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Abstract

Innovative technologies such as carbon conversion technologies, drop-in fuel production,
and automotive batteries are being developed to reduce greenhouse gas emissions. However,
assessing the potential emissions of these emerging technologies presents significant
challenges. This thesis explores how assessment frameworks can be adapted to effectively
evaluate these new solutions by expanding boundaries, functional units, feedstocks, and metrics

to support more informed decision-making.

Life cycle assessment (LCA) studies typically evaluate systems with defined products,
which may not apply to emerging technologies. These studies often limit assessments to known
components, such as intermediate products in cradle-to-gate studies. The first part of the thesis
expands the boundary to cradle-to-grave by proposing potential markets or uses for the
intermediate products. Additional insights are provided, facilitating and encouraging technology

developers to apply LCA even at early development stages.

In other cases, emerging technologies and novel resources nearing deployment, such as
lithium production and refining in North America, have been scarcely studied for their potential
environmental impacts. Alternative battery technologies such as sodium-ion batteries are also
being explored, which is assessed in the context of competition with lithium-ion batteries. A hybrid
functional unit that includes considerations of the use phase of both lithium and sodium batteries
is employed to avoid completely excluding the use phase as commonly seem in comparative
assessments. The second part of the thesis demonstrates that including design parameters for
battery use offers a broader context for evaluating competition among different battery

technologies.

The final part of this thesis focuses on deployment decisions, using aviation fuel
production as a case study. This area presents numerous feedstock and technological pathway
options. The scope is expanded to consider both types of feedstocks typically studied separately
(biomass and CO,) and adapts an iterative framework to include complementary metrics
(production cost and supply risks), leading to a more comprehensive assessment and more

effective decision-making.

This thesis addresses the challenges of assessing emerging technologies. The findings

emphasize that LCA modeling choices strongly influence conclusions. Expanding boundaries,



considering alternative pathways, and incorporating related key metrics offer additional insights

for comprehensive assessments and informed decisions regarding emerging technologies.
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1. Introduction

1.1. Background

There is a global effort to decarbonize the economy and reduce greenhouse gas (GHG)
emissions. Many countries, including Canada [1], have set goals to limit the global temperature
rise to 2 degrees Celsius, ideally 1.5 degrees Celsius, by 2100 compared to pre-industrial levels
[2]. Increase in renewable power generation [3], electrification [4], and mitigation strategies such
as carbon capture and storage (CCS) [5] will play a crucial role in achieving these goals.
Additionally, alternative production processes to fossil-based fuels are being developed, including
carbon conversion technologies (CCT), which utilize captured CO, as a raw material for
manufacturing valuable products. Production processes of cement [6], polymers [7], and fuels [8]
from CO; are gaining increasing attention in both academic and industrial sectors. While biomass-
based products such as fuels are relatively more mature compared to CCT, there are ongoing
developments, such as drop-in aviation fuel production. In the road transportation sector, while
electric vehicles (EVs) have become a reality in many markets [4], ongoing developments in
battery technology and precursor production are underway, with several novel technologies being

explored to further reduce GHG emissions.

Canada is strategically positioned to capitalize on all of the strategies outlined above. With
its experience with carbon capture [5] and several ongoing utilization projects, the country is
poised to be a leader in this area. Canada is also wealthy regarding biomass resources,
particularly in forestry [9], which can be leveraged in emerging technologies for fuel production.
Regarding EVs, the incumbent is lithium-ion batteries, with lithium as a critical raw material subject
to geographical concentration and geopolitical concerns [10]. Canada and the United States have
potential lithium resources that can be explored with the aid of novel technologies targeting the

lower concentration of regional lithium resources [11], [12].



In this innovative environment, given that the primary motivation behind these strategies
is GHG emissions reduction, it is essential to consider the methods employed to estimate
emissions. In this regard, life cycle assessment (LCA) is a widely used framework that has
traditionally been applied to mature technologies [13]. When applied to technologies at early
stages of development, researchers may not have the product defined. For example, in the early
stages, developers may be unsure about which product and market to focus on. However, most
LCA studies specify a product and draw boundaries at the manufacturing gate, excluding the end-
use (or application) [8], [14], [15]. While this approach provides a relevant comparison with
specific conventional processes, expanding the boundary to include the end-use could support
decisions regarding the supply chain in which developers envision their technology to be best
placed, such as transportation or polymer production. Another resulting limitation of restricting the
boundary to the manufacturing gate (i.e., cradle-to-gate boundary) is the oversight of potential
future disruptive technologies that could compete with the assessed alternative. Including future

competitors may help decision-makers define strategies to remain competitive.

Even in cases where the product is defined, studies tend to narrow the scope to include a
very specific type of production or feedstock, restricting the potential insights for deployment or
funding decisions. For example, drop-in aviation fuel (i.e., conventional aviation fuel substitute)
production is a topic increasingly investigated due to the difficulty of decarbonizing the aviation
sector [16]. Several production pathways (e.g., Fischer-Tropsch and alcohol-to-jet) and
feedstocks (e.g., lignocellulosic biomass and captured CO,) are being proposed. However,
assessment studies often separate fuel categories, with some studies evaluating solely fuel
production from biomass [9], [17], [18] and others evaluating solely fuel production from captured

CO2[19], [20]. This separation hinders broader conclusions [21] regarding drop-in fuel production.



1.2. Motivation and objectives

The aforementioned gaps in the literature are the motivation for the following research
chapters, which are addressed in the context of novel technologies proposed in the energy sector.
In each chapter a suitable technology (or set of technologies) is selected to contribute to

advancing emerging technology assessment.

In this section, building upon the provided background, we elaborate on the motivations
and objectives of each research chapter (2, 3, and 4) in this thesis. Figure 1-1 below provides a

visual representation of the main goals of each chapter.

Chapter 3 - Explore production pathways for a specific end-use,
envision potential competition
Chapter 2 - Explore end-uses, define product output

(I)i@ ,1\ s e

Chapter 4 - Explore feedstocks, production
pathways, support deployment decisions
Complementary metrics (production costs, supply risks)

LCA method

Boundaries

Treatment of co-products

Emerging topics (biogenic carbon, CO, conversion credits)

Figure 1- 1: Visual representation of example decisions and analyses explored in each
research chapter in this thesis.

1.2.1. LCA insights during the development of electrochemical technologies

In Chapter 2, we provide a systems-level perspective to technology developers, especially

in the CO; electrochemical conversion space, by placing novel technologies in the complete

supply chain. Typically, CO»-conversion products are evaluated as an alternative to conventional



processes of a specific product in a cradle-to-gate boundary (i.e., analysis is limited at the gate of
the manufacturing site, and the use phase is excluded from the study) [8], [14], [22]. For example,
chemicals and fuels from electrochemical CO; conversion are assessed in terms of potential GHG
emissions on a mass basis, such as 1 kg of produced methane, methanol, and syngas [14].
However, during the early stages of development, the freedom to make changes is higher [23],
and developers may face decisions regarding which product to prioritize and how to optimize the
technologies. In such cases, expanding the assessment boundary to encompass downstream
stages can offer valuable insights to support informed decision-making in research and
development (R&D). Furthermore, traditional LCA studies are usually not written to be accessible
to technology developers, relying on specialized jargon and data presentation, common within
the LCA research community but potentially less familiar to developers, such as tornado graphs.
In Chapter 2, we address this gap by expanding the boundary of the LCA study to include
downstream stages and three potential end-uses of COz-conversion products, exploring how
different end-uses influence potential GHG emissions. We also aim to provide a set of
recommendations to consider when making early decisions in the development process.
Ultimately, the goal includes encouraging technology developers to include LCA insights in the
decision-making process at the early stages of a technology. Importantly, our goal does not
include recommending a specific technology or pathway but using the analysis outcomes to draw
broader conclusions that can aid developers in thinking about the systems in which they envision

their technologies being deployed in the future and the potential effects on GHG emissions.

The employed LCA framework considers the inputs and outputs involved in providing a
particular product or service [24], with increasing attention being given to its application to CCT
[25], [26]. Typical studies delve into aspects such as functional units and allocation methods
assuming prior knowledge from the audience [7], [15], [27]. HoweVver, this approach may alienate

readers unfamiliar with the fundamentals and may result in dismissing the underlying assumptions



and lead to misconceptions related to numerical results. For example, CO2 conversion systems
with co-products may result in negative GHG estimates due to credits for CO; conversion and the
use of a specific method that attributes credits for displacing the production of co-products from
incumbent processes (i.e., substitution) [21]. Without proper explanation, readers may
misinterpret the results, assuming CO. removal where it may not be the case. Personal
communications with samples of the target audience (i.e., technology developers) have revealed
that the way alternative pathways or scenarios are presented may be overwhelming and
confusing to experts in other areas. In this context, an assessment considering a broader
boundary with adjustments to make the work accessible could help bridge the gap between

systems-level studies and R&D of electrochemical CO, conversion technologies.

1.2.2. LCA of novel technologies for lithium production and potential implications

for R&D of lithium-ion batteries

Chapter 3 expands the assessment of emerging technologies to include potential future
competitors, investigating how the proposed solutions may compare in the future and how the
assessment boundaries may affect comparisons. We use batteries for EVs as an example with a
current lithium-ion batteries incumbent [4] and an alternative sodium-ion technology that is starting
to be researched more intensively [28]. However, within the lithium-ion battery supply chain, novel
resources and processing technologies are being developed and deployed in the near term [11],

[29]. Therefore, the LCA of the emerging technologies can support decisions in this sector.

Lithium-ion batteries require metal precursors, with lithium (for lithium hydroxide or lithium
carbonate) posing a particular concern regarding supply and the associated geopolitical risks due
to the concentration of production in a single country [30]. China currently controls over 70% of
battery manufacturing and 50% of lithium production [10], with lithium refining as the perceived

main concern [10], [31]. To address these issues, legislation such as the Inflation Reduction Act



in the United States and the EU Critical Raw Materials Act aims at reconfiguring the supply chains,
reducing the dependency on foreign sources and stimulating regional and local supply [30].
Numerous commercial projects are targeting the production of lithium in North America for 2025
[11], [29], [32]. However, scarce studies investigate the potential environmental impacts of a

regional lithium supply chain [11], [12].

Novel lithium extraction and refining technologies differ from incumbent production in
several aspects. For instance, some methods involve the co-production of valuable streams, such
as electricity in the case of geothermal brine exploration via DLE. Traditional processes often
employ chemical conversion methods, employing soda ash and lime to form lithium hydroxide.
An emerging method proposes to electrochemically convert lithium chloride directly into lithium
hydroxide [33], which, unlike using soda ash and lime, is more dependent on the electricity source
used. Both aspects, co-products and types of inputs (e.g., chemicals versus electricity), influence
GHG emissions, but available studies typically focus on one case and do not discuss how different

choices influence results.

The inclusion of potential competitors may support development decisions by
understanding where each alternative may reach. One of the parameters typically researched is
the lifetime cycles a battery can withstand before its capacity falls below an acceptable range [4].
In this case, expanding the boundaries of the study may also give insights about the impact of
R&D, such as lifetime cycles, on GHG emissions, or provide another perspective regarding
comparisons between different technologies. However, most studies draw the boundaries until
the gate of the manufacturing facility in a cradle-to-gate study, excluding the end-use stage of the

batteries [35], [36].



1.2.3. Expanding the assessment to complement LCA in the broader context of

fuel production in the aviation sector

In Chapter 4, additional metrics and feedstocks are employed in the assessment of
emerging technologies for a sector that is harder to decarbonize. As research focuses on low-
carbon solutions for mobility, batteries emerged as a solution for automotive light-duty vehicles.
However, the weight of batteries and recharge needs are still challenging for heavy-duty
applications such as aviation and marine transport, where liquid fuels are expected to be needed
in the near future [16], [37]. The most studied drop-in fuels are based on biomass [17], [18], which
has examples of mature pathways such as diesel from soy and ethanol from corn [38], [39].
Conversely, CO;-based fuels (e.g., via electrochemical CO, conversion) are starting to be
explored [16], [19], [20]. However, drop-in fuels from biomass and CO- are studied separately,
making it difficult to draw conclusions based on a consistent set of assumptions or explore
conditions under which each production pathway can result in lower GHG emissions.
Nomenclature further complicates matters, with authors [16] referring to drop-in fuels from both
biomass and CO; as sustainable aviation fuels (SAF), while the International Civil Aviation
Organization (ICAO) [40] distinguishes between SAF produced from biomass and lower carbon
aviation fuels (LCAF), which encompass drop-in fuels from captured CO- [40]. CO; from direct air
capture (DAC) is considered by ICAO as waste and included in the SAF category. However, for
clarity in distinguishing between the two, we refer to SAF as biomass-based fuels and LCAF as

CO;-based fuels.

In addition to SAF and LCAF studied separately, the LCA method is assumed to be static.
For instance, the influence of biogenic carbon research [41] on the results for SAF from
lignocellulosic biomass is often disregarded. Similarly, for LCAF, full credits for CO, conversion
(i.e., all CO, converted can be subtracted from the resulting GHG estimates) are typically

assumed [14], [20] irrespective of the CO, source. Both topics are being increasingly researched



[25], [26], may be included in regulations [42], [43], and may influence the GHG estimates,

possibly influencing decisions.

LCA and cost assessments can be conducted together for novel technologies [19], [26],
although separated assessments of each metric are also commonly seen [9], [17], [39], [44], [45].
In these studies, feedstocks and resource availability are often assumed [16], [46], overlooking
the increasingly constrained and challenging supply chains [47], which can impact production
costs and GHG emissions as well. In this context, the criticality framework has been incorporated
into strategic decisions [48], [49], particularly for minerals and metals. There have been attempts
to integrate LCA and the criticality concepts [50], but there are questions regarding the extent and
need to create an impact category in the LCA framework considering potential supply risks [51],
[52], [53]. An alternative approach is to include the criticality assessment in the LCA and cost
studies, similar to what has been proposed for social LCA [54]. However, the vast majority of the
incipient criticality studies focus on metals and minerals, and only a few attempts to adapt the
framework for biomaterials have been made [55], [56]. Therefore, by expanding the set of
potential production pathways (SAF and LCAF), metrics (potential GHG emissions, production
costs, and supply risks), and including the potential influence of novel research topics in the LCA

community can support more informed decisions in the aviation sector.

1.3. Organization of the thesis

This thesis comprises five main chapters: Introduction, three research chapters, and

Conclusion.

Chapter 2 explores the application of LCA to emerging electrochemical CO, conversion
technologies to support early development decisions by including end-uses in the boundary. Both
content and format are tailored to facilitate communication with technology developers, a gap

often overlooked in the literature. This chapter includes several example strategies involving



electrochemical units being researched, aiming to derive a set of general recommendations for
developers to consider when targeting GHG emissions reduction. This chapter has been

published in the Green Chemistry journal as a full paper, with the citation provided below.

Nishikawa E, Islam S, Sleep S, Birss V, Bergerson J. Guiding research in electrochemical CO-
conversion strategies through a systems-level perspective. Green Chem 2023, 25, 229-244. DOI:

10.1039/D2GCO01466A.

In this chapter, | delineated the direction and goals with the support of Dr. Joule Bergerson
and Dr. Viola Birss. Previous work from Dr. Islam on the initial mathematical framework for the
GHG estimates of electrochemical CO, conversion served as the basis for the analysis, which
was expanded and reframed to include low-temperature electrolysis, different end-uses for CO»-
based products, and to support early decisions in the development process. An estimate for the
cost component and potential trade-offs with GHG emissions was also included. Dr. Sylvia Sleep
provided valuable feedback and guidance based on her experience in communicating with
developers of CO; conversion technologies. All authors contributed to the interpretation of the

results. | prepared the manuscript, which was critically revised and approved by all co-authors.

Chapter 3 further expands the scope to include novel pathways of production and a
potential future competitor. In this chapter, we explore technologies at a later development stage
as compared to Chapter 2, such as electrochemical lithium refining, but also consider potential
development of sodium-ion batteries as competitors for lithium-ion batteries. The additional
insights obtained from including the battery use phase, usually excluded from LCA studies, are
also discussed in the context of technology development. This chapter is ready for submission to

the Resources Conservation and Recycling journal.

Chapter 4 transitions from development to deployment and associated decisions

regarding emerging technologies, which is also expanded to include other CO> conversion and



biomass processing technologies. Here, we focus on one product, drop-in aviation fuel, to provide
a different perspective since in Chapter 2 we focused on electrochemical technologies and
considered different products and end-uses. An iterative framework is adapted to support a
comprehensive assessment including metrics such as GHG emissions, production costs, and
supply risks. This chapter is ready for submission to the Environmental Science & Technology

journal.

Working with technology developers has provided several valuable learnings. First, when
presenting the system boundary, it is essential to avoid including excessive pathways and to
clearly label each alternative. This clarity helps prevent confusion and ensures that developers
can easily follow the assessment. Additionally, it is crucial to use accessible language and avoid
very specific jargon. For instance, instead of simply referring to a "functional unit," it is helpful to
explain what it means or use a synonym to ensure understanding. When presenting results, it is
important to recognize that some visuals common in the LCA community, such as tornado charts,
may not be immediately accessible to technology developers. Providing a brief explanation of
their main components and how to interpret them can make these tools more understandable.
Furthermore, it is beneficial to emphasize that the estimates presented are not definitive; they
represent a snapshot in time and may change as R&D activities progress. Highlighting the
importance of conducting contribution, sensitivity, and scenario analyses can show the dynamic
nature of LCA results and the ongoing value of these analyses in adapting to new data and

insights.

1.4. Other research outputs and training opportunities

As part of my training process in the PhD program, | engaged in diverse research activities

and collaborated with other research institutions.

10



Chapter 2 topic is being expanded to explore material selection decisions involved with
four catalyst for CO2, conversion developed in a collaborative project led by Dr. Birss at the
University of Calgary including researchers from the University of Alberta in a strategic project
funded by Alberta Innovates. | supported the supervision of two research interns (Raahem Sheikh
and Abdallah El Gendy) who investigated the scaling-up of catalyst production and life cycle
inventory estimation. | also presented the preliminary results at the 2022 Canadian Chemical

Engineering Conference.

