middle East, and in
former Soviet states, is expected to increase to meet the growing demand especially for light
olefins for plastic production (Gabrielli et al., 2023). Indeed, between 1950 and 2020, the
production of petrochemicals surged from 2 Mt to over 420 Mt, with a 12% increase between

3
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2015 and 2020 alone, and is projected to double over the next 30 years, while ethylene plays
a central role in this development (Rootzen et al., 2023). With an annual production volume
of over 162 Mt in 2020, ethylene is the most produced plastic precursor in the world and
serves as a raw material for producing a wide range of polymers and chemical products,
including different kinds of plastics, rubbers, detergents and adhesives (Meng et al., 2023).
Identified by CAS Number 74-85-1, ethylene is a colorless gas with a sweet odor, lighter than
air, and highly flammable. It has a molecular weight of 28.05 g/mol and features a carbon-
carbon double bond with two hydrogen atoms attached to each carbon atom (s. Figure 5a)
(PubChem, 2024).

In conclusion, the Chemical Industry is a hard-to-abate sector trapped in a carbon lock-in
situation due to its great fossil dependency and energy intensiveness with not only a substan-
tial contribution to the Anthropogenic Climate Change, but also complex value chains affect-
ing almost every other sector. Hereby, the production of ethylene, the most important plastic
precursor, serves as a good proxy for this sector and thus, will be the main objective of this
Master Thesis.

1.1.3 Goal of Master Thesis: Evaluation of decarbonization strategies for eth-
ylene production

Despite these circumstances described in Chapter 1.1.2, there is promising progress in the
development of low-carbon technologies to mitigate the environmental impact of ethylene
production addressing its carbon lock-in situation. This chapter provides a brief overview of
these technologies, highlighting their advantages and drawbacks.

A B [ of D E
i 5 Atmosphere
Net-zero !
Business-as-usual Carbon capture and storage Carbon capture and utilization (CCU), ) .
] | Biomass-based processes Recycling

(BAU) (CCS) | Hydrogen/electrification

Lithosphere
Required to achieve net-zero carbon emissions
+— Chemical product "% a CCU/electrification Permanent geological [ Low-carbon
m chemical synthesis plant CO, storage / electricity
 Carbon-based product PPN ) ) e
(fossil hydrocarbon, CO,) .'I Biomass-based ! CQ2 capture (direct air, Low-carbon
% chemical synthesis plant se@ Point-source capture) hydrogen
Carbon-free product
(hydrogen, nitrogen) " i
1 Chemical product ta Recygle-based ) ? Sustainable biomass pr carbon
“ - 0 chemical synthesis plant nitrogen
J end-of-life « Biomass
~ | Chemical product Generic carbon removal (biomass,
&9 end-of-life with recycle CO, capture, CO, capture and storage)

Figure 6: Different net-zero pathways and their simplified process set-ups (CCS, CCU in combination with H2 and elec-
trification, biomass-based process and recycling) in comparison to the conventional route (Business as-usual) (Gabrielli
etal, 2023, p. 4)
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According to Gabrielli et al, 2023, the key to decarbonize hard-to-decarbonize production
processes, in general terms, lies in combining carbon-free energy sources with CO»-neutral
carbon feedstocks. In the case of ethylene production, four primary approaches have been
identified to achieve this objective: Carbon Capture and Storage (CCS), Carbon Capture and
Utilization (CCU) combined with green hydrogen production, biomass-based processes, and
recycling (s. Figure 6B-E). This Master Thesis will not elaborate on recycling due to the
follwing reasons.

Firstly, the recyling sphere offers various technologies with complex reaction set-ups, which
would be out of scope of this Master Thesis (Quicker, 2023). Secondly, even though recycling
will play a crucial role in reducing CO> emissions and resource use, recycling comes with a
lot of drawbacks. This includes lower quality of recycled material (down-cycling), materials
and additives, which are harmful to human health espeically in long-lasting plastics, and
complex chemical structures amounting to over 13000 chemicals used in plastics according
to the UN Environement Programme, making recycling difficult or even impossible (Singh
and Walker, 2024; Wiesinger, 2024). Thirdly, all recycling processes produce residual waste,
which is incinerated yielding to unavoidable CO» emissions (Gabrielli et al., 2023).

Business as Usual (BAU)

Fossil feedstocks are the primary source of carbon and hydrogen atoms as well as the energy
needed for product synthesis in the fossil-based industry. This results in net-positive CO:
emissions over a product's lifetime while most emissions come from synthesis and the end-
of-life processes, such as combustion or decomposition, of carbon-based products. Additional
emissions stem from fossil fuel extraction, preparation, and supply chain leakages, which can
account for up to 20% of total emissions (s. Figure 6A).

Efforts within BAU scenarios aim to improve efficiency and reduce carbon intensity. Strate-
gies include reducing coal use, waste heat recovery, electrifying processes and adopting co-
generation systems. Due to high maturity levels, there are only limited future energy and
emissions reductions expected, necessitating more transformative solutions for significant
progress (these two sections draw upon Gabrielli et al., 2023).

CCS

In CCS, petrochemicals like ethylene continue to be synthesized from fossil feedstocks but
CO; emissions from the energy-intensive steam cracking process are captured and perma-
nently stored in geological formations, such as saline aquifers, depleted oil and gas reservoirs
or get injected into the deep-ocean (s. Figures 6B, 7), which account for a storage capacity
of approximately 7000-55000 Gt (Bisinella et al., 2021; Gabrielli et al., 2023). CO, capture
technology has already been developed in the 1920s, was utilized to boost oil production in
the USA during the energy crisis in the 1970s through the Enhanced Oil Recovery (EOR)
process and has gained attraction for climate change mitigation in recent decades (Cruz et
al., 2021). Among the different carbon capture technologies presented in Figure 7, chemical
absorption is chosen as it is the only proven carbon capture technology for flue gases (Bisi-
nella et al., 2021). In addition to chemical absorption, temperature-vacuum swing adsorption
(s. TSA/VSA in Figure 7) utilized in direct air capture (DAC) systems is also accounted for
because it is the implemented technology in the commercially available Climeworks system
(Deutz and Bardow, 2021).



Introduction

In spite of the fact that CCS offers significant storage potential, high maturity, commercial
availability while maintaining current petrochemical production processes, there are chal-
lenges (Gabrielli et al., 2023; Markowitsch et al., 2023). These include uncertainty around
the availability and acceptance of storage sites, high costs, energy demands and continued
dependency on fossil feedstocks (Gabrielli et al., 2023). Furthermore, this technology still
relies on fossil carbon feedstock and current technologies cannot capture all CO> due to tech-
nology restraints (Galan-Martin et al., 2021; Meunier et al., 2020). However, commercial
projects like Shell’s Quest facility as part of the Athabasca Oil Sands Project demonstrate
CCS's viability, capturing over 1 Mt of CO, annually by storing it underground via pipeline
(Shell, 2021). Therefore, two commercially available technologies for CO; capture — DAC
and Point Source Capture (PSC) — will be discussed in greater detail in Chapter 3.1.

Energy Oil Cement Iron & Steel Chemicals
generation | | refineries industry industry sector
CO,
separation
. ] Chemical | | Calcium Criogenic Hydrate-
Absorption | | Adsorption . . st Membranes
P P looping loopin: distillation based
Physical PSA e,0;3 —Natural sorbents THF —Single-stage
(Selexol, VSA iO (limestone, dolomite) —Multi-stage
Rectisol ) TSA uO —Synthetic sorbents
Chemical n,O3
(MEA/MDEA)
CO,
transport
Pipeline Road Ship
Utilization Storage | |
| | l l I Geological | | Ocean
Chemicals CO,as a Enhanced Fuels —EOR
(from CO,) solvent oil recovery | | (from CO,) —In-situ
2 i : carbonation
—Carboxylation —Hydroformilation —CO, reforming |_Saline
of organic substances [-Hydrogenation of CH,4 aquifers
—Carbamic acids —Oxidation ~Gas hydrate L Unmineable
—Linear and cyclic —Biocatalysis from CO, coal beds
carbonates —Polymers syntesis - Biofuels from
—Polymers Microalgae
—Mineral Carbonation L Synthetic fuels

(from hydrogen)

Figure 7: Overview of different CO; separation technologies, possible CO: transport pathways as well as different storage
and utilization possibilities (Cruz et al., 2021, p. 2)
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CCU & electrolytic H»

CCU sources carbon from
captured CO: rather than
from fossil fuels, converting

Terminology Technology Feedstock/
Electricity source

Wind | Solar | Hydro
Green Hydrogen Geothermal | Tidal

Purple/Pink Hydrogen [INIEE Nuclear
it into chemicals using H>
produced via electrolysis.
Unlike CCS where CO; is SR oo
stored, CCU repurposes it,
requiring the development of
a new chemical industry to
break CO;’s strong molecu-
lar bonds (s. Figure 6C)
(Gabrielli et al., 2023). Cur- Black Hydrogen
rently, there are three main
methods for producing
green H» via electrolysis (s. Figure 8). Although Alkaline Electrolysis (AEC) is the most
mature and widely used process, this Master Thesis selects Proton Exchange Membrane Elec-
trolysis (PEMEC) as the baseline scenario in Chapter 3.2.1.1.1 if the electrolysis operates
with renewable energy (BareiB, et al., 2019; Global Energy Infrastructure, 2021). This makes
sense as PEMEC has been rapidly scaled up, can operate solely on water, functions at higher
pressures, and features more compact and dynamic PEM stacks, which is particularly advan-

PRODUCTION
VIA ELECTRICITY

Mixed-origin grid energy

Natural gas reforming + CCUS Neleen | e
Gasification + CCUS atural gas | coa

Turquoise Hydrogen Pyrolysis
Natural gas

Natural gas reforming

PRODUCTION VIA
FOSSIL FUELS

Brown Hydrogen Brown coal (lignite)
Gasification

Black coal

Figure 8: Different types of H> (Global Energy Infrastructure, 2021, p. 1)

tageous in the context of fluctuating energy demands and intermittent nature of renewable
energy sources (Bareif} et al., 2019; Bauer et al., 2022). Solid Oxide Electrolysis (SOEC),
while still under research and not yet commercially available, offers significant efficiency
improvements over PEMEC and thus, will be considered as an emerging technology in this
Master Thesis (s. Chapter 3.2.2.1) (Ahbabi Saray et al., 2024; Vilbergsson et al., 2023). Re-
gardless of the type of electrolysis, the overall reaction of water splitting remains the same
(s. Equation 1).

Equation 1: Overall Reaction of Water Splitting

2H,0 - 2H, + 0,; AHS = +285.83 kJ /mol

The main benefit of CCU is the replacement of fossil-based carbon with CO; in chemical
production enabling the production of ethylene via the platform chemical MeOH using H»
without CO; emissions (s. Chapter 3.2.1.1.1) under the assumption that all the required en-
ergy is sourced from renewable energy (Gabrielli et al., 2023; Zhao et al., 2018).

This scenario holds true only when DAC is employed. If the CO: is captured from point
source emissions, often originating from the combustion of fossil fuels, the situation becomes
more complex. In such cases, the captured CO: can be considered "recycled" but remains of
fossil origin. While fossil CO: is temporarily stored in chemicals for a longer time — particu-
larly in plastics — the captured COs: is ultimately released into the atmosphere when these
materials are incinerated or decompose at the end of their life cycle. In contrast, with DAC,
the release of CO: at the end of the product's life creates a closed-loop system. This is because
the CO: originally captured from the atmosphere during the DAC process is simply returned
to the air, maintaining a balance rather than contributing additional emissions. Furthermore,
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this pathway, especially H, production and CCU, requires vast amounts of renewable energy,
which poses a significant economic challenge compared to conventional production methods
(Bauer et al., 2022; Vilbergsson et al., 2023). Though, projects like ThyssenKrupp's "Car-
bon2Chem" pilot plant showcases CCU’s potential, repurposing steel production flue gases
in combination with electrolytic H> to create chemicals like MeOH (Stagge et al., 2024).

Biomass-based processes

Biomass absorbs CO» during growth and stores it into biomass matter via photosynthesis (s.
Equation 2), which is composed of different concentrations of cellulose, lignin and hemicel-
lulose, offering a "natural" carbon capture solution (s. Figure 6D) (Bauer et al., 2022; Vaithy-
anathan et al., 2023).

Equation 2: Chemcial Reaction of Photosynthesis

6C0, + 6H,0 — C4Hy,0, + 60,

As depicted in Figure 6D, biomass can be converted into useful products via various meth-
ods, including chemical processes (such as acid hydrolysis), biological treatments (such as
fermentation), and thermochemical techniques (such as gasification) (Vaithyanathan et al.,
2023). In this Master Thesis, the thermochemical route is selected, as it is more extensively
researched and better understood than the other approaches (Osman et al., 2021). Among the
available thermochemical processes, biomass gasification represents the most advanced tech-
nology, with significant progress dating back to the 1980s (Babu, 2005; Vaithyanathan et al.,
2023). It converts biomass into syngas, which can then be used to produce platform chemicals
like MeOH and ultimately ethylene as seen in Chapter 3.2.1.1.2 (Bauer et al., 2022; Zhao et
al., 2018).

Biomass-based processes offer the advantage of creating a circular carbon system by replac-
ing fossil carbon with renewable biogenic sources. Once biogenic carbon is converted into a
chemical product, it is eventually released back into the atmosphere as CO2, which can then
be recaptured and stored in biomass, completing the cycle. Additionally, biomass is relatively
inexpensive, and widely available (Wang et al., 2024). However, biomass, due to its unfavor-
able chemical structure, has lower energy density and higher water content and its availability
1s limited, with competition from industrial sectors. Ensuring sustainable sourcing is also a
challenge (Gabrielli et al., 2023). However, demonstration plants, like Enerkem’s municipal
solid waste (MSW)-to-MeOH facility in Edmonton, Canada established in 2014, exemplifies
the potential of biomass conversion, transforming municipal waste into bio-MeOH (Ener-
kem, 2024).

Bottom line, there are promising approaches to mitigate the carbon lock-in situation of eth-
ylene production. Yet, it is an imperative to look at these technologies from a holistic point
of view to consider potential trade-offs between environmental burdens (Palm et al., 2024).
A widely studied and recognized approach is performing a life cycle assessment (LCA; s.
Chapter 2.2), which is going to be the methodology applied in this Master Thesis to scrutinize
different ethylene production pathways.
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1.1.4 Problem Statement

To the best of the author’s knowledge based on the extensive Literature Review in Chapter
2.1, no prospective Life Cycle Assessment (p-LCA) has yet been conducted on various eth-
ylene production processes, comparing conventional Steam Cracking and the two innovative
routes of MeOH production through either direct hydrogenation of CO: — sourced from air
or point source emissions combined with electrolytic H> (Ho+CCU) — or via pre-treated syn-
gas from biomass gasification, followed by the subsequent Methanol-to-Olefins (MTO) pro-
cess. While previous studies have examined these production routes already, they typically
rely on baseline scenarios without accounting for potential technological advancements,
modifications in process design or future developments (s. Chapter 2.1). This Master Thesis
aims to evaluate the environmental performance of these two novel ethylene production path-
ways — Biomass-to-Olefins and H.+CCU-to-Olefins — in comparison to the conventional
Steam Cracking process. The analysis is conducted under the functional unit (FU) of produc-
ing 1 t of ethylene, considering not only current technological conditions but also future sce-
narios and potential process modifications. The assessment employs p-LCAs from a cradle-
to-gate perspective and focuses exclusively on GWP as climate impact category, without ad-
dressing other environmental dimensions. Since the location specifics, as described in Chap-
ter 3.1, can play an important part, two regions, Switzerland and China, were selected and
compared against each other’s baseline cases and future scenarios.

1.2 Methodology

The primary objective of this Master Thesis is to model and evaluate various ethylene pro-
duction processes applying the p-LCA methodology and compare them to the current state-
of-the-art production method, examining how GWP outcomes shift over time and under dif-
ferent process modifications (Sacchi et al., 2022). These modifications include alternative
feedstocks (e.g., miscanthus or wood chips instead of bark chips), process integrations (such
as repurposing waste heat for carbon capture), and novel technologies (like e-furnaces for
Steam Cracking). Future scenarios were set to the 2030 (BASE), 2050 (BASE) and 2050
(PkBudg500), which are further discussed in Chapter 2.2.2, aligning with the climate goals
of the European Union (Council of the European Union, 2024. Hereby, this Master Thesis
Project was structured into four distinct phases.

In Phase 1, the existing literature on mitigation pathways in the Chemical Industry was re-
viewed to capture the full scope of the field and gain insights into state-of-the-art research.
Specific technologies, including CCS and hydrogen production for instance, were examined
both in isolation and as part of integrated chemical production processes. This procedure
provided a deeper understanding of the single processes on the one hand and on the other
hand, contextualize their roles and impacts within the broader chemical production chain.
Additionally, trends in production processes related to environmental performance were iden-
tified, which informed subsequent sanity checks of the Master Thesis’ results. For example,
the electricity mix used in electrolytic hydrogen production significantly impacts global
warming potential (GWP). Finally, this foundational review helped define a research gap and
refine the research question.

Phase 2 focused on familiarizing with the software tool brightway2, an open-source program
widely used at the Paul Scherrer Institute to translate Life Cycle Inventory (LCI) data into
impact scores (Brightway, 2024). The Activity Browser open-source software was also
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employed as it provides a graphical user interface for the brightway?2 framework, facilitating
tasks such as project and database management, LCI modeling, and data analysis (Steubing
et al., 2020). This phase included learning to format Excel files for upload into brightway?2
and applying the Python programming language to streamline the data upload process.

The 3 phase was the most critical, focusing on data collection and structuring for various
processes and scenarios. An extensive bibliographical review had to be conducted, followed
by sanity checks against existing data sources such as ecoinvent and other literature refer-
ences to ensure consistency. The iterative nature of this process was necessary due to chal-
lenges such as conflicting data, missing parameters, and inconsistent data structures. Data
from industry sources was particularly difficult to obtain due to confidentiality. Nevertheless,
iterations continued until the data quality was deemed satisfactory, with consistent mass bal-
ances and well-defined input and output parameters for each process. Further challenges
arose from geographic mismatches in the data: parameters in the literature did not always
align with the intended locations or were missing entirely from the ecoinvent database. To
resolve this, geographic scope was broadened systematically: if data were unavailable for
Switzerland, European data were sought, followed by global parameters. In cases involving
China, data from India were sometimes used as a substitute, based on similar assumed GWP
impacts, before global (GLO) data set came into play. Additionally, when specific parameters
were absent, proxy data were employed as appropriate. For instance, in the absence of data
for catalyst waste in MeOH and MTO production, zeolite waste was used as it was considered
the best available approximation for this type of waste.

In Phase 4, all gathered data was consolidated, structured, and analyzed. The results under-
went a final validation process to ensure reliability and coherence.
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2. Theoretical Background

This chapter lays out the current knowledge in the Literature Review section (s. Chapter 2.1)
first, before it delves deeper into the fundamentals required to understand the different
concepts employed including the LCA (s. Chapter 2.2) as well as the Sensitivity Analysis (s.
Chapter 2.3).

2.1 Literature Review

To examine the existing body of knowledge of the various decarbonization strategies dis-
cussed in the previous Chapter 1.1.3, and to identify research gaps, a Literature Review is
presented. The review focuses on papers, which have been published within the last six years
to provide an accurate and up-to-date understanding of the current state of the field incorpo-
rating LCAs.

The literature review is divided into two sections: The first section evaluates research papers
that explore low-carbon technologies, specifically CCS, CCU, green H, and biomass gasifi-
cation. This part aims to identify the key factors that should be considered when conducting
LCAs for these technologies. The second section reviews studies, that have integrated these
low-carbon technologies into the production of primary chemicals, providing insights into
their LCA performance.

Hydrogen

BareiB3 et al., 2019 explored the environmental performance of PEMEC compared to the con-
ventional H> production via Steam Methane Reforming (SMR) through a cradle-to-gate com-
parative LAC (c-LCA). The study concluded that PEMEC is a viable alternative to SMR,
offering significant reductions in GHG emissions if powered exclusively by renewable en-
ergy. The findings indicated that the electricity mix is the primary determinant of CO;-eq.
emissions of Hz production, accounting for 96% of total GHG emissions, whereas the impact
of electrolyser components is negligible (contributing only 4% of total emissions).

Vilbergsson et al., 2023 conducted a cradle-to-gate c-LCA of H» production in Iceland and
continental Europe to assess the viability from a GWP standpoint of producing H» via elec-
trolysis in regions with abundant renewable energy (e.g. Iceland) and transporting it to areas
with high H> demand (such as continental Europe), versus producing H» closer to the demand
site. The study found as in Bareil} et al, 2019’s paper that the GWP impact of H» production
is largely determined by the energy mix used, with transportation playing a relatively minor
role. Consequently, from an LCA perspective, it is feasible to import H» from Iceland to con-
tinental Europe from a GWP prespective. The authors concluded that prioritizing local elec-
trification should take precedence over H; production in regions without readily available
green H» sources.

Weidner et al., 2022 examined a p-LCA of grey, green, and blue H> (s. Figure 8) within the
Planetary Boundaries (PB) framework, considering scenarios for 2019, 2035, and 2050. The
study observed minimal changes in the environmental impacts of blue and grey H», as the
operational phase of SMR is already highly efficient. However, green H> showed substantial
reductions in climate change-related impact categories when future data sets were considered.

11
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Additionally, the authors noted a burden shift from reduced global warming impacts to in-
creased pressure on biogeochemical flows due to expanded use of resources (especially rare
earth metals). This underscores the importance of not only decarbonizing electricity sources
but also improving metal recycling and mining practices for electrolyser stack production,
which contradicts the point made in Bareif3 et al., 2019's paper when future scenarios are
considered, as well.

Krishnan et al., 2024 reached similar conclusions as Weidner, et al., 2020 in a p-LCA com-
paring AEC and PEMEC of grey H> to SMR under a baseline (2020) and future scenario
(2030). The study reaftirmed that electricity source is the dominant factor influencing envi-
ronmental impacts as it was the case in Bareil} et al., 2019’s and Vilbergsson et al., 2023’s
paper. However, the authors also observed that electrolyser stacks, contain rare earth metals,
which also play a critical role, emphasizing the need to develop more efficient stacks with
reduced demand for critical raw materials and energy as stressed in Weidner et al., 2022’s
paper. In conclusion, the paper found no clear winner between AEC and PEMEC, but both
technologies significantly outperformed grey H» in all impact categories except for mineral
and metal resource use.

CCS/CCU

Bisinella et al., 2021 performed a c-LCA of MSW incineration with and without the applica-
tion of CCS. Their findings demonstrated that incorporating CCS leads to substantial im-
provements in mitigating climate change impacts without introducing significant trade-offs
in other environmental categories. The positive effects of CCS are further amplified when
the energy required for CCS operations is sourced from systems with reduced reliance on
fossil fuels.

Raadal and Modahl, 2022 conducted a cradle-to-gate c-LCA of steam production at a Nor-
wegian paper mill, comparing systems with CCS, CCU, and no capture technology. Their
study emphasized that replacing fossil fuels with renewable energy sources should be prior-
itized over CO; recycling. They also found that CCS offers greater reductions in CO;-eq.
emissions compared to CCU, as long as fossil fuels remain part of the energy mix. However,
once fossil-based electricity is fully replaced with renewable sources, CCU becomes the more
favorable option.

Biomass

Sammarchi et al., 2022 led two cradle-to-grave c-LCAs: one for a coal power plant with CCS
and another for a coal plant co-firing biomass wit CCS. The study, carried out within a chem-
ical plant in Inner Mongolia, revealed substantial CO; reduction potential in both scenarios.
However, the LCA results highlighted a significant increase in upstream emissions from the
electricity and heat supply required for energy-intensive processes such as CCS and biomass
preparation, limiting the overall mitigation potential. Additionally, the reliance on diesel and
fertilizers in the biomass supply chain led to negative impacts on local ecosystems and water
resources. Despite these challenges, the combination of CCS and biomass could result in
negative CO; emissions, representing net CO; savings.

12
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Wang et al., 2024 conducted a cradle-to-gate c-LCA to evaluate the thermal efficiency and
GWP of a biomass gasification plant equipped with chemical looping air separation, coupled
with a semi-closed supercritical CO, and organic Rankine cycle system. The study demon-
strated that combining biomass with CCS offers significant emission reduction potential, pri-
marily due to biomass's carbon neutrality. Moreover, the fuel and material preparation stages
were identified as the largest contributors to emissions.

Novel production technologies of primary chemicals

Hoppe et al., 2018 conducted a cradle-to-gate c-LCA on the production of CHs, MeOH and
syngas as basic chemicals, as well as their derived polymers — polyethylene, polypropylene,
and polyoxymethylene — to evaluate key resource efficiency indicators of selected CCU
routes. These routes were based on different sources of CO2 combined with Hz produced via
electrolysis sourced by wind energy. The study concluded that CO»-based chemicals exhibit
lower global warming impacts compared to conventional processes, despite having higher
raw material input and total material requirement, which goes in hand with the results from
Weidner et al., 2022 and Krishnan et al., 2024. The authors emphasized that the feasibility of
recycling CO» into hydrocarbons is highly dependent on the energy source and the amount of
energy used in Hz production as Bareif3 et al., 2019 stressed, as well.

Zhao et al., 2018 compared various ethylene production processes using a cradle-to-gate c-
LCA, including different types of pathways including steam cracking, coal-to-olefins (with
and without CCS), natural gas-to-olefins, CO»-to-olefins, and biomass-to-olefins via MeOH
(with and without CCS), as well as coal-to-olefins via the Fischer-Tropsch (FT) process (with
and without CCS) and biomass-to-ethylene via bioethanol. The study found that CCS offers
significant CO; reduction potential within chemical production, with biomass-to-olefins via
MeOH combined with CCS achieving the lowest CO; emissions, which amplifies the point
made in Bisinella et al., 2021°s paper. However, although coal-to-olefins via FT could signif-
icantly reduce reliance on petroleum, this route would result in a considerable increase in
environmental burdens, exhibiting the highest CO; emissions among the examined processes.

Biernacki et al., 2018 conducted a cradle-to-gate c-LCA comparing MeOH production from
natural gas to MeOH production from biogas generated by a wastewater treatment plant in
Germany, with H» derived from water electrolysis using surplus electricity. They assessed the
impacts with and without considering the upstream chains. The study concluded that renew-
able MeOH had a lower environmental impact in 5 out of 11 impact categories when the
upstream chain was included. However, when upstream chains were excluded, renewable
MeOH exhibited lower impacts across all categories, which emphasized the importance of
including the upstream stages, particularly those related to biomass cultivation and prepara-
tion, as well as emissions from wind electricity, in LCA assessments.