The research conducted in the project “Life Cycle Assessment of Carbon Conversion and
Utilization Technologies,” in collaboration with the University of Alberta and the University of
Toronto, was the basis for developing an open-source tool in the form of an Excel spreadsheet.
The Excel tool covers CO; conversion pathways investigated by other researchers in addition to
the electrochemical pathway, which is more aligned with my thesis. | worked closely with the
researchers to refine the format (e.g., layout and mechanics) and content (e.g., data and modeling
information), implementing and addressing the feedback received. The tool is accessible at:
<https://github.com/LCAofCCU-UCalgary/LCA-Estimate-Model-for-CCU-Spreadsheet>. Positive
comments from academic and business fields acknowledged the simplicity of the visualization

and the comprehensiveness of available pathways.

Additionally, | participated in assessments related to federal funding and competition
projects, such as the Materials for Clean Fuels Challenge Program (MCF, with the National
Research Council of Canada) and the NRG COSIA Carbon XPRIZE competition (with Canada’s
Oil Sands Innovation Alliance and NRG Energy). During the assessment of the bicarbonate
electrolysis project, led by Dr. Farid Bansebaa and the team at NRC as part of the MCF program,
| participated in discussions about the modeling process and provided feedback on the analysis
and manuscript draft. This collaboration resulted in co-authoring a peer-reviewed paper (M.

Kannangara, J. Shadbahr, M. Vasudev, J. Yang, L. Zhang, F. Bensebaa, E. Lees, G. Simpson,
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C. Berlinguette, J. Cai, E. Nishikawa, S. McCoy, H. MacLean, J. Bergerson. A standardized
methodology for economic and carbon footprint assessment of CO. to transport fuels:
Comparison of novel bicarbonate electrolysis with competing pathways. Applied Energy 2022,
325, 119897. DOI: 10.1016/j.apenergy.2022.119897). | also contributed to the assessment of the
teams participating in the Carbon XPRIZE competition, particularly those related to the catalytic
CO; conversion pathways. Leveraging my experience with electrochemical CCTs in the first
research chapter and the spreadsheet tool, | assisted with the background system and manuscript
revision (S. Sleep, R. Munjal, M. Leitch, M. Extavour, A. Gaona, S. Ahmad, E. Nishikawa, V. Pitre,
P. Psarras, A. Ramirez, H. L. MacLean, J. A. Bergerson. Carbon footprinting of carbon capture
and -utilization technologies: discussion of the analysis of Carbon XPRIZE competition team
finalists. Clean Energy 2021, 5 (4), 587-599. DOI: 10.1093/ce/zkab039) as well. While my
contributions were more supplementary, they played a valuable role in the overall output and

provided me with constructive cross-institutional collaborative experiences.

Furthermore, | honed my presentation skills through participation in conferences, both in-
person and virtual due to pandemic restrictions, such as the Canadian Chemical Engineering
Conference, International Symposium on Sustainable Systems, American Center of Life Cycle
Assessment, and Suncor Academic Forum. | also co-presented with Dr. Bergerson the Life Cycle
and Techno-Economic Analysis Workshop, part of the CREATE ME? program, and participated
in the 2021 Three Minute Thesis competition for the NSERC CREATE ME? Materials for
Electrochemical Energy Solutions, winning the People’'s Choice Prize. Additionally, | co-
conducted tutorials on the use of LCA software and databases as a teaching assistant for

graduate and undergraduate LCA courses at the University of Calgary.
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2. Guiding research in electrochemical CO, conversion strategies through a systems-

level perspective

2.1. Introduction

A portfolio of technology solutions will be necessary to keep greenhouse gas (GHG)
emissions within limits such as those agreed to in the Paris Agreement [2]. Among them, new
ways to produce fuels are being developed, such as carbon conversion technologies (CCTs),
which aim to use captured CO, as a raw material for manufacturing valuable products. The
production of cement [6], polymers [7], and fuels from CO. [8], as examples, is receiving
increasing attention in academic and industrial sectors. Electrolysis is a potentially powerful tool
for low-carbon fuels and chemicals production. However, aspects such as the supply chain
environmental impacts and potential trade-offs between environmental and economic
performance have not been holistically assessed to date. This is needed to make better decisions

about technology investment and development.

Life cycle assessment (LCA) is a tool that is used to evaluate the environmental impacts
of a product, process, or service [24]. The inputs and outputs (i.e., materials and energy) involved
in providing the product, process, or service are identified and linked to potential environmental
impacts. LCA guidelines can be found in ISO (International Organization for Standardization)
standards ISO 14040 and ISO 14044 [57], [58]. LCA studies have mainly been written and used
to inform funding [13], [59] and policy [60] decisions, and environmental labeling [61], rather than
to inform technology developers. LCAs tend not to be accessible or directly applicable to the
decisions made by researchers as they conceptualize and develop a technology at early stages
(e.g., lab-scale experiments). However, at this point, the freedom to make changes (and therefore

reduce costs and environmental impacts) is highest [23].
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One way to make LCA results more relevant and helpful in informing early-stage
technology development is to integrate LCA with techno-economic assessments (TEAS) to
evaluate potential linkages or trade-offs between environmental impacts and economic
performance. There has been some recent literature [15], [25], [26], [62], [63], [64] exploring this
area, but it has not been focused on early-stage technologies and their particular challenges, such
as lack of data. The technologies considered are mostly at a commercial or mature stage [64]. In
addition, the life cycle GHG emissions of equipment manufacturing are sometimes neglected,
even though in TEA equipment is considered [62]. An integrated framework proposed by
Thomassen et al. [65] was applied to diesel production as a case study to evaluate the system,
including environmental and techno-economic aspects. The framework provides a helpful
operational example of the integration, but it does not explore the influence of LCA methodological
choices (e.g., allocation or how input CO, is credited) or capital costs, relevant aspects for

emerging technologies.

In LCA terminology, the boundaries delimit the system to be analyzed and may influence
the results since they determine which phases/processes will be included or excluded from the
study [66]. For instance, it is possible to study the life cycle of a product from raw material
extraction until its end-of-life in a cradle-to-grave study. Alternatively, the use and end-of-life
phases are not considered, and the system is drawn until the “gate” of the factory, called a cradle-
to-gate study. In the CCTs field, cradle-to-gate studies are most common and are generally
sufficient for comparing different production processes of the same product with the same use
and end-of-life phases. However, when there are different potential uses and technology
developers seeking to understand the role that their technology could play in different markets,
this approach becomes inadequate, and information about the full system or supply chain

(including the use phase) is then needed. Additionally, only cradle-to-grave analyses allow
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assessing whether the CCT can result in negative emissions [25]. Therefore, this systems-level

perspective may offer insights that a cradle-to-gate analysis may not provide.

Different approaches have been developed for CO, conversion, such as photocatalysis,
non-thermal plasma, and electrochemical conversion. Photocatalysis for CO, conversion uses
low-GHG intensity solar energy but suffers from low efficiency and poor selectivity [67]. Non-
thermal plasma is performed in the plasma state of matter (the fourth state) using electrons with
high energy. This approach does not use rare materials and allows rapid system response to
fluctuating feed (shut-down/start-up), but energy efficiency and CO- conversion still cannot be
maximized concurrently [67], [68]. In electrochemical conversion, selectivity and kinetics can be
challenges, depending on the type of electrolyzer used and the desired product [67], [68].
However, this approach can provide electricity storage in the form of fuels and chemicals
produced from CO,, especially considering the need for large scale renewable energy storage

technologies.

This study provides a bridge between LCA methods and various electrolysis pathways
with the aim of informing decisions at early stages of development. For this purpose, this work is
focused on Solid Oxide Electrolyzer Cells (SOECs) and Polymer Electrolyte Membrane
Electrolyzer Cells (PEMECSs) as examples of emerging CCTs, which are considered less mature
technologies and therefore offer an opportunity for LCA/TEA to help inform design decisions. In
terms of CO, conversion strategies, two pathways [68] are considered in this study:
electrochemical (only) and a hybrid pathway of electrochemical and thermochemical units, as

illustrated in Table 2-1 and Figure 2-1.
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Table 2-1: Pathways, electrolyzers, characteristics, and reactions involved in each CO> conversion strategy in this study.

Pathway Electrolyzer Characteristics Reactions (electrolyzer) Reactions (thermochemical units) | Casesin Fig. 1
-Not commercialized [69], [70] Methanation al
-Temperature: 650-1000°C [71] CO + 3H; - CH4 + H,O (CH )
-Low-cost catalysts [71] (7 [74] 4
- Excellent kinetics at elevated i 5.
temperatures thus lower potentials needed H:0 + 2e_ - H+0 2 Catalytic conversion
SOEC CO;+2e -~ CO+0O a.2
Co-electrolysis [72] 0% . 10, + 2¢° CO + 2Hz ~ CHsOH (CH30OH)
-At thermoneutral voltage, no additional 2 ®)[7] 8
: ) [73]
heat necessary (heat generated via Joule
effect is sufficient) [72] Fischer-Tropsch a3
-Co-electrolysis mode [72] gives tunable nCO + 2nH; - (-CHy-), + nHO (biesel)
syngas production (9) [75]
Electrochemical
. SOEC
(CO:is SOEC CO; +2e” - CO + 0%
electrolyzed) SOEC -Early commerecialization [72] 0% - %0, +2¢
CO,to CO (The other points for SOECs co-electrolysis | (2) [79] ad
apply) c
AEC ( H4)
AEC AEC CO + 5H,0 + 6e” - CH4 + 60H" N/A
CO to products | -Not commercialized [76] 60H" - 3/2 O, + 6e” + 3H,0 a5
-Temperature: Ambient [77] (3) [80] (éH OH)
-Flow cell configuration in this study N
(in tandem) -CO reduction in flow cells is still in its CO + 4H,0 +4e" - CH3;OH + 40H"
infancy [78] 40H" - O, + 4e + 2H,0
(4) [80]
b.1
Sabatier reaction (CH.)
SOEC -Early commercialization (kW scale) 2H,0 + 4e" - 2H, + 20? 4H; + CO; — CHa + 2H,0 b.o
Hybrid | (The other points for SOEC co-electrolysis | 20% - O, + 4e’ 10 [7] CH-OH
Y H,O electrolysis (CHs0H)
apply) (5) [76] . .
(H:0 is Catalytic conversion b.3
3H, + CO, —» CH3OH + H,0O :
electrolyzed to (112) 7] 2 N z (Diesel)
produce Hy; CO; b
and H, are . :

] Reverse water-gas shift[68] CH
converted in a -Early commercialization (MW scale) H, + CO, — CO + H,0 (CHy)
thermochemical PEMEC -Temperature: 50-80°C [71] 2H* +2e" - H, b5
unit) H.0 electrolvsis | Costly catalysts (OER is a problem) H,O - 2H" + 1% O, +2¢° Fischer-Tropsch (CH;OH)

2 Y -Higher cell voltages required due to OER (6) [76] NCO + 2nH, — (-CHz-), + NH,0
kinetic limitations [81] (9) [75] b.6
(Diesel)

*In each pathway, the intermediate products (fuels) are marked in bold. OER

: oxygen evolution reaction.
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Figure 2-1: System boundary and key material flows of CO;,-based fuels production via (a)
electrochemical and (b) hybrid pathways. Boxes are labeled on the left side with the different
combinations of processes and products. The blue dashed lines linking the upstream and
midstream to the downstream phases indicate the potential uses for each fuel. Units where CO»
is converted are shown in gray. SOEC-Co: SOEC co-electrolysis, SOEC-AEC-flow: tandem
electrochemical CO; conversion in SOEC followed by AEC, SOEC-W: water electrolysis in an
SOEC followed by CO-, hydrogenation, PEMEC-W: water electrolysis in a PEMEC followed by
CO; hydrogenation. rWGS: reverse water gas shift, F-T: Fischer-Tropsch.
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In the electrochemical pathway, CO: is electrochemically converted without the need for
H», as achieved by co-electrolysis of CO, and H,O in SOECs (high-temperature electrolysis), or
conversion is carried out in a CO».-CO-product tandem configuration [82] (CO; is converted to CO
in a high-temperature SOEC, followed by CO conversion to products in an AEC during low-
temperature electrolysis). In the hybrid pathway, H. from water electrolysis (in an SOEC or
PEMEC) is used as an intermediate, followed by a thermochemical process (e.g., Sabatier
reaction) for CO, hydrogenation. Table 2-1 also shows the cases presented in Figure 2-1 related

to each strategy.

2.1.1. Past assessments of electrochemical processes

Several products may be generated using CO, as a feedstock together with
electrochemical and/or thermochemical processes (see Table 2-1), including methane [7],
methanol [7], polyoxymethylene [27], polypropylene [27], and diesel [8], [22]. The hybrid pathway
is the most mature and well-studied in LCA [7], [8], with several demonstration projects under
development [83], [84]. Thus, for CCTs, both CO; electrolysis (electrochemical pathway) and
water electrolysis (hybrid pathway) are of interest (reactions 1-2 and 5-6, Table 2-1) and are

included as potential pathways.

Past LCA studies of fuels production via electrolysis have concluded that the intensity of
electricity is the biggest driver of GHG emissions from electrochemical processes [85], [86], [87].
Wind, hydroelectricity, and solar photovoltaics for electricity generation are attractive sources due
to low-GHG intensity [87]. Furthermore, coupling electrolysis with surplus renewable electricity

may considerably reduce impacts compared to traditional production processes [88], [89].

In terms of economics, several studies have assessed the costs associated with
electrochemical processes. Some of the critical parameters are electricity input and capital costs,

and external factors such as local regulations [90]. The lifetime of stacks and electricity prices are
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also relevant [15]. However, in terms of GHG emissions, stack lifetime was not an influential factor

[15], suggesting that the key factors may differ for environmental and economic performance.

2.1.2. LCA and R&D process

In LCA studies, it is common to define a scenario representing a specific technology
configuration, such as an electrolyzer with average or typical performance and specifications.
From these “base case” results, further analysis may be performed. For example, a contribution
analysis can be conducted to identify the main drivers of impacts. A sensitivity analysis [66] that
tests the influence of base case assumptions on results is also common. However, LCA studies
directed to the R&D process are scarce, and many discuss the product design phase broadly [91],
[92] or explain a theoretical framework with specific application examples [93], [94]. In these
studies, a specific base case is defined, and the conclusions are valid for that system, making it
difficult to generalize the insights beyond the base case so that technology developers can apply

these insights to their processes.

As examples of LCA applied to electrochemical processes, Griffiths et al. [95], Sharma et
al. [96], and Nabil et al. [14] employed LCA to guide R&D. The synthesis of a material with superior
characteristics or with higher conversion efficiency may not result in lower GHG emissions if the
synthesis process is more complex, requires more energy, or if more reagents with high embodied
GHG emissions (e.g., palladium’s upstream GHG emissions due to extraction and processing)

are needed [95], [96].

Nabil et al. [14] conducted a cradle-to-gate investigation of strategies for CO, conversion,
including a tandem [82] approach: electrolyze CO, to CO (in a SOEC) followed by the conversion
of CO to products in an alkaline electrolyzer flow cell (AEC-flow). This strategy resulted in lower
impacts due to lower energy demand (overall lower cell potential and higher selectivity) [14], [82]

compared to other strategies. Separation, especially of liquid products, is an important driver of
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impacts due to the low concentration of products obtained from the electrolyzer. These studies
evaluated electrochemical processes but did not include the use phase (i.e., cradle-to-gate).
However, when processes are flexible and different products and uses are possible, cradle-to-

gate studies should be expanded to include the use phase (i.e., cradle-to-grave).

Factors not related to the performance of electrochemical processes (e.g., sources of
feedstock or energy) may play an essential role in the overall environmental impacts but may not
be easily identified. This work aims to study the impacts of upstream and downstream choices in

systems that involve electrochemical processes, helping to prioritize research areas.

We aim to answer the following research questions:

(1) Do different uses of products (e.g., methane, syngas) generated from CO; conversion
involving electrolysis (i.e., electrochemical or hybrid pathways) affect the life cycle GHG

emissions?

(2) Which factors, if any, drive differences in GHG emissions across the proposed pathways?

(3) What parameters affect the GHG emissions and cost of products? Are there trade-offs?

(4) Are there specific aspects of different strategies (e.g., SOEC co-electrolysis or tandem CO; to

CO to products) that may be an advantage or disadvantage in terms of GHG emissions?

The answers to the above questions are used to generate a set of recommendations that
can help technology developers to consider electrochemical processes from a broader

perspective.

A cradle-to-grave LCA is conducted for methane, methanol, and diesel production from
CO; when produced using different strategies, which may be classified in two pathways (i.e.,

electrochemical-only and hybrid). The strategies are summarized in Table 2-1.
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Three potential uses for the chemicals are considered (polymer production, transportation,
and power generation), and an integrated LCA and TEA is performed for diesel production. Given
the effort to achieve climate targets and the potential role that electrochemical processes may
play in this context, this paper focuses on GHG emissions. However, other impacts, such as
acidification and water consumption, can and should be included for a more comprehensive
investigation of environmental impacts. In this study, other impacts are qualitatively discussed in
Section A5 in the appendix. Caution is advised when analyzing the results since the technologies
in this study are at different maturity levels, resulting in different levels of uncertainty, which is

beyond the scope of this study.

2.2. Material and methods

The goal of this study is to provide technology developers with insights and
recommendations using LCA as a tool that can be generalized and applied to the R&D process.
As LCA studies are rarely written for technology developers, we also provide clarifications about
methodological choices in worked examples to help the audience visualize major aspects that
influence a reported GHG emissions estimate. The results of this study are not intended to be
used as definitive and assertive identification of the lower impact pathways, which would be
difficult given the maturity level of the considered technologies. Instead, the characteristics and
differences across strategies (e.g., liquid/gaseous products, tunability) are identified and used to

recommend potential improvements for development.