Zuiderveen et al., 2024 performed a cradle-to-grave p-LCA integrating the PB framework,
comparing mixed plastic waste (MPW)-to-BTX, biomass-to-BTX, and fossil feedstock-to-
BTX routes. The study revealed that the MPW-to-BTX pathway had the lowest environmen-
tal impact, followed by biomass-to-BTX, which, while having higher environmental impacts
due to biomass cultivation, offers the greatest CO reduction potential. Fossil feedstock-to-
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BTX showed limited future emission reduction potential, while the MPW-to-BTX and bio-
mass-to-BTX routes demonstrated high future reduction potentials. Additionally, chemical
recycling was shown to provide greater climate benefits than incineration with energy recov-

ery.

Liu et al., 2024 conducted a cradle-to-gate c-LCA on the state-of-the-art liquid sunlight pro-
duction method, comparing it with traditional pathways such as coal gasification-to-MeOH,
coal-coking-to-MeOH, natural gas-to-MeOH, biomass-to-MeOH, and CO;-capture-to-
MeOH. The study concluded that adopting 100% clean electricity in all cases would reduce
cumulative environmental impacts, with the energy source being the most sensitive factor as
it was already articulated in previous papers (Bareif3 et al., 2019; Hoppe et al., 2018; Vil-
bergsson et a., 2023). Although natural gas-to-MeOH was considered the most viable ap-
proach, CO,-capture-to-MeOH becomes comparable to natural gas-to-methanol when pow-
ered by renewable sources such as wind, nuclear, or hydro energy.

In conclusion, most of the studies reviewed conducted cradle-to-gate LCAs comparing vari-
ous processes to assess their environmental impacts comprehensively. These studies have
already examined the different low-carbon technologies brought up in Chapter 1.1.3 from
multiple perspectives, with some integrating these technologies into chemical production
processes. Most of the studies demonstrated that low-carbon technologies improve the envi-
ronmental performance of these processes. A recurring conclusion across the literature is that
the electricity source, particularly for H> production, is critical to minimizing GWP impact.
Additionally, CCS or CCU systems can significantly reduce environmental burdens, although
some burden-shifting — particularly in resource use — has also been observed when applying
these technologies.

However, only a few studies have incorporated p-LCAs, which account for future technolog-
ical developments. These studies have shown remarkable results: while the environmental
impacts of conventional processes are expected to remain relatively constant, low-carbon
technologies are projected to become more efficient and environmentally sustainable as they
increasingly rely on renewable energy sources. Hence, p-LCAs are included in this Master
Thesis (s. Chapter 1.1.4).

22 LCA

This sub-chapter provides an overview of the LCA methodology (s. Chapter 2.2.1), before
different facets of LCAs are explained in greater detail. These different aspects cover Inte-
grated Assessment Models (IAMs), which incorporate future projections for p-LCA (s. Chap-
ter 2.2.2) and the ecoinvent data base as source of background data (s. Chapter 2.2.3). Fur-
thermore, the impact assessment method employed in this Master Thesis is described (s.
Chapter 2.2.4) as well as economic allocation as a methodological approach tackling multi-
functionality challenges (s. Chapter 2.2.5).

2.2.1 Overview

The LCAs conducted in this Master Thesis follow the guidelines of the International Organ-
ization for Standardization (ISO) — ISO 14044:2006 as well as ISO 14040:2006 —, which
systematically quantify a broad range of environmental impacts of a product or service (ISO,
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2006a, 2006b).This helps to compare dif- (_\
ferent processes taking all impacts, in this Goal and Scope
case from cradle-to-gate, into account by Definition

giving them a final environmental value
at the gate. According to these two ISO-
standards as graphically presented in Fig-
ure 9, LCAs should involve a goal and

scope definition by addressing the system Invento'ry Interpretation
boundaries of the product (s. Chapter 3.1) Araiyas

and defining the main objective (s. Chap-

ter 1.1.4) of this study. This is followed

by a LCI analysis (s. Chapter 3.1), which

collects the necessary data, quantifying Impact

the in- and outputs of each unit operation Assessment

obtained through literature data. In the \ /
end, a Life Cycle Impact Assessment Figure 9: LCA according to ISO14044:2006 and 1SO
(LCIA) is conducted to evaluate the sig- 14040:2006 (CEM-WAVE, 2021, p. 1)

nificance of potential environmental impacts (s. Chapter 3.3). Finally, these impact results
are analyzed at the life cycle interpretation stage (s. Chapter 3.4), which should be compared
with each other rather in relative instead of absolute terms.

2.2.2 Integrated Assessment Models

To model future scenarios, this Master Thesis employs IAMs based on the Shared Socioeco-
nomic Pathway 2 (SSP2) from the Regional Model of Investments and Developments (RE-
MIND) (Riahi et al., 2017).

According to Carbon Brief Ltd, 2018, 2024 and Luderer et al., 2020, IAMs are crucial for
generating future inventories as they combine complex data of physical and social systems.
They utilize different SSPs to explore various futures, which formalize these futures into
consistent story lines reflecting a long list of assumption including global population growth,
technological advancement, mitigation policy environments and drivers of demand, energy
and resource. These models focus on minimizing the economic cost of achieving climate
mitigation goals and assuming fully functioning markets but do not explicitly address broader
social and political dynamics. The REMIND model, developed by the Potsdam Institute of
Climate Research in Germany, assumes a significant deployment of renewable energies even
without climate policies due to falling costs.

: remi io: SSP2-B
Model: remind | Scenario ase Model: remind | Scenario: SSP2-PkBudg500

Region=World
Region=World
Variables "
oMST Variables

GMST

degrees Celsius
degrees Celsius

2020 2040 2060 2080 2100 2120 2140
Year
Year

Figure 10: Different developments of global average surface temperature according to the SSP2-base and the SSP2-
PkBudg500 scenario (Premise Dash, n.d., p. 1)
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This Master Thesis adopts the SSP2 pathway, which envisions moderate global economic
and technological growth alongside uneven development, resulting in slow progress towards
achieving several SDGs. Population growth is expected to stabilize in the latter half of the
century, accompanied by a gradual decline in energy intensity throughout the 215 century
(Carbon Brief Ltd., 2018).
Within this SSP2 route, two scenarios are considered (Premise Dash, n.d.):
e The base scenario (BASE): Represents a continuation of global warming throughout
the century (s. Figure 10), adjusted to the years 2020, 2030, and 2050.
e The optimistic scenario (PkBudg500): Assumes a peak carbon budget of 500 Gt CO--
eq., limiting global warming by mid-century and allowing for a subsequent decline,
which is modeled for the year 2050 (s. Figure 10).
While IAMs provide valuable insights, they have inherent limitations. They cannot fully cap-
ture positive synergies from climate mitigation efforts, potential cost savings from avoided
damages or the influence of political, behavioral, and consumption factors. Consequently,
IAMs are used not as prescriptive forecasts but as tools to support policy decision-making by
comparing different pathways (Carbon Brief Ltd., 2018).

2.2.3 Ecoinvent v3.9 data base

The ecoinvent v3.9 database, released on October 13, 2023, includes over 20000 high-qual-
ity LCI datasets covering approximately 3500 products (ecoinvent 2023, 2024). This exten-
sive database functions as a repository of activities associated with specific geographical lo-
cations, representing a wide range of industrial and agricultural processes and their resulting
products including chemicals, heat, electricity, forestry, textiles, transport and several other
categories (ecoinvent, 2024). Hence, it is currently the most used LCA database (Barahmand
and Eikeland, 2022). Rather than reflecting the unique practices of individual companies or
sites, each dataset in ecoinvent represents an average production scenario for a given location
(ecoinvent, 2024).

Each entry provides information on technosphere and biosphere flows, encompassing re-
source consumption, energy and fuel use as well as emissions (ecoinvent, 2024). In this Mas-
ter Tesis, these datasets (system model: “allocation, cut-off by classification) are used as
background information and supplemented by foreground data derived from literature
sources to complete LCAs (s. Chapter 3.1).

2.2.4 LCIA calculation method

Based on Lalonde, 2024, LCIAs convert raw emissions and resource data into quantifiable
impact scores, categorizing environmental impacts across various processes. This is achieved
using impact categories and characterization factors. Impact categories address specific en-
vironmental issues by aggregating the effects of emissions that contribute to the same prob-
lem. Characterization factors, on the other hand, assess the relative impact within each cate-
gory by converting emissions into impact scores.

This Master Thesis employs the Environmental Factor (EF) v3.1 European Norm (EN) 15804
LCIA method, which standardizes environmental impact assessments across European non-
construction sectors, as developed by the Joint Research Centre of the European Commission
(European Commission, 2016; Lalonde, 2024). This method differs from other EF v3.1 ver-
sions in its treatment of biogenic CO-, setting characterization factors for biogenic CO:
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uptake and emission at -1 and +1, respectively (European Commission, 2016). EF v3.1
EN15804 includes 19 impact categories assigned with their own impact index, from acidifi-
cation and eutrophication to material resources as it can be viewed in Table 1 (European

Commission, 2016).

Table 1: Impact categories according to EF v3.1 EN15804 method

Impact category Index Unit
Acidification Accumulated exceedance mol H*-eq.
Climate change | Global warming potential (GWP 100) kg COz-eq.
Climate change: biogenic | Global warming potential (GWP 100) kg COz-eq.
Climate change: fossil | Global warming potential (GWP 100) kg COz-eq.
Climate change: land use . .
Global tential (GWP 100 kg COz-eq.
and land use change obal warming potential ( ) g Lred
C tive toxi it fi t
Ecotoxicity: freshwater otiparative 02((13(3;;1;) Ot CCOsySIEmS CTUe
E : - MJ, net
HIETEY TESOUTCes: MON= 1\ iotic depletion potential: fossil fuels o ne
renewable calorific value
Fraction of nutrients reaching
Eutrophication: freshwater freshwater end compartment kg P-eq.
(phosphorus)
Fracti f nutrient hi
Eutrophication: marine raction of fiufrients feac 1'ng kg N-eq.
freshwater end compartment (nitrogen)
Eutrophication: terrestrial Accumulated exceedance mol N-eq.
Human toxicity: Comparative toxic unit for human
. . CTUh
carcinogenic (CTUD)
Human toxicity: non- Comparative toxic unit for human
. . CTUh
carcinogenic (CTUD)
Ionising radiation: human | Human exposure efficiency relative to
kBq U235-¢eq.
health Uranium 235 q 1
Land use Soil quality index []
Material resources: |  Abiotic depletion potential: elements
. . kg Sb-eq.
metals/minerals (ultimate reserves)
Ozone depletion Ozone depletion potential kg CFC-11-¢eq.
Particulat 1t di
arientate ma ) “r Impact on human health ) 1§ease
Sformation incidence
Photochemical oxidant Tropospheric ozone concentration kg NMVOC-
formation: human health increase eq.
Water use User dePrivation potential (deprivation- m? wor.ld-eq.
weighted water consumption) deprived

In example: climate change is measured by the GWP index, expressed in CO2-eq. units de-
scribing cumulative direct and indirect radiative forcing (s. Table 1), which allows relative
comparisons among GHGs (especially the Kyoto gases: CO», CH4, N>O, SFs, NF3 and (per-
)fluorinated hydrocarbons) based on the climate potency of each gas against CO2. CO> as a
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reference GHG is connoted with a potency GWP = 1, CHy4 as an example is 28 times as
climate potent as CO;, thus having a GWP value of 28 (Ziegler et al., 2024).

These values or also called characterization factors and are continuously reevaluated by the
IPCC in their assessment reports. A higher GWP value means that a particular gas is more
climate potent than a gas with a smaller GWP value (Ziegler et al., 2024). Due to the fact that
CO: for instance exhibits a much smaller GWP value compared to CHy, yet stays much longer
in the atmosphere than CHy, it is important to define time frames to make GWP results
comparable (Umwelt Bundesamt, 2022; Ziegler et al., 2024). The most commonly used time
frame is 100 years and also deployed in this Master Thesis. All GWP values of EF v3.1 EN
15804 are also set to 100 years (s. Table 1: GWP 100), which is in line with the international
GHG reporting time horizon of GWP-values (Umwelt Bundesamt, 2022).

This measure is central to understanding the role of GHGs in global warming as GHGs absorb
and re-emit infrared radiation, thereby fueling global temperature rise (Ziegler et al., 2024).
Besides that, it is the most cited mid-point category of interest due to environmental pressures
exerted by GHGs leading to atmospheric temperature change (Katumwesigye et al., 2023).
Consequently, GWP is a vital metric for tracking progress toward emissions reduction goals
and is integral to carbon footprint calculations required in sustainability reporting of compa-
nies, making it the chosen index in this research (Ziegler et al., 2024).

2.2.5 Allocation Methods

In LCAs, allocation methods distribute the input and output flows of a process among differ-
ent product systems, following ISO 14040:2006, although allocation should be avoided
where possible, either by dividing the unit process or expanding the product system. If these
approaches are not feasible, allocation methods are used (Dolezal et al., 2014). It is important
to consistently employ one out several options such as physical or economic allocation when
similar products or processes are compared with each other (Carbon Chain, n.d.).

For multi-product processes like the MTO and Steam Cracking process (s. Chapters 3.1.1
and 3.1.2), this Master Thesis uses economic allocation to address the issue of multi-func-
tionality. It weights products by their shares of the total proceeds, which builds on the prod-
ucts’ masses and prices. This approach is chosen because it is the most suitable method to
assign emissions between different co-products differing substantially in value. That is the
case for the MTO and Steam Cracking process, and as a result, this allocation methodology
can reflect why emissions occur (the whole paragraph is drawn upon Carbon Chain, n.d.).
Based on Guinée et al., 2004, products (economicvalue > 0) and waste streams
(economic value < 0) are first categorized based on their economic value. Using a three-
year average price (Pi) and the quantity of each product (Qj), the economic proceeds of each
product are calculated (Q; X P;, s. Equation 3), which stabilizes the results against uncertain
price fluctuations. This is followed by summing these proceeds to determine the total value
(3. Q; X P;, s. Equation 3). The allocation factor (AF) is then derived by dividing the eco-
nomic proceeds of each product by the total value (s. Equation 3). This AF is then applied
to all material and energy flows in both steam cracking and MTO processes. This method
ensures that environmental impacts are proportionally distributed across co-products based
on their economic contribution.
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Equation 3: Economic Allocation

AF = Qi X P

2 Qi X Py

This allocation method relies on several key factors, including the reference years for prices,
the type of production chain, and the geographical location (Guinge et al., 2004). While
global instead of country specific prices were included in the allocation method due to diffi-
culties at acquiring country specific prices, the refence years were set to 2020-2022 (s. Appx.
Tables 1-8 in Appendix 6.1). However, this approach has limitations: A primary drawback is
the assumption of uniform profitability across regions, which can be skewed by varying price
types, such as production costs, retail prices and wholesale prices (Cherubini et al., 2011).
Detailed descriptions of the economic allocation models applied to different process modifi-
cations and future scenarios are provided in the Appendix (s. Appx. Tables 1-8 in Appendix
6.1).

2.3 Sensitivity Analysis

Sensitivity Analysis evaluates the robustness of results against variations in data, assump-
tions, and models, and commonly conducted either through local or global Sensitivity Anal-
ysis. Local sensitivity analysis examines the effect of a single input parameter on model out-
puts, keeping all other inputs constant. This method is widely used due to its simplicity and
highlights which input variables have the most significant influence on the results. However,
local Sensitivity Analysis is limited to changes around one specific parameter, only providing
a partial view of the system (whole section is based on Wei et al., 2015).

To address these limitations, global Sensitivity Analysis assesses the influence of input vari-
ability across a full range of uncertainty factors, offering a comprehensive view of the sys-
tem’s response to changes in multiple parameters. This approach explores the entire input
space, allowing for a more thorough examination of input-output relationships. Compared to
local analysis, global Sensitivity Analysis evaluates how variations across all parameters af-
fect model outputs, yielding a more robust assessment of influential factors (whole passage
is drawn upon Wei et al., 2015).

In this Master Thesis, a derivative approach from local Sensitivity Analysis is conducted: this
Sensitivity Analysis examines how changes of one reference input, identified as very impact-
ful to the overall GWP result during the life cycle interpretation, affects the overall GWP
result. For example, in the electrolysis process, the primary GWP contributor is the electricity
source, which is originally modeled using the European electricity mix. By altering the elec-
tricity source to coal-based electricity, the study evaluates how GWP scores differ to the orig-
inal scenario. This analysis provides insights into whether specific processes are particularly
sensitive to variations in major contributing factors, indicating potential for significant im-
pact fluctuations due to changes in production processes.
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3. Results and Discussion

This section of the Master Thesis presents p-LCAs of three ethylene production pathways
introduced in the previous Chapter 1.1.3: Steam Cracking and MTO using MeOH produced
either through direct hydrogenation of CO: from CCU with electrolytic H> or through post-
treated syngas of biomass gasification. The objective is to assess the GWP impacts of these
two innovative pathways relative to the conventional Steam Cracking route and across the
two selected locations, Switzerland and China, both in the present and in future projections.
Additionally, several c-LCAs are conducted of these pathways individually to analyze how
results vary with modifications to each process.

This chapter begins by detailing the system boundaries, describing each baseline production
process and possible modifications with their respective LClIs (s. Chapter 3.1). Afterwards,
the assumptions underlying future inventories are reported and discussed (s. Chapter 3.2),
before LCIAs for all early on discussed LCAs are presented (s. Chapter 3.3) and interpreted
(s. Chapter 3.4). Finally, a Sensitivity Analysis is performed to assess the influence of key
parameters identified during life cycle interpretation (s. Chapter 3.5).

3.1 System Boundaries of different Ethylene Production Processes

General remarks and assumptions have to be outlined prior to discussing the processes in
detail. Firstly, all (sub-)processes are assumed to be located on-site meaning that there is no
transportation needed to transfer (intermediate) products from one process to the other.
Therefore, no transportation except the captured and stored CO; is included in these LCAs.
Secondly, two regions were chosen for the ethylene production plant as outlined in Chapter
1.1.4: Switzerland, as an example for a region with a relatively high share of renewables in
its energy mix, and China as the country with the strongest growing ethylene production
capacities of the world (Bork, 2021). Thirdly, the FU is chosen to be 1 t of ethylene produced
to account for the large production scale of ethylene (Meng et al., 2023). The LCI values in
the tables provided in this chapter have to be read always as per kg of respective product
while the complete LCI tables for of Biomass-to-Olefins, the H>+CCU-to-Olefins as well as
their process modifications aligned to 1 t of ethylene are provided in the Appendix (s. Appx.
Tables 9-12 in Appendix 6.3). Finally, as discussed in Chapter 1.1.4, this Master Thesis fo-
cuses exclusively on the cradle-to-gate impacts of ethylene production, excluding down-
stream value chains due to their complexity: Ethylene can be utilized in a wide range of
applications, including consumer electronics, automotive components and food packaging
derived from ethylbenzene and polyethylene, as well as solar panels, coatings, adhesives,
detergents and even paper made from ethylene oxide derivatives. These products follow di-
verse end-of-life pathways, such as recycling, decomposition, or incineration, which are be-
yond the scope of this study (Cefic, 2023).

3.1.1 Steam Cracking as Reference Case

3.1.1.1 Baseline Scenario

Steam cracking is widely regarded as the state-of-the-art technology for ethylene production,
the most energy-intensive primarily due to its significant steam and heat requirements and
one of the most critical processes within the chemical industry, (Caprio, 2017; Gholami et
al., 2021). While the technology has been in use since the 1960s and has undergone economic
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and scale advancements, the fundamental principles of the process have remained unchanged
(Gholami et al., 2021).

Naphtha/LPG/

Steam NaOH Electricity
Ethane

______________________________________________________

Industrial wastewater

Process 1: Steam Cracking - N,0, CO, VOC & PM,

PO4*, NO,& SO,

o o g,

FU: 1t of ethylene Co-products: s. Figure 15 without CH,

Figure 11: System Boundaries of Steam Cracking including all accounted in- and outflows as well as the respective emis-
sions

The Steam Cracking’s primary aim is to thermally decompose hydrocarbons, typically de-
rived from naphtha — a mixture of alkanes, alkenes, aromatics, and sulfur compounds — as
well as liquefied petroleum gas (LPG) — comprising propane and (iso-)butane — or ethane
into a variety of products (s. Naphtha/LPG/Ethane as input in Figure 11 and Table 2) (Plas-
tics Europe, 2017). The choice of feedstock varies by region: European steam crackers pre-
dominantly use naphtha (s. Figure 12), whereas ethane has become more common in the
U.S. due to the shale gas boom (Fattouh and Brown, 2014).
THY 1

changer (TLE) cooling down the cracked gas ‘ ‘ | ‘ ‘ ‘ | | ‘ | | | | | | | | | | |
(s. Figure 13). Afterwards, the preheated 0 BRNNNI RN nReaguiias

naphtha 1s Vaporized with Superheated (dllu- 1999 2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021

Based on Ren et al., 2006, the Steam Crack- T
ing process can be divided into three main 0
sections: convection, pyrolysis/radiant, frac- o § 1
tionation/separation section. In the convec-
tion section, naphtha is preheated to approxi- "
mately 923 K through a series of heat ex-

I

40k

ktfyear

changers, which is assumed to come solely 3°k
from heat recovered from Transfer Line Ex- 200

10k

Ethane/ref gases @ Propane/Butane/LPG

tion) steam in a certain ratio, which is crucial ® Napth (ncl Condensates) @ Gasoll

@ CCd+others

to mitigate the specific energy consumption Figure 12: Bar chart of different steam cracking feedstock
of the production unit (s. Figure 13 and steam  %sed in EUIS I Norway *+ as of 2020 Hungary and Slo-

vakia (Petrochemicals Europe, 2023, p.1)
as input in Figure 11 and Table 2) (Gholami
etal., 2021).
Following preheating, the steam-naphtha mixture enters the radiant section at which the py-
rolysis occurs (s. Figure 13) (Ren, et al., 2006). The mixture is passed through a long and
narrow Ni-Cr-radiant coil in a firebox equipped with burners, which are entirely fueled by
CHa4. Methane is retrieved as one of the steam cracker’s products to externally heat the coil
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in the radiant section to temperatures ranging from 1023 K to 1373 K (Ren, et al., 2006; Ye
et al., 2022). The produced gases from burning fuels are vented through the convection zone
into the air (s. volatile organic compounds (VOC), CO,, particulate matter smaller than 2.5
micrometers (PMz s) and N>O as emissions in Figure 11 and Table 2) (Ren, et al., 2006). The
combination of a short residence time (< 1 second) and low hydrocarbon pressure are key
factors that enhance olefin yields as the naphtha-steam mixture undergoes cracking into var-
ious smaller products (Gholami et al., 2021).

Cracked ga
Feedstock S | Recovered acngs 908
S Heat
Dilution steam‘_ <2
' —
‘—'g = TLE
Q
4]
>
5
Coilinlet - ———+—————+ » O < — —Coil outlet
77N ) <
> ©
. : 9 Dl o
Radiant coils - — - — — - e =
! ]
! ©
Burners — — — — —l— — — -B \_/ L) \o../ S
Fuel source

Figure 13: Schematic process structure of steam cracking including the convection and radiant section without the frac-
tionation & separation section (based on Ren et al., 2021, p.3)
The cracking process follows the free radical mechanism (FRM), first proposed in the pioneer
work of F. O. Rice during 1930s, which is inherently characterized by a vast number of rad-
icals and other chemical species as well as reactions, which in turn tends to grow as the molar
mass of the feed molecules increases (Moreira, 2015). To illustrate the different reactions,
the steam cracking of ethane, the simplest case of the FRM, is displayed based on the work
of Gholami et al., 2021.
During initiation (s. Equation 4), the unimolecular dissociation of ethane primarily occurs
at the C-C bond forming two methyl radicals as the bond energy between the C-C bond is
with 345 kJ/mol significantly weaker than the 413 kJ/mol of bond energy between the C-H
bond. The possibility of the interaction between two dissociated radicals is very low
(Gholami et al., 2021).

Equation 4: Initiation Reaction of the Steam Cracking Process

CH, — CHy — CH} + CH;,
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In the propagation phase, the resulting radicals undergo a series of propagation reactions
which mainly follows three different general routes: these radicals can either decompose by
breaking into a smaller radical and a compound, create a compound with the same number
of carbon atoms by losing one H-atom or form a saturated molecule by taking one H-atom
out of the surrounding hydrocarbon molecules. In the ethane case, the methyl radical abstracts
a hydrogen atom from another ethane molecule forming methane while producing an ethyl
radical (s. Equation 5) (section based on Gholami et al., 2021).

Equation 5: Propagation Reaction — Case 1

CH} + CyHy » C,H: + CH,

Equation 6: Propagation Reaction — Case 2

C,H: — CyH, + H*

Equation 7: Propagation Reaction — Case 3

H* + C,Hs = Hy + C,H:
Etc.

The ethyl radical in turn can decompose itself to ethylene and to a hydrogen radical (s. Equa-
tion 6), which can further react with an ethane molecule again forming H> and another ethyl
radical (s. Equation 7). These propagation steps can theoretically continue infinitely. How-
ever, two radicals will eventually come together forming either a saturated (s. Equations 8,
9 as an example) or unsaturated molecules (s. Equation 10 as an example), which marks the
termination of the FRM (section based on Gholami et al., 2021).

Equation 8: Termination Reaction — Example 1
H* + H* - H,
Equation 9: Termination Reaction — Example 2

C,H: + C,H: = C4Hqg
Equation 10: Termination Reaction — Example 3
C,H: + CH; > C,H, + CH,

Etc.

The cracking of heavier feedstocks like naphtha is more complex than that of lighter alkanes,
involving in addition to the FRM multiple parallel reactions including molecular reactions
(s. Figure 14) and (unwanted) secondary reactions (as an example, s. Equations 11, 12) as
they, among others, decompose olefins again (Gholami et al., 2021).
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Equation 11: Secondary Reaction — Example 1

C,H, + H* - C,H;

Equation 12: Secondary Reaction — Example 2

CsHy + H* - C3HZ + H,

According to Figure 14, the primary cracking breaks heavier hydrocarbons into smaller com-
pounds, which create the primary cracking network (s. reaction I), which are further broken
down (secondary cracking) into lighter products. These cracked products are rich in olefins
with yield and composition depend on the operating conditions (s. reaction II-IV). From this
stage onwards, molecular reactions are involved: the most important ones are dehydrogena-
tion and cycloaddition (in particular the Diels-Alder reaction: s. Equation 13) whereas other
molecular reactions such as isomerization only play a minor role. The dehydrogenation (s.
Equation 14) can produce extremely unsaturated hydrocarbons such as acetylene and
propyne (s. reaction IV), which are undesired impurities in Cz and Cs cuts due to their no-
ticeable reactivity and thus, are removed through catalytic hydrogenation and extractive dis-
tillation. Heavier hydrocarbons can be formed via Diels-Adler reaction (s. reaction V), which
is prone to excessive dehydrogenation (s. reaction VI). These are the natural precursors of
condensed polyaromatic materials known as coke in their solid state (s. reaction VII). Decok-
ing is required regularly, which implies a furnace shutdown to burn off coke from the walls
with high pressure steam (whole paragraph is drawn upon Gholami et al., 2021).

Feedstock C;Hy CH,,

Bond energies
/\‘X\/\ Dehydrogenation C+C=345kJ/mol
~ ——
W 1 C~H =413 kJ)/mol
| Primary
Cracking Cracked products
Propylene Propane 1-butene Butadiene
GHy . GiHy CaHg CaHg

AN — Nt /\ — /\

lll Secondary l m

1
1
: Cracking Cycloaddition and Dehydrogenations
1
v g CH, + GH, 2CH, v vi Vil
1 Methane = — seses» Coke
: Ethylene
1
: : '] CeHe
v Dehydrogenation 3 Benzene
Ve T = |
i CH, C,H, — Undesirable impurities in the use of olefinic C, and C; cuts
i.Propyne ________.............Acetylene |

Figure 14: Main reactions involved in the cracking process of higher alkanes (Gholami et al., 2021, p. 8)
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Equation 13: Diels-Alder Reaction

C4Hg + CyHy — CoHyg

Equation 14: Dehydrogenation Reaction of Cyclohexene

Based on Gholami et al., 2021 and Ren et al., 2006, the cracked gas enters the fractionation
and separation section following the pyrolysis stage and is immediately quenched in a TLE
from 823 K-923 K to 573 K to prevent secondary reactions from occurring whose recovered
heat is re-integrated to the convection zone (s. Figure 13). The cooled cracked gas undergoes
several caustic scrubbing processes with natrium hydroxide to remove acid gases before it is
subjected to distillation (s. NaOH as input and the NOx, PO4+*, SO and industrial wastewater
as emissions in Figure 11 and Table 2). Afterwards, refrigeration and extraction steps sepa-
rate petrochemical products from each other (i.e. de-propanizer to separate propylene/pro-
pane and Cs-splitter to split propylene from propane). In order to keep these processes in
operation, electricity is needed, as well (s. electricity as input in Figure 11 and Table 2). As
it has already been mentioned in Chapter 2.2.5, this multifunctionality problem of having
several co-products is solved by applying economic allocation (s. Appx. Tables 1-7 in Ap-
pendix 6.1.1).

Table 2: LCI of Steam Cracking as baseline scenario incl. all in- and outputs as well as emissions according to system
boundaries defined in Figure 11, which have not been adjusted to the respective AF, yet. Co-products are listed in the
Appendix (s. Appx. Table 1 in Appendix 6.1.1).

Unit/kg ethylene Value Source
Allocation Factor: [] 0.35130 s. Appendix 6.1.1
Product:
Ethylene kilogram 1.00000 Pre-defined FU
Inputs:
Feedstock kilogram 3.33000 Young et al., 2022
Yang & You, 2017; Ro-
Steam kilogram 1.40000 driguez-Vellejo et al.,
2020
Electricity | kilowatt hour 0.09000 Ye et al., 2022
NaOH kilogram 0.00070 Yang & You, 2017
Natural Gas (fuel) cubic meter - Ye et al., 2022
Emissions:
Rodriguez-Vellejo et al.,
CO; kilogram 1.82000 2020; Ye et al., 2022;
Yang & You, 2017
PM: s kilogram 0.00100 Ye et al., 2022
yoc kilogram 0.00400 Ye et al., 2022
N0 kilogram 0.00003 Ye et al., 2022
H>O cubic meter 0.00022 Ye et al., 2022
PO/ kilogram 0.00010 Ye et al., 2022
SO: kilogram 0.00800 Ye et al., 2022
NOy kilogram 0.00400 Ye et al., 2022
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All values for the respective parameters of the Steam Cracking process were collected from
different literature resources and represented in Table 2. Ye et al., 2022 presented the most
comprehensive LCI of Steam Cracking especially when it comes to emissions compared to
other sources such as Rodriguez-Vellejo et al., 2020 or Yang & You, 2017. Though, the CO»
emissions are weighted between these three sources, as Ye et al., 2022 reported a value of
2.32 kg COy/kg ethylene, which is inconsistent with the mass balance. On the other hand,
Yang & You, 2017 and Rodriguez-Vellejo et al., 2020 reported the same value of 1.31 kg
COy/kg ethylene. That is why the value for CO; emission in this Master Thesis for the Steam
Cracking route is weighted to 1.82 kg CO»/kg ethylene. Since Young et al., 2022 provides a
holistic overview of different product yields dependent on different feedstocks (s. Figure 15),
these yields are used to calculate the different mass inputs for the different feedstocks. The
plant-installation is assumed to be insignificant in the GWP results, why it is not listed in
Table 2.

3.1.1.2
Different Feedstocks

Process Modifications

Feedstock (i): Ethane Propane Butane Naphtha Gas Oil

Product:

While the Steam Cracking process
operates independently of the spe-
cific feedstock used in principle,
variations in feedstock properties
and plant design can significantly
affect the fractionation and separa-
tion stages (Caprio, 2017; Ren et al.,
2006). Indeed, although many
steam crackers are designed to pro-
cess a variety of feedstocks, the

Hydrogen (Hy)
Methane (CHj4)
Ethyne (CoH»)
Ethylene (C2Ha) (Yj ethy)
Propyne (C3Hy)
Propylene (C3Hg)
Butatriene (C4H4)
Butadiene (C4H6)
Butene (C4HS8)
Benzene (C6H6)
Toluene (C7H8)
Styrene (C8H8)
Xylene (C8H10)
Ethylbenzene (C8H10)
Pyrolysis gasoline
Fuel Oil

Total Mass Balance

6.2%
5.8%
0.68%
80%
0.03%
1.9%
0.08%
2.8%
0.30%
0.86%
0.13%
0.05%
0.00%
0.02%
0.54%
0.33%
99.7%

1.9%
26%
0.53%
44%
0.58%
17%
0.09%
3.3%
1.1%
2.4%
0.48%
0.23%
0.06%
0.01%
1.4%
1.1%
99.6%

1.4%
22%
0.43%
41%
0.93%
19%
0.10%
4.4%
3.1%
3.0%
0.89%
0.27%
0.13%
0.01%
2.0%
1.1%
99.6%

1.1%
14%
0.36%
30%
0.60%
17%
0.09%
4.8%
5.8%
6.4%
3.1%
1.1%
1.2%
0.79%
11%
2.7%
99.9%

0.9%
11%
0.40%
28%
0.63%
14%
0.12%
5.8%
3.6%
5.5%
3.5%
1.2%
0.92%
0.37%
7.3%
16%
99.9%

Figure 15: Product composition and distribution with the corre-

cracking reaction must be carefully
sponding yields in terms per kg of feedstock (Young et al., 2022, p. 5)

optimized based on the composition
of the feedstock and the target products (Caprio, 2017). In addition to ethylene, common by-
products include propylene, butadiene, and hydrogen, with smaller amounts of acetylene,
BTX-compounds and butene also being produced (s. Figure 15) (Plastics Europe, 2017).
The product composition in Steam Cracking remains relatively stable but its distribution var-
ies depending on several factors such as feedstock type, residence time, operating tempera-
ture, and the steam-to-hydrocarbon ratio (Gholami et al., 2021; Ren et al., 2006). For in-
stance, higher temperatures and shorter residence times generally increase ethylene yields,
although higher temperatures also accelerate coke formation, reducing the lifespan of crack-
ing tubes. Conversely, longer residence times can lead to unwanted secondary reactions as
olefins decompose, while shorter residence times enhance the yields of ethylene and propyl-
ene (Gholami et al., 2021). Product yields also vary with different feedstocks according to
Figure 15 (Young et al., 2022).
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Table 3: LCI of Steam Cracking with different feedstocks as process modification incl. all in- and outputs as well as emis-
sions according to system boundaries defined in Chapter 3.1.1.2 — Different Feedstocks, which have not been adjusted to
the respective AFs, yet. Co-products are listed in the Appendix (s. Appx. Tables 2, 3 in Appendix 6.1.1)

Unit/kg ethylene Value Source
Allocation Fac-
tor:
Ethane [] 0.5827 s. Appendix 6.1.1
LPG [] 0.6552 s. Appendix 6.1.1
Product:
Ethylene kilogram 1.00000 Pre-defined FU
Inputs:
Either Ethane as
feedstock kilogram 1.25000 Young et al., 2022
or LPG as feed- kilogram 2.35000 Young et al., 2022
stock
. Yang & You, 2017; Rodriguez-
Steam kilogram 1.40000 Vellejo et al., 2020
Electricity | kilowatt hour 0.09000 Ye et al., 2022
NaOH kilogram 0.00070 Yang & You, 2017
Natural Gas Ye et al., 2022
(fuel) needed . .
only for the cubic meter 0.59000 Calculation based on Ye et al.,
2022
ethane case
Emissions:
Rodriguez-Vellejo et al., 2020;
Fossil CO: kilogram 1.82000 Ye et al., 2022; Yang & You,
2017
PM: s kilogram 0.00100 Ye et al., 2022
yoc kilogram 0.00400 Ye et al., 2022
N0 kilogram 0.00003 Ye et al., 2022
H>O | cubic meter 0.00022 Ye et al., 2022
PO/ kilogram 0.00010 Ye et al., 2022
SO: kilogram 0.00800 Ye et al., 2022
NOx kilogram 0.00400 Ye et al., 2022

Despite these variations, the LCI values of the Steam Cracking baseline process remain un-
changed except the steam cracking feedstock as it is assumed that the core process does not
vary significantly across feedstocks built on Table 3 (Caprio, 2017). However, economic
allocation, as described in Chapter 2.2.5, accounts for the differing product mixes that result
from different feedstock types, whose calculation can be found in the Appendix (s. Appx.
Tables 2,3 in Appendix 6.1.1). For the LPG and ethane cases an AF of 0.6552 and 0.5827
were calculated with feedstock inputs of 2.35 and 1.25 kg/kg ethylene according to Young et
al., 2022. Additionally, it is important to mention that in the ethane case additional fuel in the
form of natural gas is needed. According to Ye et al., 2022 all methane produced from Stream
Cracking can be completely utilized to fully operate the radiant section. On this basis, a me-
thane value was calculated according to Young et al., 2022, which is higher than the amount
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if ethane is utilized as feedstock. The difference of methane reported for the naphtha case and
the amount of methane in the ethane case must come from natural gas as fuel. The opposite
case can be seen in the Steam cracking with LPG as feedstock. More methane is produced
than needed for to operate the radiant section, which is why excess methane is accounted in
the economic allocation (s. Appx. Tables 2,3 in Appendix 6.1.1).

E-Furnace

(More) Electricity

aaaaaa

Process 1: Steam Cracking with e-Furnace

Figure 16: System Boundaries of Steam Cracking with an e-Furnace including all in- and out flows as well as emissions,
highlighting the changes made compared to the baseline scenario
Based on Gu et al., 2022, the primary emissions directly associated with the Steam Cracking
process (Scope 1 emissions) originate from the combustion of fuel used to heat the firebox
to the necessary cracking temperatures. Hence, it is worth considering the substitution of
fossil fuels with electricity as heat source (s. Figure 17).

Conventional furnace eFurnace
.
w Raw olefins Raw olefins
Naphtha Aromatics Naphtha Aromatics
— _—
850°C : 850°C .
Furnace ‘W & 0 EFUrNace “ececesccccsscoes
Natural g Renewable @
gas ) e energy = =

Figure 17: Conceptual representation of the conventional and )e—F urnace highlighting the main difference (Nonnast,
2021, p. 1
This transition assumes that the thermal energy requirement is equivalent to the electrical
energy needed (s. additional electricity as input needed in Figure 16 and Table 4). That is
the reason why the electricity value had to be increased from 0.09 kWh to over 6.89 kWh:
This amount is derived from 0.09 kWh needed for operating the process and 6.7988 kWh to
replace the heat from CH4 combustion with a lower heating value (LHV): LHV (CH4) = 52.5
MlJ/kg. The LHYV is used to calculate the total heat input required for the radiant box in the
form of electricity (24.48 MJ/kg naphtha) with an assumed 1:1 conversion into kWh and no
energy losses assumed (World Nuclear Association, 2020; Ye et al., 2022). Furthermore, the
AF has changed from 0.3513 to 0.3168 as the produced methane is not needed anymore for
operating the radiant section and thus, accounted in the economic allocation calculation (s.
Appx. Table 5 in Appendix 6.1.1). Electrically heated steam cracker furnaces not only reduce
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emissions (s. no N2O, CO», PM2.5, VOC emissions due to use of electricity instead of burning
fossil fuels in radiant section in Table 4 and Figure 16), but also offer several additional
advantages, such as higher thermal conductivity, improved efficiency, and reduced furnace

size, which translate into lower capital costs and enhanced safety (this section draws upon
Guetal,, 2022).

Table 4: LCI of Steam Cracking with e-furnace as process modification incl. all in- and outputs as well as emissions ac-
cording to system boundaries defined in Figure 16, which have not been adjusted to the respective AF, yet. Co-products are
listed in the Appendix (s. Appx. Table 5 in Appendix 6.1.1).

Unit/kg ethylene Value Source
Allocation Factor: [] 0.3168 s. Appendix 6.1.1
Product:
Ethylene kilogram 1.00000 Pre-defined FU
Inputs:
Feedstock kilogram 3.33000 Young et al., 2022
. Yang & You, 2017; Rodriguez-
Steam kilogram 1.40000 Vellejo et al., 2020
. Own calculation based on Ye
Electricity kilowatt hour 6.88875 et al., 2022
NaOH kilogram 0.00070 Yang & You, 2017
Natural Gas (fuel) cubic meter - Ye et al., 2022
Emissions:
Rodriguez-Vellejo et al., 2020;
Fossil CO; kilogram - Ye et al., 2022; Yang & You,
2017
PM:s kilogram -—- Ye et al., 2022
yoc kilogram - Ye et al., 2022
N0 kilogram - Ye et al., 2022
H>O cubic meter 0.00022 Ye et al., 2022
PO/ kilogram 0.00010 Ye et al., 2022
SO: kilogram 0.00800 Ye et al., 2022
NOy kilogram 0.00400 Ye et al., 2022

This concept has already been implemented in practice, as demonstrated by the chemical
company BASF in collaboration with Linde and SABIC which inaugurated the first electri-
cally powered demonstration furnace at one of its sites in 2024 (Nonnast 2021, 2024).

Low Emissions Furnace

Based on Mynko et al., 2023 and Oud, 2020, another promising emerging technology is the
low-emission furnace, which focuses on enhancing thermal efficiency within the firebox by
over 30% compared to the conventional design. It improves the ratio of heat absorbed by the
reactor coils from the heat generated by fuel combustion. This approach aims to maintain the
required heat for the cracking process while using less fuel, thereby reducing emissions.
However, increasing the share of radiant heat can diminish the heat available for the
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convection section reintegrated by the TLE, potentially limiting the preheating of the feed
and dilution steam mixture.

This challenge is addressed by a novel heat recovery scheme, patented by the company Tech-
nip Energies: it involves an additional TLE downstream connected to the first TLE as well
as minor adjustments to the convection section enabling greater heat recovery and eliminat-
ing the need for additional boilers. As a result, fuel consumption decreases by assumed 30%,
also leading to 30% lower emissions of N>O, CO, VOC and PM» s compared to the baseline
case as it can be seen in the LCI values in Table 5. Apart from reducing energy inflow and
emission outflow of the mentioned chemical compounds, the other in- and output parameters
remain consistent as described in Figure 11. Important to note, is that the AF has changed as
well from 0.3513 to 0.3402 as less methane produced is needed to cover the energy demand
for the radiant section, which is why excess methane is accounted for in the economic allo-
cation (s. Appx. Table 4 in Appendix 6.1.1).

Table 5: LCI of Steam Cracking with low-emission-furnace as process modification incl. all in- and outputs as well as
emissions according to Chapter 3.1.1.2 — Low emission Furnace, which have not been adjusted to the respective AF, yet.
Co-products are listed in the Appendix (s. Appx. Table 4 in Appendix 6.1.1).

Unit/kg ethylene Value Source
Allocation Factor: [] 0.3402 s. Appendix 6.1.1
Product:
Ethylene kilogram 1.00000 Pre-defined FU
Inputs:
Feedstock kilogram 3.33000 Young et al., 2022
Yang & You, 2017; Ro-
Steam kilogram 1.40000 driguez-Vellejo et al.,
2020
Electricity kilowatt hour 0.09000 Ye et al., 2022
NaOH kilogram 0.00070 Yang & You, 2017
Natural Gas (fuel) cubic meter - Ye et al., 2022
Emissions:
kilogram 1.27400 Rodriguez-Vellejo et al.,
Fossil CO; 2020; Ye et al., 2022;
Yang & You, 2017
PM;s kilogram 0.00070 Ye et al., 2022
yoc kilogram 0.00280 Ye et al., 2022
N0 kilogram 0.00002 Ye et al., 2022
HO cubic meter 0.00022 Ye et al., 2022
PO/ kilogram 0.00010 Ye et al., 2022
SO: kilogram 0.00800 Ye et al., 2022
NOy kilogram 0.00400 Ye et al., 2022

Steam Cracking Plant with CCS

As discussed in the literature review, CCS as PSC can significantly improve the environmen-
tal performance (s. Chapter 2.1). In this scenario, CO; emissions from the Steam Cracking
process are captured and stored, contributing to a reduction in the plant's carbon footprint (s.
Figure 18). The LCI of the Steam Cracking reported in Table 1 remains the same. However,
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CO; emission from Steam Cracking (1.82 CO; as emission in Table 2) are captured by 90%
(1.638 CO> as emission in Table 6) by the CCS plant and 10% (0.182 CO; as emission in
Table 6) are re-emitted again due to technical constraints. Because no CO; emissions occur
at the Steam Cracking process stage anymore, the amount of the CO» emission in the Steam

Cracking process turns to zero.

The input CO, compression, transport and storage accounts for compression to 11 MPa, a 50
km pipeline transportation to the storage site with another 15 MPa compression at the storage
site, before the COx is injected into a geological reservoir through wells with a depth of 3 km
(Koornneef et al., 2008). The carbon capture process itself will be described in more detail

in Chapter 3.1.2.1.1.1.

Table 6: LCI of Steam Cracking with CCS as process modification incl. all in- and outputs as well as emissions according
to system boundaries defined in Figure 18, which have been adjusted to capturing CO: from the production of 1 t of eth-

ylene.
Unit/k tured &
" stogrzzp Clgze Value Sources
Product:
Adjusted to FU =1 t eth-
Captured & stored CO: kilogram 1.6380 Justed 1o ©
ylene
Inputs:
Meunier et al., 2020 &
E ici kil h 534 ;
lectricity ilowatt hour 0.5348 Rosental et al., 2020
MEA kilogram 0.0020 Rosental et al., 2020
CO: compression, trans- . 1.6380  Own calculation based
i kilogram
portation and storage on Rosental et al., 2020
Emissions:
Own calculation based
Fossi kil 182
ossil €O, Hograt 0.1820 on Rosental et al., 2020
Own Calculati
Ethylene diamine kilogram 0.0033 wi Lateuiation ot

Zhou et al., 2012

ElectriCity — s———
MEA
Compression,
[Transportation &
Storage

Process 2:
CCS via PSC

Process 1: Steam Cracking

co,

Ethylene Diamine

Stored CO,

Figure 18: System Boundaries of Steam Cracking including CCS, highlighting the changes made compared to the Base-

line Scenario
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3.1.2 The novel route — Methanol-to-Olefins

The MTO-route is a novel approach to produce ethylene not from fossil fuels via Steam
Cracking, but from MeOH. The interesting part concerning this Master Thesis is the produc-
tion of MeOH, which can be conducted without any use of fossil resources by either direct
hydrogenation of CO> with (green) H, (H>+CCU-to-Olefins Route) or with post-treated
(sweet) syngas from biomass gasification (Biomass-to-Olefins Route). Therefore, it is as-
sumed that the general process set-up only differs in the production of the precursor needed
to form MeOH and ultimately ethylene although some inputs and emissions may differ from
process to process (s. Figure 19).

o e — — — — — — — — — —— — — —— — — —— — ——— ———— — ——— — — -
e S

\
4 H,+CCU-to-Olefins Route Biomass-to-Olefins Route N

Process 1: Biomass
Gasification

Process 1: H, Process 2: CCU
Electrolysis -PSC

Process 2: Post-Treatment
(AGR & WGS)

Process 3: MeOH Production

- —
[ Y R U S U

Process 4: MTO

FU: 1t ethylene Co-products: propylene, butene & aliphatics

Figure 19: System Boundaries and overview of the MTO-Route with two different approaches including the all processes
and intermediate as well as end-product

3.1.2.1 Baseline Scenario

3.1.2.1.1 Methanol Production

De-ionized H,0 BoP Electricity 1 MW-Stack Electricity Pre-treated flue gas MEA
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Treatment of 1 MW-Stack Process 1: H, Electrolysis Process 2: CCU-PSC Ethylene Diamine
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H, CO,

|
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Figure 20: System Boundaries including all in- and outflows as well as emission of the H; electrolysis and CCU process

3.1.2.1.1.1 Direct Hydrogenation of CO: Route with electrolytic H>

PEM-Electrolysis Plant

Based on Schropp et al., 2020, the PEMEC system is composed of two primary components:
the stack and the balance of plant (BoP; s. I MW Stack and BoP as inputs for the H» electrol-
ysis process in Figure 20 and Table 7). The stack consists of a PEM electrolyzer itself, which
1s composed of several individual electrolyzer cells connected in series to enhance hydrogen
production (s. Figure 22: number of cells n = 50), each equipped with a 60-200 micrometer
thick Nafion® membrane made of tetrafluoroethylene, which separates the two half-cells (s.
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Figure 21). Electrodes of ten micrometer thickness PEM Electrolysis
are placed directly on either side of this membrane Cathode -
(BareiB3 et al., 2019). The anode where the oxygen ‘ J
evolution reaction (OER) occurs (s. Equation 15) is
coated with an iridium oxide (IrO-) electrocatalyst, H, . % 0,
while the cathode where the hydrogen evolution re- =
action (HER) takes place (s. Equation 16) is coated H,0
with a platinum catalyst (Schropp et al., 2020). The
system operates at low pH and high electrical poten- | Cathode "
tials (s. electricity input for the H electrolysis in Fig- Membrane

Figure 21: Schematic representation of the func-

ure 20 and Table 7) (Como et al., 2014). tioning of a PEM electrolysis cell (Shiva and
Himabindu, 2019, p. 5)

+ Anode

,

/"‘ Anode

Equation 15: Oxygen Evolution Reaction as Oxidation at the PEM anode

2H,0 - 4H* + 4e~ + 0,

Equation 16: Hydrogen Evolution Reaction as Reduction at PEM cathode

4H* + 4e~ - 2H,

The PEM and electrodes are further supported by titanium-based gas diffusion layers, which
serve as current collectors, and finally, these components are sandwiched by Ti-based bipolar
plates, which usually feature channel-like structures for water and gas transport (s. Figure

22) (Schropp et al., 2020).

agd pugy

aid mpdigg
End plate

Bipolar plate

HO
-
/ Sprng
| \
Gas diffusion Memibrane Gas diffusion
layer layer
Anode with Cathode with
mdium platimm

Figure 22: Representation of a PEM cell and stack structure (Schropp et al., 2020, p. 3)

According to Schropp, et al., 2020, the BoP includes systems for gas and water separation,
as well as water and hydrogen purification (s. Figure 23). The gas/water separator isolates
excess water from produced gases (either O2 on the left side or H> on the right side) because
not all water is consumed during electrolysis; some of it circulates through the system to cool
the electrolyzer, which generates heat during operation, and is recycled back via the circula-
tion pump and heat and ion exchanger. The produced O, passes on the left side of the elec-
trolyzer through a condensation trap before exiting the system (s. Oz emission of the H elec-
trolysis process in Figure 20 and Table 7). The water purification unit step is crucial because
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the electrolyzer requires ultra-pure or deionized water to function properly (s. de-ionized H>O
as input for the H» electrolysis process in Figure 20 and Table 7). The synthesized H> on the
right side of the stack requires several complex purification steps.

24 Control
valve v
Condensate Flow heater
trap Denuster Deoxodizer
Control
%ﬂ valve
Deoxodizer
Gas'water

separator

Gas/water
separator

Heat
Circulation l H I H l [ Circulation exchanger
pump PEM pump
Heat electrolyzer Heat Demister
exchanger I l l | ‘ I | [ exchanzer
Ion =4 Ion Control
exchanger EH 5 exchanzer valve

HO S
\Z
Feed water

pump

SN

Cooler

Figure 23: Representation of BoP of an electrolysis plant including its operation
(Schropp et al., 2020., p. 4)

Table 7: LCI of H>-production via PEMEC incl. all in- and outputs as well as emissions according to system boundaries
defined in Figure 20

Univkg H> Value Sources
Product:
H kilogram 1.0000 Pre-defined
Inputs:
PEM Stack (1 MW) unit 1.04E-06 Wei et al., 2024
PEM BoP Production unit 3.45E-07 Wei et al., 2024
De-ionized H>O kilogram 12.0000 Wei et al., 2024
Electricity | kilowatt hour 57.4700 Wei et al., 2024
Emissions:
0> kilogram 8.0000 Wei et al., 2024
Wastes:
T PEM
Waste Treatment of unit -1.04E-06 Wei et al., 2024
BoP
T PEM
Waste Treatment of o unit 3.45E-07 Wei et al., 2024

Initially, a demister removes fine water droplets, after which excess oxygen is catalytically
oxidized to water in two deoxidizers, which is then condensed and removed using heat ex-
changers and an additional demister. The whole system usually operates at 323-353 K (low
temperature electrolysis) and a pressure of 40 bar producing the final product H> with a purity
of 99.9% at a pressure of 35 bar and a temperature range of 333-353 K. (Schropp, et al.,
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2020). The LCI values reported in Wei et al., 2024 were selected because they do not only
provide a more comprehensive inventory than Meunier et al., 2020 and Rosental et al., 2020
including additional future inventories, but also cover SOEC, which makes it better at com-
paring these two technologies based on the same scientific paper (s. Table 7).