The functional units considered are described in Section 2.2.2. Flows of GHG emissions
are the focus of the study (for details, see Sections Al.a - Al.c the appendix), and the
characterization factors (i.e., the global warming potential of the various GHGs in relation to the
reference CO) are defined by the IPCC 6th assessment for 100 years [97]. We also focus on the

operations phase of the life cycle, as the operation is often responsible for most impacts especially
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in processes that have high energy demands (including non-spontaneous processes such as
electrolysis). Therefore, we model material and energy flows for CO. conversion in more detail,
which allows exploring potential associated impacts and effects of CO, conversion process

improvements.

The pathways, electrolyzers, intermediate products, and general characteristics are
shown in Table 2-1. The last column in Table 2-1 also references the respective cases in Figure

2-1, which shows the flow diagram of each case.

Figure 2-1 presents the system boundaries of COz-based fuels production via
electrochemical (Figure 2-1a) and hybrid (electrochemical + thermochemical) (Figure 2-1b)
pathways, as well as main flows. Each combination of process and product is labeled between
parentheses in front of the respective box, e.g., (a.1) for methane produced from SOEC-Co,
where “Co” infers the co-electrolysis of CO, and water in the same SOEC. Each pathway is

explained in detail in Section 2.2.1.

Three potential uses (polymer production, transportation, and power generation) of the
CO;-based fuels are evaluated to put the electrochemical technologies in context and help

technology developers envision the impacts of future use.

General assumptions are made to ensure a consistent analysis and are detailed in Section

224,

Previous studies that provide a detailed inventory and are preferably based on process
simulations were selected to build the model. This requirement is especially relevant for less
mature technologies, given that simulations are useful to estimate their performance more
accurately than laboratory estimations or use of proxies [13], by including aspects such as heat

integration and equipment scale-up. As a note, there is active research in the LCA field regarding
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scale-up methods and ensuring fair comparisons across technologies at different maturity levels

[13].

The base case LCA method to handle multi-product systems is system expansion via
substitution [98]. Allocation methods are tested in the sensitivity analysis (Section 2.2.3). Some
data for the background system (supporting activities) may also employ allocation, noted in

Section Al in the appendix.

2.2.1. Description of the system

This section describes the systems, technologies, uses, incumbent processes

(conventional way to produce a product or service), assumptions, and metrics.

For the electrochemical pathway, SOECs operated in the CO2/H,O co-electrolysis mode
are labeled as SOEC-Co, generating syngas that is further processed into fuels. It is also possible
to electrochemically convert CO; in tandem (CO- to CO in the SOEC and CO to products in an

AEC in a flow configuration) [14], identified as SOEC-AEC-flow.

The hybrid pathway involves water electrolysis and thermochemical units (Sabatier
reaction for methane [7], or reverse water gas shift, rwWGS, followed by Fischer-Tropsch, F-T, for
diesel) [22]. In this case, water electrolysis is performed by high-temperature electrolysis in a
SOEC (which we identified as SOEC-W) or during low-temperature electrolysis in a PEMEC

(PEMEC-W).

2.2.1.1. Electrochemical only pathway SOEC-Co: cases a.1-a.3, SOEC-AEC-

flow: cases 1.4-a.5)

The first three cases in Figure 2-1a (cases a.1-a.3) refer to co-electrolysis processes in a
single SOEC unit to produce CO+H, (reaction 1, Table 2-1), followed by subsequent

thermochemical units to produce methane, methanol, and diesel (reactions 7-9, Table 2-1). Cases
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a.4 and a.5 (Figure 2-1a) refer to electrochemical CO; conversion in CO2-CO-product tandems,
in which CO; is converted to CO in an SOEC (reaction 2, Table 2-1), and the CO is converted to

products in an AEC-flow system (reactions 3-4, Table 2-1).

In the co-electrolysis processes (SOEC-Co, cases a.l1l-a.3), H,O and CO; are fed in the
desired ratio and co-electrolyzed to produce syngas. The reference study [73] considered a
scaled-up process to produce syngas at H,:CO molar ratio of 2:1 [73] (for methane, extra H is
necessary to adjust the ratio to 3:1 [7] and is assumed to be provided by SOEC water electrolysis).
The syngas can be converted to methane, methanol, or F-T diesel in thermochemical units. As in
all electrolysis processes discussed here, oxygen is generated as a co-product, and in F-T diesel

production, LPG (liquefied petroleum gas), gasoline, wax, and steam are also generated.

Purification of the gaseous stream is assumed to be done by pressure swing adsorption
[14], [99]. The separation of gaseous streams is a minor contributor to GHG emissions [14]

(assumption tested in the sensitivity analysis).

It is assumed that the energy demand for methane and methanol production [7] from CO
and CO; are equivalent (assumption tested in the sensitivity analysis). In diesel production [100],
[101], the fuel gas leaving the F-T unit is used for electricity generation [100], which offsets part

of the electrolyzer’s energy consumption. For details, see Section Al.a in the appendix.

Cases a.4-a.5 (SOEC-AEC-flow) involving low-temperature CO; conversion in aqueous
systems [14] consider a combination of a high-temperature SOEC for CO production from CO;
and a low-temperature AEC. The reference study [14] assumed optimistic performance, such as
90% selectivity towards methane and methanol (90% Faradaic efficiency), and H. as the only
cathodic by-product (along with oxygen from the anode, with oxygen also generated in the
SOEC). A range of by-products is expected [102], but the favorable assumptions were selected

to verify if electrochemical CO- conversion, as defined, can be competitive [14]. Data about the
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core processes (electrolysis and separation) is used, and the remaining parts of the system (CO:
capture process, energy, and other utilities production, and use phase) are adjusted to align with

the boundaries of our study.

We calculate the net GHG emissions resulting from the use of CO-based fuels in the uses
listed in Table 2-2. Net GHG emissions are the summation of all GHG sources in the system: CO»
captured, energy consumption during electrolysis and production process, CO, converted, COzeq

avoided by co-products, and fuel use.

2.2.1.2. Hybrid pathway (SOEC-W: cases b.1-b.3, PEMEC-W: cases b.4-b.6)

CO;-based fuels production via water electrolysis in a hybrid (electrochemical and

thermochemical) pathway is presented in Figure 2-1b.

Water is electrolyzed in either an SOEC (reaction 5, Table 2-1; cases b.1-b.3, Figure 2-
1b) or a PEMEC (reaction 6, Table 2-1; cases b.4-b.6, Figure 2-1b) to produce Hz, which reacts
with CO; in a subsequent thermochemical unit, generating methane, methanol, and F-T diesel
(reactions 9-11, Table 2-1). For F-T diesel, CO; is converted to CO using an rWGS reaction to
produce CO [8]. Additional H> from the electrolyzer is blended with the product of rWGS to
produce syngas with a H»:CO molar ratio of 2:1 [22]. Oxygen is produced during water electrolysis

as a co-product, as well as LPG, gasoline, wax, and steam in F-T diesel production.

The energy demands associated with using SOEC and PEMEC for water electrolysis are
taken as 46 [76], [103] and 54 kWh/kg H: [7], [76], respectively, and additional information about
steam demand and oxygen production is taken from Zhang et al. [104] Water electrolysis using

the SOEC and PEMEC are referred to as SOEC-W and PEMEC-W, respectively.

The same CO, conversion units as those described in Section 2.2.1.1 are employed. For

details, see Section Al.b in the appendix.
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2.2.1.3. Uses and incumbents

Three uses for the CO»-based fuels are considered: polymer production, transportation,

and power generation.

For polymer production, methane is used to produce polyoxymethylene (POM) and
methanol is used to produce polypropylene (PP), which are processed by injection molding [27].
In the base case, polymers are considered to have a lifetime sufficient to maintain CO:
sequestration. Two alternative end-of-life treatments are considered in the sensitivity analysis
(see Section 2.2.3.1): recycling followed by incineration and direct incineration [27]. The
incumbent process (conventional way to produce a product or service) for polymer production is
the same but uses fossil feedstocks instead of CO»-based chemicals. For POM, additional

information is provided in Section Al.c.i in the appendix.

For transportation, fuels are assumed to be used in medium-size passenger cars [105],
[106]. The incumbent is assumed to be a gasoline-fueled vehicle complying with Euro 5 standard
[105]. For power generation, methane and methanol are used as the input to the solid oxide fuel
cells (SOFC), generating heat and power [107]. Diesel is consumed in a heat and power

cogeneration unit [106], and the incumbent is a natural gas combined cycle plant [108].

Regarding co-products, gasoline and LPG incumbents are assumed to be from fossil
sources, and oxygen from cryogenic air separation. For details, see sections Al.c and Al.d in the

appendix.

Multiple incumbents and competitors may exist. The incumbent may be different in

different contexts, and future work should consider this aspect.

We focused on three end uses, but technology developers may also consider other uses

for the intermediate products. For instance, methane is an important and potent GHG if released
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at any point in the supply chain. Methane can also be used for a variety of purposes such as

heating [86] or substrate for bioproducts [109].

2.2.2. Metrics of evaluation of life cycle GHG emissions and functional units

A functional unit describes the function or service that the process under study intends to
fulfill [66]. Each use has a different functional unit. For polymer production, the functional unit is
one kg of polymer (POM or PP) produced and used. For transportation, the functional unit is one
passenger-kilometer (or pkm), which represents the transportation of one passenger for one
kilometer [110]. For power generation, the functional unit is the generation of 1 kWh of electricity.
Table 2-2 summarizes the CO;-based fuels and their uses, and metrics to support understanding

results. Note that polymer production has two units, and diesel is not considered in all end uses.

Net GHG emissions, in CO; equivalents, represent the global warming impact indicator,
guantifying the potential impact that a process, product, or service could contribute to increasing

global temperatures.

Table 2-2: CO»-based fuels and their uses considered in this study, as well as the metrics used
for the quantification of impacts to climate.

Use CO,-based fuels Metrics

Polymer production Methane (for POM? production) kg CO2eq/kg POM
Methanol (for PP® production) kg CO.eq/kg PP

Transportation Methane kg CO.eq/pkm
Methanol
Diesel

Power generation Methane kg CO2eq/kWh
Methanol
Diesel

2POM: polyoxymethylene
®PP: polypropylene

Net GHG emissions are organized into two sets of metrics in this study: the first set is

related to the use of CO»-based fuels and is described in the paragraph above.
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The second set of metrics focuses on evaluating CCT alternatives consistently, regardless
of the use or the product generated, and identifying potential benefits of CCT alternatives
compared to incumbent processes. This set of metrics includes kg COzeq emitted per kg COzeq
converted, avoided emissions in kg CO.eq avoided/kg of polymer (for polymer production, for
example), and global emissions reduction potential in Gt CO.eqg/year. Avoided emissions
compare the GHG emissions from CCTs with incumbent technologies, while the global reduction
potential incorporates the market size to understand the potential to reduce emissions according

to different uses and markets. For details, see Section A3.d in the appendix.

2.2.3. Sensitivity analyses

In LCA studies, sensitivity analyses are useful tools to evaluate the effect that assumptions
or decisions made have on results. They are also helpful for identifying the most influential
parameters (e.g., electricity source) on the calculated metrics (e.g., net GHG emissions).
Therefore, we employ sensitivity analyses to understand which decisions and parameters are
most influential, supporting the generation of a set of recommendations that may be considered
during R&D. Two sensitivity analyses are performed: one to evaluate the assumptions (for the
CO;-based polymer production) and another to identify the most influential parameters in diesel
production. The greater the sensitivity (e.g., the wider the bar in Figure 2-5), the more influential

that parameter is on the outcome of that analysis.

2.2.3.1. Sensitivity analysis to test assumptions

CO;-based polymer production was selected for this sensitivity analysis because it
facilitates testing assumptions made for other end uses (e.g., electricity source, allocation) in
addition to the end-of-life treatment. The base case is CO»-based polymer production by SOEC-
W water electrolysis (cases b.1-b.2, Figure 2-1) with natural gas-based energy inputs. The tested

parameters include the electricity source (renewable and coal-based), allocation method (no
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allocation and mass allocation), credits for CO; used (full credit and no credit, see Section 2.2.4),
electrolyzer energy demand, CO- sources (DAC, direct air capture, powered by low-carbon and
natural gas energy), methanol synthesis energy demand for PP, and end-of-life treatment
(incineration and recycling with incineration). Polymer produced in the recycling process is
assumed to be burden-free [27], and a total of three recycling cycles (four uses) are assumed,

with all polymer incinerated after the useful life. For details, see Section Al.c.i in the appendix.

Sensitivity to methanol synthesis energy demand was tested by varying the input by £50%
and evaluating the influence on final impacts. The same procedure was used to evaluate the

sensitivity to energy demand for separation in the SOEC-Co case.

2.2.3.2.  Sensitivity analysis for influential parameters

For diesel production, an integrated [65] environmental and a simplified economic
sensitivity analysis is conducted. The work of Okeke et al. [100], Okeke and Mani , Van Der
Giesen et al. [8], and Zhang et al. [104] were used as the basis for the process, and the factors
listed in Table A-9 (in the appendix) were varied to identify the most influential factors and potential
trade-offs. The lower and higher values represent the best and worst cases of each parameter.
Electricity and CO; source are based on the low-carbon, natural gas, and high-carbon scenarios
(see Section 2.2.4). For the degradation rate, a wider range of values than reported for SOFCs
was assumed (0.1% to 2.0%) since SOECs are a less mature technology [73], [111], [112]. The
base case LCA method to handle multi-product systems is system expansion via substitution [98],
but other methods are available and discussed in detail in Section A5 in the appendix. For the
sensitivity analysis, two extreme cases are considered: no allocation (which attributes all GHG
emissions to diesel, ignoring co-products) and mass allocation (which attributes GHG emissions

to each co-product according to the relative mass of each product, reducing GHG emissions
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attributed to diesel). Ranges for the other parameters are based on the low and high values found

in the literature. For details, see Section A3 in the appendix.

2.2.4. General assumptions

General assumptions are made to harmonize the boundaries of the system, ensuring a
consistent analysis across reference studies and data sources. First, the CO, capture unit is
assumed to deliver a CO; stream with the required purity in all cases. Processes based on
absorption by monoethanolamine from flue gases may reach high purity, and CO, capture via
DAC is comparable to the absorption process [7]. The sources of CO; considered in this study
were also used in CCT projects in Europe [83], [84]: coal and natural gas power plants, and DAC.
The impact of CO, source is tested in the sensitivity analysis for polymer production and in the

LCA and TEA study of diesel production.

The CO; captured and utilized is assumed to receive full credit, and its use generates a
negative emissions credit (-1 kg CO.eq/kg CO. used), which can be subtracted from the total
GHG emissions throughout the life cycle of the CO»-based products. When CO; is captured from
a power plant, for example, there are two product streams, power and CO;, generating the
guestion of who should get credit for the captured CO: (i.e., the avoided emissions). By assuming
that CO- feedstock can be credited as -1 kg CO.eq/kg CO. used, we implicitly give full credits of
the emissions avoided (in the power plant) to the CO; product stream. An implication of this
assumption is that when negative net GHG emissions are obtained, net CO; is not necessarily
removed from the atmosphere, but that using the systems under study results in lower GHG
emissions compared to the incumbent system (e.g., a power plant releasing all CO; produced to
the atmosphere); therefore, we use the term GHG-emissions-reducing [25] in this case. In the
sensitivity analysis (see Section 2.2.3.1), we test the extreme high case of this assumption, i.e.,

the CO; from the power plant receives no credits for the avoided emissions (with all the credits
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for avoiding the GHG emissions attributed to the power plant). In this case, instead of subtracting

1 kg COzeq from the total GHG emissions per each kg CO; used, no credit is given.

CO;-based fuel transportation and distribution transfer the produced fuel from the supplier
to the end user [66]. Those phases are assumed to be similar in all cases and small relative to

other emissions sources [105], and thus they are not included in the calculations [8].

We assume that the SOECs operate at the thermoneutral voltage, where the Joule heating
from the electrolysis cell operation maintains the cell temperature [72]; therefore, no additional

heat is needed once the electrolyzer reaches its operating temperature.

Regarding the deployment context, the natural gas-based scenario assumes that natural
gas is the source for utilities. Electricity is assumed to be generated in a natural gas power plant
(0.49 kg CO2eq/kwh) [113], heat in a natural gas industrial furnace, and H; from water electrolysis
powered by natural gas-based electricity. CO; is assumed to be obtained by absorption by
monoethanolamine from a natural gas power plant. In the low-carbon scenario, electricity is
provided by low-carbon sources (0.024 kg CO.eq/kwh) [113], and the emission factor used is an
average of various sources (hydropower, solar photovoltaics, wind, and nuclear). Low-carbon
electricity may vary depending on local contexts, and by assuming a mix of sources, we
acknowledge this diversity and the potential intermittent supply. Heat generation is assumed to
be from geothermal energy, H, from water electrolysis powered by low-carbon electricity, and the
CO:s; is captured from ambient air via DAC and powered by low-carbon energy. A high-carbon
scenario was also considered for the LCA and TEA study of diesel production, where electricity
is assumed to be generated in a coal power plant, while heat is produced from a combined heat
and power plant. The CO; is assumed to be captured from air via DAC but using natural gas-
based electricity and heat. Table A-8 (in the appendix) presents the emissions factors of each

utility in all scenarios.
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2.3. Results and discussion

2.3.1. Life cycle GHG emissions

This study estimates the GHG emissions from cradle-to-grave of CO»-based fuels with
three different uses. Figures Figure 2-2 to Figure 2-4 present the life cycle GHG emissions of
different uses of each CO;-based fuel, with items (a) referring to natural gas-based inputs and (b)
referring to low carbon-based inputs. Methane use in the natural gas-based case was not shown
because electricity and CO; sources are already based on natural gas (main constituent is
methane). The natural gas-based case for power generation (Figure 2-4) is grayed out because
natural gas power plants provide CO, and electricity (shown to illustrate potential results). Figure
2-2 presents the life cycle GHG emissions in kg COzeq/kg polymer (PP, polypropylene for
methanol, and POM, polyoxymethylene for methane), Figure 2-3 in kg CO2eq/pkm (passenger-

kilometer), and Figure 2-4 in kg CO.eq/kWh.

A clear general trend is that source of utilities is a major factor influencing the net GHG
emissions of electrochemical processes given the difference in net GHG emissions in the low-

carbon and natural gas scenarios. The use also influences the net GHG emissions.

In Figure 2-2 (polymer production), in the low-carbon case, GHG-emissions-reduction,
relative to a baseline in which CO; is not captured, is possible (-0.53 kg CO2eqg/kg POM and -2.7
kg CO.eqg/kg PP, SOEC-W) because there is no associated combustion of the fuels, and
electricity and CO are both obtained from low-carbon sources. The GHG-emissions-reduction is
a result of the assumption that the CO, utilized can be treated as -1 kg COzeqg/kg CO; used as
feedstock (i.e., receives full credit from capture, see Section 2.2.4), and is a result of the credits
given for the co-products, which are also included as negative values. GHG-emissions-reduction

means that the GHGs emitted throughout the life cycle is lower than cases when CO; is not
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captured (just released from the emitting source, e.g., power plants) and the co-products (e.g.,

oxygen) are produced by traditional (or incumbent) processes (e.g., cryogenic separation).

a) CO;-based methanol applied to polymer production - natural gas energy and hydrogen inputs
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Figure 2-2: Life cycle GHG emissions of polymer production with (a) natural gas-based and (b)
low-carbon-based energy inputs, in kg CO»zeq/kg polymer, for electrochemical and hybrid
pathways. White diamonds represent the net GHG emissions which are the GHG emitted minus
the CO. converted and the credits. X-axis: SOEC-Co: SOEC co-electrolysis, SOEC-AEC-flow:
CO; conversion in SOEC followed by AEC, SOEC-W: SOEC water electrolysis followed by CO:
hydrogenation, PEMEC-W: PEMEC water electrolysis followed by CO: hydrogenation.
Incumbent: conventional way to produce or generate a service. POM: polyoxymethylene, PP:
polypropylene. Note the y-axis scale difference between (a) and (b).
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a) CO.-based fuels applied to transportation - natural gas energy and hydrogen inputs
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Figure 2-3: Life cycle GHG emissions of transportation, with (a) natural gas-based and (b) low-
carbon-based energy inputs, in kg CO.eq/pkm, for electrochemical and hybrid pathways. White
diamonds represent the net GHG emissions which are the GHG emitted minus the CO- converted
and the credits. X-axis: SOEC-Co: SOEC co-electrolysis, SOEC- AEC-flow: CO, conversion in
SOEC followed by AEC, SOEC-W: SOEC water electrolysis followed by CO. hydrogenation,
PEMEC-W: PEMEC water electrolysis followed by CO- hydrogenation. Incumbent: conventional
way to produce or generate a service. Pkm: passenger-kilometer. Note the y-axis scale difference

between (a) and (b).
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a) CO.-based fuels applied to power generation - natural gas energy and hydrogen inputs
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Figure 2-4: Life cycle GHG emissions of power generation, with (a) natural gas-based and (b)
low-carbon-based energy inputs, in kg CO.eq/kWh, for electrochemical and hybrid pathways.
White diamonds represent the net GHG emissions which are the GHG emitted minus the CO-
converted and the credits. X-axis: SOEC-Co: SOEC co-electrolysis, SOEC-AEC-flow: CO;
conversion in SOEC followed by AEC, SOEC-W: SOEC water electrolysis followed by CO:
hydrogenation, PEMEC-W: PEMEC water electrolysis followed by CO: hydrogenation.
Incumbent: conventional way to produce or generate a service. Pkm: passenger-kilometer. Note
the y-axis scale difference between (a) and (b). The natural gas-based case is grayed out because
CO; and power are provided by natural gas power plants, which is also the end use; therefore,
this chain is unlikely to be realized.

In LCA, in systems that generate more than one product, the burdens can be shared
among the products by using a partitioning method or a method called system expansion [66].
There is no consensus about which method to use, but ISO standards [57], [58] and Guidelines

for CO, Utilization [25] recommend using system expansion whenever possible (i.e., “credits” are
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given to the production of co-products, avoiding traditional processes). Thus, the impacts of these

traditional processes are subtracted from the impacts of our system.

In general, for CO»-based fuels applied to transportation and power generation, further
GHG-emissions-reduction is more difficult to achieve due to the combustion step in both cases.
Therefore, as one clear message of this work, uses that do not require combustion are more
promising to reduce GHG emissions. In transportation (Figure 2-3), CO;-based diesel in natural
gas-based case presents slightly higher GHG emissions than the incumbent (0.35 kg CO.eq/pkm
for SOEC-W diesel, versus 0.21 kg CO.eq/pkm for the gasoline incumbent); however, compared
to CO2-based methanol (1.2 kg CO.eq/pkm, SOEC-W) it is considerably lower. Diesel is much
more efficient than methanol for this use (diesel energy content is approximately 43 MJ/kg, versus
20 MJ/kg for methanol), and as a result, each kg of methanol can deliver only 4.8 pkm, versus 29
pkm/kg diesel. Therefore, fuel efficiency in the considered use is a factor that should be
considered. For power generation, all fuels resulted in similar emissions, except for methanol from
SOEC-AEC-flow but it is still lower than natural gas-based power in a low-carbon scenario. In this
use, the difference in efficiency between diesel and methanol is not as large as for transportation,

with methanol delivering 3 kWh/kg and diesel delivering 5 kWh/kg.

Another important outcome of this analysis is that in terms of the different pathways and
technologies involved, electrochemical CO; conversion via hybrid pathways (SOEC-W, cases
b.1-b.3; and PEMEC-W, cases b.4-b.6) and SOEC co-electrolysis (SOEC-Co, cases a.l-a.3)
appear to result in lower net GHG emissions than processes involving low-temperature
electrochemical CO conversion (SOEC-AEC-flow, cases a.4-a.5). In these SOEC-AEC-flow
cases, the total energy requirements for methane and methanol production were 31 kWh/kg
methane and 39 kWh/kg methanol. In our study, for SOEC-W, the energy requirements are 22
kWh/kg methane and 9.0 kWh/kg methanol. The large difference between these pathways for

methanol production is mainly due to the separation energy needed, which for SOEC-AEC-flow
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is 27 kWh/kg methanol (while the energy for conversion in the electrolyzers is 10 kWh/kg
methanol) [14]. In AEC-flow, liquid products are formed in the solution and are recirculated to
increase the product concentration (the single pass accumulation is low); however, high
concentrations of liquid products in the electrolyte can affect local parameters (e.g., pH) [114],
impacting the electrolyzer performance [14], [115] (e.g., instability and increasing cell potential)
[114]. Therefore, the relatively low concentration of liquid products elevates the energy demand

for separation.

The hybrid pathway (SOEC-W, case b.2) also requires energy for separation, but this
strategy has the advantage of heat integration within the system. The methanol synthesis process
is exothermic, which allows the heat generated to be used in the distillation process [116],
reducing the external energy input. Regarding the AEC-flow, improvements in the electrochemical
process itself (e.g., faster kinetics, improved stability, and higher selectivity) [68] and integration
with other industrial processes that generate surplus heat that can be reused in liquid products

separation may help the process become more competitive in terms of GHG emissions.

It is also seen that SOEC-Co (cases a.l-a.3) tends to result in slightly lower GHG
emissions than the hybrid pathway, even for methane (case a.1) that in this study uses additional
H. from water electrolysis to adjust the ratio of H2:CO (from 2:1 in the scaled-up simulation [73]
to the 3:1 [7] needed to produce methane). In the case of tuning the composition from the co-
electrolyzer by adjusting the H,O:CO. ratio, we estimate that the GHG emissions may be further
decreased between 4% (transportation) to 19% (power generation) compared to the non-tuned
case (see Section Al.a in the appendix). Regarding the hybrid pathway, it is clear that SOEC-W
resulted in lower emissions than PEMEC-W because PEMEC electrolyzers are less efficient and
require more electricity to produce the same amount of H, as SOEC water electrolyzers. The
estimates in Figures Figure 2-2 to Figure 2-4 are uncertain, and while outside the scope of this

work, uncertainty should be considered when interpreting the results. The comparisons are an
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indication of trends, not definitive conclusions. Nonetheless, the results indicate that under certain
conditions, CO; utilization may be more promising than the current incumbent process. For
instance, in PP production (Figure 2-2), SOEC-Co (a.2) or SOEC-W (b.3) with low-carbon-based

energy inputs may result in net GHG emissions almost three times lower than the incumbent.

In summary, uses that do not involve combustion may be GHG-emissions-reducing
compared to a system that employs incumbent production processes and no CO; capture.
Furthermore, these non-combustion options emit about two times less GHG than end uses that
result in combustion, on a per kg of CO- converted basis in the low-carbon scenario (Figure A-5
in the appendix). When shifting from natural gas-based to a low-carbon scenario, the pathways
become similar in terms of GHG emissions. The electrochemical CO; conversion option that
involves low-temperature electrolysis (SOEC-AEC-flow, cases a.4-a.5) in the low-carbon scenario
appears to be competitive with high-temperature electrolysis (SOEC-Co, cases a.1-a.3) and the

hybrid pathway for methane production.

Comparing the CO2-based options with the incumbent processes does not capture the
GHG mitigation potential that each use presents globally. Thus, including the market sizes of each
use in the analysis provides a sense of scale. Figure A-6 and Figure A-7 in appendix present the
avoided emissions and global reduction potential for the base case and low-carbon scenarios.
Polymer production appears to be a promising use in a low-carbon scenario according to Figure
2-2 compared to the incumbent production process. However, considering the smaller market
size compared to transportation and power generation, this use results in a lower potential to

reduce emissions globally.

2.3.2. Sensitivity analyses

In this section, two sensitivity analyses are discussed: 1) influence of assumptions on the

results (CO,-based chemicals in polymer production was selected as this case includes the end-
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of-life assumption) and 2) exploring the influence and trade-offs of certain parameters on the net

GHG emissions and cost of diesel.

2.3.2.1.  Sensitivity analysis to test assumptions

Figure 2-5 presents the sensitivity analysis of assumptions made to calculate the net GHG
emissions of CO,-based methanol used to produce and use PP. The y-axis crosses the x-axis in
the base case value for net GHG emissions, which is 12 kg COzeq/kg PP. The bars represent the
distance from the base case result, namely water electrolysis in an SOEC (SOEC-W) with natural

gas-based inputs.

In this figure, known as a tornado graph, parameters are ranked according to influence.
One parameter is varied at each time, and its effect on the net GHG emissions is calculated. The
electricity source is the most influential parameter. The use of renewable electricity may decrease
net GHG emissions up to 115% compared to the base case, while the use of coal may increase
net GHG emissions by 77% from the base case. In this analysis, electricity was evaluated alone,
whereas in the former results (Figure 2-2), the impact of electricity was combined with the impact
of other utilities and feedstocks (e.g., CO2 source). The CO- source, end-of-life treatment, and
energy demand in thermochemical units appears at the bottom of the graph, indicating a weaker

influence than the electricity source.

For each parameter, the calculations were repeated with a lower and a higher input
compared to the base case. The low and high values are labeled close to their respective bars.
For instance, for electricity source, the lower input is low-carbon electricity labeled as “Low-
carbon,” and the net GHG emissions calculated is -1.8 kg CO.eq/kg PP, as depicted by the blue
bar. The same process was done with the higher input (coal-based electricity, labeled as “Coal”),

which resulted in 21 kg CO.eq/kg PP as can be seen in the x-axis.
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Figure 2-5: Sensitivity analysis of CO,-based PP production and use. The base case is assumed
to be SOEC-W water electrolysis with natural gas-based electricity, CO,, heat, and steam. The
dashed black vertical line indicates the GHG emissions of incumbent production processes.
SOEC-W: SOEC water electrolysis, PP: polypropylene, DAC: direct air capture, NG: natural gas.
The allocation methods (mass and no allocation) are applied to co-products O and fuels. For the
CO; source parameter on the left, in DAC (low-carbon) and DAC (NG), the terms between
parenthesis refer to the source of energy inputs to DAC.

Methodological choices in LCA, including allocation method and credits for CO; use, also
resulted in appreciable influence. The allocation method chosen to handle the co-products may
affect the net emissions, with mass allocation resulting in lower emissions (66% compared to the
base case) and no allocation resulting in higher emissions (3% compared to the base case). The
base case employs system expansion, as recommended by ISO standards [57], [58]. However,
other methods are available to handle co-products (see Section A4 in the appendix for an
explanation about each method and reasons to consider or discard the methods). The base case
assumes all credits for CO, use are attributed to the CO, as feedstock, but when no credits are

attributed to the CO; captured and used, net GHG emissions increased 31%.

For the assumption regarding the energy requirement for syngas purification in the SOEC-
Co case, the base case input of 0.25 kWh/m® was varied by +50%, with the final net GHG
emissions for PP production varying by +£0.20%. Thus, this assumption has a low influence on the

results.
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In Section A2 in the appendix, additional sensitivity analyses are presented, including a
breakeven analysis for CO2-based polymers with varying electricity emissions intensity, and a
sensitivity analysis for the market penetration assumption to estimate the global emissions
reduction potential. For PP production from SOEC-W, electricity emissions intensities below 0.075
kg CO2eq/kWh potentially lead to lower net GHG emissions than the current incumbent (2.0 kg
COzeg/kg PP). The electricity emissions intensity in the provinces of Quebec (0.002 kg
CO2eqg/kWh) [117] and Ontario (0.03 kg CO2eq/kWh) [167] in Canada, for example, are sufficient
to achieve lower net GHG emissions for production and use of CO;-based PP compared to the
incumbent. In the province of Quebec, over 94% of the grid is from hydroelectricity and only 0.7%

from fuels such as natural gas and diesel [117].

2.3.2.2.  Sensitivity analysis for influential parameters

The impact of various parameters on GHG emissions in kg CO.eq/kg diesel, and on cost
in $/kg diesel, for diesel production by water electrolysis (SOEC-W) is presented in Figure 2-6.
The base case considers natural gas-based electricity and CO,, a SOEC degradation rate of
0.5%/1000 h [73], [118], and system expansion via the substitution method (for handling co-

products).

In the LCA sensitivity, net GHG emissions in the base case are 5.4 kg COzeqg/kg diesel,
and costs are $2.5/kg diesel. The most influential LCA parameters appear at the top of the graph;
economic parameters are arranged in the same order as the LCA to highlight the trade-offs
between the two dimensions. One parameter was varied at a time, and its effect on the net GHG
emissions and production costs was estimated. This is not an optimization exercise or a rigorous
TEA, but a tool to identify opportunities for improvement and potential trade-offs between

environmental and economic performance.
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Figure 2-6: Parameter sensitivities to net CO- emissions from the base case for (a) LCA and (b)
Economic analysis. The base case scenario is related to SOEC-W, natural gas-based electricity,
COs,, heat, and steam, SOEC degradation of 0.5%/1000 h, F-T conversion of 80%, and system
expansion via substitution. SOEC-W: SOEC water electrolysis, F-T: Fischer-Tropsch. The
allocation methods (mass and no allocation) are applied to co-products O, and fuels.

The electricity source, SOEC degradation rate, and allocation method are the most
sensitive environmental parameters as changes in any of these factors could result in appreciable
variation in the net GHG emissions. The source of electricity is one of the main parameters
impacting net GHG emissions, which are higher for coal-based electricity and lower for the low-
carbon source. This is due to the higher emission factor for coal-fired electricity (0.80 kg
CO2eqg/kWh) compared to electricity produced from natural gas (0.49 kg CO.eq/kWh) and low-
carbon sources (0.024 kg CO.eqg/kWh). A substantial reduction in GHG emissions could be
achieved using low-carbon electricity instead of natural gas. However, using renewable electricity
may lead to higher costs due to the cost of renewable electricity. The price of renewable electricity
in this study was based on the levelized cost, which includes costs for construction and operation,
but does not account for intermittency explicitly. In the case of surplus renewable electricity, the
electricity is not counted as a cost; however, the operation time (or load factor) depends on when
electricity is available, which may lead to higher operational costs per unit produced since
production will be lower than a continuous operation with the same capital expense [15]. A more
detailed discussion about the effect of intermittency on prices may be found in Ganzer and Mac

Dowell [119], who concluded that intermittency may account for up to 2/3 of the price of renewable
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electricity, depending on the location due to additional costs of storage in batteries or in the form
of H,. Conversely, coal electricity is being phased out in many developed countries, increasing its
cost [120], [121]. This result may change in the near future since trends in electricity prices show
that renewable energy may be cost-competitive in the future [122]. Nevertheless, electricity

source and price will continue to be crucial for electrolysis performance.

In terms of SOEC degradation, the higher degradation rate (2.0%/1000 h) than the base
case has a notable impact on the net emissions (~65% higher) compared to the base case
(SOEC-W, natural gas-based electricity, CO-, heat, and steam, SOEC degradation of 0.5%/1000
h, F-T conversion of 80%, and system expansion via substitution). We assume that the production
of diesel would be the same throughout the lifetime of the SOEC (water electrolysis). To
compensate for degradation, electricity demand will need to increase with degradation to maintain
output. The SOEC would thus consume more electricity than the base case, resulting in higher
net GHG emissions with time. However, as the technology matures, emissions are expected to
decrease as degradation rates decrease. Promising work is targeting issues that may lead to
lowered degradation rates, such as minimizing Ni migration [72] and coking [123], and
replacement of metal catalysts with more stable metal oxides [124]. Cost follows the same trend

as the GHG emissions due to the cost of electricity.