Carbon Capture Utilization-Plant

Based on Bisinella et al., 2021, the pretreated flue gas, H O/\/ N H2

assumed to be originating from a cement plant in Swit-

zerland/China, is cooled and introduced into an ab-  Figure 25: LEWIS-structure of the chemical
sorber reactor containing a mass concentration of 30 carbon capture compound MEA

wt% monoethanolamine (MEA; s. Figure 24) solution, maintained at a temperature of 298-
323 K and 1 bar pressure (a. flue gas and CO» absorber in Figure 25 as well as pre-treated
flue gas as input for the CCU — PSC process in Figure 20 and Table). MEA is the industrial
benchmark due to its relatively low cost and high capture efficiency, capable of capturing up
to 90% of CO; emissions whereas 10% of the captured CO» is emitted again (s. MEA as input
and CO; as emission of the CCU — PSC process in Figure 20 and Table 8).

Condenser

Purified Gas
l _E ?Captured CO,
Lean Amine ]

Amine Cooler

Stripper

5; Rich/Lean Amine

Heat Exchanger

Flue Gas
Rich Amine
— ; ; Reboiler

Figure 24: Schematic representation of the functioning of a carbon capture plant (i et
al, 2014, p. 2)

Absorber

Based on Lv et al., 2015, the CO: in the flue gas is captured by the solution in the CO»
Absorber column, forming a carbamate anion (chemical formula: RNHCOO-; s. Equation
18). The widely accepted reaction mechanism is proposed for primary alkanolamines (for-
mula: RNH> such as MEA): at first, MEA reacts with CO; to form a zwitterion (formula:
RNH,"COO; s. Equation 17) as intermediate, which is instantaneously neutralized by a base
(in this case either H>O or RNH>) producing a carbamate molecule (s. Equation 18). Subse-
quently, the CO:z-rich amine solution is pumped through a heat exchanger to the stripper col-
umn (s. Figure 25).

Equation 17: Zwitterion Formation with (Alcohol-)Amines and captured CO;

RNH, + CO, = RNH§ C00~

Equation 18: Carbamate Formation

RNHFCCO~ + RNH, = RNHCOO~ + RNHj
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Based on Bisinella et al., 2021 and Figure 25, in the stripper column, the CO»-rich amine
solution is further heated to 373-413 K by the reboiler, which is assumed to be operated by
an electrical heat pump (s. electricity as input for the CCU — PSC process in Figure 20 and
Table 8). The stripping process operates on a counter-current principle at 1-2 bar, where
stripping gas separates the CO: from the liquid, leaving the gas saturated with water vapor
at the top of the Stripper column, while the MEA solution is nearly fully recovered through
the condenser. Lost MEA happens only due to degradation through formation of heat-stable
salts and losses due to vapor and aerosols during stripping. The regenerated MEA solution
at the bottom of the stripper column is recycled and pumped back through the heat ex-
changer and amin cooler to the CO; absorber (as lean amine).

Table 8: LCI of CCU process as PSC-technology with MEA incl. all in- and outputs as well as emissions according to
system boundaries defined in Figure 20

Unit/kg captured CO: Value Sources
Product:
Captured CO; kilogram 1.0000 Pre-detined
Inputs:
Meunier et al., 2020 &
E ici kil h 534 ;
lectricity ilowatt hour 0.5348 Rosental et al., 2020
MEA kilogram 0.0020 Rosental et al., 2020
CO: from point . Own calculation based
kil 1.1111
sources rogram on Rosental et al., 2020
Emissions:
Own calculation based
Fossi kil A111
ossil COz rogram 0 on Rosental et al., 2020
Lo . Own Calculation based
Ethylene diamine kilogram 0.0020 on Zhou et al., 2012

Most of the LCI values listed in Table 8 were taken out from Rosental et al., 2020. Ethylene
diamine is used as proxy data for MEA waste to complete the mass balance of this process,
which is an intermediate product of MEA degradation and can be found as parameter in
ecoinvent (Zhou et al., 2012). The values of CO from point sources as well as the CO» as
emission were calculated based on Rosental et al., 2020 with 90% of the incoming flue gas
captured and utilized, while 10% of the flue gas is released again. The electricity amount is
composed of two electricity values: 0.015 kWh/kg CO, captured is needed to operate the
whole process set-up (Rosental et al., 2020), while the 0.5198 kWh are required for the heat
pump (coefticient of performance (COP) = 2.9) to increase the temperature to the around 373
K. The 0.5198 kWh are based on the heat requirement for the heat reported by Meunier et
al., 2020 with 3.68 MJ/kg CO> and converted into kWh including the conversion rate of
0.5085 retrieved from the ecoinvent data base by comparing these two different data sets:
e Product: carbon dioxide, captured from atmosphere; activity: carbon dioxide, cap-
tured from atmosphere and stored, with a sorbent-based direct air capture system,
100kt CO, with industrial steam heat, and grid electricity; location: Europe (EUR)
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e Product: carbon dioxide, captured from atmosphere; activity: carbon dioxide, cap-
tured from atmosphere and stored, with a sorbent-based direct air capture system,
100kt CO,, with heat pump heat, and grid electricity; location: EUR

3.1.2.1.1.2  Sweet Syngas from Biomass
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Figure 26: Schematic process structure of the Biomass-to-Olefins Route (based on Jiang et al., 2024, p. 3)
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Figure 27: System Boundaries of all in- and outflows as well as respective emissions from Biomass Gasification and
Post-Treatment process)

Biomass Gasification

Biomass feedstock must undergo several pretreatments such as crushing and screening (Liu
etal., 2020; Liu et al., 2024). To produce crude syngas, biomass is quickly gasified with pure
O; from an air separation unit under high pressure with energy assumed from electricity (s.
O; and electricity as inputs for the biomass gasification in Figures 26, 27 and Table 9) to
CO, Hz and CO» as effective components with minor amounts of N>, CH4, H,0 and O; in an
entrained flow gasifier (Liu et al., 2020; Jiang et al., 2024). Various chemical reactions occur
during biomass gasification making this process quite complex. In general terms, the reaction
can be summarized by the following equation (s. Equation 19) (Jiang et al., 2024).

Equation 19: Overall Biomass Gasification Reaction

Biomass - €O+ C0, + N, +0,+ H, + H,0 + CH,

Besides these compounds listed in Equation 19, steam, ash and tar are also produced. While
CHy is assumed to be reformed or oxidized according to Equation 20-23, while heat in the
form of steam is emitted along with tar and ash (s. tar and ash as emissions for the biomass
gasification process in Figure 27 and Table 9) (Jiang et al., 2024).
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Equation 20: CH,— Dry Reforming

k
CH, + CO, = 2C0 + 2H,; AHQ = 12479
mol
Equation 21: CH4 — Wet Reforming
0 K
CH, + H,0 = CO + 3H,; AHS = 4206 ——
mol
Equation 22: CH, Oxidation Reaction — Case 1
CH, + 20, = CO, + 2H,0; AHY = —800i
4 2 2 2Y R mol
Equation 23: CH, Oxidation Reaction — Case 2
0 K
2CH, +30; = 2C0 + 4H,0; AH} = —1034—

Table 9: LCI of Biomass Gasification incl. all in- and outputs as well as emissions according to system boundaries de-
fined in Figure 27

Unit/kg crude syngas Value Sources
Product:
Crude Syngas kilogram 1.000 Pre-defined
Inputs:
Own Calculation based
B ] kil .654
ark Chips ilogram 0.65 on Liu et al., 2020
Own Calculation based
kil .
©: T 0358 on Livetal, 2020
Electricity kilowatt hour 0.016 Liu et al., 2020
Emissions:
Ash kilogram 0.009 Liu et al., 2020
u .
eat (in form of steam), megajoule 0.820 Liu et al., 2020
waste
Coke kilogram 0.003 Liu et al., 2020

N> emissions are not accounted for, which makes sense as it does not contribute to GWP,
while O is assumed to be fully consumed by CH4 oxidation reactions (s. Equations 20-23).
Afterwards, the hot raw syngas is quenched cooling it down via nozzles spraying condensate
and water. It separates inorganic smelt and entrained alkali-salts containing particles which
the system does not account for due to their negligible amounts (Carvalho et al., 2017).

In the case of Biomass-to-Olefins, it was difficult to gather reliable, comprehensive data,
which properly reflects the several processes needed to undergo this route. Although the pa-
per of Liu et al., 2020 at least provides all the relevant processes with the respective param-
eters required, the feedstock inputs for the biomass gasification process had to be calculated
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to be consistent with the overall carbon and mass balance (s. Table 9). The plant installation
is assumed to be insignificant.

Acid Gas Removal and Water Gas Shift Reaction

Despite the fact that crude syngas contains high amounts of CO, the MeOH production also
requires a high content of H» for an ideal ratio expressed as stoichiometric number (SN) of 2
according to Equation 24 (Carvalho et al., 2017; Jiang et al., 2024; Liu et al., 2020). To
adjust the crude syngas to this ratio, the WGS reaction (s. Equation 26) comes into place.
The operating temperature, in a fixed-bed, multi-stage WGS reactor (s. Figure 26) with a
shift catalyst, is set between 473 K and 723 K and thus, consumes the biggest portion of
energy and releases a significant amount of CO; (s. heat and electricity as inflows and CO»
as emission for the post-treatment process in Figures 26, 27 as well as in Table 10) (Carvalho
etal., 2017).

Equation 24: Formula for the calculation of the Stoichiometric Number of Syngas

Ny, —N¢o
SN = 12 V2
Neo + Neo,

Table 10: LCI of Post-treatment process with AGR and WGS incl. all in- and outputs as well as emissions according to
system boundaries defined in Figure 27

Unit/kg sweet syngas  Value Sources
Product:
Sweet Syngas kilogram 1.000 Pre-defined
Inputs:
Crude Syngas kilogram 1.940 Own Calculation
Electricity kilowatt hour 0.004 Liu et al., 2020
Heat megajoule 1.320 Liu et al., 2020
Emissions:
Non-fossil CO: kilogram 0.940 Own Calculation
H>S kilogram 0.0005 Liu et al., 2020

In the next syngas post-treatment step, acid gases are removed via the Rectisol® system de-
veloped independently from the companies Linde and Lurgi, which is a widely used acid gas
removal method (AGR) in industry (US Department of Energy, n.d.). It employs cold MeOH
as solvent, which efficiently removes CO, and H»S from the gas in one tower (s. CO> and
H>S emission of the post-treatment process in Figures 26, 27 as well as Table 10) to avoid
catalyst poisoning and deactivation and can be fully recovered (Carvalho et al., 2017; US
Department of Energy, n.d.). CO; does not need to be removed in terms of catalyst deactiva-
tion, but a higher CO» content means also a higher requirement of H> to maintain the ratio of
SN =2 (Keller et al., 2020). Once again, the crude syngas value was calculated to align with
the mass and carbon balance whereas all the other values were retrieved from Liu et al., 2020
(s. Table 10). The plant installation is assumed to be insignificant, once again.
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3.1.2.1.1.3 Methanol Synthesis

H,+CO, or Sweet Syngas
! ! . )
Electrici eat
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Al,O,/Cu0/MgO/ZnO Process 3: MeOH production Emissions
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H,0

SAPO-34 Process 4: MTO co,
Catalyst Waste

FU: 1t ethylene Co-products: propylene, butene & aliphatics

Figure 28: System Boundaries including all in- and outflows as well as emissions of the MeOH production and MTO pro-
cess

The exothermic MeOH synthesis occurs in commercial Lurgi Methanol Synthesis Reactor (s.
Figure 29), which is filled with a packed-bed state-of-the-art A1,O3/CuO/MgO/ZnO catalyst
(s. Al,O3/CuO/MgO/ZnO catalyst as input for the MeOH production process in Figure 28
and Tables 11, 12) and a counter-current coolant jacket to avoid overheating of the reactor,
which would lead to deterrence of reactor, reaction product and catalyst (Kansy, et al., 2023;
Markowitsch et al., 2023; Santos et al., 2018). It operates at 503-523 K and 50-80 bar, which
is provided via electricity (s. electricity as input for the MeOH production process in Figure
28 and Tables 11, 12) (Kansy, et al., 2023; Markowitsch et al., 2023).

Equation 25 is linked to Equation 27 over the reversed WGS reaction (s. Equation 26).
Therefore, a ratio between H» and CO; of 3:1 (Hz: CO») in the direct hydrogenation of CO»
case or a ratio of SN = 2 for the biomass case according to Equation 24 must be adjusted (s.
sweet syngas or CO2 + H; as inputs for the MeOH production process in Figure 28 and Ta-
bles 11, 12). Next, these compounds are pressurized to match the operating conditions and
getting mixed by a mixer with the recycled stream while the required heat is provided by the
pre-reactor heater (s. Figure 29). The catalytic zone the reactions according to Equations
25-27 occur releasing a lot of heat due to the exothermic nature of MeOH production (s. heat
as emission of the MeOH production process in Figure 28 and Tables 11, 12). After the
reaction, the product stream, initially at 588 K, gets cooled down to 313 K through multiple
heat exchangers to liquefy and separate the mix from H>O and MeOH from unreacted gases
mainly containing CO, CO and H> (s. flash cooler and separator in Figure 29) (Markowitsch
et al., 2023; Meunier et al., 2020). The unreacted gas stream is partially recycled, while the
remainder is purged to avoid the accumulation of inert gas and unwanted by-products, which
1s assumed to be solely COx (s. purge in Figure 29 and CO; as emission of the MeOH pro-
duction process in Figure 28 and Tables 11, 12) (Meunier et al., 2020).

Equation 25: MeOH-Synthesis via Direct Hydrogenation of CO: with H,

3H, + CO, = CH;0H + H,0; AHS = —49.5 kJ /mol

Equation 26: Reversed WGS Reaction

CO, + Hy, = CO + H,0; AHY = +41.2 k] /mol
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Equation 27: MeOH-Synthesis via Syngas

CO + 2H, = CH,0H; AH? = —94 kJ /mol

In the case of direct hydrogenation of CO», the water-MeOH mix is further separated in a
distillation column, from which high-purity MeOH (>99%) at 1 bar and 293 K is obtained at
the head of distillation column while pure water is recovered at the bottom (s. HoO emission
of the MeOH production process in Figure 28 and Tables 11, 12) (Meunier et al., 2020). This
makes the process operation set-up simpler, more efficient and at lower cost compared to the
complex purification steps in the sweet syngas case. In the syngas case, there are several
additional impurities and by-products to be filtered out such as VOC in measurable amounts
(s. VOC and CO emissions of the MeOH production process in Figure 28 and Table 12)
(Marlin et al., 2018).

Recycle
Compressor PURGE
) >
. 2
v Pre-Reactor Flash
Mixer Heater Cooler \_/
Methanol Synthesis METHANOL
Reactor 4
Flash Separator

Figure 29: A schematic representation of MeOH production process (Santos et al., 2018, p.3)

The reaction is both pressure- and temperature-dependent, with high pressures and lower
temperatures favoring MeOH production in accordance with Le Chatelier’s principle (Mar-
kowitsch et al., 2023). However, the reactor operating conditions represent a compromise
between reaction kinetics, thermodynamic equilibrium and catalyst activity, given that
MeOH is the least thermodynamically favored product of syngas conversion (Arvidsson et
al., 2016).

Rosental et al., 2020 provides an extensive LCI for the direct hydrogenation of CO2 with H»
including a differentiation of the various catalyst components as outlined in Table 11. The
material inputs stem from Meunier et al., 2020. Zeolite waste is regarded as a good proxy for
a degraded catalyst and thus, is included to complete the mass balance of this process. The
amount of electricity is composed of two different values under the assumption that all energy
stems from electricity. To operate this process 0.33 kWh/kg MeOH is needed, while the
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required heat of 3.47 MJ/kg MeOH to separate MeOH from H>O also is assumed come from
electricity and thus, is converted into 0.97 kWh/kg MeOH (Hank et al., 2019).

Table 11: LCI of MeOH production via direct hydrogenation of CO; with green H: incl. all in- and outputs as well as emis-
sions according to system boundaries defined in Figure 28

Unitkg MeOH  Value Sources
Product:
MeOH kilogram 1.0000 Pre-defined
Inputs:
CO; kilogram 1.4410 Meunier et al., 2020
H> kilogram 0.2030 Meunier et al., 2020
) Rosental et al., 2020, Hank et
Electricity | kilowatt hour  1.3000 al., 2019
MgO kilogram 0.0002 Rosental et al., 2020
Zn0 kilogram 0.0024 Rosental et al., 2020
CuO kilogram 0.0064 Rosental et al., 2020
AlO3 kilogram 0.0010 Rosental et al., 2020
Emissions:
H>O cubic meter 0.0006 Rosental et al., 2020
Fossil CO: kilogram 0.0660 Rosental et al., 2020
Heat, waste megajoule 1.4000 Rosental et al., 2020
Waste:
. Own Calculation based on
Zeolite waste kilogram 0.0100 Rosental et al., 2020

Since the MeOH production via sweet syngas does not differ from direct hydrogenation of
CO» with H» in terms of their process set-up, the catalyst reported in Rosental et al., 2020 is
also included while zeolite waste is used as proxy like in the case above. The heat as waste
is calculated based on Equation 27 as it will be important for process integration later (s.
Chapter 3.1.2.3.1 — Process Integration). All other values are retrieved from Liu et al., 2020.
However, the electricity value also needs further clarification: Liu et al., 2020 reported an
electricity value of 0.01 kWh/kg MeOH, while 5.51 MJ/kg MeOH was required assumed for
purification steps. According to Rosental et al., 2020, it is assumed that all energy comes
from electricity, which is why the heat from Liu et al., 2020 in the form of steam is also
converted into electricity with a final value of 1.53 kWh (total value of 1.54 kWh/kg MeOH).
Although both MeOH production processes require a production plant with the respective
pipes, etc., it is assumed that the whole plant installation can be neglected in both cases. All
data discussed in this section is summarized in Table 12.
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Table 12: LCI of MeOH production via post-treated syngas from biomass incl. all in- and outputs as well as emissions
according to system boundaries defined in Figure 28

Unit/kg MeOH Value Sources
Product:
MeOH kilogram 1.000 Pre-defined
Inputs:
Sweet Syngas kilogram 1.080 Liu et al., 2020
) Liu et al., 2020; Rosental
Electricity kilowatt hour 1.540 et al., 2020
MgO kilogram 0.000 Rosental et al., 2020
Zn0 kilogram 0.002 Rosental et al., 2020
CuO kilogram 0.006 Rosental et al., 2020
AlLO;3 kilogram 0.001 Rosental et al., 2020
Emissions:
H>O cubic meter 0.0001 Liu et al., 2020
CcO kilogram 0.0006 Liu et al., 2020
Non-fossil CO: kilogram 0.0030 Liu et al., 2020
yoc kilogram 0.0100 Liu et al., 2020
Heat, waste megajoule 2.658 Own Calcula‘fmn based on
Equation 27
Waste:
. Own Calculation based on
Zeolite waste kilogram -0.010 Rosental et al., 2020

3.1.2.1.2 Methanol-to-Olefins Process

Although the MTO process was discovered by Mobile Oil Corporation (now EXXON Mo-
bile) in the US as a response to the energy crisis of the 1970s, marked by the oil embargo and
accompanied by volatile gasoline prices and uncertain supply chains, it has only been recently
implemented on a large industrial scale. Currently, four technologies exist of which all of
them are used in China's ongoing coal-to-olefins industry (Gogate, 2019). By 2019, over
25% of global MeOH production was already being utilized in the MTO process (Abuagela
and Ahmed, 2022).

In a fluidized-bed reactor operating at medium pressures of 2.2-3.5 bar and high temperatures
of 723-803 K with the help of electricity, MeOH is converted to light olefins, primarily eth-
ylene and propylene (s. Figure 30 and electricity as well as MeOH as input for the MTO
process in Figure 28 and Table 13) (Kansy et al., 2023). A more advanced silicon-alumino-
phosphate (SAPO-34) catalyst is utilized replacing traditional acid zeolite (Gogate, 2019).
SAPO-34 was found by researchers of Union Carbide, which displaces spacious cages con-
nected by small 8-ring windows (s. Figure 30 and SAPO-34 as input for the MTO process in
Figure 28) (Cnudde et al., 2020).

Due to SAPO-34's unique pore size of 3.5 A and geometry restricting the diffusion of heavy
or branched hydrocarbons, it offers a high selectivity towards light olefins as it can be de-
picted in Figure 30 (Cnudde et al., 2020; Gogate et al., 2019). Additionally, its milder acidity
compared to zeolite reduces the extent of hydrogen transfer reactions, thereby minimizing
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the production of paraffinic by-products although it is susceptible to rapid deactivation
(Gogate et al., 2019).

Hydrocarbon pool Ethylene

Methanol Reaction temperature Propylene
350~500 C

Figure 30: Schematic representation of MTO conversion process over the SAPO-34 cat-
alyst (Sun et al., 2018, p. 2)

The conversion and diffusion of light olefins through SAPO-34's pores is a highly complex
process influenced by various factors, including process conditions, catalyst loading, acid
strength and acid site density (Cnudde et al., 2020). Moreover, the MTO process itself in-
volves multiple reactions and exhibits a complex reaction scheme, making the whole process
difficult to describe in mechanistic terms (Arvidsson et al., 2016). According to Equation
28-30, it is generally believed that dimethyl ether (DME; formula: CH30CH3) forms as an
intermediate product, which further reacts to produce light olefins, releasing water at each
step (s. H20 emission of MTO process in Figure 28 and Table 13). The water must be sepa-
rated from the mixture by cooling the mixture down to 303 K (s. heat as emission of the MTO
process in Figure 28 and Table 13) because it inhibits the ongoing process (Gogate, 2019;
Kansy et al., 2023). Finally, the separation of light olefins happens at cryogenic temperatures
(Kansy et al., 2023).

Equation 28: DME Synthesis with MeOH

. k
2CH,0H = CH30CH, + H,0; AH}, = 399
mol
Equation 29: Olefin Production via DME — Case 1
CH3;0CH; = C,H, + H,0; AHg = —93 i
3 3 v w2ii4 2YH R — mol
Equation 30: Olefin Production via DME — Case 2
o k]
CHy0CHy + CH;OH < C3He + 2H;0; AHp = —129—

Compared to other well-known synthesis methods, such as the FT-process, the MTO process
offers significant advantages. It ensures high yields of light olefins of over 90%, particularly
ethylene, with almost complete conversion, allows flexibility in adjusting the propylene-to-
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ethylene ratio, produces a narrower range of by-products, and compared to Steam Cracking,
operates at more moderate temperatures (Abuagela and Ahmed 2022; Gogate, 2019; Kanys
etal., 2023).

Rosental et al., 2020 also provides for this process a comprehensive LCI, which is really
challenging to find from literature sources. Since the SAPO-34 catalyst contains silicon, alu-
minum and phosphorous all connected via oxygen bridges, it is assumed that metallurgical
AlOs, NasSiO4 production and PO4s*-rock beneficiation with equal mass shares are good
proxies to model this zeolite catalyst in the LCI due to lack of SAPO-34 data sets availability
in ecoinvent. Zeolite waste is assumed to be a good proxy for the degradation of the SAPO-
34 catalyst and is calculated to align with the mass balance of this process. The plant instal-
lation is assumed to be neglected like in the MeOH production processes while all other
discussed data is condensed in Table 13.

Table 13: LCI of MTO-process incl. all in- and outputs as well as emissions according to system boundaries defined in
Figure 28, which have not been adjusted to the respective AF, yet. Co-products are listed in the Appendix (s. Appx. Table
8 in the Appendix 6.1.2)

Unit/kg ethylene  Value Sources
Allocation Factor: (] 0.4338 s. Appendix 6.1.2
Product:
Ethylene kilogram 1.0000
Inputs:
MeOH kilogram 5.4370 Rosental et al., 2020
Electricity kilowatt hour 1.5100 Rosental et al., 2020
Metallurgical Al;O3 kilogram 0.4653 Rosental et al., 2020
PO/ - rock beneficiation kilogram 0.4653 Rosental et al., 2020
Na4SiOy4 production kilogram 0.4653 Rosental et al., 2020
Emissions: Rosental et al., 2020
Heat, waste megajoule 4.4610 Rosental et al., 2020
H>0 cubic meter 0.0000
CO; kilogram 0.1450 Rosental et al., 2020
Waste:
. Own calculation based on
Zeolite waste kilogram -1.3959 Rosental et al., 2020
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3.1.2.2  Process Modifications
3.1.2.2.1 Direct Hydrogenation of CO»

Direct Air Capture as alternative Carbon Capture Utilization Technology
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Figure 31: Technical flowchart (a) and adsorption (left)-desorption (right) phase (b) of the DAC process by Climeworks
(Deutz and Bardow, 2021, p. 2)

An alternative method for carbon capture is DAC, which differs from amine scrubbing by
capturing CO: directly from the atmosphere rather than from point-source emissions (Deutz
& Bardow, 2021; Meunier et al; 2020). The CCU-DAC process establishes a closed CO: loop
by capturing non-fossil CO: already present in the atmosphere, incorporating it into ethylene,
and eventually releasing it back into the air at the end of the product's life cycle. In contrast,
the CCU-PSC process follows a linear CO: pathway: Fossil carbon is extracted as fuel from
underground, combusted, captured and stored temporarily in the ethylene product and ulti-
mately released as fossil CO: into the atmosphere at the end of the product's lifecycle.
Moreover, the capture process must be done at ambient conditions because it is uneconomical
to pressurize, heat or cool large quantities of air and its energy must be sourced carbon-free
(Sodiq et al., 2023). As a consequence, the energy consumption is shifted to a more favorable
stage in the process where higher concentrations of CO: can be removed from the sorbent
(Shi et al., 2020).

Several performance criteria are critical for DAC systems, including high selectivity, high
capacity, fast transport and kinetic properties, thermal and chemical stability and mechanical
properties. Other considerations encompass ease of loading, resistance to fouling, ease of
regeneration and low cost (Sodiq et al., 2023). There are mainly two types of materials: liquid
or solid sorbents, although solids are used most of time as they exhibit the better kinetics and
can be regenerated at lower temperatures. Solid sorbents can be further divided into physi-,
chemi- and moisture swing-sorption materials. Even though these different sorption types
display advantages and drawbacks, the chemisorption materials are examined in this Master
Thesis because it is used in the already commercially available Climeworks DAC system
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employing amine-based solid sorbents (s. Figure 32) to capture CO> (Deutz and Bardow,
2021; Shi et al., 2020).