Allocation method is another influential parameter for GHG emissions, reinforcing the
importance of LCA methodological choices on the results. Mass allocation distributes the GHG
emissions among the co-products based on their mass. Since the mass of oxygen produced is
relevant, a substantial portion of the GHG emissions is attributed to oxygen, resulting in only 12%
of the GHG emissions being attributed to diesel. In the no allocation case, 100% of the GHG

emissions are attributed to diesel (and none to oxygen).

Lastly, the lifetime of stacks appeared to be the least relevant factor for the LCA portion,

with a lower lifetime of 12 kh only slightly increasing emissions. Infrastructure typically has lower
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impacts than operational factors, being commonly assumed to have negligible impacts [7].
Conversely, stack lifetime is one of the most influential cost drivers. If a research project aims to
improve environmental performance, stack lifetime appears to be of minor importance but is
relevant if the goal is to reduce costs. In this study, we consider lifetime and degradation
separately and having different effects on GHG emissions, even though they are related [15].
Degradation is assumed to only increase electricity demand, maintaining the base case lifetime
(48 kh), while the stack lifetime parameter considers the GHG emissions of replacing the
electrolyzer in terms of infrastructure (e.g., steel for interconnects and sealings) when the end-of-

life voltage of the base case is achieved.

Most factors in the sensitivity analysis have the same effect on environmental and
economic indicators, except for electricity and CO, source. Renewable sources (with lower GHG
emissions) are currently more expensive than fossil options and lead to higher production costs.

Thus, these factors are especially important to consider in decision-making processes.

The other tested parameters (energy demand for H, production, stack cost, electrolysis
pathway, the CO, source, and the F-T conversion) are discussed in Section A3.c in the appendix.
The technologies involved in this study are at different maturity levels. For instance, F-T is a
mature technology, whereas SOECs are in the early stages of commercialization, and
assessment of uncertainty is therefore relevant. However, uncertainty analysis is beyond the

scope of this study.

Recommendations

Based on the analysis and results of this study, we formulated the following
recommendations for technology developers of electrochemical CO, conversion solutions. It is

worth noting that our intention is not to predict which technology or strategy is the most preferred
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but, from an analysis considering a broader scope, to generate insights and provide suggestions

about applications and conditions that should be prioritized in research.

e Pair with renewables or look for low-carbon grids to decrease GHG emissions, keeping in
mind that costs may increase.

e Avoid combustion wherever possible.

* Interms of the magnitude of global GHG emissions reduction, the difference between the
alternative (e.g., CO- conversion) pathway and incumbent is as important as the market
size of the use.

< Consider the efficiency of the product-use relation (such as diesel, which is more efficient
than the other fuels in transportation).

e In low-temperature electrochemical CO2 conversion, pathways that produce liquid
products require more energy for the separation process than those that produce gaseous
products. Reusing waste heat in the separation unit may help decrease the overall energy
requirement.

 Minimize degradation and energy demand, especially if the grid is carbon-intensive or if
the electricity price is high.

e Better characterize the long-term behavior of high temperature electrolyzers (especially
co-electrolysis) with dynamic loads to understand the degradation pattern, if any, and
better assess their lifetime.

e Issues that increase degradation should be minimized (e.g., carbon deposition or
electrode microstructure change), as degradation rate is a relevant parameter for LCA.

e Stack lifetime is more relevant to economic performance than environmental performance.

Thus, if the goal is to reduce climate impacts, energy demand is more relevant.

< Where high-temperature co-electrolysis is possible, it may be more promising than low-

temperature electrolysis technologies and may even be competitive against
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thermochemical pathways in certain cases. Also, tuning the intermediate products

composition (e.g., syngas) according to the use may be beneficial.

2.4. Conclusions

Our study provides a systems-level perspective to technology developers, highlighting the
most relevant factors for improvement in the R&D process of electrochemical systems involving
CO; conversion. The results indicate that electricity source and consumption during operation are
the main drivers of GHG emissions. Other influential parameters include those related to the
processing unit, such as SOEC degradation rates (which are still uncertain), energy demand for
H. production, electrolyzer type, and F-T conversion (diesel case). External parameters also
considerably influence the results, including the electricity source, as mentioned above, and the
CO; source, reinforcing the notion that the overall emissions are heavily affected by factors
beyond the electrochemical process itself. The LCA methodology may also have an appreciable
effect (e.g., the method to handle multiple co-products in diesel production). In terms of costs,
stack lifetime, the electrochemical device (e.g., SOEC or PEMEC), and thermochemical units

(e.g., F-T reactor for diesel) are shown to be relevant factors.

Based on the results of each metric and the sensitivity analyses, a list of recommendations
was provided with the intent of helping technology developers prioritize research areas of focus,

considering environmental and economic performance.

It is worth emphasizing that this study does not aim to compare different technologies or
strategies to define which one has the lowest GHG emissions. We use the comparison, which is
subject to uncertainty, to investigate characteristics or sources of differences across strategies,
and potential improvements that could support decisions during R&D. Additionally, we provide

relevant LCA fundamentals to help technology developers identify aspects of LCA studies that
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influence a reported value, or what assumptions and methodological choices are behind a GHG

emissions estimate.

Final thoughts and transition to Chapters 3 and 4

The expanded boundary helps developers have a broader view of the supply chain, so
decisions such as which end-use and intermediate product (e.g., C1, C2, or C3 products) to focus
on can be made with information regarding potential climate benefits. Therefore, we can move

forward to later stages of development or deployment.

LCA can support other decisions when products are already defined (e.g., lithium
hydroxide monohydrate or fuels). As will be investigated in the following chapters, the exploration
of different feedstocks (e.qg., virgin or recycled resources, biomass or captured CO,) or even the
estimation of potential GHG emissions of competing technologies (e.g., chemical conversion for
lithium refining or sodium-ion battery production) can support decisions regarding which

combination or strategy should be prioritized.
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3. LCA of novel technologies for lithium production and potential implications for R&D of

lithium-ion batteries

3.1. Introduction

Electrification stands as a central strategy in mitigating greenhouse gas (GHG) emissions,
for example, in the transportation sector. Electric vehicles (EVs) are seen as an option with no
tailpipe emissions (as no fuel combustion takes place during transportation) [125], and the
increase in production of renewable electricity allows charging the batteries used in EVs [126]. At
the core of this electrification drive are lithium-ion batteries, presenting long lifetimes and high
energy density [127], and with diverse chemistries available. With the search for batteries with
higher energy densities, attention is shifting from lithium carbonate, which serves as the primary
precursor in current battery chemistries, towards lithium hydroxide monohydrate (LiOH.H20),

especially in modern chemistries like NMC (nickel manganese cobalt) [35].

Currently, incumbent LiOH.H,O production is predominantly situated in South America
(from brines) and Australia (from spodumene mineral extraction), with China dominating lithium
refining from spodumene [36]. However, there are environmental concerns regarding these
operations, especially in South America's desertic regions, where water scarcity poses a pressing
challenge [128]. Conversely, GHG emissions are more pronounced in Australia and China due to

fossil energy utilization, coupled with emission-intensive chemical conversion processes [35].

In this context, there are numerous lithium extraction and refining projects being
developed in North America [129], aiming at regional self-sufficiency. However, research on the
potential environmental impacts associated with these novel sources remains scarce, with
existing studies primarily focusing on characterizing impacts of a specific source (e.g., geothermal

brine [12] or rocks [11]) and traditional conversion processes (i.e., chemical conversion [35]).
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Furthermore, the few available studies either rely on incomplete data [12] or outdated information

[11].

Commercial projects of lithium extraction in North America include sources such as brines
from geothermal power plants in California [12], rocks from regions like Quebec [32] and North
Carolina [130], and spent batteries from recycling processes [131]. Extracting lithium from less
concentrated sources, such as geothermal brines, requires advanced techniques like direct
lithium extraction (DLE), with methods based on adsorption and ion exchange among the most
developed [132] but still understudied in terms of life cycle assessment (LCA). Additionally,
innovative technologies for lithium refining, such as electrochemical refining [11], [33], and
advancements in battery recycling through hydrometallurgical processes [36], [133], are
underway. In parallel, research efforts also aim to develop emerging battery technologies, such

as sodium-ion batteries, which could potentially transform the energy storage scenario [28].

This paper seeks to support decision-making in the sector by exploring how technology
pairings, deployment decisions, and potential future competition affect supply chain GHG

emissions, a motivation for EV deployment, influencing conclusions and recommendations.

3.1.1. Literature review

Lithium can be found in rock deposits (spodumene, pegmatite), sedimentary deposits
(clay), or saline brines. Previous LCA studies have focused on the two most common lithium
extraction methods (mining from hard rock and brine evaporation ponds) [134], [135], [136], while

novel extraction and refining technologies remain scarcely explored.

In the case where lithium is extracted from brine in Chile, the main contributors to GHG
emissions are the chemicals used (e.g., soda ash and lime, with 35% and 20% of total emissions,
respectively) and the upstream emissions from the electricity used (approximately 35% of Chilean

grid is based on coal, as assumed by Kelly et al. [35], representing approximately 10% of the total
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emissions). A characteristic of lithium production in South America is the use of solar evaporation
ponds, where the lithium brine is concentrated (from approximately 0.17% to 6%) using solar
energy to evaporate the water from the brine. Evaporation ponds driven by solar energy can only
be applied to brines containing high lithium concentrations, such as in South America and the
production time is usually long, reaching several months [137]. Rock mining and mineral
concentration currently occur in Australia, and the concentrated spodumene is transported to
China for lithium refining into the final product (usually lithium carbonate or hydroxide). The
refining process accounts for approximately 74% of the GHG emissions from spodumene,

primarily driven by the coal in Chinese refining facilities [35].

Studies often focus on lithium carbonate production [134], [135], [138], given its
predominant use in the battery industry. However, the relevance of LIOH.H;O is growing as it is
the preferred precursor for high-nickel batteries, which present higher energy density and capacity
at relatively low cost [35]. This shift is anticipated to eventually lead to LiOH.H,O surpassing
lithium carbonate consumption [139]. More recently, Kelly et al. [35] examined the potential GHG
emissions associated with the production of both lithium carbonate and lithium hydroxide.
Unconventional or novel resources, such as geothermal brines were not included, only current

incumbents (Chile and Australia/China, and established technologies).

Few studies have evaluated the potential environmental impacts of new technologies or
resources for the production of lithium compounds. Maria et al. [140] conducted a simple LCA
study about the potential environmental impacts of a novel lithium hydroxide process from lithium
chloride. The conversion is achieved by selective dissolution, ion exchange, and solvent
extraction. However, the study considers one very specific condition and only provides an analysis
of percent contributors without absolute results (e.g., kg CO»eq/kg LiIOH.H20), which hinders any
conclusions regarding relative impacts to incumbents or other emerging methods. Huang et al.

[12] estimated potential environmental impacts from geothermal brine concentration employing
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DLE from a power plant in Salton Sea, California. The production of lithium carbonate and lithium
hydroxide is included, with lithium hydroxide produced by lithium carbonate conversion (same as
[35]). The geothermal power plant is not included in the boundary, although the authors assumed
that the geothermal power would be used in the lithium refining plant. This is not common in
commercial projects, which are reported to import electricity from the grid instead of connecting

the geothermal power plant and the lithium refining plant (e.g., CTR [29] and Vulcan Energy [141]).

Chordia et al. [11] estimated the potential impacts of lithium extraction and refining from
current resources (brines in Chile and spodumene in Australia/China) and potential future routes
in other locations, including Canada. New technologies are employed in the production
processes, including electrochemical refining. However, the inventory for the process located in
Canada was based on old data [32] and the choices for upstream processes were notably
conservative. For example, the authors used upstream emissions from sodium bicarbonate
production in the lithium refining process from rock mining, but other sources would employ
sodium carbonate [32], [35], resulting in 80% to 180% higher upstream GHG emissions per unit

mass of the reagent [106], [142].

With the increasing use of EVs, the volume of spent lithium-ion batteries is also expected
to increase [143] and there are concerns regarding potential leakages of hazardous materials or
even fires due to the high reactivity of the materials inside a battery [144]. Therefore, recycling
spent batteries becomes both a solution for these concerns and a potentially valuable resource.
Materials with high market value or supply risks [145] (e.g., cobalt and lithium) can be recovered
and reused. There are two main types of batteries recycling, pyrometallurgical and
hydrometallurgical [36]. The pyrometallurgical process employs high temperatures
(approximately 1500 °C) to smelt the batteries, reducing the metallic components to yield an alloy
containing cobalt, copper, and nickel. Lithium, along with aluminium and manganese, is typically

lost in the slag. The pyrometallurgical process is mature and simple, but it has high energy
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consumption due to the smelting process and lithium recovery is difficult, presenting high costs
and low yields [36]. The hydrometallurgical process employs aqueous solutions, such as the
combination of sulfuric acid and hydrogen peroxide, to leach the metals of interest [144]. The
order of recovery and most efficient conditions vary according to the different battery chemistries
[144], resulting in smaller plants compared to the pyrometallurgical process [146]. Lithium
recovery is technically possible; however, it is typically not recovered [36] or it is recovered as
lithium carbonate [147]. Given the increasing driving forces for recycling lithium-ion batteries,
lithium recovery from spent batteries will become more compelling, with the EverBatt model [133]
(developed by the Argonne National Laboratory to model battery recycling) including optional

lithium recovery as lithium carbonate with chemical conversion via hydrometallurgical process.

Many commercial projects are focused on lithium extraction in North America and aim to
start full-scale production by 2025 (e.g., CTR [29] and Vulcan Energy [141]). However, most LCA
studies focus on incumbent production processes and locations (i.e., Australia and South

America), leaving a gap in studies estimating potential environmental impacts in North America.

The novel technologies involved in the exploration of North American resources have less
data available for LCA as typically conducted. LCA is historically well suited for the assessment
of mature and established technologies, with plenty of data available [13]. In these cases, adding
considerations and scenarios regarding potential future deployment and market conditions may
help technology developers define development goals or deployment strategies [59] to compete
with other developing technologies, for example. For LiOH.H>O production aiming at automotive
batteries, a potential future competing technology is sodium-ion battery [28], which presents
potential to have lower production costs and said to be a “sustainable alternative” to lithium-ion
batteries [148], [149]. However, LCA studies for sodium-ion batteries are scarce and consider

cradle-to-gate boundaries, with functional units of mass of battery or unit energy storage capacity
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of batteries at the production gate [150]. Therefore, any insights to benchmark sodium- and

lithium-ion batteries over their lifetimes are difficult to draw.

This work aims to investigate the potential impacts of novel lithium supply in North America
and provide context regarding potential future deployment and competing technologies. To this

end, we aim to answer the following research questions:

(1) What are the potential environmental impacts of lithium production in North America using
novel technologies and promising strategies?
(2) How would GHG emissions from lithium-ion batteries compare with other emerging
technologies such as sodium-ion batteries in the future?

The answer to the questions are used to provide decision-makers and technology
developers with tools to make informed decisions regarding novel technologies used in the

production of EV batteries in North America.

The alternative production pathways are assessed via LCA with boundaries
encompassing the lithium extraction, processing, and LiOH.H-O production, as well as a boundary
including the battery manufacturing stage. Lithium-ion batteries and an emerging technology,
sodium-ion batteries, are considered to investigate how the proposed alternative LiOH.H,O
pathways fit in a potential future supply chain (with a competing technology). Figure 3-1 illustrates

the scope.

3.2. Methods

This study assesses the potential environmental impacts of novel technologies, such as
electrochemical lithium refining, involved in the production of automotive batteries, primarily
LiOH.H20 production employed in the production of lithium-ion batteries. In the first part of the
study, we focus on the production of LIOH.H0O, including the lithium extraction (e.g., geothermal

brine extraction) and lithium processing into the hydroxide (e.g., DLE, chemical or electrochemical
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conversion). The functional unit is 1 kg of LIOH.H,O for the evaluation of alternative production
pathways (DLE, Rocks, Recycling, via chemical and electrochemical conversion; see Section
3.2.1). In the second part, the boundary includes the use of LIOH.H,O in battery cathode
production, and NMC lithium-ion battery manufacturing. The functional units are 1 kwWh of storage
capacity and 1 kWh of lifetime energy throughput (see Section 3.2.3). In addition to lithium-ion,
sodium-ion batteries are included in the second part to provide context regarding the broader
market where the novel lithium production technologies may be inserted, with a potential

competing battery technology.

Potential GHG emissions are presented with all environmental impacts being attributed to
LiOH.H20 (i.e., no impacts are attributed to co-products) and with different methods for burden
sharing across co-products (i.e., substitution and allocation). The recycling case has additional
considerations as detailed in Section 3.2.3. We focus on GHG emissions given the motivation for
electric vehicles, but other environmental impacts are also explored (see Section B1.g and B1.h
in the Appendix). The impact categories considered are climate change, over a 100-year time
horizon [151], water use, acidification, human carcinogenic and non-carcinogenic potential impact
estimated using TRACI (Tool for Reduction and Assessment of Chemicals and Other
Environmental Impacts) [152]. We use data obtained from a collaboration with a company that
developed an electrochemical lithium refining technology as well as published studies with
detailed inventory, based on estimates for operation when technologies are commercially

deployed.

The pathways and overall scope are illustrated in Figure 3-1 and Table B-1 in the appendix

B1.
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Figure 3-1: (a) Overview of scope and novel technologies involved in the assessment. (b)
Pathways for LiOH.H2O production included in this project.

3.2.1. Lithium sources and production processes

The pathways evaluated in this study were selected due to being currently developed, with
active projects in the United States and Canada, and having available estimates for operation in
deployed systems, which are detailed below. Among the ongoing projects [129], lithium extraction
from geothermal brines are receiving a lot of interest with examples in North America and Europe
[29], [141], including the Salton Sea region in California [29]. The potential for lithium production
in Salton Sea can provide the United States with a domestic source of lithium, with estimates
above 24,000 t/year (based on 2019) [153]. The local geothermal brine is reported to have an

average concentration of 200 ppm Li [153].
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The study from Huang et al., [12] estimates potential environmental impacts of lithium
extraction from geothermal brine and its chemical conversion to LiOH.H.O, and it is used as the
reference study for this pathway. The boundary excludes the geothermal plant, and laboratory
scale performance is considered along with an engineering-based scale-up framework developed
by Piccinno et al. [154]. The assumed geothermal power plant has a 50 MW capacity, 10%
efficiency, and a flow of approximately 400 kg/s (brine enthalpy of 1200 kJ/kg) [12]. After power
generation and lithium extraction, the geothermal brine is reinjected, but the reference study did
not provide further information; therefore, we assumed that the brine is reinjected at a rate of 80%
of the brine produced [155], reported in the injection strategy for the Salton Sea region. We

consider average operation at geothermal plants [106], [155].

The geothermal brine requires a concentration stage before lithium can be extracted,
which can be performed by a set of technologies named DLE (direct lithium extraction), aiming to
exploit dilute lithium resources by increasing the concentration of lithium and avoiding open air
evaporation ponds [132], as used in South America for concentrated brines. The DLE based on
ion-exchange [132], with a reported TRL (technology readiness level) of 8-9 [156] is used to
concentrate the geothermal brine. The extraction column is packed with the sorbent (or ion
exchange resin) lithium-aluminum-layered double hydroxide chloride, and the lithium ions are
transferred from the geothermal brine to the surface of the sorbent [132]. The extraction yield is
assumed to be 90% by Huang et al. [12], [157], and 5 wt.% NaCl (washing solution) is passed
through the column to unload lithium from the column as lithium chloride. The concentrated brine
is sent to the refining plant (electrochemical or chemical conversion plants). The baseline
assumption is that no further pre-treatment is necessary [12], [141]; however, an extra step for
geothermal brine pre-treatment is tested in the sensitivity analysis. In this pathway, we assume
that the electricity generated in the geothermal plant is not directly used by the lithium refining

plant following reported conditions in commercial projects [29], [141], which report the use of grid
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electricity. Therefore, we assume that the California 2025 grid electricity is used in the baseline.
The case considering a portion of the geothermal electricity being used in the lithium plant is

tested in the sensitivity analysis.

Another source being developed and included in this study is spodumene mines [11] in
Canada. The lithium concentration is reported to be approximately 0.7% [11], which is comparable
with Australia’s ore depending on the reference (close to Kelly et al. [35], 0.8%; Ecoinvent
database considers 1.9%, [106]). The spodumene is concentrated in a series of crushing,
grinding, flotation, and filtration operations, which is then converted from a-spodumene to [3-
spodumene in a rotary kiln at high temperature (1050 — 1100 °C). This conversion is necessary
because the spodumene in  crystalline structure is more amenable to the next step, where it is
processed with sulfuric acid [32]. Lithium sulfate is obtained by mixing the 3-spodumene with
sulfuric acid in a second rotary kiln (at 175 — 250 °C). Chemicals such as sodium carbonate and
sodium hydroxide are added to remove impurities by precipitation such as aluminum, iron,
magnesium, and calcium. An ion exchange column is used as a polishing step prior to the
electrochemical process for LIOH.H,O production [11], [32], with a reported TRL of 5-6 [156],
[158]. The data used to model this pathway is based on technical reports provided by Nemaska

estimating flows during operation [32] and the study published by Chordia et al. [11].

The last lithium source considered in this study is spent batteries. In this case, we base
our estimates on the EverBatt model [133]. Hydrometallurgical processes allow lithium recovery
as a last stage after the other materials were recovered [36], [159], although it has yet to be
commercialized [36]. We consider NMC811 cathode chemistry as it represents the trend in the
automotive industry to reduce cobalt content, which uses LIOH.H,O as a precursor and presents
higher energy density compared to older chemistries (e.g., NMC622 that uses lithium carbonate)
[35]. The spent batteries are shredded and calcined (i.e., shredded batteries are heated, and

volatile components are removed [160]), and the aluminium, copper, and steel are separated by
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physical processes. The remaining material undergoes a leaching process followed by extraction
using a solvent, and cobalt, nickel, and manganese sulfates are precipitated. In the process using
chemical conversion, lithium can be recovered as lithium carbonate [133], which we assume could
be chemically converted into LIOH.H20. Alternatively, the lithium sulfate can be electrochemically
refined to produce LIOH.H;O. For the open-loop approach, this is the last step. In this open-loop
approach, the recycled material is not necessarily assumed to be used in the same product
system [34] (e.g., the LiOH.H-O could be used in a different battery). Alternatively, if the recycled
material is used as input for the same product system (e.g., recycling NMC811, producing
LiOH.H20, and using it in NMC811 battery manufacturing) we have a closed-loop [34]. For the
closed-loop approach, the reuse of recycled cathode materials is considered for the same
NMC811 chemistry battery, which due to the lithium recovery efficiency of 90%, needs extra

LiOH.HO.

3.2.2. Development and deployment scenarios

Regarding the deployment timeline, the extraction projects in North America (such as the
geothermal brine exploration in Salton Sea [29] and rock mining in Quebec [32]) and the
electrochemical LiOH.H>O production (such as Magnan et al. [161]) mentioned previously are
expected to be commercial in 2025. Therefore, we place our analysis in 2025, avoiding time
mismatches as recommended by Moni et al. [13] for LCA studies involving emerging technologies.
We also consider locations where the lithium resources were assessed or modeled (i.e., Salton
Sea in California for geothermal brine and recycling, and Quebec for rock mining), as the inventory
reflects local conditions such as concentration of lithium [11], [12]. The electricity grid in California
is expected to change slightly by 2025 and given that the upstream emissions associated with the
electricity source is a major driver of GHG emissions in electrochemical systems as mentioned in
Chapter 2, we use the 2025 estimates provided by the US Energy Information Administration

[163]. The share of natural gas, for example, is reduced to 38%, and coal still has a share of
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approximately 1.5%. The resulting life cycle carbon intensity is approximately 190 g CO.eq/kWh.
Currently, over 40% is natural gas, 9% is nuclear, 16% is hydropower, and 34% is from other low-

carbon sources [164].

Regarding Quebec, the electricity grid is not expected to change substantially by 2025
since the current grid is largely dominated by hydropower with an intensity in the lower range of
renewable sources [117], [165]. Additionally, we test grids with varying carbon intensities in the
sensitivity analysis. The carbon intensities in Arizona state (330 g CO2eq/kWh) [166] and Ontario
(30 g CO2eq/kWh) [167] province are tested as examples of grids from locations with lithium

extraction projects [130], [168].

We also present scenarios with optimistic and pessimistic assumptions. In the low-carbon
scenario, low-carbon energy (e.g., hydropower and heat from biomass) and chemicals with lower
upstream GHG emissions (e.g., without employing coal-based energy) are assumed. The
electrochemical refining process is assumed to have the highest efficiency as reported in the
literature (approximately 4 kWh/kg LiOH.H,O [169]). Conversely, the high-carbon scenario
considers high-carbon energy (e.g., coal-based energy), chemicals with higher upstream GHG
emissions, and lower performance of the electrochemical conversion (approximately 12 kWh/kg
LiOH.H20 [169]). For the baseline performance of electrochemical lithium refining, data from a

scaled-up model from Canadian lithium electrochemical processing company was used.

The battery manufacturing stage should also be considered when deriving life cycle
estimates of GHG emissions. For this stage, we consider the manufacturing process to produce
the NMC811 lithium-ion battery with 248 Wh/kg of specific energy, 84 kWh of energy capacity,
and 300 miles (480 km) driving range, as these assumptions match common specifications of
lithium-ion batteries and electric vehicles in the automotive sector [35]. Additionally, we assume
a typical 2000 lifetime cycles for NMC batteries and 80% depth of discharge (the percentage of

the charge that has been discharged relative to the battery capacity) [170]. For the sodium-ion
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battery baseline, we consider batteries with Prussian white cathodes (NazFe(CN)s) and hard
carbon anodes [149]. We assume 160 Wh/kg specific energy [149], 4000 lifetime cycles [28],

[171] as potential development achievements mentioned by researchers in the area.

Potential GHG emissions associated with pessimistic and optimistic scenarios
representing limited and intensive R&D degrees for both lithium- and sodium-ion batteries are
presented. The pessimistic and optimistic developments reflect on the lifetime energy throughput
in each battery. For lithium-ion batteries, we assume as optimistic development parameters 550
Wh/kg [172] and 4000 lifetime cycles [127], while for sodium-ion batteries, we assume 160 Wh/kg
and 10000 lifetime cycles [173]. In the pessimistic development scenario, we assume 140 Wh/kg
and 1100 lifetime cycles for sodium-ion batteries, reported as the lower range of potential future
development [171], and 140 Wh/kg and 1000 lifetime cycles for lithium-ion batteries, representing

an older state of NMC batteries [4].

3.2.3. LCA assumptions

An LCA framework is employed to estimate environmental impacts of combinations of
technologies to produce the LIOH.H,O and a lithium-ion battery for the automotive sector.
Different boundaries and functional units can be used to examine different aspects and support
different decisions [150]. Starting at the cathode precursor production (i.e., reactant required for
cathode production), 1 kg of LIOH.HO is used. With this analysis we can investigate the potential
GHG emissions of different lithium production pathways (DLE, Rocks, and Recycling, with
chemical and electrochemical conversion). When expanding the boundary with the battery
manufacturing stage to investigate closed-loop recycling approach and competing battery
technologies, we employ 1 kWh storage capacity in the battery as the functional unit. In this case,
the contribution of lithium produced via different pathways is contextualized in the overall

automotive battery manufacturing. Studies in the literature also employ this boundary and
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functional unit to compare the GHG emissions associated with different battery technologies (e.qg.,
lithium-ion and sodium-ion batteries) [11], [150]. Lastly, to further evaluate potential future
development in battery technology and how it may change the conclusions, we use 1 kWh energy

throughput over the battery lifetime.

Data for background (or supporting) activities come from past studies in the literature and

other sources such as EverBatt [133] and GREET models [142], and Ecoinvent database [106].

The Recycling pathway requires additional considerations regarding how to share
environmental burdens among the “lives” a recycled material can go through. We apply the cut-
off approach (impacts attributed to recycled materials are limited to the recycling process, not the
virgin material production or use) as the base assumption in the open-loop case (the use of the
recycled material is not included, and it can be used in different products from which it was
recycled). Alternative approaches (e.g., avoided burden) are presented in the sensitivity analysis.
In the closed-loop approach, we assume that LiOH.HO is reused in the same type of battery from

which it was recycled.

The production of LIOH.H-O can be put in the context of automotive battery manufacturing
to evaluate its relative contribution by expanding the boundary to include the battery
manufacturing stage. We consider the functional unit to be 1 kWh of storage capacity in a battery.
This unit is used in the literature to compare the potential environmental impacts of different types
of batteries [150], such as lithium-ion and sodium-ion batteries [149]. Energy storage capacity is
a useful functional unit, but it could be complemented by including other metrics such as lifetime
energy throughput or km driven [150]. However, LCA studies tend to exclude the use phase
entirely due to the complexity and numerous assumptions (e.g., capacity fading over time,
charging and discharging pattern, use of ultra-fast charging, temperature, source of electricity).
Moreover, operational data for sodium-ion batteries are lacking [150]. Therefore, we adopt a
hybrid approach in which we include considerations of the use phase to capture design
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differences between battery technologies (e.g., cycle life) but do not model their operation within
electric vehicles. We use a functional unit of 1 kWh of theoretical energy throughput over the
battery lifetime (as suggested by Porzio et al. [150]). We acknowledge the uncertainty related to
the behavior of batteries during the use phase, particularly for the less developed sodium-ion
battery, for which we present potential ranges with high and low development, as detailed in the
previous sub-section. It is worth noting that all electrochemical devices are subject to degradation.
In Chapter 2, we use the SOEC as example, and while batteries also present degradation, we do
not consider it directly (it can be included in the use phase modeling of batteries). Nevertheless,
even facing uncertainty in performance, our research aims to provide insights and arguments
encouraging the consideration of the use phase to get a more comprehensive view of the potential

environmental impacts of different types of batteries.

3.3. Results and discussion

This study investigates the potential environmental impacts of novel technologies for
LiOH.H2O production used in the automotive sector, putting them in the context of lithium-ion
battery and another emerging technology (sodium-ion battery). Figure 3-2 and Figure 3-3 present
the potential GHG emissions for producing 1 kg of battery grade LiOH.H.O (ready for use in the
battery manufacturing stage). Figure 3-4 presents the potential GHG emissions with the expanded
boundary that encompasses lithium-ion battery manufacturing. As such, GHG emissions are
presented per kWh of storage capacity in the battery. Figure 3-5 shows the potential GHG
emissions of lithium-ion and sodium-ion batteries using two different functional units, the kWh of
storage capacity (Figure 3-4) and 1 kWh of energy throughput over the battery lifetime. This
functional unit considers other design parameters (such as cycle life) which are reflected in the
use phase of automotive batteries, influencing the GHG emissions over the battery lifetime (e.g.,

a longer life reduces the GHG emissions per kWh of energy throughput over the lifetime).
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Figure 3-2: Potential GHG emissions from the production of 1 kg of LIOH.H,O via different
pathways, (a) without allocation (i.e., all burdens are attributed to LIOH.H,O) and different
scenarios (low-carbon, baseline, and high-carbon), (b) with different methods to share burdens
among co-products (substitution, economic allocation, mass allocation, no allocation). The x-axis
separates the pathways by the type of lithium refining method (chemical conversion with Li;CO3
intermediate or electrochemical conversion for direct LiOH.H.O production).

*In (a), Low-carbon scenario considers low-carbon energy (hydropower and heat from biomass),
low energy consumption in electrolyzer (from literature), chemicals with low upstream GHG
emissions. High-carbon scenario considers high-carbon energy (electricity and heat from coal),
high energy consumption in electrolyzer (from literature), chemicals with high upstream GHG
emissions.

**Results for the Recycling pathways in this figure consider an open-loop approach. Figure 3-4
and Figure 3-5 present a complementary case for closed-loop modeling.
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***The Rock and Brine incumbents (represented by the dashed horizontal lines) are based on
Kelly et al. [35] and Chordia et al. [11]. DLE: direct lithium extraction. CL: Chile. AU/CN:
Australia/China.

Production of LiOH.H20 via varying methods

Results in the Figure 3-2a show potential GHG emissions for alternative LIOH.H.O
production pathways ranging from 2 to 18 kg CO2eqg/kg LiOH.H,O (baseline, no allocation),
suggesting that all alternative pathways show promise in reducing GHG emissions compared to
current production pathways under certain conditions. Both Recycling and Rocks pathways show
that the lithium extraction stage is the primary contributor to GHG emissions, ranging from 75%
to 90% of emissions. This is attributed to the use of chemicals and heat requirements (e.g., heat
for a-spodumene conversion into B-spodumene), with chemicals contributing from 80% to 90% of
GHG emissions from the lithium extraction stage in the Recycling pathway, and heat contributing
with approximately 65% of GHG emissions from the lithium extraction stage in the Rocks pathway.
Conversely, the extraction stage in the DLE pathway is only the main contributor (65% of cradle-
to-gate GHG emissions) if the electrochemical refining process is powered by hydroelectricity, as
opposed to 30% with California 2025 grid electricity (190 g CO.eq/kWh). DLE pathways (both
chemical and electrochemical conversion) assuming a California 2025 grid result in the LiOH.H,O
production (and intermediate LioCOs; production for chemical conversion) being the main

contributor, with approximately 70% contribution of cradle-to-gate GHG emissions.

Given the current state of the systems (i.e., not commercially operational), we do not
perform global sensitivity analyses with probabilistic assessments. However, in some cases there
are relevant indications that the proposed pathways can result in lower GHG emissions than the
incumbent pathways. For example, the DLE pathway with electrochemical conversion and
hydropower resulted in GHG emissions almost four times lower than the Chilean incumbent and

eight times lower than the Australian incumbent.
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In the low-carbon scenario (white triangles in the Figure 3-2a), electrochemical conversion
shows greater potential for the lowest GHG emissions in each pathway. However, the
electrochemical conversion could also result in higher GHG emissions than the chemical
conversion counterparts for all lithium sources depending on deployment (i.e., high-carbon
scenario, represented by white squares in Figure 3-2a). The most influential factor is the electricity
intensity. If low-carbon electricity is readily accessible (e.g., hydroelectricity), alternative pathways
via electrochemical conversion are advantageous. However, when grids with electricity from fossil
energy must be utilized (e.g., California 2025 grid, 190 kg CO.eqg/kwWh), pathways involving
chemical conversion (Li>COj3 intermediate) may be compelling as they could achieve comparable

or lower GHG emissions than incumbent methods.

The baseline results assume all emissions are attributed to the main product, LIOH.H-O.
However, particularly in alternative production pathways, the treatment of co-products may
heavily influence the potential GHG emissions as seen in Figure 3-2b, where GHG emissions
range from -30 kg COzeq/kg LIOH.H,O with substitution (Recycling pathway) to 7 kg CO-eq/kg
LiOH.H,O with economic allocation (Rocks pathway). Current production processes from rocks
(in Australia/China) do not have co-products, and production from brine (in Chile) co-produce a
less valuable potash stream (three times lower value compared to lithium) [35], which is reported
to result in 6% difference with different allocation methods (6.9 kg CO2eq/kg LiOH.H>O with mass
allocation, and 7.3 kg CO.eq/kg LiOH.H,O with economic allocation) [35]. However, the
alternative pathways considered in this study include co-production of electricity (in the
geothermal power plant for DLE pathway), acids (in the electrochemical lithium refining; HCI in
DLE pathway and H>.SO4 in Rocks and Recycling pathways), and sulfates (cathode materials from

the hydrometallurgical recycling process).