Based on Deutz and Bardow, 2021, the Climeworks system includes multiple CO: collectors,
heat exchangers, a vacuum pump, and a water separation unit (s. Figure 31a). During oper-
ation, air is driven through a CO: collector, where CO: chemically binds to the adsorbent (s.
Figure 32), which follows the reaction (s. Equation 17-18) propagated in Chapter
3.1.2.1.1.1 — Carbon Capture Utilization Plant under dry conditions in principal. Depending
on weather and humidity conditions, some adsorbents may also co-adsorb water.

b . N

OH OH OH OH OH OH OH
| | | | | | |

Class 1: Physical impregnation

| | | 1
HO HO O, HO HO O, HO HO
- e Lo
iN g N
NH
- e
' ) i
I N {»N | { = » rj‘ -
| \iv).."f‘ " \“ a (_:‘.‘.‘{: P {‘)".'(r ; N, ™ ""’ - )
- ‘f;.» ,vb“; [ |
OO O O 0O OH O © OH OH OH O OH OH OH
1 | | | | | l 1 | | | 1 l |
Class 2: Covalent tethering Class 3: Direct covalent tethering
via silane linkage via in-situ polymerization

Figure 32: Type of amine-modified sorbents: class 1 sorbent: in porose materials impregnated polyethyleneimine, class 2
sorbent: covalent bonded amines over silane; class 3: in-situ-Aziridine-polymerization on solid material (Shi et al., 2020,

r8)
Once the adsorption phase is complete, the compartment is closed, and desorption is initiated
by heating the adsorbent to approximately 373 K in a semi-batch process, using an electric
heat pump. The CO:s is then released and collected via a vacuum system, while water is sep-
arated by cooling and condensing it (s. Figure 31b). The resulting CO- is 99% pure and can
be stored or utilized (Deutz and Bardow, 2021).

47



Results and Discussion
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Figure 33: System Boundaries including all in- and outflows as well as emissions, highlighting the changes made com-

pared to the baseline scenario
Other than in PSC, DAC also includes the DAC system and its corresponding waste in the
system boundaries (s. DAC system as an input and waste treatment of the CCU — DAC pro-
cess in Figure 33 and Table 14), solely for the sake of completeness as these two items have
also been reported in the ecoinvent data base, whereas for PSC as CCU technology none of
these two items were listed. These two parameters do not have a significant impact on the
overall results, though. Additionally, it is assumed that ethylene diamine is a good proxy to
describe the degradation product of amine-based silica, since it also does contain derivatives
of amines (s. ethylene diamine as emission for the CCU — DAC process in Figure 33 and
Table 14). All other values are retrieved from the ecoinvent database of the data set (product:
carbon dioxide, captured from atmosphere; activity: carbon dioxide, captured from atmos-
phere and stored, with a sorbent-based direct air capture system, 100 kt CO», with heat pump
heat, and grid electricity; location: EUR), which refers to the paper of Deutz & Bardow, 2021
(s. Table 14).

Table 14: LCI of CCS process with DAC technology incl. all in- and outputs as well as emissions according to system
boundaries defined in Figure 33

Unit/kg captured CO; Value Sources
Product:
Captured CO; kilogram 1.000 Pre-defined FU
Inputs:
Ecoinvent 3.9 based on
E ici kil h 1.0172
lectricity ilowatt hour 017 Deutz & Bardow, 2021
Sorbent based DAC Sys- - SE-10 Ecoinvent 3.9 based on
tem " Deutz & Bardow, 2021
Ecoinvent 3.9 based on
Amine- il kil .
mine-based silica ilogram 0.003 Deutz & Bardow, 2021
Ecoinvent 3.9 based on
] kil 1.111
CO:; captured from air ilogram Deutz & Bardow, 2021
Emissions:
Ecoinvent 3.9 based on
-fossi kil A11
Non-fossil CO: ilogram 0 Deutz & Bardow, 2021
- . Own Calculation based
Ethylene diamine kilogram 0.003 on Zhou et al. 2012
Waste:
Waste Treatment of DAC . Ecoinvent 3.9 based on
unit -5E-10
system Deutz & Bardow, 2021
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Solid Oxide Electrolysis
As outlined in the Literature Review (s. Chapter
2.1), the electricity demand for operating electroly-

. . . Cathode - + Anode
sis significantly impacts the LCA of H» production | |

o p % 0,

Solid Oxide Electrolysis

(Bareil} et al., 2019). Consequently, improving the
energy efficiency of the electrolyzer stack is crucial H,
for reducing this burden. SOEC remains under re- %

§earch c?specially because SOEC sFill lacks n st.abil- H,0 J &I

ity and is prone to degradation (Shiva & Himabindu,

2019). However, SOECs present a promising solu- | .4 4. A 2 . Aviede
tion as they offer higher efficiencies compared to Membane

other electrolysis technologies by using a solid elec- Figure 34: Schematic Representation of the
trolyte membrane (typically yttria-stabilized zirco- functioning of a SOEC-cell (Shiva and Hima-
nia: ZrO; doped with Y>03) through which, as shown bindu, 2019, p. 3)
in Figure 34, O* instead of H* (PEMEC) or OH" ions (AEC) diffuse (Ahabi et al., 2024;
Shiva & Himabindu, 2019; Vilbergsson et al., 2023). The cell operates at high temperatures
(773 K-1123 K) and high pressures, with the following reactions (s. Equations 31-32) oc-

curring at the electrodes (Shiva & Himabindu, 2019):

Equation 31: Hydrogen Evolution Reaction as Reduction at the SOEC cathode

2H,0 + 4e~ - 2H, + 20%*~

Equation 32: Oxygen Evolution Reaction as Oxidation at the SOEC anode

202~ > 0, + 4e”

Table 15: LCI of H> production via SOEC incl. all in- and outputs as well as emissions according to system boundaries
defined in Chapter 3.1.2.3.1 — Solid Oxide Electrolysis

Univkg H> Value Sources
Product:
H> kilogram 1.00 Pre-defined FU
Inputs:
SOEC Stack (1 MW) unit 2.31E-06 Wei et al., 2024
SOEC BoP Production unit 2.57E-07 Wei et al., 2024
De-ionized H>O kilogram 12.00 Wei et al., 2024
Electricity | kilowatt hour 42.73 Wei et al., 2024
Heat | megajoule 18.86 Wei et al., 2024
Emissions:
0> kilogram 8.00 Wei et al., 2024
Wastes:
Tr E
Waste Treatment of SOEC unit 2.31E-06 Wei et al., 2024
BoP
Tr E
Waste Treatment of Sgac(]’; unit -2.57E-07 Wei et al., 2024
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While the system set-up with its boundaries, in- and outputs remain the same, SOEC requires
less electricity for Hz production (42.73 compared to 57.47 kWh/kg H») and the BoP as well
as the 1 MW stack are changed from PEMEC to SOEC (s. Table 15). Furthermore, SOEC is
categorized as high temperature electrolysis, which is why additional heat is required as input
to operate the SOEC efficiently (s. heat as input for the H» electrolysis in Table 15). The
values for the respective parameters are collected from Wei et al., 2024 like already in the
PEMEC case.

Novel Carbon Capture Compounds

Based on Vega et al., 2020, solvent regeneration accounts for nearly 50-80% of the total
energy requirement in post-combustion CCS technologies based on chemical absorption,
which makes it crucial to optimize the solvents’ performance. The energy demand for solvent
regeneration and the kinetics of CO: capture are primarily determined by the chemical struc-
ture of the solvent, which exhibits a linear relationship with CO- reactivity. Balancing high
CO: absorption performance with low regeneration energy costs remains a key challenge,
tough.

According to Vega et al., 2020, the total heat required for solvent regeneration includes the
heat of water vaporization, the sensible heat necessary to raise the temperature of the CO.-
rich solvent to the stripper conditions, and the heat needed to break the CO.-solvent bond.
Therefore, the ideal CCS solvent should have high CO: capacity, fast reaction kinetics, sta-
bility, low energy demands, and low volatility, viscosity, and toxicity. It must also minimize
environmental impacts, degradation, and manufacturing costs, while maintaining operational
efficiency, cyclic capacity, and suitable flow and stripping conditions.
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Figure 35: Different possible carbon capture compounds (Heldebrant et al., 2017, p. 3)

Several companies are currently developing commercial absorption processes focused on
CCS. For example, under a license from the companies DOW and ALSTOM, the URCA-
SOL™ technology has achieved a 23% reduction in energy consumption during solvent
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regeneration compared to MEA. Fluor Corporation's Econoamine FG Plus™ process has
demonstrated an even greater overall energy reduction potential of 30% compared to con-
ventional MEA configurations by using different amine blends (Vega et al., 2020). Especially
MEA in combination with piperazine (PZ) and 2-amino-2-methyl-1-propanol (AMP) showed
promising results in energy reductions (s. Figure 35) (Vega et al., 2020).

It is assumed that the amine blends can still be represented by the MEA as input and ethylene
diamine as emission. However, due to the specifics of the new blends, as mentioned above,
30% less electricity for the heat pump value is needed. Apart from that, the system bounda-
ries, the LCI of CCU according to Table 8 as well as in- and outflows do not change.

Process Integration

H,0
Thermal Energy
Process 3: MeOH production
1
1

Thermal Energy

i Process 4: MTO

Figure 36: System Boundaries including all in- and outflows as well as emissions, highlighting the changes made com-
pared to the baseline scenario

Based on Meunier et al., 2020, integration of exothermic reactions within industrial processes
offers opportunities to improve energy efficiency. For instance, the gained energy from addi-
tional combustion of inert and purged gases as well as due to the exothermic nature of the
MeOH production and MTO-process, can be harnessed for the CCU process, which would
lower the required energy input, particularly for the heat pump (s. Figure 36) by -41% as-
suming all heat generated can be recycled without any losses. Furthermore, the water pro-
duced along the MeOH-production and MTO process can fuel the electrolysis so that -47%
less external water for the electrolysis is needed (s. Figure 36). The complete LCI of the
integrated H>+CCU-to-Olefins route is not listed here due to clarity reasons but it can be
viewed in the Appendix (s. Appx. Table 12 in Appendix 6.3.2.2).

3.1.2.2.2 Syngas from Biomass

Different Feedstocks

The goal is to assess how the environmental footprint of the biomass cultivation and prepa-
ration stage influences the overall result of this Biomass-to-Olefins route via MeOH under
the assumption that apart from the change of feedstock input all in- and outflows stay the
same throughout the whole LCA model. The carbon content however is adjusted to the re-
spective biomass feedstock: miscanthus and wood chips have a reported carbon content of
approximately 45% whereas bark chips consist of 50% of carbon (Bilandzja, et al., 2022;
Hrbek, et al., 2021; Sinan et al., 2024). Due to these circumstances, the LClIs, as reported in
Tables 9, 10, 12 and 13 for bark chips are the same for miscanthus and wood chips feedstocks.
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Only the biomass input and the oxygen required in the Biomass Gasification process is
changed to 0.7265 kg of biomass and 0.2855 kg of oxygen for both, miscanthus and wood
chips.

Process Integration

Like in the process integration of H,+CCU-to-Olefins case, produced heat from the MTO-
and MeOH-process can be redirected to the post treatment process of crude syngas. It can be
also accompanied by heat generated during the biomass gasification process making external
heat requirement obsolete (s. Figure 37). In the baseline case scenario, 3.349 MJ/kg ethylene
was externally required to operate the post-treatment process, which is replaced by 3.349
MlJ/kg ethylene of the total 4.01 MJ/kg ethylene from the biomass gasification process. The
rest heat of the biomass gasification process (0.661 MJ/kg ethylene), the heat from the MTO
process (1.927 MJ/kg ethylene) as well as the heat from the MeOH synthesis (6.244 MJ/kg
ethylene) can now be used to reduce the energy demand for the MeOH distillation process
reducing the overall electricity demand of MeOH production (incl. its distillation) by -67.8%.
It is assumed that all heat generated can be back integrated without any losses. The complete
LCI of the integrated Biomass-to-Olefins route can be accessed in the Appendix (s. Appx.
Table 10 in Appendix 6.3.2.2) and is not shown here due to clarity reasons.
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Figure 37: System Boundaries including all in- and outflows, highlighting the changes made compared to the baseline
scenario

Post-Treatment Process integrating CCS

Since the Rectisol® process is already employed, which separates CO> from syngas and H,S,
the filtered CO, only has to be transported and stored at appropriate sites instead of releasing
it into the air (s. Compression, Transportation & Storage in Figure 38) with the same data set
reported in chapter 3.1.1.2 — Steam Cracking Plant with CCS.
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Figure 38: System Boundaries including all in- and outflows, highlighting the changes made compared to the baseline
scenario
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3.2 Future Scenarios

To account for potential future scenarios, two main inputs are considered. The first input is
based on IAMs discussed in Chapter 2.2.2, which project energy mixes in future scenarios.
For both Switzerland and China, these IAMs anticipate an increased share of renewable en-
ergy sources in electricity generation (s. Figure 39).

a) 2020 (baseline) for Switzerland b) 2050 (PkBudg500) for Switzerland

= Hydro Power

y = Hydro Power
H m Lignite Power = Solar Power
m Natural Gas = Wind Power
Power = Rest
= Rest
c) 2020 (baseline) for China d) 2050 (PkBudg500) for China
= Solar Power
m Coal Power d = Hydro Power
= Hydro Power m Nuclear Power
= Rest W = Wind Power
8% \
m Rest

Figure 39: Electricity mix of China and Switzerland, both for the year 2020 as baseline scenario (s. letter a and c) and
for the year 2050 as PkBudg500 scenario (s. letter d and d). Data sets retrieved from ecoinvent (product: electricity, high
voltage, activity: market (group) for electricity; location: CHA/CH). All values with a contribution >1% of the overall
electricity mix are considered in the calculation, while only aggregated electricity sources exceeding 5% are reported in
this pie chart diagram. Electricity medium and low voltage have the same underlying data and only include minor trans-
formation losses
The second input involves assumptions about impacts associated with technological advance-
ments and process improvements over time as summarized in Table 16. For the Steam Crack-
ing process, minimal improvements in efficiency are expected due to its high level of tech-
nological maturity and limited remaining efficiency gains (Mynko et al., 2023; Symoens et
al., 2018). Consequently, it is assumed that electricity and fuel inputs can be decreased by
2.5% in both 2030 and 2050. If fuel input is reduced, more methane is produced as product,
which means that the AF must change, as well (s. Appx. Tables 6, 7 in Appendix 6.1.1).
Hydrogen production data is sourced primarily from literature (BareiB et al., 2019; Wei et al.,
2024) and supplemented specifically with the following data set (product: hydrogen, gaseous,
30 bar; activity: hydrogen production, gaseous, 30 bar, from PEM electrolysis, from grid
electricity; location: Europe) from ecoinvent. While the current carbon capture efficiency is
already high at over 90%, further improvements are anticipated in the efficiency of electricity
and MEA usage. These reductions are projected at 2.5% in 2030 and 5% in 2050 for input
requirements and associated ethylenediamine output. Nonetheless, significant efficiency
gains in COz capture are limited, given the technology's maturity with MEA as carbon capture
solvent and the trade-offs between CO: capture and solvent regeneration (Vega et al., 2020;
Cruz et al., 2021). MeOH production processes, already achieving over 95% conversion
yields, are assumed to have limited potential for yield improvement (Meunier et al., 2020;
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Rosenthal et al., 2020). However, catalyst and electricity requirements could be reduced by
15% and 20% for catalysts, and by 2.5% and 5% for electricity in 2030 and 2050, respec-
tively, due to assumed potential efficiency gains. For the MTO process, though it has been
extensively studied, the reaction mechanisms remain complex and partially understood
(Arvidsson et al., 2016). It is assumed that continued research will lead to a fuller understand-
ing of the reaction mechanisms, resulting in incremental energy improvements of 5% in the
near term, followed by a larger 15% reduction in energy and catalyst deployment by 2050.
The biomass gasification process is expected to see only gradual improvements, following
the trends for Steam Cracking and CCU processes. Due to the advanced nature of this tech-
nology, a reduction of 5% in energy usage is anticipated by both 2030 and 2050 (Babu, 2005;
Vaithyanathan et al., 2023).

Finally, the AGR technology, using Rectisol®, is an advanced process, thus with limited im-
provement potential (US Department of Energy, n.d.). Accordingly, a modest 5% in reduction
of energy usage is projected for 2030 and 2050, with the WGS process expected to follow
the same trend. For the Biomass-to-Olefins route, the MeOH and MTO processes are as-
sumed to follow the same trends as those observed for the H.+CCU-to-Olefins route. All
LClIs of future scenarios can be found in the Appendix (s. Appx. Table 9 in Appendix 6.3.1.1
and Appx. Table 11 in Appendix 6.3.2.1).

Table 16: Presentation of assumptions implemented for future scenarios 2030 and 2050 for all 3 ethylene production
routes

2030 2050 Comments
Conventional Route
Steam Cracking | -2.5% -2.5% Accounting for electricity & fuel
H>+CCU-to-Olefins
Ecoinvent 3.9 data set: hydrogen
S. ecoin- S. ecoin- production, gaseous, 30 bar, from
H»-Electrolysis | vent3.9 & vent3.9 & PEM electrolysis, from grid elec-
literature literature tricity & literature data: Bareil3 et
al., 2019 & Wei et al., 2024
Accounting only for MEA & elec-
CCU-Process -2.5% -5% tricity inflow as well as ethylene di-
amine outflow
. -10% -15% catalyst
MeOH-P
cOH-Production -, &, -5% electricity
MTO-Process -5% -15% Accounting for electricity & catalyst
Biomass-to-Olefins
Biomass Gasification -5% -5% Accounting for electricity
Post-Treatment (WGS ) .
osk-lrea mer(l& (A GR) -5% -5% Accounting for energy input
. -10% -15% Same assumptions made as for the
MeOH-Product . .
© roduction -2.5% -5% direct hydrogenation case
MTO-Process 50, 15% Same ‘assumptions ma.de as for the
direct hydrogenation case
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3.3 Life Cycle Impact Assessment

This LCIA, as stated in Chapter 1.1.4, is a cradle-to-gate analysis and only calculates the
climate-related GWP scores for the 2020 (BASE), 2030 (BASE), 2050 (BASE) and 2050
(Pk-Budg500) scenarios for the three different ethylene production routes (Steam Cracking,
Biomass- and Ho+CCU-to-Olefins) in Switzerland and China (s. Chapter 3.3.1) and in several
process modifications (s. Chapter 3.3.2) in accordance to the LCA-standard (s. Chapter 2.2).
This means that no impacts related to the use and end of life phase are accounted for.

3.3.1 Comparison of different ethylene production processes including future
scenarios and different locations

This section evaluates and compares the GWP impacts of the three baseline ethylene produc-
tion routes - Biomass-to-Olefins, H+CCU-to-Olefins and Steam Cracking - as previously
outlined in Chapter 3.1, across two geographic locations (China and Switzerland) and under
four temporal scenarios (2020 (BASE), 2030 (BASE), 2050 (BASE) and 2050
(PkBudg500)).

3.3.1.1 Ethylene production processes located in Switzerland

The Biomass-to-Olefins route consistently exhibits the lowest GWP across all scenarios.
GWP values remain below -1000 kg CO:-eq./t ethylene and reach as low as -2911.1 kg CO»-
eq./t ethylene in the 2050 (PkBudg500) scenario. The negative numbers can only originate
due to the cradle-to-gate analysis without taking into account further impacts after the eth-
ylene production. In fact, during photosynthesis, CO: is sequestered into biomass, which con-
tributes a negative impact to the overall GWP, which is subsequently converted into ethylene
with minimal carbon losses. Because all other downstream stages including the use and in-
cineration at the end of life are not considered, these values can display negative values at
the gate.

Table 17: GWP values (kg COs-eq./t ethylene) of the LCIA results of the baseline cases from Switzerland including 2030
(BASE), 2050 (BASE) and 2050 (PkBudg500) projections

2050
2020 (BASE) 2030 (BASE) 2050 (BASE) (PkBudg500)
-eq. kg COz-eq. kg COz-eq.
[kg COzreq.]  [kg COz-eq.]  [kg COz-eq.] [kg COreq.]
H>+CCU-to-Olefins 9324.7 4364.1 121.38 -2528.3
Biomass-to-Olefins | -1149.2 -1700.5 -2357.5 -2911.1
Steam Cracking 1648.8 1597 1549.1 1465.4

Conversely, the H>+CCU-to-Olefins route initially demonstrates the highest GWP, peaking
at +9324.7 kg CO»-eq./t ethylene in the 2020 (BASE) and even +4364.1 kg CO»-eq./t eth-
ylene in the 2030 (BASE) scenario. It stays above the values calculated for the Steam Crack-
ing route ranging from +1648.8 in the 2020 (BASE) and +1597.0 kg CO»-eq./t ethylene in
the 2030 (BASE) scenario. From the 2050 (BASE) scenario onward however, the GWP value
of H>+CCU-to-Olefins drops to +121.38 kg CO»-eq./t ethylene and even further to -2528.3
kg COs-eq./t ethylene in the 2050 (PkBudg500) scenario surpassing the Steam Cracking
route. The GWP value of Steam Cracking stays positive at +1549.1 kg CO-eq./t ethylene in
the 2050 (BASE) scenario and +1465.4 kg CO-eq./t ethylene in the 2050 (PkBudg500) sce-
nario. The negative value of the H>+CCU-to-Olefins route in the 2050 (PkBudg500) scenario
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can only happen because it is assumed that captured CO, during the CCU-PSC process is
assigned to ethylene.

Showing a steady but modest reduction in GWP over time, the Steam Cracking route remains
the least improved pathway of all three routes, with values declining by only -11.1% between
2020 (BASE) and 2050 (PkBudg500). Relative reductions in GWP for the other two path-
ways are more pronounced: Biomass-to-Olefins achieves a -153.3% reduction with a decline
of -1761.9 kg CO2-eq./t ethylene, while Ho+CCU-to-Olefins shows a -127.1% reduction, a
decline of -11853.0 kg CO:-eq./t ethylene for the same two scenarios. All these observations
are represented in Figure 40 from data retrieved from Table 17.

Comparison of different Ethylene production processes
located in Switzerland
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Figure 40: Line chart of results from p-LCA in Switzerland of Steam Cracking, Biomass-to-Olefins and H;+CCU-to-Ole-
fins routes for 2020, 2030, 2050 and 2050 (PkBudg500) scenarios expressed in (kg COs-eq./t ethylene) showed in Table
17

In summary, Biomass-to-Olefins emerges as the most environmentally advantageous process
in Switzerland across all scenarios from a GWP perspective while the H,+CCU-to-Olefins
routes performs the worst in the first two scenarios before it almost achieves parity with
Biomass-to-Olefins under the 2050 (PkBudg500) scenario.

3.3.1.2  Ethylene production processes located in China

According to Table 18 and Figure 41, a similar pattern appears when modeled for China
assuming identical operating parameters, yet with different location: the Biomass-to-Olefins
route demonstrates the lowest GWP across all scenarios, with values ranging from +1280.3
kg CO2-eq./t ethylene in the 2020 (BASE) to -2910.5 kg CO2-eq./t ethylene in the 2050
(PkBudg500) scenario. On the other end, the H,+CCU-to-Olefins route exhibits the highest
GWP in early scenarios, with values of+27758.0 kg CO:-eq./t ethylene in the 2020 (BASE),
+12854.0 kg CO:-eq./t ethylene in the 2030 (BASE) and +3432.6 kg CO:-eq./t ethylene in
the 2050 (Base) scenario. Although this pathway improves significantly outperforming the
Steam Cracking route by achieving -2486.2 kg CO:-eq./t ethylene in the 2050 (PkBudg500)
scenario, it still lags behind the Biomass-to-Olefins route.
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The Steam Cracking route in China shows negligible GWP reductions over time, with a de-
cline of only -232.3 kg CO:-eq./t ethylene between 2020 (BASE) and 2050 (PkBudg500).
Notably, the absolute GWP reduction is highest for H>+CCU-to-Olefins route (-30244.2 kg
CO:2-eq.), followed by Biomass-to-Olefins (-4190.8 kg CO:2-eq.).

Table 18: GWP values (kg COs-eq./t ethylene) of the LCIA results of the baseline cases from China including 2030
(BASE), 2050 (BASE) and 2050 (PkBudg500) projections

2050
2020 (BASE) 2030 (BASE) 2050 (BASE) (PKkBudg500)
-eq. kg COz-eq. kg COz-eq.
[kg COzeq.] [kg COzeq.] [kg COz-eq.] Jkg COreq.]
H>+CCU-to-Olefins 27758.0 12854.0 3432.6 -2486.2
Biomass-to-Olefins 1280.3 -459.40 -1840.8 -2910.5
Steam Cracking 1776.4 1702.90 1652.2 1544.1

Overall, while Biomass-to-Olefins remains the top GWP performer in China, Ho+CCU-to-
Olefins achieves substantial improvements in later scenarios in contrast to the Steam Crack-

ing route.

Comparison of different Ethylene production processes
located in China
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Figure 41: Line chart of results from p-LCA in China of Steam Cracking, Biomass-to-Olefins and H>+CCU-to-Olefins
routes for 2020, 2030, 2050 and 2050 (PkBudg500) scenarios expressed in (kg COs-eq./t ethylene) showed in Table 18

3.3.1.3 Comparative Analysis: Switzerland vs. China

Based on Figure 42, the GWP trends across Switzerland and China are broadly similar as
mentioned in Chapter 3.3.1.2, with Biomass-to-Olefins consistently outperforming the other
processes in both regions. However, significant differences emerge in absolute GWP values
between the two locations.

For instance, in 2020, Biomass-to-Olefins in China has a GWP of +1280.3 kg CO:-eq./t eth-
ylene, while in Switzerland, the value is at -1149.2 kg CO:-eq./t ethylene. A more striking
disparity is observed for the Ho+CCU-to-Olefins route where China records +27758.0 CO--
eq./t ethylene (an increase of +18433.3 kg CO:-eq.), nearly three times the GWP in Switzer-
land for the same year and route. By the 2050 (PkBudg500) scenario, the GWP values for
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both Biomass-to-Olefins and H>+CCU-to-Olefins converge across the two regions. The
Steam Cracking route, meanwhile, shows minimal geographic variation, with differences not
exceeding 127.6 kg CO:-eq./t ethylene across scenarios.