For the Recycling pathways, the co-production of other materials (e.g., sulfates) plays a

notable role, especially when employing the substitution approach with open-loop modeling,
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which delimits the boundary until the production of LiOH.H,O, as opposed to the closed-loop
approach, which considers that the produced LIOH.H,O and other materials are reused for battery
production, closing the loop (see Section 3.2.3 for more details, and Figure 3-4 for GHG emissions
with the closed-loop approach). Negative GHG emissions obtained with the substitution method
do not imply GHG removal or a negative emissions technology, rather indicate that the system
under study yields lower GHG emissions than the incumbent system. In the DLE pathway, the
co-production of electricity is assumed to displace grid electricity, and difference in GHG
emissions intensities is attributed to the LiIOH.H-2O in the form of credits. Therefore, the source of
displaced electricity is influential, with credits from 3.1 to 4.1 kg CO2eq/kg LiOH.H2O assuming
California 2025 grid electricity being displaced (forecasted to have approximately 38% of natural
gas-based electricity), and credits of 0.15 to 0.20 kg COzeq/kg LIOH.H.O assuming
hydroelectricity being displaced, for example. For the Rocks pathway, the electrochemical refining
process yields sulfuric acid as a co-product, which has low concentration (below 10 wt%) and
value (0.06 $/kg H»SO4, compared to 30 $/kg LiOH.H.O, Table B-8), weakly influencing GHG
emissions with economic allocation or substitution, with differences below 2% compared to the
baseline (no allocation). However, due to the mass of acid produced, it heavily affects GHG

emissions with mass allocation, resulting in 53% lower GHG emissions attributed to LiOH.H-O.

Opportunities for GHG emissions reduction

Given that the electrochemical conversion can lead to the lowest but also to the highest
GHG emissions among the pathways included in this study (Figure 3-2), we further assess the
pathways with electrochemical conversion in the sensitivity analysis to provide insights about the
strategies and research activities that could improve the GHG emissions performance of these
emerging technologies (Figure 3-3: Sensitivity analyses for electrochemical pathways (a) lithium
extraction from geothermal brine in California with DLE, (b) extraction from rocks in Quebec, and
(c) hydrometallurgical recycling from spent NMC811 batteries in California.). In general, the
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carbon intensity of the electricity source and LCA methodological choices can change GHG
emissions from 25% lower (with hydropower) to 130% higher (with natural gas) and from 1% to
250% lower (than baselines), respectively, across alternative lithium production pathways (i.e.,

DLE, Rocks, and Recycling).
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Figure 3-3: Sensitivity analyses for electrochemical pathways (a) lithium extraction from
geothermal brine in California with DLE, (b) extraction from rocks in Quebec, and (c)
hydrometallurgical recycling from spent NMC811 batteries in California.

*(1) Results for same lithium source and conditions but LiOH.H>O production via chemical
conversion (Li.COs as intermediate). (2) LIOH.HO production from Chilean brine (incumbent). (3)
LiOH.H,O production from Australian spodumene-bearing rocks and processed in China
(incumbent).

** The black vertical line intersects the x-axis at the baseline results (e.g., in Figure 3-3a for DLE,
approximately 4 kg CO»eq/kg LIOH.H,O. Longer bars represent more influential parameters as
listed in the left column. Baseline cases assume no allocation and electricity from the local grid.
***DLE: direct lithium extraction. CA: California. QC: Quebec.
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Sourcing electricity from natural gas makes electrochemical pathways higher in GHG
emissions intensity than the alternative lithium production pathways with chemical conversion
(e.g., 74% in the DLE pathway) and LiOH.H,O incumbents (e.g., 47% compared to brine
incumbent). Therefore, electrochemical lithium refining should not be powered exclusively by
traditional fossil-based electricity (i.e., natural gas or coal), as shown in Chapter 2 of this thesis
and other studies in the literature [15], [21]. Similar conclusions are drawn even for grids
containing low-carbon sources, such as Arizona, with approximately 45% of low-carbon electricity,

(330 g COzeq/kWh).

Considering potentially higher electricity requirements in electrochemical refining [169],
even when more electricity input is needed, the electrochemical conversion results in lower or
similar GHG emissions compared to chemical conversion and incumbents. For example, the
electrochemical conversion with high energy requirements in the DLE pathway leads to similar or
lower GHG emissions compared to the chemical conversion (1.4% to 11% lower, with
hydroelectricity and California 2025 grid, respectively) and brine incumbent (20% to 24% lower).
Therefore, reducing the amount of electricity input could bring advantages (e.g., lower production
costs) but for GHG emissions, once low-carbon electricity is secured, high or low electricity

consumption would have less influence.

Regarding DLE pathways specifically (Figure 3-3: Sensitivity analyses for electrochemical
pathways (@) lithium extraction from geothermal brine in California with DLE, (b) extraction from
rocks in Quebec, and (c) hydrometallurgical recycling from spent NMC811 batteries in
California.a), our baseline assumptions consider that the geothermal electricity generated in the
plant is not directly used by the lithium refining plant [29], [141]. However, diverting a portion of
the geothermal electricity to lithium refining could substantially reduce GHG emissions by nearly
55% compared to the baseline scenario (using California 2025 grid). Thus, investing in a

connection between geothermal plants and lithium refining facilities or purchasing electricity from
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a low-carbon electricity grid through specialized contracts [174] could be considered. Additionally,
pre-treatment is not included in the base case estimates for geothermal brine [12], [141].
However, if pre-treatment becomes necessary, GHG emissions could increase by approximately
15%, albeit still below those of the Chilean brine incumbent (approximately 7 kg COzeq/kg

LiOH.H.0 [35]).

For the Rocks pathway, the primary driver for GHG emissions is the heat required.
Transitioning to biomass as a heat source presents an appreciable opportunity to reduce
emissions by approximately 50%, particularly in regions like Canada with robust forestry
industries. Furthermore, changing the heat input by +10% yields corresponding changes in GHG
emissions within £5%, indicating that modifying the heat source is more influential in reducing

emissions than improving efficiency.

For the Recycling pathway, upstream emissions from chemical production (e.g., H2SOa4
and NaOH) used in hydrometallurgical recycling processes are the predominant contributors to
GHG emissions. Our baseline assumes average production of chemicals, which may involve
intensive use of coal-based energy throughout the supply chain (e.g., electricity in Asia, with over
50% coal [106]), but shifting production to utilize energy sources with less coal (e.g., electricity in
North America, with 20% coal [106]), could reduce GHG emissions in the open-loop approach by
nearly 40%. However, trade-offs between GHG emissions and costs may arise when selecting

suppliers that utilize low-carbon energy sources.

Additional environmental impacts are estimated and shown in the appendix B2. In general,
alternative pathways for LIOH.H,O production in North America may result in lower impacts to
water scarcity, respiratory effects, acidification, carcinogenics and non-carcinogenics human
toxicity potentials than incumbent production pathways. However, LCA methods, such as the

consideration of brine in water scarcity methods, may influence results.
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Expanding the boundary to put LiOH.H-O production in perspective

Figure 3-4 presents potential GHG emissions for the production of NMC811 lithium-ion

batteries employing varying LIOH.H,O production pathways.

The functional unit for this analysis changes to 1 kWh of battery storage capacity. The
greatest opportunities to reduce GHG emissions involve spent batteries recycling, with potential
reduction ranging from 40% to 48% compared to incumbent LiOH.H2O production. Regarding
virgin materials and comparing incumbent LiOH.H>O production (in Chile and Australia) and
electrochemical LIOH.H>O production from North America novel resources, the potential GHG
emissions reduction ranges from 3% to 8% (7% to 10% with substitution to treat co-products).
Therefore, producing LiOH.H-0 from novel resources and electrochemical conversion technology
alone has limited potential to reduce GHG emissions from battery production. Considering
recycling, on the other hand, may help more substantial reductions of almost half the emissions

from virgin materials and incumbent sources.

GHG emissions from battery manufacturing with different LiOH.H.0 production pathways
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Figure 3-4: Potential GHG emissions for battery manufacturing with virgin and recycled cathode
materials (closed-loop approach). Functional unit of 1 kWh of storage energy in a NMC811
battery.

*DLE: direct lithium extraction. CL: Chile. AU/CN: Australia/China.
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Going beyond, we can consider other battery technologies and consider other functional
units. Figure 3-5 presents potential GHG emissions (a) per kWh capacity of lithium- and sodium-

ion batteries and (b) per kWh throughput over both batteries’ lifetime.

From a cradle-to-gate perspective in Figure 3-5a, sodium-ion batteries (Prussian white
and hard carbon) yield higher GHG emissions per unit energy storage capacity compared to
lithium-ion batteries (NMC811). The main contributor from lithium-ion batteries are the cathode
materials, while for sodium-ion batteries main contributions come from anode and electrolyte
[149]. For studies employing this scope, lithium-ion batteries are usually deemed as having lower

associated GHG emissions [175].
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Figure 3-5: Potential GHG emissions of lithium-ion (NMC811) and sodium-ion (Prussian white
cathode and hard carbon anode) batteries with different functional units, (a) energy storage
capacity and (b) energy delivered throughout battery lifetime.
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*In (b), high and low development refer to potential future performance reported in literature for
both lithium- and sodium-ion batteries. High development includes higher specific energy (Wh/kg)
and more charging/discharging cycles. This is a simplified and cradle-to-gate analysis aimed at
investigating how a longer lifetime can influence results and recommendations (i.e., the
normalization considers the potential lifetime energy throughput of a battery).

**CL: Chile. AU/CN: Australia/China. NMC: nickel manganese cobalt.

However, incorporating a functional unit that considers the entire energy throughput over
the battery lifetime (amount of kWh delivered over the lifetime) is helpful to capture aspects that
an analysis with storage capacity may miss [150]. Given the lack of information in real-world
applications and the complexity in modeling the behavior of batteries, our hybrid approach
considers the theoretical lifetime energy throughput of lithium- and sodium-ion batteries based on
design parameters to investigate if certain technological developments may influence conclusions
drawn from typical cradle-to-gate studies. Considering baseline assumptions for future
development, sodium-ion batteries result in GHG emissions higher than lithium-ion batteries from
DLE (approximately 19%) and Recycling (approximately 90%) pathways, but close to lithium-ion

batteries from incumbent and Rocks pathways (differing by 5 to 14%).

On the other hand, in the scenario where sodium-ion batteries experience substantial
development (High development scenario, white triangles in Figure 3-5b), sodium-ion batteries
may have lower GHG emissions than lithium-ion batteries produced from virgin materials, having
similar emissions than lithium-ion batteries with recycled cathode materials (baseline
development). Lithium-ion batteries may remain competitive regarding GHG emissions,
especially if the high development scenario is realized, or in the Recycling pathway (note that
recycling of sodium-ion batteries has not been considered). Therefore, by considering the
potential lifetime energy throughput of batteries, conclusions may change from the cradle-to-gate

assessment on a per unit storage capacity in batteries.

Moreover, sodium-ion batteries are reported to offer potential cost advantages over

lithium-ion batteries [28]. Consequently, in assessments considering both production costs and
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environmental impacts, the inclusion or exclusion of use phase information can significantly

influence trade-off considerations and overall recommendations.

3.4. Conclusions

Our study evaluates the potential GHG emissions of novel lithium sources in North
America to produce LiOH.H>O (lithium hydroxide monohydrate). We also include the use of the
produced LIOH.H,O for manufacturing lithium-ion batteries and a potential future competitor
(sodium-ion battery) to investigate how the novel lithium sources would affect relative

comparisons of GHG emissions associated with EV batteries.

There has been growing interest in developing novel sources of lithium, with ongoing
projects in North America. While most studies focus on incumbent and traditional production
pathways, we estimate that novel sources in North America can lead to the production of
LiOH.H.0, a battery cathode precursor, with lower associated GHG emissions particularly if low-
carbon energy sources are accessible (from 35% to 250% lower GHG emissions than
incumbents). Technologies such as DLE that allow the exploration of less concentrated
geothermal brines and electrochemical lithium refining for the production of LiOH.H.O present
potential to considerably reduce GHG emissions compared with incumbent production pathways
even without sharing burdens with co-products (i.e., no allocation). The potential GHG emissions
(and other environmental impacts, as discussed in the Appendix) associated with these
alternative pathways may be more influenced by LCA methods than incumbent pathways are
influenced by LCA methods. In the alternative pathways, for example, there is potential co-
production of valuable co-products such as geothermal electricity or production in large amounts
such as acids (hydrochloric or sulfuric acids). More traditional processing pathways, such as

chemical conversion, may also be useful if low-carbon energy is difficult to access and still lead
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to comparable or slightly lower associated GHG emissions for LiOH.H2O production (5% to 10%

lower GHG emissions).

In the future, competing technologies such as sodium-ion batteries also warrant
consideration. Although sodium-ion batteries may have higher GHG emissions than lithium-ion
batteries in analyses considering only storage capacity (80% to 230%), when considering energy
throughput over their lifetimes, sodium-ion batteries have potential to provide comparable
emissions. If the development of lithium-ion batteries fails to reach its potential, sodium-ion
batteries may result in lower GHG emissions than lithium counterparts produced with virgin
materials (i.e., sourced directly from the novel resources such as geothermal brine; opposed to
recycled, sourced from the previously manufactured and spent batteries). In this case, lithium-ion
batteries would still present similar GHG emissions to sodium-ion batteries if produced with

recycled content.

Future studies could refine data and estimates as the development of commercial projects
moves forward. Additionally, other locations with potential lithium sources can be included, and
novel methods of production of other cathode materials could be investigated. Regarding the
development of batteries, more detailed modeling of battery use phases could provide more
information about cyclability and battery lifetimes, supporting the assessment of batteries with

different technologies.

As novel production methods and technologies are developed, assessment studies
become increasingly relevant for making informed decisions. This work contributes to filling critical
gaps in this area related to the potential impacts of regional lithium exploration and the application
of emerging technologies in the production of LIOH.H>O. This work also provides insights into the
assessment of emerging technologies, facilitating informed decision-making in the pursuit of
reduced environmental impacts. For example, the reduction of electricity consumption in
electrochemical conversion presents lower potential for GHG emissions reduction than pairing
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production with low-carbon sources of electricity. Another potential measure for reducing GHG
emissions reduction is the careful selection of chemicals suppliers, particularly for Recycling
pathways, which can benefit from using chemicals produced with less fossil energy (e.g., coal).
Regarding the influence of the LCA method, choices made when delineating the boundary are
relevant, such as the assumption of diverting geothermal electricity to be used in the lithium
refining stage or the selection of different functional units, such as in the comparison of lithium-
ion and sodium-ion batteries with storage capacity versus lifetime energy throughput. Other
influential methodological choices include co-products allocations and recycling modeling, which
do not have a correct or incorrect approach, requiring acknowledgement and clarifications to help

decision-makers better appreciate the results of this type of assessments.

Final thoughts and transition to Chapter 4

The first two chapters of this thesis focused on estimating potential GHG emissions
through LCA. However, the urgency of mitigating GHG emissions requires assertive decisions
and more comprehensive assessments to avoid unforeseen consequences. Naturally, due to the
deployment of novel technologies, costs are vital. However, the requirement of inputs such as
biomass or low-carbon energy may also result in supply risks that should be considered.
Additionally, narrowing the assessment to one feedstock type (e.g., fuel production with only
biomass or only CO,) limits the conclusions and may lead to ineffective decisions. Therefore,
drop-in aviation fuel production is selected to provide context for the discussion, as will be

explored in Chapter 4.
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4. Expanding the assessment to complement LCA in the broader context of fuel

production in the aviation sector

4.1. Introduction

The energy sector is undergoing a transformative shift aimed at mitigating greenhouse
gas (GHG) emissions and reducing reliance on fossil fuels. A considerable part of this transition
involves the electrification of assets, particularly in road vehicles. However, certain segments,
such as marine and aviation, present technical challenges that hinder straightforward
electrification, at least in the near term and for certain vehicle categories. In such cases, exploring

alternative fuel production processes and feedstocks emerges as a viable solution.

In the aviation sector, the International Civil Aviation Organization (ICAO) [176] has
introduced CORSIA (Carbon Offsetting and Reduction Scheme for International Aviation) [177].
This scheme mandates airlines to offset emissions beyond 2019 levels using CORSIA eligible
fuels (CEFs, drop-in fuels) or credits, with the overarching goal of achieving carbon neutrality

within the sector by 2050 [177], [178].

Drop-in fuels have similar properties and composition to the fossil counterparts, enabling
their direct use without major engine modifications [179]. These aviation fuels must meet stringent
criteria as specified by ASTM standards (D1655 and D7566) [180], [181] and respect blending
limits which are dictated by specific compositions (e.g., maximum permissible concentration of
50% v/v for hydroprocessed esters and fatty acids (HEFA) derived from vegetable and used

cooking oils) [180], [181].

In addition to different technological pathways (e.g., HEFA, Fischer Tropsch — F-T) [177],
a range of feedstocks may be utilized, often with varying nomenclature. ICAO defines Sustainable
Aviation Fuels (SAF) as "renewable or waste-derived aviation fuel that meets the CORSIA

Sustainability Criteria" [40]. In some contexts, the term "Synthetic Aviation Fuel" is also used
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interchangeably with SAF, referring specifically to power-to-liquid fuels, also known as e-fuels

[182].

ICAO further defines a second category of CEFs known as Lower Carbon Aviation Fuels
(LCAF), described as "a fossil-based aviation fuel that meets the CORSIA Sustainability Criteria"
[40]. LCAF is derived from fossil resources and must exhibit at least a 10% reduction in life cycle
GHG emissions compared to the fossil fuel baseline [177]. This category encompasses fuels
produced with carbon conversion technologies (CCT) and fuels from oil refineries utilizing
renewable energy sources [40]. ICAO separates the case of fuels produced from CO- captured
from air with direct air capture (DAC), classifying it as SAF (CO; is regarded as a waste) [183].
For simplicity, in this study, we refer to all fuels from CCT pathways in all scenarios as LCAF and

all fuels derived from biomass as SAF.