Comparison of differet Ethylene production processes
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Figure 42: Column chart of the comparison of the GWP results (expressed in kg CO»-eq./t ethylene) of the 3 baseline
routes under study (H,+CCU-to-Olefins, Biomass-to-Olefins and Steam Cracking) in China and Switzerland across the
2020 and 2050 (PkBudg500) scenario

3.3.2 Process Modifications

In this section, the three distinct ethylene production pathways are analyzed individually
within the context of the 2020 (BASE) scenario for Switzerland. Each pathway's baseline
case is modified, following the guidelines outlined in Chapter 3.1.2.2, to assess how these
adjustments affect the resulting GWP outcomes. Besides these modifications, a best case for
each ethylene production route is formulated, which contains a combination of different pro-
cess configurations, and is further explained for each production route individually.

3.3.2.1 Steam Cracking Route

Presented in Figure 43, modifications of the Steam Cracking process result in mixed GWP
outcomes. Substituting feedstocks with LPG or ethane increases GWP by +83.8% to +3030.1
kg CO2-eq./t ethylene and +25.4% to +2067.8 CO2-eq/t ethylene, respectively. Conversely,
technological upgrades, such as implementing e- (-0.4%) or a low-emission furnace (-
14.5%), achieve moderate GWP reductions of -6.3 and -238.6 kg CO:-eq., respectively, while
CCS has substantial decrease potential by -38.8%, resulting in a GWP score of +1009.4 kg
CO:2-eq./t ethylene. The best-case, combining CCS technology with a low-emission furnace,
yields the highest GWP reduction (-40.9%) compared to the baseline case, reducing emis-
sions to +976.8 kg COz-eq./t ethylene.
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GWP scores of different Steam Cracking process
modifications in the 2020 (BASE) scenario

Baseline Case 1648.8
Ethane 2067.8
Low-emission Furnace 1410.2
Incl. CCS 1009.4
E-Furnace 1642.5

Different Process Modification Cases

Best Case

0 500 1000 1500 2000 2500 3000 3500
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Figure 43: Bar chart of results from c-LCA of different configurations of the Steam Cracking process (baseline, LGP
and ethane as feedstocks, low emission- and e-furnace, incl. CCS and best case as a combination of CCS and low
emission furnace) showed in Table 19 (expressed in kg CO»-eq./t ethylene) for the 2020 (BASE) scenario

3.3.2.2  Biomass-to-Olefins Route

GWP scores of different Biomass-to-Olefins process
modifications in the 2020 (BASE) scenario

Baseline Case
"""""""" S .S
Integrated Process Design
Wood Chips
Feedstock Miscanthus

-4959.8 Best Case

Different Process Modification Cases

-5000 -4500 -4000 -3500 -3000 -2500 -2000 -1500 -1000 -500 0
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Figure 44: Bar chart of results from c-LCA of different configurations of the Biomass-to-Olefins process (baseline, mis-
canthus and wood chips as feedstocks, incl. CCS, integrated process design and best case as a combination of CCS,
wood chips and integrated process design) showed in Table 20 (expressed in kg CO,-eq./t ethylene) for the 2020 (BASE)
scenario

Feedstock changes from bark chips to wood chips or miscanthus reduce GWP by -52.7% to
-1754.2 kg CO»-eq./t ethylene and -9.2% to -1254.6 kg CO»-eq./t ethylene, respectively
which is the opposite development shown in the Steam Cracking case with ethane and LPG
(s. Chapter 3.3.2.1). Greater reductions are achieved through process integration (-80.2%)
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and CCS implementation (-198.7%) bringing the GWP down from -1149.2 to -2071.3 and -
3432.7 kg CO2-eq./t ethylene, respectively. Combining CCS, process integration, and wood
chips, which performed from a GWP stance best across the three feedstocks selected, in a
best-case yield a remarkable GWP of -4959.8 kg CO:-eq./t ethylene, a reduction of -331.6%
from baseline. All these changes are graphically represented in Figure 44.

3.3.2.3  H>+CCU-to-Olefins Route

GWP scores of different H,+CCU-to-Olefins process
modifications in the 2020 (BASE) scenario

Baseline Case 9324.7
SOEC 6926.7
Novel Carbon Capture Solvents 9144.7
Integrated Process Design 9072.4
Best Case 6566.2

Different Process Modification Cases

o

2000 4000 6000 8000 10000 12000
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Figure 45: Bar chart of results from c-LCA of different configurations of the H»+CCU-to-Olefins process (baseline, DAC,
SOEC, integrated process design, novel solvents for carbon capture and best case as a combination of SOEC, integrated
process design and novel solvents) showed in Table 21 (expressed in kg CO»-eq./t ethylene) for the 2020 (BASE) scenario

The impact of process modifications on H>+CCU-to-Olefins, as seen in Figure 45, is in com-
parison to the other two ethylene production routes minor yet lying in a range of up to 30%.
While DAC increases GWP (+7.4%) from +9324.7 to +10013.0 kg CO2-eq./t ethylene, novel
carbon capture solvents (-2.7%) and integrated process design (-19.3%) achieve modest re-
ductions from +9324.7 to +9144.7 kg CO»-eq./t ethylene and from +9324.7 to +9072.4 kg
CO»-eq./t ethylene. Combining these optimizations in a best-case reduces GWP by -29.6%
to +6566.2 kg COz-eq./t ethylene, which is intuitively the lowest GWP of all process modi-
fications under study.

3.3.24 Comparison of best-cases for the 2020 (BASE) scenario with the baseline cases
for the 2020 (BASE) and 2050 (PkBudg550) scenarios

Among the three pathways, Biomass-to-Olefins achieves the most significant GWP reduc-
tions in both relative and absolute terms according to Figure 46. Its best-case scenario
reaches -4959.8 kg CO2-eq./t ethylene, representing a -331.6% improvement over the base-
line case for the 2020 (BASE) scenario. Steam Cracking achieves a higher relative reduction
by -40.8% compared to the Ho+CCU-to-Olefins route with a reduction potential of -29.6%
although the absolute decrease is higher at the H>+CCU-to-Olefins route with -2758.5 kg
CO»-eq. compared -672 kg CO»-eq. in the Steam Cracking route for the 2020 (BASE) sce-
nario. Ultimately, Biomass-to-Olefins emerges as the most sustainable option from a GWP
perspective, while Ho>+CCU-to-Olefins performs worst compared to the other ethylene pro-
duction processes in the 2020 (BASE) scenario.
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When comparing the results to the baseline cases in the 2050 (PkBudg500) scenario for Swit-
zerland (s. Figure 46), it becomes evident that the best-case scenarios for Steam Cracking
and the Biomass-to-Olefins route in 2020 (BASE) also outperform their respective baseline
cases even in the 2050 (PkBudg500) scenario. Steam Cracking shows an impact of +976.8
kg CO2-eq./t ethylene as best-case configuration in the 2020 (BASE) scenario compared to
+1465.4 kg CO2-eq./t ethylene as baseline configuration in the 2050 (PkBudg500) scenario;
the Biomass-to-Olefins route achieves -4959.8 kg CO:-eq./t ethylene as best-case in the 2020
(BASE) scenario, surpassing baseline case of -2911.1 kg CO2-eq./t ethylene in the 2050
(PkBudg500) scenario. In contrast, the best-case for the H.+CCU-to-Olefins route in 2020
(+6566.2 kg CO2-eq./t ethylene) does not outperform baseline case in the 2050 (PkBudg500)
scenario, which has a significantly lower impact of -2528.3 kg CO:-eq./t ethylene.

Comparison of the three ethylene production processes
with their best-case configurations for the 2020 (BASE)
scenario and their baseline cases for the 2020 (BASE) and
2050 (PkBudg500) scenarios in Switzerland
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Figure 46: Column chart of the comparison of the GWP results (expressed in kg CO»-eq./t ethylene) of the three ethylene
production routes under study (H>+CCU-to-Olefins, Biomass-to-Olefins and Steam Cracking) in Switzerland as baseline
case for the 2020 (BASE) and 2050 (PkBudg500) scenarios with their best-case counterparts for the 2020 (BASE) sce-
nario
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3.4 Life Cycle Interpretation

To analyze the composition of the results reported in the LICA (s. Chapter 3.3), a life cycle
interpretation was conducted using process contribution analysis for all processes outlined in
Chapter 3.1. For clarity reasons, only the five largest contributors with their individual, not
accumulated GWP impact to the overall results for each process are listed separately. All
other impacts with smaller GWP contributions are aggregated into a "Rest" category to en-
hance comprehensibility.
This "Rest" category warrants further explanation:

e [fthe “Rest” category is negative, it indicates that the processes with negative GWP

impacts offset the processes with positive GWP impacts.
e Conversely, if the “Rest” category is positive, it reflects the predominance of pro-
cesses with positive GWP impacts.

Since the “Rest” category encompasses a wide array of minor contributing factors, it is be-
yond the scope of this analysis to provide a detailed discussion of its composition unless a
specific and significant impact within this category can be identified.
The analysis begins with a comparison of the GWP composition across the three distinct
ethylene production processes located in Switzerland, evaluated across the scenarios for 2020
(BASE), 2030 (BASE), 2050 (BASE), and 2050 (PkBudg500) in Chapter 3.4.1.1. These re-
sults are then juxtaposed with corresponding data for ethylene production in China in Chapter
3.4.1.2. Subsequently, a detailed examination of GWP composition for each ethylene produc-
tion route with their different possible process modifications is presented in Chapter 3.4.2.

3.4.1 Comparison of different ethylene production processes including future
scenarios

34.1.1 Switzerland as production location

Steam Cracking
The analysis of the Steam Cracking process reveals that the process itself is consistently the

largest contributor to the overall GWP across all scenarios. It accounts for 38.8% of total
GWP in the 2020 (BASE) scenario and 41.4% in the 2050 (PkBudg500) scenario. Processes
related to naphtha production — including global natural gas venting during gas production,
global sweet gas combustion in gas turbines for electricity generation, the production of
naphtha itself in Europe without Switzerland (CH) and global waste natural gas flaring during
crude oil production — contribute to a cumulative share of 42.6% in the 2020 (BASE),
increasing to 47.3% in the 2050 (PkBudg500) scenario. The natural gas venting observed
originates from exploration processes, while the burning of sweet gas in gas turbines
generates on-site electricity. Waste natural gas flaring is an intentional release of gas during
crude oil and natural gas production. The remaining impacts are aggregated into the "Rest"
category, which decreases from 18.5% in 2020 (BASE) to 11.3% in 2050 (PkBudg500).

Notably, no processes exhibit a negative GWP contribution in this pathway, although all
parameters show a decline in impact from the 2020 (BASE) sceanrio onward, albeit at
varying rates. Significant reductions between the 2020 (BASE) and 2050 (PkBudg500)
scenarios include a -138.4 kg CO»-eq. decrease in the “Rest” category and a -35 kg CO»-eq.
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decrease in the Steam Cracking process itself. In contrast, the remaining parameters decline
by only 0.6-6 kg CO:-eq. over the same two scenarios.

Table 19: The values listed of the top 5 biggest GWP contributors of the Steam Cracking route expressed in COx-eq./t eth-
ylene for the scenarios 2020 (BASE), 2030 (BASE), 2050 (BASE) and 2050 (Pk Budg500)

2050
(PkBudg500)
[kg COz-eq.]

2020 (BASE) 2030 (BASE) 2050 (BASE)
[kg COz-eq.] [kg COz-eq.] [kg COz-eq.]

Waste natural gas,

burned in production 86.8 86.4 85.7 85.5
flare (GLO)
Naphtha production
(Europe without CH) 106.8 106.5 106.2 106.2
Natural gas venting
from natural gas pro- 396.7 394.9 391.7 390.7

duction (GLO)
Steam Cracking Pro-

cess (CH) 641.9 624.0 606.9 606.9

Sweet gas burned in
gas turbine (GLO) 112.3 111.8 110.7 110.3
Rest 304.2 273.4 248.0 165.8
SUM 1648.8 1597.0 1549.1 1465.4

GWP comparison of ethylene production via Steam
Cracking across different scenarios
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Figure 47: Bar chart of the GWP results expressed in COx-eq./t ethylene of the Steam Cracking route located in Switzer-
land for the 2020 (BASE), 2030 (BASE), 2050 (BASE) and 2050 (PkBudg500) scenarios, incl. the top 5 GWP contributors
for each scenario based on Table 19
These reductions align with efficiency improvements, particularly in reduced electricity and
fuel demand. Lower electricity consumption and decreased fuel requirements, lowering up-
stream and combustion-related emissions, results in lower GWP impacts of the Steam
Cracking process. The increasing share of renewable energy in electricity production further
supports these trends. Additionally, less fuel use increases the production of methane as a co-
product, which lowers the AF of ethylene from 0.3513 in the 2020 (BASE) to 0.3494 in the
2050 (PkBudg500) scenario (s. Appx. Tables 1, 6, 7 in the Appendix 6.1.1). The demand for
naphtha, however, remains unchanged across scenarios, resulting in almost consistent
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contributions from the biggest GWP naphtha production-related processes. The data
presented in this paragraph can be view in Table 19 and Figure 47.

H>+CCU-to-Olefins

GWP comparison of ethylene production via H,+CCU-to-
Olefins across different scenarios
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Figure 48: Bar chart of the GWP results expressed in COx-eq./t ethylene of the H,+CCU-to-Olefins route located in
Switzerland for the 2020 (BASE), 2030 (BASE), 2050 (BASE) and 2050 (PkBudg500) scenarios, incl. the top 5 GWP
contributors for each scenario based on Table 20. The blue dots show the net GWP result for each scenario.

As it can be viewed in Figure 48 and Table 20, it is interesting to notice, that most of the
different steps for ethylene production within this route (PEM electrolysis, MeOH- and
MTO-process) do not play a significant role in the first three scenarios. The route’s overall
GWP in the first three scenarios is mainly composed by positively contributing different elec-
tricity sources within the Swiss electricity mix and the CCU — PSC process, contributing
negatively to the GWP result. The Swiss electricity mix comprises electricity available in
Switzerland and is composed by various electricity sources from all over Europe (s. Appx.
Figure 3 in Appendix 6.2.3), which is more suitable as there is no future electricity mix spe-
cifically for Switzerland, but for Europe. The major electricity-related contributors include
electricity from lignite in Serbia (RS), Bosnia-Herzegovina (BA) and in North Macedonia
(MK) as well as in the first two scenarios (2020 BASE) and 2030 (BASE)) electricity from
natural gas in Norway (NO), which will be overtaken in the 2050 (BASE) scenario by elec-
tricity from natural gas in RS. In the final 2050 (PkBudg500) scenario, however, the compo-
sition shifts: although the PSC — CCU process remains in the top 5 GWP contributors, MTO-
and MeOH-production processes, along with heat sources from natural gas in EUR and
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alternative sources in the Rest of the World (RoW), emerge as major contributors, while elec-
tricity-related impacts diminish.

The absence of GWP impact from the hydrogen production process itself (via PEM electrol-
ysis) is intuitive, as no emissions occur aside from oxygen production. The electricity-inten-
sive nature of the route explains why the GWP impacts of electricity sources not only super-
impose GWP impacts of the MTO- and MeOH-processes in the first three scenarios, but also
drop significantly across scenarios, driven by greener electricity mixes and reduced electric-
ity demand due to technological efficiencies (s. Chapter 3.2). For instance, the GWP of elec-
tricity from lignite in RS decreases from +5936.73 kg CO»-eq. in the 2020 (BASE) to
+1020.97 kg CO»-eq. in the 2050 (BASE), ultimately falling out of the top five contributors
by the 2050 (PkBudg500) scenario. The negative GWP effect of the carbon capture of point
sources from cement plant emissions remains identical throughout the different future sce-
narios at -3384.8 kg CO»-eq., which makes sense as during the CCU — PSC process, the CO»
up-take and the CO, emissions of the not captured CO> do not change over different future
scenarios. The -3384.8 kg CO»-eq. is composed by -3760.9 kg CO;-eq. through CO» up-take
and +376.1 kg CO»-eq. due to re-emission of not captured CO,.

Heat contributions from alternative sources in RoW and natural gas in EUR, related to cata-
lyst production for MTO- and MeOH production processes, are minor but appear in the 2050
(PkBudg500) scenario due to the significant reduction of other impacts. Additionally, the
“Rest” category decreases markedly from +2297.4 kg CO;-eq. in 2020 to +580.4 kg CO»-¢eq.
in 2050 (PkBudg500).

Table 20: The values listed of the top 5 biggest GWP contributors of the H>-to-Olefins route expressed in CO»-eq./t eth-
vlene for the scenarios 2020 (BASE), 2030 (BASE), 2050 (BASE) and 2050 (Pk Budg500)

2020 (BASE) 2030 (BASE) 2050 (BASE) (Pk li?gg 500)
[kg COz-eq.] [kg COz-eq.] [kg CO:-eq.] [kg CO-eq.]
Heat, other than nat- . . . 63.2
ural gas (RoW) ’
MTO Process (CH) --- --- --- 62.6
Heat, natural gas
(EUR) --- -—- --- 74.9
MeOH Production . L . 1503
Process (CH) )
Electricity from natu-
ral gas (RS) o o 609.3 o
Electricity from natu-
val gas (NO) 1102.4 582.4 --- ---
Electricity from lig-
nite (RS) 5936.7 3218.1 1021.0 -
CCU-Process -3384.8 -3384.8 -3384.8 -3384.8
Electricity from lig- .
nite (MK) 1130.7 612.9 194.4
Electricity from lig- -
nite (BA) 22422 1215.4 385.6
Rest 2297.4 2120.1 1295.9 505.5
SUM 9324.7 4364.1 121.4 -2528.3
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Overall, the GWP trend in the H,+CCU-to-Olefins process aligns with Steam Cracking but
exhibits a greater magnitude of reduction due to the increasing reliance on low-carbon elec-
tricity in the future acknowledging the results in the papers of Weidner et al., 2022 and Krish-
nan et al., 2024.

Biomass-to-Olefins

The main contributors to the GWP composition of the Biomass-to-Olefins route are biomass
inputs such as bark from sawing (softwood and hardwood) in Europe without CH and RoW
as well as sulfate pulp production in CH, all of which contribute negatively due to CO; se-
questration during photosynthesis (s. Equation 1). Conversely, the post-treatment process in
Switzerland contributes positively to the route’s GWP, which is the only positive parameter
listed for this route throughout the different scenarios. Among the most significant contribu-
tors to GWP, only the electricity sourced from lignite in RS is replaced by bark from sawing
softwood in Europe without CH between the 2020 (BASE) and 2030 (BASE) scenarios. This
change is consistently maintained in the subsequent scenarios, while all other parameters
remain unchanged.

The GWP impacts of the biomass inputs remain constant across all scenarios, with bark
from sawing (softwood and hardwood) in RoW and in Europe without CH as well as sulfate
pulp production in CH contributing -1378.3, -586.9, -886.8, and -1439.3 kg CO:-eq./t eth-
ylene, respectively. The post-treatment process, which adjusts the crude syngas ratio (s.
Equation 24) and removes acid gases, does also exhibit a consistent, but positive contribu-

tion of +2381.1 kg CO»-eq./t ethylene stemming mainly from CO; removal released into air.
This is true since only energy efficiency improvements are anticipated in the future (s. Chap-
ter 3.2) and the amount of CO; removed from the crude syngas and released into the air does
not change in future scenarios (s. Chapter 3.2).

GWP comparison of ethylene production via Biomass-to-
Olefins across different scenarios
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Figure 49: Bar chart of the GWP results expressed in COx-eq./t ethylene of the Biomass-to-Olefins route located in Swit-
zerland for the 2020 (BASE), 2030 (BASE), 2050 (BASE) and 2050 (PkBudg500) scenarios, incl. the top 5 GWP contribu-
tors based on Table 21. The black dots show the net GWP result of each scenario.

The parameter bark from sawing, softwood in Europe without CH with a constant value of -
586.9 kg CO»-eq./t ethylene only appears from the 2030 (BASE) scenario onwards, because
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in the 2020 (BASE) scenario, the GWP impact of the electricity mix, in particular the elec-
tricity source from lignite in RS, is more severe with +767.0 kg of CO»-eq., before its impact
drops under the magnitude of (-) 586.9 kg of CO»-eq. in the 2030 (BASE) scenario.

This also explains, why the “Rest” category fluctuates between the 2020 (BASE), 2030
(BASE) and 2050 (BASE) scenario from -565.7 to +209.8 and back to -447.2 kg of CO»-eq.,
respectively before it reaches its all-time low at -1000.9 kg of CO»-eq./t ethylene in the 2050
(PkBudg500) scenario. In the 2020 (BASE) scenario, the bark from sawing, softwood in Eu-
rope without CH was included in the “Rest” contributing negatively to the ”Rest’s” value,
while the part of the Swiss electricity mix in the form of electricity from lignite in RS was
listed separately. In the 2030 (BASE) scenario, however, the electricity parameter gets re-
placed by the bark from sawing, softwood in Europe without CH. Under this situation, the
GWP impact of electricity from lignite in RS now adds to the “Rest” value making the
“Rest’s” GWP value positive before it continues to decrease in future scenarios making the
“Rest’s” GWP value negative again. Consequently, the electricity usage is a notable positive
contributor to GWP in early scenarios but diminishes over time due to greener electricity
sources and reduced demand. This trend mirrors that Biomass-to-Olefins requires less
amount of electricity compared to the production of captured CO> and electrolytic Ho, still
influences the GWP result distinctively (the data and trends described in this paragraph, is
also presented in Table 21 and Figure 49).

Table 21: The values listed of the top 5 biggest GWP contributors of the Biomass-to-Olefins route expressed in CO-eq./t
ethylene for the scenarios 2020 (BASE), 2030 (BASE), 2050 (BASE) and 2050 (Pk Budg500)

2020 (BASE) 2030 (BASE) 2050 (BASE) (Pk ;3;; 500)
[kg COz-eq.]  [kg COz-eq.] [kg CO:-eq.] Jkg COeq.]
Electricity from
lignite RS) | >4
Bark from sawing,
softwood (Europe --- -586.9 -586.9 -586.9
without CH)
Bark from sawing,
softwood (RoW) -1378.3 -1378.3 -1378.3 -1378.3
Bark from sawing,
hardwood (RoW) -886.8 -886.8 -886.8 -886.8
Bark chips from
sulfate pulp pro- -1439.3 -1439.3 -1439.3 -1439.3
duction (CH)
Post-Treatment
(AGR&WGS) 2381.1 2381.1 2381.1 2381.1
Process (CH)
Rest -579.2 209.8 -447.2 -1000.9
SUM -1149.2 -1700.5 -2357.5 -2911.1

In the 2050 (PkBudg500) scenario, the cradle-to-gate GWP results for Biomass-to-Olefins
and Ho+CCU-to-Olefins are exceptionally low, at -2911.1 and -2804.4 kg CO»-eq./t ethylene,
respectively, which is why it would be interesting to look at the combustion (end-of-life) of
ethylene because the results reported so far only reflect cradle-to-gate impacts. The combus-
tion of 1 t of ethylene releases +3142.9 kg CO»-eq. under the assumption that it will be in-
cinerated completely at the end of life-phase (s. Equation 33).
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Equation 33: Combustion of Ethylene

C,H, + 30, - 2C0, + 2H,0

This means that the production of 1 t of ethylene by using the two novel routes Biomass-to-
Olefins and H>+CCU-to-Olefins would yield up to +231.8 and +388.5 kg of CO»-eq./t of
ethylene, respectively if the whole cradle-to-grave LCA is implemented with the supposition
of no emissions occurring during the use- and end-of-life phase.

This sounds reasonable as most of the energy supplied comes from fossil-free resources in
their best scenario in 2050 (PkBudg500) and carbon as feedstock is either sourced from bio-
genic matter as syngas or from capturing fossil CO; assigned to ethylene and splitting water
for Ha synthesis.

3.4.1.2 China as production location

This subchapter explains the differences of the three ethylene production processes located
in China compared to the identical processes located in Switzerland.

The LCIA (s. Chapter 3.3) has shown, that the differences between ethylene production routes
in Switzerland and China are most pronounced in earlier scenarios for Ho+CCU-to-Olefins
and Biomass-to-Olefins routes, with GWP values converging by the 2050 (PkBudg500) sce-
nario. Nevertheless, the Steam Cracking route between China and Switzerland does not differ
significantly throughout different scenarios compared to the other two routes. That is why
only the 2020 (BASE) and the 2050 (PkBudg500) scenarios of these two locations are set
into contrast to one another.

Steam Cracking Route

As presented in Figure 50 and Table 22, the Steam Cracking route exhibits the least variation
between Switzerland and China (CN) in the 2020 (BASE) scenario: the GWP values for
Switzerland and China are +1649.8 kg CO:-eq./t ethylene and +1776.4 kg CO.-eq./t ethylene,
respectively. This slight difference persists in the 2050 (PkBudg500) scenario, with GWP
values of +1465.4 kg CO.-eq./t ethylene for Switzerland and 1544.1 kg CO:-eq./t ethylene
for China. Despite these differences, both locations share the same top five contributors to
GWP with almost the same GWP amounts across scenarios, including the Steam Cracking
process itself and upstream parameters affiliated to naphtha production.

Table 22: The values listed of the top 5 biggest GWP contributors of the Steam Cracking route in China expressed in
COs-eq./t ethylene for the scenarios 2020 (BASE)and 2050 (Pk Budg500)

2050
72; 0;3:_‘53 (PkBudz500)
[kg COz-eq.]
Waste natural gas, burned in production flare (GLO) 65.6 64.3
Naphtha production (IN) 164.9 164.0
Natural gas venting from natural gas production
& g/ sasp GLO) 366.6 359.9
Steam Cracking Process (CN) 641.9 606.9
Sweet gas burned in gas turbine (GLO) 93.9 91.8
Rest 443.6 257.2
SUM 1776.4 1544.1
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Yet, the location of naphtha production (India (IN) instead of Europe without CH) and the
Steam Cracking process itself (CN instead of CH) are different from each other. For example,
in the 2020 (BASE) scenario, these combined impacts for naphtha production amount to
+702.6 kg CO2-eq./t ethylene in Switzerland and +691.0 kg CO2-eq./t ethylene in China, and
this similarity holds in the 2050 (PkBudg500) scenario with values of +692.7 and +680.1 kg
CO2-eq./t ethylene, respectively.

This alignment reflects the GWP independence of location when it comes to ethylene pro-
duction via Steam Cracking. The minor differences arise from regional variations in the
"Rest" category, which is mainly composed of GWP impacts from electricity sources in the
China case. As it was already observed above, the electricity mix from Switzerland has a
minor GWP impact than the electricity mix from China, yet diminishes in future scenarios.
Thus, the general trend of decreasing GWP values across future scenarios is observed in both
locations, but at moderately different GWP levels.

GWP comparison of ethylene production via Steam
Cracking between China and Switzerland
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Figure 50: Bar chart representing GWP results expressed in kg CO-eq./t ethylene of the Steam Cracking route for the
location China and Switzerland across the 2020 (BASE) and the 2050 (PkBudg500) scenario based on Tables 19, 22

H>+CCU-to-Olefins Route

Based on Table 23 and Figure 51, the five biggest GWP contributors in both locations stem
from different electricity sources as part of their overall electricity mix. Though in Switzer-
land, the top GWP contributors for this route include electricity from lignite in countries such
as RS, MK and BA as well as natural gas-based electricity from NO in earlier scenarios. By
contrast, in China, coal dominates the electricity mix, with the highest impacts stemming
from parameters such as hard coal mine operation and preparation in CN and electricity pro-
duction from hard coal in regions like Taiwan (TW), China Shangdong Sheng (CN-SD) and
China Inner Mongolia (CN-NM), which contribute +4630.2, +2029.3, and +1841.0 kg CO--
eq./t ethylene, respectively. The aggregate "Rest" category is particularly large for China in
the 2020 (BASE) scenario, reaching +19313.6 kg CO:-eq., which is more than twice as much
and +740.67% higher than Switzerland's value. This is attributed to the fragmented and coal-
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heavy composition of China's electricity mix (s. Appx. Figure 1 in Appendix 6.2.1). This
means that there are several impacts of coal-based electricity adding up to the “Rest” from
different locations within China, which have a substantial GWP impact, but are not as influ-
ential as the top five GWP contributors.

GWP compariosn of ethylene production via H,+CCU-to-
Olefins route between China and Switzerland
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Figure 51: Bar chart representing GWP results expressed in kg COx-eq./t ethylene of the H,+CCU-to-Olefins route for
the location China and Switzerland across the 2020 (BASE) and the 2050 (PkBudg500) scenario based on Tables 20, 23.
The blue dots represent the net GWP result of each scenario with its respective location.

Despite these stark differences in early scenarios, the GWP values for both countries con-
verge by 2050 in the (PkBudg500) scenario. In this scenario, China's GWP is -2453.4 kg
CO2-eq./t ethylene, compared to -2386.2 kg CO:-eq./t ethylene in Switzerland. The near par-
ity reflects both countries' transition to greener electricity sources with higher shares of re-
newable energy (s. Figure 39b, d). There are only minor differences in their lists of biggest
GWP impact contributors: while China has electricity from Biomass in China (CHA) in the
list, Switzerland keeps heat, natural gas in EUR in its list in the 2050 (PkBudg500) scenario,
instead. The CCU process shows consistent GWP values of -3384.8 kg CO--eq./t ethylene
across both locations and scenarios. This uniformity is expected since the individual process's
emissions, the re-emission of 10% of captured CO., are independent of geographic or energy-
related factors.
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Overall, the H>+CCU-to-Olefins route demonstrates the greatest initial differences between
Switzerland and China due to the electricity mix's significant role in this electricity-intensive
route. In the 2020 (BASE) scenario, China's GWP result is significantly higher, driven by its
reliance on coal-based electricity, while Switzerland benefits from an already cleaner elec-
tricity mix (s. Figure 39a, c¢). Nevertheless, this discrepancy gets vanished throughout the
different scenarios, as their electricity sources align more and more with each other from a
GWP perspective.

Table 23: The values listed of the top 5 biggest GWP contributors of the H+CCU-to-Olefins route in China expressed in
CO:-eq./t ethylene for the scenarios 2020 (BASE)and 2050 (Pk Budg500)

2020 (BASE) 2050 (PkBudg500)
[kg COz-eq.] [kg COz-eq.]

Electricity from Biomass (CHA) === 88.1
Heat, other than natural gas (RoW) --- 100.3
MeOH Production Process (CN) --- 150.3
MTO Process (CH/CN) --- 62.6

Hard Coal mine operation and preparation (CN) 3328.7 ---
Electricity production from hard coal (CN-SD) 2029.3 ---

Electricity production from hard coal (CN-NM) 1841.0 ---
Electricity from hard coal (TW) 4630.2 ---

CCU-Process -3384.8 -3384.8
Rest 19313.6 4973
SUM 27757.9 -2486.2

Biomass-to-Olefins Route

As outlined in Table 24 and Figure 52, the Biomass-to-Olefins route reveals a similar pattern
of variation, with GWP differences stemming from electricity sources. The composition of
the negative contributors, such as bark chips from biomass, is largely similar between the
two locations but is allocated differently. For instance, in Switzerland, bark chips from sulfate
pulp production in CH is prominent, while in China, the allocation shifts more to bark from
sawing, softwood in RoW. This allocation difference, however, does not alter the overall

GWP impact of biomass sourcing.

Table 24: The values listed of the top 5 biggest GWP contributors of the Biomass-to-Olefins route in China expressed in
COs-eq./t ethylene for the scenarios 2020 (BASE)and 2050 (Pk Budg500)

2050
72; 00(32/-153 (PkBudg500)
[kg COz-eq.]
Bark chips from sulfate pulp production (RoW) --- -363.8
Electricity from hard coal (TW) 614.6 ---
Post-treatment (WGS&AGR) process (CN) 2381.1 2381.1
Bark from sawing, softwood (RoW) -1952.1 -1952.1
Bark from sawing, softwood (Europe without CH) -831.3 -831.3
Bark from sawing, hardwood (RoW) -1256.0 -1256.0
Rest 2324.1 -888.1
SUM 1280.3 -2910.3

The post-treatment process required for adjusting crude syngas composition and removing
acid gases contributes identically across both locations, with a consistent GWP value of
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+2381.1 kg CO:-eq./t ethylene across all scenarios. This consistency mirrors the behavior of
the CCU process in the Ho+CCU-to-Olefins route.

In the 2020 (BASE) scenario, the GWP of the “Rest” category for China is significantly
higher at +2325.1 kg CO2-eq./t ethylene, a +510.8% increase compared to Switzerland. This
discrepancy arises from China's reliance on coal-based electricity. Although both locations
have one electricity source individually exhibited in the 2020 (BASE) scenario (China: elec-
tricity from hard coal in TW and Switzerland: electricity from lignite in RS), the “Rest” cat-
egory of China comprises more parameters of different regional electricity sources from coal,
as it is the case with the H>+CCU-to-Olefins route. These parameters have higher GWP im-
pacts than the different electricity sources from the Swiss electricity mix.

As with the other routes, the 2050 (PkBudg500) scenario shows nearly identical GWP values
for Switzerland and China, attributed to the convergence of electricity mixes (s. Figure 39b,
d). Both countries achieve significantly lower overall GWP impacts, driven by reduced reli-
ance on high-emission electricity and the incorporation of more sustainable energy sources.

GWP comparison of ethylene production via Biomass-to-
Olefins route between Chinas and Switzerland
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Figure 52: Bar chart representing GWP results expressed in kg CO»-eq./t ethylene of the Steam Cracking route for the
location China and Switzerland across the 2020 (BASE) and the 2050 (PkBudg500) scenario based on Tables 21, 24. The
black dots represent the net GWP results of each scenario with its respective location.

Bottom line, the differences between the Swiss and Chinese ethylene production routes are
most evident in the early scenarios, driven by China's dependence on coal-dominated elec-
tricity. These differences diminish in the 2050 (PkBudg500) scenario as both countries adopt
similar greener electricity mixes. While the Steam Cracking route shows the smallest varia-
tion between the two locations, the H.+CCU-to-Olefins route highlights the significant im-
pact of electricity composition, particularly die electricity-intensive nature. The Biomass-to-
Olefins route, although less dependent on electricity, still reflects regional disparities in elec-
tricity mix between these two locations. Overall, electricity emerges as the dominant driver
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of GWP differences, underscoring the importance of transitioning to renewable energy
sources to achieve consistent and sustainable production outcomes globally.

3.4.2 Process Modifications
Steam Cracking Modifications

GWP comparison of different Steam Cracking route
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Figure 53: Bar chart representing GWP results expressed in kg COr-eq./t ethylene of the different Steam Cracking route
configurations for Switzerland in the 2020 (BASE) scenario based on Table 25

According to Figure 53 and Table 25, Steam cracking with LPG as feedstock demonstrates
the highest GWP impact among the modifications, with a value of +3030.1 kg CO2-eq./t eth-
ylene. In contrast, the best-performing scenario involves a combination of naphtha as feed-
stock, CCS and a low-emission furnace, achieving a GWP of +976.9 kg CO:-eq./t ethylene,
which is a reduction of -40.8% compared to the baseline case. This stark contrast highlights
the role of process modifications and feedstock choices in mitigating emissions.
The GWP impact for the Steam Cracking process is higher in the LPG and ethane modifica-
tions with +2067.8 and +3030.1 kg CO»/t ethylene, respectively compared to the baseline
scenario with naphtha as feedstock. Differences in product distribution influencing AFs drive
these variations. The allocation factor for LPG (0.6552) and ethane (0.5827) are significantly
higher than for naphtha (0.3513) (s. Appx. Table 2, 3 in Appendix 6.1.1). This means that a
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larger proportion of the emissions generated during the Steam Cracking process is attributed
to ethylene production in LPG and ethane cases, leading to higher GWP values.

Table 25: The values listed of the top 5 biggest GWP contributors of the Steam Cracking route including different config-
urations in Switzerland expressed in COs-eq./t ethylene for the scenario 2020 (BASE)

~ ® ~ () >
~Y  a S 2 a® oSS 8 af
S S8 S S s SE g N Sa
s 1S T o5 I R I & S =0 Y
s3 8% =% 3F §£3% =% 5%
L LF Q TS Ix¢ Q I
= % ¥ & "F ¥ 7
Heat, other
than natural --- 76.0 --- - - - -
gas (RoW)
LPG production 360.0 --- --- ---
Heat, natural
gas (EUR) - 105.1  118.0 --- - 63.5 61.4
Electricity from
lignite (BA) o o o 1414 - -
Electricity from
Ignite RS) = = kA
Waste natural
gas, burnedin | g6 o 840 868 840
production flare
(GLO)
Naphtha pro-
duction (Europe | 106.8 - -—- 96.3 103.4 106.8 103.4
without CH)
Natural gas
vemting from | 3¢5 4974 5074 3597 3842 3967 3842
natural gas pro-
duction (GLO)
Steam Cracking
Process (CH) 641.9 1064.6 1197.1 --- 435.1 -—- -—-
Sweet gas
burned in gas 112.3 118.0 170.5 105.0 108.8 112.3 108.8
turbine (GLO)
Rest| 304.2 526.6 677.1 565.7 294.6 2433 2349
SUM 1648.8  2067.8 3030.1 1642.5 1410.2 10094 976.8

Across different feedstocks, notable variations also emerge in upstream production processes.
For example, LPG production has a significantly higher GWP impact with +360.0 kg CO»-
eq. compared to naphtha with +106.8 kg CO»-eq., while ethane production does not appear
in the top five contributors, at all. Upstream processes such as global natural gas vent-
ing, global sweet gas combustion in gas turbines or heat from natural gas in EUR and other
sources in RoW also vary in their impact depending on the feedstock. Among the feed-
stocks, it can be concluded that ethane production demonstrates the lowest GWP, followed
by naphtha, with LPG exhibiting the highest GWP.

In the low-emission furnace modification, the GWP impact of the Steam Cracking process is
reduced relative to the baseline scenario due to improved fuel efficiency by -14.5% to
+1410.2 kg COz-eq./t ethylene. This efficiency minimizes fuel consumption and reduces
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combustion-related emissions, including CO2, N2O, PM; 5, and VOCs. Consequently, the
emissions footprint of the process is notably lower. Additionally, if less methane as fuel is
required, then more methane serves as co-product, which in turn lowers the AF of this process
to 0.3402 (s. Appx. Table 4 in Appendix 6.1.1). Hence, less of the emission are allocated to
this process.

When considering the modification with CCS and the best case, the Steam Cracking process
is not featured in the top five GWP contributors. This is because most emissions, predomi-
nantly CO., are captured and stored underground, declining their contribution to the GWP to
negligible. Indeed, CCS exhibits the biggest single GWP decrease by -38.9% to +1009.4 kg
CO»-eq./t ethylene across all other modifications although if combined with low-emission
furnace, an even greater reduction can be accomplished of -40.8% to 976.8 kg CO»-eq./t
ethylene, which goes along with the outcomes in the paper of Bisinella et al., 2021.

The e-furnace modification is unique across all configurations as it eliminates the GWP im-
pact of the Steam Cracking process related to the fuel combustion entirely. Instead of fuel
combustion, which generates emissions such as CO2z, N2O, PMz s, and VOCs, this modifica-
tion uses external electricity as the energy source. This burden shift is evident in the contri-
bution diagram, where the GWP impact of specific shares of Switzerland’s electricity mix —
such as electricity from lignite in BA/RS — appears in the top five GWP contributors, while
the Steam Cracking processes disappears. In addition, the AF of ethylene is with 0.3168
smaller, because all methane is accounted as co-product instead of fueling the firebox (s.
Appx. Table 5 in Appendix 6.1.1). Still, the GWP impact of the e-furnace remains almost the
same as the baseline case with +1642.5 CO.-eq./t ethylene because the avoidance of emis-
sions is offset by the additional carbon-intensive electricity.

Finally, variations in the "Rest" category across the modifications reflect differences in re-
sidual contributions from secondary sources not explicitly categorized within the top contrib-
utors.

Biomass-to-Olefins Modifications
The GWP of the baseline Biomass-to-Olefins case, which uses bark chips as feedstock, can

be reduced significantly through process integration by -80.2% to -2071.3 kg CO»-eq./t eth-
ylene. Integration leads to the elimination of impacts such as electricity from lignite in
RS from the top five contributors. This outcome is intuitive, as waste heat generated during
the process is reintegrated into the system, reducing the need for external heat supplied by
electricity.

When CCS is applied to the baseline biomass scenario, the GWP impact of the post-treatment
process is even more reduced by -198.7% to -3432.7 kg CO2-eq./t ethylene than in the inte-
grated process design case, which substantiates the findings in the paper of Sammarchi et al.,
2021. The CO: emissions separated from the product stream via the Rectisol® process can
now be compressed and stored underground rather than released into the atmosphere. This
modification lowers the overall GWP substantially.

Feedstocks such as wood chips and miscanthus perform better than bark chips in terms of
GWP with impacts of -1754.2 and -1254.7 kg CO»-eq./t ethylene, respectively. This improve-
ment arises because these feedstocks require a larger quantity to produce the same amount of
syngas necessary for MeOH production.

The best-case configuration, which combines wood chips with CCS and process integration,
achieves the lowest GWP value of -4959.8 kg CO»-eq./t ethylene — an extraordinary reduction
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of -331.6% compared to the baseline case. This quite negative GWP score is observed due to
the biogenic carbon sequestration effects of CCS, while sawlogs and veneer logs in CH ap-
pear as one of the five biggest contributor parameters, replacing the post-treatment process
parameter eliminated by CCS. Furthermore, the integration process reduces electricity con-
sumption, as evidenced by the reduced GWP impact of electricity from lignite in RS, which
is not listed und er the top five parameters anymore (the whole section is graphically ex-
pressed in Figure 54 and based on data from Table 26).
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Figure 54: Bar chart representing GWP results expressed in kg CO»-eq./t ethylene of the different Biomass-to-Olefins
route configurations for Switzerland in the 2020 (BASE) scenario based on Table 26. The yellow dots represent the net
GWP result for each Biomass-to-Olefin case.
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Table 26: The values listed of the top 5 biggest GWP contributors of the Biomass-to-Olefins route including different con-
figurations in Switzerland expressed in COs-eq./t ethylene for the scenario 2020 (BASE)
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wood forestry (CH)
Sawlog and veneer log
from softwood (CH)
Wood Chips from soft-
wood forestry (CH)
Slab and siding from
sawing, softwood (CH)
Wood chips from hard-
wood forestry (CH)
Miscanthus production
(DE)

Miscanthus production
(RoW)

Bark from sawing,
softwood (Europe with-
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Bark from sawing,
softwood (RoW)

Bark from sawing,
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Bark chips from sul-
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(CH)

Rest

281.9

753.4 746.4 749.7

2381.1 2381.1 2381.1 2381.1

-1242.5
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-1378.3 -1378.3

-886.8 -886.8

-1439.4 -1439.4

-579.2 1283.2 1263.5 -161.1
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-886.8

14394 -

57.2 1019.7

SUM
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H,+CCU-to-Olefins Modifications
As it can be observed in Figure 55 and Table 27, the modifications to the H>+CCU-to-Ole-

fins process are relatively straightforward, as the top five parameters contributing the most
to the GWP remain consistent across all process modifications. A key observation is that the
amount of carbon captured from the cement plant remains constant across different configu-
rations at -3384.8 kg CO»-eq. This is logical, as the volume of emissions captured is inde-
pendent of process-specific variations.

Among the modifications, the DAC case stands out as, with a GWP impact of +10013.3 kg
CO»-eq./t ethylene, the only one with a higher GWP than the baseline case. This increase is
primarily attributed to the significantly higher electricity demand of the DAC plant compared
to the PSC plant from 0.5348 kWh/kg captured CO- to 1.0172 kWh/kg captured CO.). This
trend is supported by higher GWP contributions across all types of electricity sources in the
DAC scenario.

GWP comparison of different H,+CCU-to-Olefins route
configurations
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Figure 55: Bar chart representing GWP results expressed in kg COx-eq./t ethylene of the different H>+CCU-to-Olefins
route configurations for Switzerland in the 2020 (BASE) scenario based on Table 27. The black dots represent the net
GWP result of each H>+CCU-to-Olefins case.

In contrast, the novel solvents, integrated process design, and SOEC cases exhibit the oppo-
site trend, reducing GWP relative to the baseline to +9144.7, +9072.4 and +6926.7 kg CO»-
eq./t ethylene, respectively. The reductions for the novel solvent and integrated process de-
sign case are similarly linked to improvements in the electricity consumption of the CCU-
PSC system. The novel solvents decrease the electricity needed for MEA solvent regeneration
due to their chemical properties and the integrated process supplies waste heat from other
processes lowering the external electricity input. However, the Integrated Process Design
modification achieves greater GWP reductions than the Novel Solvents case: While the Novel

79



Results and Discussion

Solvents configuration reduces the GWP impact by approximately -1.9%, the Integrated Pro-
cess Design modification achieves even greater reduction of -2.7%.

The SOEC case demonstrates the greatest GWP reduction potential of -25.7% among all
other single modifications. This is true because SOEC technology significantly decreases the
electricity burden associated with hydrogen production, a finding that aligns with Chapter
3.4.1 and corroborates evidence reported in the paper of Bareif3 et al., 2019 (s. Chapter 2.1).
When these three modifications — novel solvents, integrated process design, and SOEC — are
combined as best-case configuration, they synergistically achieve the lowest GWP score with
+6566.2 kg CO»-eq./t ethylene of all scenarios, a reduction of -29.6%. This outcome is both
intuitive and expected, as the combined effects of these modifications address multiple emis-
sions sources and inefficiencies, leading to a substantial overall reduction in environmental
1mpact.

Table 27: The values listed of the top 5 biggest GWP contributors of the H>+CCU-to-Olefins route including different
configurations in Switzerland expressed in CO;-eq./t ethylene for the scenario 2020 (BASE)

3 fF fEs ®, 4
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s 3 £ £FF £8
$ S <5 R < <
Electricity from
natural gas | 1102.4 11544  1083.9 1079.0 863.4 830.3
(NO)
Electricity from | ;o105 165 5837.0 5810.6 46496  4471.0
lignite (RS)
CCUProcess | 13046 33848  -3384.8 -3384.8 3384.8  -3384.8
(CH)
Electricity from
lomite gy | 1307 11839 11117 1106.6 885.5 851.5
Electricity from |, 5 5 23479 22046 2194.6 1756.1  1688.6
lignite (BA)
Rest | 12974 24955 2292 .4 2266.4 21569  2109.7
Sum 93247 100133 91447 9072.4 69267 65662
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3.5 Sensitivity Analysis

This chapter identifies key parameters that, when altered, significantly impact the GWP of
different olefin production routes. For each of the three processes examined, specific data
sets are applied to individual stages while other parameters remain constant.

3.5.1 Steam Cracking Route

The life cycle interpretation reveals that variations in Steam Cracking’s location have mini-
mal influence on the GWP of the Steam Cracking route (s. Chapter 3.4.1). Neither the sourc-
ing of naphtha nor electricity use plays a substantial role in this pathway’s GWP. As a result,
the analysis focuses on the source of steam used in the process, as shown in the Sankey
Diagram in the Appendix (s. Appx. Figure 2 in Appendix 6.2.2). Three alternative steam
sources are considered:
e Product: steam, in chemical industry; activity: polyethylene production, low density,
granulate; location: Europe
e Product: steam, in chemical industry; activity: maleic anhydride production by cata-
lytic oxidation of benzene; location: Europe
e Product: steam, in chemical industry; activity: market for steam, in chemical industry;
location: Europe
The results show that even changing the steam source only reduces GWP marginally (s. Fig-
ure 56). Using steam from maleic anhydride production decreases GWP by -6.8% to +1537.5
kg CO:2-eq./t ethylene, while steam from polyethylene production lowers it by -8.3% to
+1511.7 kg CO:z-eq./t ethylene (s. Figure 56).
In conclusion, the Steam Cracking route is robust against changes in steam sources. Even
though feedstock, steam and energy contribute significantly to the overall GWP, their varia-
tions do not substantially affect the results, regardless of geographical location.

GWP comparison of different types of steam inputs for
the Steam Cracking route
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1511.7
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Figure 56: Bar chart of GWP comparison of the Steam Cracking route with different types of Steam expressed in CO»-
eq./t ethylene for Switzerland in the 2020 (BASE) scenario
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3.5.2 H>+CCU-to-Olefins Route
The H>+CCU-to-Olefins route demonstrates high sensitivity to the electricity source, as high-
lighted in the life cycle interpretation (s. Chapter 3.4.1). This sensitivity stems from the sig-
nificant electricity demand required to operate processes like hydrogen production and CO:
capture. For this analysis, three electricity mixes are evaluated:
e Product: electricity, high voltage; activity: electricity production, hard coal; location:
Germany (DE)
e Product: electricity, low/medium voltage; activity: market group for electricity,
low/medium voltage; location: CH
e Product: electricity, medium/low voltage; activity: electricity, medium/low voltage,
residual mix; location: CH
Although high-voltage electricity from Germany is the only available data set for coal elec-
tricity, the difference in GWP between voltage levels is minimal, as only transformation

losses are excluded.

GWP comparison of different of electricity sources as
inputs for the H,+CCU-to-Olefins route
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Figure 57: Bar chart of GWP comparison of the H>+CCU-to-Olefins route with different electricity sources expressed in
COs-eq./t ethylene for Switzerland in the 2020 (BASE) scenario

The results reveal stark contrasts in GWP outcomes based on electricity source. Switching to
Switzerland's residual electricity mix results in a significant -120.0% reduction, lowering
GWP from +9324.7 to -1864.6 kg CO:-eq./t ethylene (s. Figure 57). Conversely, adopting
coal-based electricity from Germany leads to a +287.1% increase in GWP, from +9324.7 to
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+36098 kg CO2-eq./t ethylene (s. Figure 57). These findings underscore the substantial in-
fluence of electricity sourcing on the overall environmental performance of this route.

3.5.3 Biomass-to-Olefins Route

The Biomass-to-Olefins route follows a similar trend to the H>+CCU-to-Olefins pathway, as
both are electricity-intensive processes. While the Biomass-to-Olefins route requires less
electricity due to reduced demand in sweet syngas production compared to hydrogen produc-
tion and CO: capture, the electricity source still significantly impacts GWP outcomes. The
same three electricity mixes analyzed in Chapter 3.5.2 are applied here, as well:
e Product: electricity, high voltage; activity: electricity production, hard coal; location:
DE
e Product: electricity, low/medium voltage; activity: market group for electricity,
low/medium voltage; location: CH
e Product: electricity, medium/low voltage; activity: electricity, medium/low voltage,
residual mix; location: CH
The results align with those observed for the H>+CCU-to-Olefins route. Using Switzerland's
residual electricity mix further reduces the GWP of this route by -62.3%, from -1149.2 to -
1864.6 kg CO»-eq./t ethylene (s. Figure 58). Conversely, coal-based electricity from Ger-
many dramatically increases the GWP by +316.5%, rising from -1149.2 to +2487.6 kg CO»-
eq./t ethylene (s. Figure 58).

GWP comparison of different of electricity sources as
inputs for the Biomass-to-Olefins route
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Figure 58: Bar chart of GWP comparison of the Biomass-to-Olefins route with different electricity sources expressed in
CO:-eq./t ethylene for Switzerland in the 2020 (BASE) scenario
These findings reinforce the significant role of electricity sources in determining the overall
GWP for electricity-intensive routes like Biomass- and H.+CCU-to-Olefins. The results
highlight the critical need to prioritize low-carbon electricity sources to achieve meaningful
reductions in environmental impact, which reaffirms the conclusion made in the paper of Liu
etal., 2024.
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4.Conclusion and Outlook

4.1 Summary

Recent catastrophic floods in Valencia highlight the IPCC's warnings that failing to urgently
mitigate the Anthropogenic Climate Change, driven by GHG emissions from unsustainable
practices, will lead to increasingly frequent and severe extreme weather events with signifi-
cant socioeconomic impacts. The petrochemical industry, heavily reliant on fossil fuels for
energy and feedstock supply, is a major contributor to these emissions but remains locked
into carbon-intensive practices. Ethylene, a key petrochemical product with high production
volumes and diverse applications, serves as a case study for addressing these challenges.
The reviewed literature highlights that low-carbon pathways offer notable environmental im-
provements from a GHG perspective, especially under future scenarios with increased reli-
ance on renewable energy. However, these technologies face significant challenges which is
why this study employs prospective Life Cycle Assessments to compare climate related GWP
impacts of the conventional Steam Cracking process with two innovative low-carbon path-
ways based on the MTO production process. These pathways derive MeOH either from direct
CO:2 hydrogenation with electrolytic hydrogen or from pretreated syngas from biomass gasi-
fication, both incorporating promising low-carbon technologies. The analysis evaluates these
routes under a cradle-to-gate perspective across different scenarios built on Integrated As-
sessment Models (2020 (BASE), 2030 (BASE), 2050 (BASE), 2050 (PkBudg500)), geogra-
phies (China and Switzerland) and process modifications, exploring their potential to break
the sector's carbon lock-in while also considering various feedstock and several state-of-the-
art technology configurations. Economic Allocation is used to account for co-products, and
a Sensitivity Analysis identifies the key factors influencing overall results.

To conduct these different LCAs, it is an imperative to define and explain the LCA system
boundaries, providing extensive descriptions, chemical equations and process schematics,
which serve as basis for specific in- and outputs summarized in the respective LCI tables
giving the reader a more comprehensive understanding of each route.

The conventional Steam Cracking process serves as the baseline case, covering pre-heating,
high-temperature cracking, subsequent scrubbing and distillation steps, using naphtha as
feedstock. Modifications to this baseline included replacing conventional furnaces with low-
emission or e-furnaces reducing the fuel demand, incorporating other pre-dominant cracking
feedstocks (LPG and ethane) and integrating CCS to capture and store CO: emissions in ge-
ological formations.

For the novel pathways, the H>+CCU-to-Olefins route involves MeOH production of elec-
trolytic hydrogen via PEMEC suitable for fluctuating renewable energy and CO: captured
from cement plants using regeneratable MEA solvents as industrial benchmark technology.
Process configurations included replacing low-temperature PEMEC with high-temperature
SOEC with higher energy efficiency, deploying carbon capture solvents with smaller energy
penalties and substituting point-source capture with DAC following the Climeworks technol-
ogy as alternative carbon capture technology. Nevertheless, the captured CO; is always as-
signed to the ethylene product in both cases. The Biomass-to-Olefins route begins with gas-
ifying bark chips to produce crude syngas, followed by post-treatment to remove acid impu-
rities and adjust gas composition of CO, CO; and H» for MeOH synthesis. Process
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modifications included feedstock alternatives like miscanthus and wood chips and employing
CCS at the post-treatment stage. Furthermore, energy integration was applied in both routes
to reduce demand, leveraging improvements in the post-treatment stage for the Biomass-to-
Olefins route and optimizing CCU in the H>+CCU-to-Olefins route. After MeOH precursor
production, both routes utilize a Lurgi reactor for MeOH synthesis employing an
AlO3/MgO/ZnO/CuO catalyst and finally, a fluidized bed reactor with a highly selective
SAPO-34 catalyst for converting MeOH to ethylene during the MTO process.

The future scenarios were implemented two-fold: On the one hand, Integrated Assessment
Models scenarios from REMIND were integrated adjusting respective energy mixes accord-
ingly. On the other hand, efficiency improvements were anticipated for future years based on
literature.

The prospective cradle-to-gate Life Cycle Impact Assessment and Interpretation of ethylene
production pathways across the four scenarios reveals that the Biomass-to-Olefins route
achieves the best GWP performance, with cradle-to-gate GWP values as low as -2910 kg
CO:2-eq./t ethylene in the 2050 (PkBudg500) scenario attributed to the CO» sequestration
properties of biomass. Electricity, initially a noticeable positive GWP contributor of the Bio-
mass-to-Olefins route, diminishes in impact over time due to the integration of renewable
sources and energy efficiency measures, which is the main driver of GWP reduction from the
2020 (BASE) to the 2050 (PkBudg500) scenario. While the H>+CCU-to-Olefins route starts
with the highest GWP scores of all three routes, its GWP performance improves significantly
over time due to the decarbonization of electricity grids, eventually surpassing the conven-
tional Steam Cracking route. The Steam Cracking route only exhibits minor GWP enhance-
ments due to its reliance on the fossil feedstock upstream chain and mature technology.

In earlier scenarios, all pathways perform better in Switzerland compared to China, largely
due to Switzerland’s more renewable-dominated energy mix, which is a key determinant for
both novel ethylene production routes. However, global electricity decarbonization in the
2050 (PkBudg500) scenario eliminates these disparities, leading to convergent GWP values
for both locations. Despite these geographic differences, the Biomass-to-Olefins route con-
sistently delivers superior environmental performance from a GWP viewpoint.

Process modifications yield moderate GWP reductions in most cases. For Steam Cracking,
incorporating low-emission furnace and CCS reduces GWP, especially from the Steam
Cracking process itself, by up to 40% from +1648.8 to +976.8 kg CO»-eq./t ethylene although
the naphtha-related upstream activities remain dominant GWP contributors, accounting be-
tween 40 to almost 70% of the total GWP impact depending on the configuration. These
limitations highlight the need for alternative feedstocks or entirely new production pathways
although technological improvements contribute to lower GWP by reducing or capturing
combustion-related emissions of the Steam Cracking process. These emissions can be re-
duced to a negligible level in the best-case scenario, while e-furnaces eliminate combustion
emissions entirely, yet shifting the environmental burden to electricity consumption.

In the Biomass-to-Olefins route, changing feedstocks to miscanthus or wood chips, imple-
menting CCS at the post-treatment process stage and adopting integrated process designs by
recycling heat waste enhance GWP performance, with the best-case configuration achieving
a GWP reduction of close to -340%, reaching -4959.8 kg CO:-eq./t ethylene compared to -
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1149.2 kg CO»-eq./t ethylene in the baseline case. The CCS of biogenic CO> during the post-
treatment process stage, substantially reduces its GWP impact.

In the H>+CCU-to-Olefins route, replacing PEMEC with SOEC, using advanced carbon cap-
ture solvents, and optimizing process designs can reduce electricity consumption and hence,
GWP by up to -30%, lowering impacts from +9324.7 to +6566.2 kg CO2-eq./t ethylene in the
best-case scenario. In contrast, the DAC configuration performs worse than the baseline case
due to higher electricity demands than PSC. GWP reductions for this route are largely driven
by the decarbonization of electricity grids and a more efficient use of electricity, especially
for the hydrogen production. This is evident since the SOEC configurations exhibits the big-
gest individual reduction potential of all other Ho+CCU-to-Olefins configurations and the
biggest GWP contributors are mainly composed of different electricity sources throughout
different process modifications.

By the 2050 PkBudg500 scenario, cradle-to-gate GWP values for Biomass-to-Olefins and
H>+CCU-to-Olefins reach exceptionally low levels of -2911.1 and -2804.4 kg CO:-eq./t eth-
ylene, respectively. When considering cradle-to-grave emissions, assuming no emissions dur-
ing the use phase and complete combustion at end-of-life, net GWP values remain low, rang-
ing from +231.76 to +388.46 kg CO:-eq./t ethylene. These results highlight their feasibility
as low-carbon alternatives.

Key insights from this analysis underscore the critical importance of feedstock selection,
electricity source and technological advancements in achieving substantial GWP reductions.
While feedstocks and process-specific efficiencies play crucial roles, the alignment of energy
systems with renewable sources is fundamental to minimizing GWP impacts for these two
novel routes, which is highlighted once more in the Sensitivity Analyses. Contrarily, the
Steam Cracking route shows relative insensitivity to changes of its biggest GWP contributors.
Nonetheless, applying CCS to the Steam Cracking and the Biomass-to-Olefins route can sub-
stantially decrease their GWP impact.

4.2 Conclusion

In light of the accelerating impacts of Anthropogenic Climate Change, the development of
novel production pathways for large-volume chemicals heavily reliant on fossil resources,
such as ethylene, is imperative. These alternatives must demonstrate superior environmental
performance compared to conventional routes. This Master Thesis contributed to it by as-
sessing two innovative production routes for manufacturing the large-volume chemical eth-
ylene via MTO technology compared to the conventional Steam Cracking route from a cra-
dle-to-gate p-LCA perspective considering only GWP impacts.

Among the scenarios and different process configurations evaluated, these are the most im-
portant take-home messages:

e The Biomass-to-Olefins route consistently outperforms the conventional Steam
Cracking and the H>+CCU-to-Olefins route across different scenarios and locations
from a GWP perspective mainly due to its CO> sequestration properties.

e The H,+CCU-to-Olefins route’s GWP performance extremely relies on the source of
electricity.
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e Both novel routes, but especially the H>+CCU-to-Olefins route, are highly sensitive
to different electricity sources performing better in GWP impact in regions with
cleaner electricity mixes due to their electricity-intensive processes.

e The Steam Cracking route offers less GWP improvement potential than the other two
pathways due to the reliance on its fossil feedstock upstream chain and high techno-
logical maturity.

e (CCS can be a viable option for mitigating GWP impacts of the Biomass-to-Olefins
and Steam Cracking route.

4.3 Limitations and Outlook

As the impacts of anthropogenic climate change continue to intensify, the urgency of identi-
fying effective solutions to decarbonize carbon-intensive industries grows. Such efforts are
critical to mitigating future climate impacts. This Master Thesis contributes to these efforts
by evaluating three production routes for ethylene from a GWP perspective, providing a solid
foundation for further research. Nevertheless, these results should always be viewed in rela-
tion to each other and not as absolute values, since there are variations in boundary setting
and retrieved LCI values. Although the data provided only reflects literature data, which can
obviously not be as precise as applying real-life process inputs, these results should reflect
the respective trends accurately, which is backed-up from literature sources.

While transitioning to de-fossilized feedstocks and renewable energy is a crucial step, it is
not a panacea for addressing the carbon lock-in problem. Trade-offs and competitions with
other environmental resources — such as land use, water consumption, use of rare earth metals
and biomass availability — must also be carefully considered, which have not been assessed
in this Master Thesis (Gabrielli et al., 2023; Palm et al., 2024). Therefore, even though GWP
is a crucial metric for assessing climate-related impacts, it is equally important to consider
other environmental dimensions. Future analyses could explore additional environmental im-
pacts, as outlined in Table 1, to provide a more holistic understanding of the routes’ environ-
mental implications.

Furthermore, environmental performance alone is insufficient for driving practical imple-
mentation; economic viability must also be evaluated. A production pathway that lacks eco-
nomic feasibility is unlikely to be adopted, regardless of its environmental advantages. Con-
sequently, future research should also be conducted on the economical side for these routes.

Lastly, this study focuses exclusively on cradle-to-gate impacts, omitting considerations of
downstream processes. Future exploration should contain a analysis including these phases,
which would offer a more comprehensive assessment of the environmental and economic
impacts associated with ethylene production. Such expanded evaluations will be essential for
developing actionable strategies to address the climate and environmental challenges posed
by carbon-intensive industries.

Above all, a comprehensive solution will likely require a combination of low carbon strate-
gies, including alternative feedstocks, renewable energy, green hydrogen, CCS and many
more (Meng et al., 2023). Though, regardless of the route, all pathways are resource-inten-
sive, underscoring the need to prioritize reducing overall consumption over simply substitut-
ing existing technologies (Rootzén et al., 2023).
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6.1.2 MTO-Process
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6.2 Sankey Diagrams of selected ethylene production routes

6.2.1 H»+CCU-to-Olefins route located

for the 2020 (BASE) sce-
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Appendix

6.2.2 Steam Cracking route located in Switzerland for the 2020 (BASE) sce-
nario
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Appx. Figure 2: Sankey-Diagram of the Steam Cracking route with a cut-off value of 0.08 located in Switzerland for the
2020 (BASE) scenario
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6.2.3 Swiss high voltage electricity mix in the 2020 (BASE) scenario
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Appendix

6.3 Complete LCIs of H>+CCU- & Biomass-to-Olefins

All values presented in this chapter have already been reported in this Master Thesis with
their respective sources in Chapter 3.1individually yet have not been integrated and adjusted

throughout the whole production route to 1 t of ethylene.

6.3.1 Integrated LClIs of different Biomass-to-Olefins Routes

6.3.1.1

Integrated LCI of baseline case and future scenarios (2030 & 2050)

Appx. Table 9: Integrated LClIs of the Biomass-to-Olefins route with adjusted values for the years 2020, 2030 and 2050
according to Chapter 3.2 in Switzerland

Process Parameter Unit/kg FU Amount
Baseline Case 2030 2050
Product:
Crude Syngas kilogram 4.8960 4.8960 4.8960
Inputs:
. . Bark Chips kilogram 3.2020 3.2020 3.2020
Biomass Gasi- 0, kilogram 1.7530 1.7530 1.7530
fication Electricity ~ kilowatt hour 0.0780 0.0740 0.0710
Emissions:
Ash kilogram 0.0440 0.0440 0.0440
Heat (in form of steam), waste megajoule 4.0150 4.0150 4.0150
Coke kilogram 0.0150 0.0150 0.0150
. ______________________________________________________________|]
Product:
Sweet Syngas kilogram 2.5369 2.5369 2.5369
Inputs:
Post Treat- Crude Syngas kilogram 4.8960 4.8961 4.8961
@ Gl;“;‘{,tv Gs) Electricity  kilowatt hour 0.0100 0.0092 0.0087
Heat megajoule 3.3490 3.1812 3.0222
Emissions:
CO2, non-fossil kilogram 2.3810 2.3811 2.3811
H>S kiloiram 0.0013 0.0013 0.0013
Product:
MeOH kilogram 2.3490 2.3490 2.3490
Inputs:
Sweet Syngas kilogram 2.5370 2.5369 2.5369
Electricity kilowatt hour 3.6170 3.5269 3.4388
MgO kilogram 0.0000 0.0004 0.0003
MeOH Pro- ZnO kilogram 0.0060 0.0051 0.0043
duction CuO kilogram 0.0150 0.0135 0.0115
ALLO3 kilogram 0.0020 0.0021 0.0018
Emissions:
H>O cubic meter 0.0002 0.0002 0.0002
Cco kilogram 0.0014 0.0014 0.0014
CO», non-fossil kilogram 0.0070 0.0070 0.0070
vOoC kilogram 0.0235 0.0235 0.0235
Heat, waste megajoule 6.2440 6.2444 6.2444
Waste:
Zeolite waste kilogram -0.0230 -0.0211 -0.0179
Allocation Factor: 0.43203 0.4320 0.4320 0.4320
Product:
Ethylene kilogram 1.0000 1.0000 1.0000
Inputs:
MeOH kilogram 2.3490 2.3490 2.3490
Electricity kilowatt hour 0.6520 0.6200 0.5270
MTO-Process Metallurgical Al,O3 kilogram 0.2010 0.1910 0.1623
PO4*-rock beneficiation kilogram 0.2010 0.1910 0.1623
sodium silicate production kilogram 0.2010 0.1910 0.1623
Emissions:
Heat megajoule 1.9270 1.9270 1.9270
H>O cubic meter 0.0010 0.0010 0.0010
CO», non-fossil kilogram 0.0630 0.0630 0.0630
Waste:
Zeolite waste kilogram -0.6030 -0.5430 -0.4610
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6.3.1.2  Integrated LCI of different process modifications
Appx. Table 10: Integrated LClIs of different process modifications of the Biomass-to-Olefins route with adjusted values

from Chapter 3.1.2.2 for production location in Switzerland and the year 2020

Process Parameter Unitkg FU Amount
Wood Miscan- Advanced
Chips thus Process e LGS
Product:
Crude Syngas kilogram 4.8960 4.8960 4.8960 4.8960 4.8960
Inputs:
Bark Chips/Wood
Biomass Gasifi- Chips or Mis:ﬁz; kilogram 3.5570 3.5570 3.2020 3.2020 3.5570
cation 0> kilogram 1.3980 1.3980 1.7530 1.7530 1.3980
Electricity ~ kilowatt hour 0.0780 0.0780 0.0780 0.0740 0.0780
Emissions:
Ash kilogram 0.0440 0.0440 0.0440 0.0440 0.0440
Heat (in form of . soule 4.0150 4.0150 0.0000 4.0150 0.0000
steam), waste
Coke kilogram 0.0150 0.0150 0.0150 0.0150 0.0150
|
Product:
Sweet Syngas kilogram 2.5370 2.5370 2.5370 2.5370 2.5370
Inputs:
Crude Syngas kilogram 4.8960 4.8960 4.8960 4.8960 4.8960
P"Sr‘ngfa" Electricity ~ kilowatt hour  0.0100 0.0100 0.0100 0.0100 0.0100
(AGR&WGS) Heat megajoule 3.3490 3.3490 0.0000 3.3490 0.0000
COLEIMIEH, g 0.0000 0.0000 0.0000 2.3810 2.3810
transport & storage
Emissions:
CO2, non-fossil kilogram 2.3810 2.3810 2.3810 0.0000 0.0000
HaS kiloiram 0.0013 0.0013 0.0013 0.0013 0.0013
Product:
MeOH kilogram 2.3490 2.3490 2.3490 2.3489 2.3489
Inputs:
Sweet Syngas kilogram 2.5370 2.5370 2.5370 2.5369 2.5369
Electricity ~ kilowatt hour 3.6170 3.6170 1.1640 3.5269 1.1640
MgO kilogram 0.0005 0.0005 0.0005 0.0005 0.0005
ZnO kilogram 0.0060 0.0060 0.0060 0.0051 0.0060
MeOH Produc- CuO kilogram 0.0150 0.0150 0.0150 0.0135 0.0150
tion ALO; kilogram 0.0020 0.0020 0.0020 0.0021 0.0020
Emissions:
HO  cubic meter 0.0002 0.0002 0.0002 0.0002 0.0002
CcO kilogram 0.0014 0.0014 0.0010 0.0014 0.0010
COz, non-fossil kilogram 0.0070 0.0070 0.0070 0.0070 0.0070
vocC kilogram 0.0235 0.0235 0.0235 0.0235 0.0235
Heat, waste megajoule 6.2440 6.2440 0.0000 6.2444 0.0000
Waste:
Zeolite waste kiloiram -0.0230 -0.0230 -0.0230 -0.0230 -0.0230
Allocation Factor: 0.43203 0.4320 0.4320 0.4320 0.4320 0.4320
Product:
Ethylene kilogram 1.0000 1.0000 1.0000 1.0000 1.0000
Inputs:
MeOH kilogram 2.3490 2.3490 2.3490 2.3490 2.3490
Electricity ~ kilowatt hour 0.6520 0.6520 0.6520 0.6520 0.6520
Metallurgical Al,O3 kilogram 0.2010 0.2010 0.2010 0.2010 0.2010
3-
MTO-Process | O P logram 0.2010 0.2010 0.2010 0.2010 0.2010
sodium silicatepro- o0 0.2010 0.2010 0.2010 0.2010 0.2010
duction
Emissions:
Heat megajoule 1.9270 1.9270 0.0000 0.0000 0.0000
HO  cubic meter 0.0010 0.0010 0.0010 0.0010 0.0010
CO, non-fossil kilogram 0.0630 0.0630 0.0630 0.0630 0.0630
Waste:
Zeolite waste kilogram -0.6030 -0.6030 -0.6030 -0.6030 -0.6030
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6.3.2 Complete LCIs of different H>+CCU-to-Olefins Routes

6.3.2.1

Integrated LCI of baseline and future scenarios (2030 & 2050)

Appx. Table 11: Integrated LClIs of the Hy+CCU-to-Olefins route with adjusted values for the years 2020, 2030 and 2050
according to Chapter 3.2 in Switzerland

Process Parameter Unit/kg FU Amount
Baseline Case 2030 2050
Product:
H: kilogram 0.4768 0.4768 0.4768
Inputs:
PEM Stack (1 MW) unit 4.96E-07 6.44E-07 6"(‘)‘;5'
. . 1.34E-
PEM BoP Production unit 1.65E-07 1.51E-07
PEM-Elec- 07
trolysis De-ionized H2O kilogram 5.7220 6.3505 5.5785
Electricity kilowatt hour 27.4038 22.6774 19.1259
Emissions:
02 kilogram 3.8147 3.3596 2.8335
Wastes:
: -6.44E-
Waste Treatment of PEM BoP unit -4.96E-07 -6.44E-07 07
Waste Treatment of PEM Stack unit -1.65E-07 -1.51E-07 -l '3;“5_
Product:
Captured CO2 kilogram 3.3848 3.3848 3.3848
Inputs:
Electricity kilowatt hour 1.8102 1.7650 1.6767
CCU-PSC MEA kilogram 0.0068 0.0066 0.0063
CO,, from air kilogram 3.7609 3.7609 3.7609
Emissions:
COo, fossil kilogram 0.3761 0.3761 0.3761
Ethi]ene diamine kiloiram 0.0068 0.0066 0.0063
Product:
MeOH kilogram 2.3489 2.3489 2.3489
Inputs:
CO2 kilogram 3.3848 3.3848 3.3848
H> kilogram 0.4768 0.4768 0.4768
Electricity kilowatt hour 3.0583 2.9819 2.8328
MeOH MgO kilogram 0.0005 0.0004 0.0004
Pm; tion Zn0O kilogram 0.0056 0.0051 0.0043
e Cu0 kilogram 0.0150 0.0135 0.0115
ALO; kilogram 0.0023 0.0021 0.0018
Emissions:
H.O cubic meter 0.0014 0.0014 0.0014
CO, fossil kilogram 0.1550 0.1503 0.1503
Heat, waste megajoule 3.2885 3.2885 3.2885
Waste:
Zeolite waste kilogram -0.0235 -0.0211 -0.0180
Allocation Factor: 0.43203 0.43203 0.43203 0.43203
Product:
Ethylene kilogram 1.0000 1.0000 1.0000
Inputs:
MeOH kilogram 2.3489 2.3489 2.3489
Electricity kilowatt hour 0.6524 0.6197 0.5268
Metallurgical Al,O3 kilogram 0.2010 0.1910 0.1623
PO4*-rock beneficiation kilogram 0.2010 0.1910 0.1623
MTO-Pro- o sodium silicate production kilogram 0.2010 0.1910 0.1623
cess Emissions:
Heat megajoule 1.9273 1.9273 1.9273
H.O cubic meter 0.0013 0.0013 0.0013
CO, fossil kilogram 0.0626 0.0626 0.0626
Waste:
Zeolite waste kilogram -0.6031 -0.5729 -0.4870
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6.3.2.2  Integrated LCls of different process modifications

Appx. Table 12: Integrated LCls of different process modifications of the Hy+CCU-to-Olefins route with adjusted values
from Chapter 3.1.2.2 for production location in Switzerland and the year 2020

Process Parameter Unitkg FU Amount
SOEC Advanced Novel Sol- DAC Best
Process vents Case
Product:
H: kilogram 0.4768 0.4768 0.4768 0.4768 0.4768
Inputs:
PEM/SOEC Stack (1 MW) unit 1.10E-06 4.96E-07 4.96E-07 4.96E-07 ]:)(éE
PEM.Elec. T °M/SOEC BoP P“":}*OCI; unit R 1.65E-07 1.65E-07 ]%275'
trolysis De-ionized H:0  kilogram 5.6951 3.0553 5.7220 5.7220 3.0553
Electricity  kilowatt hour 20.28 27.4038 27.4038 27.4038 20.28
Heat mega joule 8.95 0.0000 0.0000 0.0000 8.95
Emissions:
02 kilogram 3.80 3.8147 3.8147 3.8147 3.80
Wastes:
Wass Deament of unit oapgy  A96E0T  A96E07  496E07  T2E
T ecaument of unit Liopoe LSBT lesE07  -Lese07 0P
Product:
Captured CO: kilogram 3.3848 3.3848 3.3848 3.3848 3.3848
Inputs:
Electricity  kilowatt hour 1.8102 1.0735 1.2824 3.4431 0.7667
cCcu- MEA/Amine-based silica kilogram 0.0068 0.0068 0.0068 0.0101 0.0068
PSC/DAC CO, from air kilogram 3.7609 3.7609 3.7609 3.7609 3.7609
Sorbent based DAC Sys- . 0.0000 0.0000 0.0000 1.684E-09  0.0000
tem unit
Emissions:
CO, fossil kilogram 0.3761 0.3761 0.3761 0.3761 0.3761
Ethylene diamine kilogram 0.0068 0.0068 0.0068 0.0101 0.0068
Waste:
Waste Treatment of DAC . 0.0000 0.0000 0.0000 1.684E-09  0.0000
system unit
Product:
MeOH kilogram 2.3489 2.3489 2.3489 2.3489 2.3489
Inputs:
CO2 kilogram 3.3848 3.3848 3.3848 3.3848 3.3848
H> kilogram 0.4768 0.4768 0.4768 0.4768 0.4768
MeOH Electricity kilqwatt hour 3.0583 3.0583 3.0583 3.0583 3.0583
Production MgO kflogram 0.0005 0.0005 0.0005 0.0005 0.0005
Zn0O kilogram 0.0056 0.0056 0.0056 0.0056 0.0056
CuO kilogram 0.0150 0.0150 0.0150 0.0150 0.0150
AlLOs kilogram 0.0023 0.0023 0.0023 0.0023 0.0023
Emissions:
H.O cubic meter 0.0014 0.0000 0.0014 0.0014 0.0000
COy, fossil kilogram 0.1550 0.1550 0.1550 0.1550 0.1550
Heat, waste megajoule 3.2885 0.0000 3.2885 3.2885 0.0000
Waste:
Zeolite waste kilogram -0.0235 -0.0235 -0.0235 -0.0235 -0.0235
Allocation Factor: 0.43203 0.43203 0.43203 0.43203 0.43203 0.43203
Product:
Ethylene kilogram 1.0000 1.0000 1.0000 1.0000 1.0000
Inputs:
MeOH kilogram 2.3489 2.3489 2.3489 2.3489 2.3489
Electricity  kilowatt hour 0.6524 0.6524 0.6524 0.6524 0.6524
MTO-Pro- Metallurgical Al2O3 kilogram 0.2010 0.2010 0.2010 0.2010 0.2010
cess PO.+*-rock beneficiation kilogram 0.2010 0.2010 0.2010 0.2010 0.2010
sodium silicate production kilogram 0.2010 0.2010 0.2010 0.2010 0.2010
Emissions:
Heat megajoule 1.9273 0.0000 1.9273 1.9273 0.0000
H,O cubic meter 0.0013 0.0000 0.0013 0.0013 0.0000
COy, fossil kilogram 0.0626 0.0626 0.0626 0.0626 0.0626
Waste:
Zeolite waste kilogram -0.6031 -0.6031 -0.6031 -0.6031 -0.6031

114




Statement of Authorship

7. Statement of Authorship

I expressly declare that the written work I have submitted with the following title:
“Shaping Tomorrow's Ethylene: A Prospective Life Cycle Assessment of Emerging
Production Alternatives”

is an original work composed by me independently, without unauthorized assistance and in
my own words. In addition, I did not use any tools other than those specified in this work. I
also confirm that the work has not yet been submitted to any other examination authority in
the same or similar form and has not yet been published as a whole or in parts. I expressly
declare that I have identified all references to sources and secondary literature contained in
the above-mentioned work as such. I particularly verify that I have, without exception and to
the best of my knowledge, indicated the authorship both for directly quoted statements (quo-
tations) and for statements of other authors paraphrased in my own words (indirect quota-
tions). I acknowledge that works that violate the principles of the declaration of independence
- especially those that contain direct or indirect quotations without indication of origin - are
considered plagiarism and may result in corresponding legal and disciplinary consequences.
With my signature I confirm that I have read and understood the declaration of independence
and confirm its contents.

Zurich, 28.11.2024

(Signature of Student)

115