Both SAF and LCAF may also encompass fuels beyond aviation fuel, such as hydrogen
[40]. While hydrogen-fueled airplanes may not seem technically feasible in the near- and medium-
term future, ongoing research by aircraft manufacturers stresses its potential as a future

alternative [184].

Given the array of available and certified ASTM pathways and feedstocks for drop-in
aviation fuel production [177], decision-making becomes increasingly complex when multiple
alternatives are possible. While GHG emissions constitute a crucial driving force behind the
adoption of SAF and LCAF, economic competitiveness is equally vital. Many published studies
concentrate solely on assessing either GHG emissions [9], [39] or production costs [44], [185] of
specific pathways, thereby limiting broader conclusions and identification of potential trade-offs
between GHG emissions and costs across pathways. Comprehensive studies encompassing
multiple metrics and production processes or pathways are relatively scarce, prompting the need

for more holistic investigations.
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In this study we assess various feedstocks and technologies, such as SAF from forest
residue and LCAF from captured CO, providing a consistent comparison across the potential
pathways for drop-in aviation fuel production. We also expand the metrics beyond the usual GHG
emissions and production costs separately, including supply risks. Finally, we adjust an iterative

framework to support a comprehensive assessment and improved decisions.

4.1.1. Literature review

There is growing interest in the assessment of aviation fuel production, as evidenced by
the increasing number of publications investigating SAF in the last decade [186]. These studies
tend to focus on costs or potential environmental impacts, with a clear focus on life cycle GHG
emissions [17], [19], [20]. Most commonly, the life cycle GHG emissions of various biomass

feedstocks are compared [45], [187] and just a few included other environmental impacts [18].

LCAF is a more recent alternative to the fossil fuel and is typically analyzed separately
from SAF. Grim et al. [16] is a rare example of a more comprehensive study that includes both
SAF and LCAF. However, SAF was covered with fixed literature values, and solely one LCAF
pathway at very early stage of development was modeled in detail, ethanol fermentation.
Therefore, it is difficult to draw general conclusions and identify key drivers of GHG emissions

across pathways.

Despite the increasing number of studies, the TRL (technology readiness level) for most
pathways are currently low or intermediate [188]. TRL is a maturity assessment tool [189] to
classify a technology between TRL 1 (basic principles are observed) and TRL 9 (successful
deployment in operational environment). Within the context of LCAF production from CCT,
electrochemical technologies are receiving considerable attention [16]. Electrochemical CO;
conversion to ethylene, which is an intermediate in the ATJ pathway with ethanol as a feedstock

[44], was identified as potentially comparable with the incumbent process in terms of life cycle

78



GHG emissions considering optimistic performance [14]. However, the carbon monoxide
electrolyzer used is in early development, with reported TRL of 3-4 [190]. Direct CO;
hydrogenation to aviation fuel is another set of emerging technologies based on varying
mechanisms [191], [192]. Other thermochemical CO- conversion (CO. hydrogenation) products
include ethanol [193], methanol [194], [195], and F-T fuels [196] as examples. CO; hydrogenation
to ethanol is at an earlier stage of development (TRL 4 [197]) than methanol (TRL 8-9 [189]) and

F-T fuels (TRL 6[189)).

Applying LCA at these early stages of development presents ample opportunities to
modify design and reduce environmental impacts [13]. However, LCA has historically been
applied to mature technologies when full-scale data is available and applying it to early-stage
technologies is more challenging. Consequently, technologies under development are usually
scaled up (e.g., process simulation), leading to potential mismatches regarding the analysis time
(i.e., current early development and future context at full-scale production), especially regarding
the background system [13]. As technology constantly evolves, the scaled-up state may differ
from what is envisioned today. We acknowledge this characteristic of early-stage technologies,
and do not claim to definitively assess GHG emissions and costs. Rather, we use the analyses to
investigate drivers and improve discussion in the area, supporting informed decision-making

processes.

An aspect that is less explored in the literature is the evolving LCA framework itself, with
emerging research topics rarely considered. Biogenic carbon, for example, is often disregarded
in biomass-based systems with the generally accepted carbon-neutrality assumption, where CO-
absorbed during photosynthesis is considered equivalent to CO; released in such systems [177].
However, depending on the rotation period and species, the carbon-neutrality assumption may
be challenged [41]. Regarding CCT, the assessment method is less established [25], and the

prevailing assumption, particularly among technology developers, is that all CO, converted is
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credited against the GHG emissions of the CO2-derived product(s) (i.e., CO2 converted can be
subtracted from the life cycle GHG emissions estimate for the CO»-derived products) [14], [20].
However, policy makers may not consider the credits in some cases [42], potentially affecting cost

competitiveness as financial incentives tend to be tied to GHG emissions reduction.

Past studies that assess both potential environmental impacts and production costs seek
to determine the competitiveness of a novel production pathway (e.g., SAF or LCAF) against fossil
aviation fuel or alternative fuels [198]. However, as both SAF and LCAF are rarely included in the
same study, the conditions under which each fuel category is advantageous and differences in
drivers of GHG emissions and production costs across pathways are not explored. Furthermore,
the influence of assessment methods (e.g., ReCiPe, ILCD) across production and feedstock

alternatives are rarely accounted for.

Finally, recent supply chain disruptions resulted from the unprecedented global crisis of
Covid-19 [47]. While an extraordinary situation, it also highlighted the importance of considering
supply risks to ensure smooth and continuous operation. The criticality framework, formalized by
the US National Research Council [48], assesses vulnerability and resilience to supply chain
disruptions in mineral supply chains. This framework is often applied to non-fuel minerals, with
limited attempts to adapt the framework to bio-products [55]. Supply risks are typically not
included in LCA or costing studies. While some studies about SAF consider production capacity
based on biomass availability [17], [46], individual factors are not explored and LCAF is often
treated as having unlimited supply, failing to account for the availability of low-carbon energy [16],
[46], [196], [199]. In this work, we include medium-term supply risks as was done in the criticality
framework but adapted to feedstocks and inputs for aviation fuels production; not as a fixed and
definitive number, but as a series of aspects that can be considered in trade-offs with GHG

emissions and costs in the decision-making process.
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Considering past work and remaining gaps in the literature, our goal is to inform decision-
making in aviation related policy and economic sectors by expanding the set of metrics and
considering various fuel categories and production pathways. The associated research questions

are:

(1) Are there trade-offs in the environmental, economics, and supply risk perspectives of different

SAF and LCAF production pathways?

(2) Given the main value proposition (or driver) of SAF and LCAF (i.e., reduced GHG emissions),
could emerging LCA research topics such as biogenic CO; and credits for CO, converted in CCT

pathways influence environmental and economic competitiveness?

The assessment metrics are expanded to include potential environmental impacts,
production costs, and supply risks, supported by an iterative framework. The potential
environmental impacts are assessed with a cradle-to-grave LCA encompassing fuel production
from biomass and captured CO,. Focus is placed on potential GHG emissions, but other

environmental impacts are briefly discussed.

4.2. Methods

The goal of this study is to support decision-making in the aviation sector by looking across
the potential drop-in fuel production pathways, assessing consistently SAF and LCAF. We
investigate the influence of GHG and cost assessment methods on results, as well as expanding
the assessment to include additional environmental impacts, production costs, and supply risks
employing an iterative framework. The scale of all pathways is set to 6,000 kg aviation fuel/hour.
We use 1 MJ of aviation fuel as the quantitative reference (i.e., functional unit). The sections
below describe scenarios and main aspects of the assessment methods employed. Additional

details can be found in the appendix (Section C2).
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4.2.1. lterative assessment framework

As a basis for the analysis, we adapt an iterative framework (Figure 4-1) to
comprehensively assess environmental impacts, production costs, and supply risks, emphasizing

the iterative nature of technology assessment studies.

[ Structure problem (stakeholders and decision-makers) ]

r ™

[ Identify options and/or scenarios ]- -=n

Identify sustainability issues and
decision criteria

Recommendations [

assessment

L!fe cycle Cost Supply risk a
;_/ environmental assessment || assessment * -

Identify potential constraints or
opportunities

Figure 4-1: Iterative framework for comprehensive assessment and decision-making. Adapted
from Azapagic et al. [54].

This framework was originally proposed for studies with social LCA (instead of supply
risks) that aim to rank alternatives via a multi-criteria decision analysis [54]. More than a result to
discuss, this framework intends to be an underlying support for a comprehensive assessment;
therefore, in the results section, we identify points where the iterative nature of the framework is

helpful for the overall study.

4.2.2. Description of technologies and scenarios

Given that part of the technologies assessed are not yet commercially deployed, we locate
our analysis in the future, year 2030 and in the United States, when we envision more
technologies may be near commercialization, although there may be exceptions (i.e.,

thermochemical ethanol, direct CO, hydrogenation, ethylene pathways). We selected pathways
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with diverse characteristics, such as biomass and CO; as feedstocks, or thermochemical and
electrochemical conversion processes. Process simulation data from published studies are used
to represent potential future performance of the production process [13]. Base cases from
reference studies are included in the baseline scenario (low-carbon scenario).

Regarding the background system, we assume two scenarios. The low-carbon baseline
scenario incorporates low-carbon technologies and hypothetical optimistic assumptions (e.g., mix
of renewables and nuclear energy) as this is generally the scenario in which LCAF production is
considered. The 2030 scenario represents the most expected average context in 2030, based on
the current regulatory framework and trends that are projected to be in effect during that time.
This scenario aligns with the EIA (US Energy Information Administration) reference case from the
Annual Energy Outlook [200]. For instance, the electricity grid mix assumes a decline in the share
of fossil-based energy relative to today but remains above zero.

Figure 4-2 and Table C-1 (in the appendix) summarize the feedstocks, pathways,
technologies, and main intermediate substances considered in this work. Table C-2 summarizes
the main background system assumptions in each scenario. The detailed reasoning for the
inclusion of the specific pathways can be found the appendix (Section C2). In general, the
included pathways are in the low end of GHG emissions (Forest residue-Fischer Tropsch), allow
discussions about trade-offs of GHG emissions, production costs, and supply risks (Soy-HEFA),
are potential options for 2030 (TRL > 6 [189], [201], CO.-Fischer Tropsch) or actively
commercially researched (COz-Alcohol to jet (MeOH) [202]). Other pathways (CO--Alcohol to jet
(EtOH), CO,-Direct hydrogenation, CO»-Electrolysis (Ethylene)) represent variations in the LCAF
space, allowing the exploration of R&D (research and development) vision in addition to solely

commercial production.
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Figure 4-2: Flow diagrams with main technologies and flows of the pathways included in this

work.

*HEFA: hydroprocessed esters and fatty acids. F-T: Fischer-Tropsch. rWGS: reverse water gas

shift. ATJ: alcohol to jet. MeOH: methanol. MTO: methanol to olefins. MOGD: Mobil olefins to
gasoline and distillate. EtOH: ethanol.
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4.2.3. LCA method and assumptions

The goal of this study is to support an informed decision-making process by exploring the
environmental impacts of aviation fuel production pathways with distinct characteristics. We aim
to highlight the influence of assessment methods on results, particularly for stakeholders who may
not be familiar with the foundation of these methods. Our estimates are not meant to provide
definitive numbers since part of the technologies is in development, or there may be variations
regarding deployment and operation conditions in the more mature pathways. Nevertheless, the
estimates serve as illustrative examples of deployment cases that can be generalized.

We adopt a cradle-to-grave (well-to-wake) boundary, encompassing both upstream (e.g.,
soy oil production) and downstream (i.e., fuel distribution and use) stages, as depicted in Figure
4-2. Co-products, such as diesel and methanol, are treated using energy allocation, except for
captured CO;, where system expansion via substitution is employed (the avoided process
considers the operation of the same plant from where CO; is captured, but without the capture
system) [98].

We use the software Excel and openLCA with the Ecoinvent database [106] for the
background system. Our focus is on GHG emissions for 100 years using the IPCC ARG6
characterization factors [203]. We include estimates of other impact categories relevant for
deployment decisions (such as water scarcity) and commonly found in LCA studies (such as
acidification and ozone depletion) to discuss underlying assumptions that affect the interpretation
of results.

The use behavior of SAF and LCAF in aircraft regarding emissions is being researched,
but data is still not available in databases such as Ecoinvent. Past studies considered
modifications for SAF combustion according to differences in composition compared to the fossil
fuel, such as reduction in sulfur content [204], emitted particles [205], and trace amounts of heavy

metals at maximum to comply with ASTM [206]. We adopt extra assumptions about SAF, such
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as 5% reduction in nitrogen oxides emissions and 2% reduction in CO; emissions [207]. We apply
the same assumptions to LCAF use emissions with the additional assumption of no SO

emissions [208].

4.2.4. Emerging LCA research topics

Regarding carbon balance, our base assumption is carbon neutrality for SAF, consistent
with general guidelines for biomass-based fuels (e.g., CORSIA) [209]. However, for biomass
sources that need a longer rotation period, such as some species of forest biomass, the carbon-
neutrality assumption has been challenged and biogenic GWP (global warming potential) were
estimated according to rotation time and species [41]. Currently, biogenic GWP is under
discussion and the approach used in regulations is typically to not include biogenic carbon
emissions [209], [210]. However, since LCA is an evolving framework, it is plausible that biogenic
GWP may be incorporated in regulations in the future. In this work, we include an alternative case
that models biogenic carbon as fossil carbon (biogenic GWP is equal to fossil GWP) [211] and
test the assumption of 50- and 100-year rotation biomass in the sensitivity analysis.

For LCAF, a key consideration is the credit given for CO» conversion. The typical approach
in the literature is to attribute full credits (i.e., 1 kg of CO, converted results in 1 kg CO: eq
subtracted from the life cycle GHG emissions) [14], [98]. However, the LCA framework for CCT
is evolving [195], [212] and jurisdictions may adopt varying approaches, and the award of full CO-
conversion credits is not guaranteed. Consider for example, two different facilities, one that
captures CO, and one that converts it into fuels, operated by distinct corporations. If the CO;
capturing facility already receives a credit for capturing CO., the converting facility may not be
allowed to consider the CO, input as a negative value in its life cycle GHG estimate [42], which
would affect net GHG emissions and financial incentives awarded to the CO, converting plant.

Commonly, life cycle GHG emissions dictate the eligibility of a certain fuel to financial incentives
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such as tax credits (e.g., Inflation Reduction Act in the US) [182], which affects its cost

competitiveness.

4.2.5. Additional environmental impact categories

Our focus is on potential GHG emissions, but the assessment of other environmental
impacts is also discussed (i.e., water scarcity, acidification, ozone depletion, and respiratory
effects potential). Potential impacts related to water may be assessed by a few impact
assessment methods, but each method may be based on different theoretical backgrounds and
comparisons should be done carefully. The methods included in this work which have categories
for water are: AWARE [213], ILCD [214], and ReCiPe [215]. The unit of all methods is the same,
m?® of water. However, regarding fundamentals, the ILCD method, for example, employs a
distance-to-target approach to attribute eco-points to water consumption compared to the political
target [214]. These eco-points are then multiplied by the average water consumption in the
European Union. The AWARE model [213], on the other hand, considers the relative demand to
availability ratio in specific regions. The ReCiPe method [215] computes water consumption in

relation to water extracted, without considering policy targets or region availability.

4.2.6. Cost assessment method

The aviation fuel production cost assessment is performed according to common costing
approaches in the literature [196], [199], [216], estimating annual costs of capital, and fixed and
variable operational costs. One relevant difference from typical approaches is that we place our
study in the year 2030, when each pathway may be at a different deployment level (i.e., not all
pathways will be in their N of a kind plant, NOAK, a common assumption in cost studies in the
literature).

We acknowledge that the deployment level (i.e., FOAK, revolutionary, evolutionary,

NOAK) is an assumption and that the pace of development and learning may be different.
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However, our goal is not to predict emissions or costs, but to explore drivers and the influence of
the assessment metrics, as well as potential trade-offs. We employ data that considers large scale
production, when the performance of technologies is considered to be representative of the scaled
state in the reference studies. In one case (CO2-electrolysis), we use more optimistic assumptions
as acknowledged in the reference study [82], [217], since the CO electrolyzer technology is in an
earlier development stage compared to the other technologies considered in this study.

Starting with capital, we use scaling factors and the power law to adjust the scale and year
(inflation with CEPCI) where needed. Values for purchased equipment from the reference studies
were scaled and adjusted to 2030. We apply the same factors for all cases, except for engineering
and supervision, project and process contingencies. In these cases, factors were used according
to the assumed state of the technology (i.e., FOAK and stages before NOAK consider higher
factors) [195]. We apply the two-factor learning curve (Equation 4-1) [218] to estimate costs at
2030 deployment state from the NOAK results.

log¥ = a+ LBD(logx) + LBR(logR) ~ (Equation 4-1)
Where Y represents the NOAK cost, a is the FOAK unit cost, LBD is the constant learning rate
from learning by doing, LBR is the constant learning rate from learning by research, x is the
accumulated production capacity (here, deployed plants) [219], and R is the accumulated R&D
investment or knowledge stock (e.g., R&D expenditure, and in this thesis we use patent
applications as proxy) [220]. LBD, LBR, and R are tested in the sensitivity analysis.

The deployment stage (evolutionary, revolutionary, or FOAK) is an assumption for each
pathway and dictates value of x in Equation 4-1 (mature 17" plant, evolutionary 8" to 17" plant,
revolutionary 2™ to 8" plant, FOAK 1%t plant) [219]. The HEFA pathway is currently mature,
Fischer-Tropsch pathways (with forest residue and CO,) are presented in the evolutionary stage,
LCAF pathways based on methanol, ethanol, ethylene, and direct CO, hydrogenation are

assumed FOAK.
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For the estimation of operational costs, whenever necessary, an annual inflation rate of
3% is considered to take unit operational costs to 2030 (inflation rate slightly above the usual 2%
[44], [196] to 2.5% [195] used in literature to account for current inflationary context [47]). The
variable operating costs are directly related to the production level, summing the costs of
feedstocks, utilities, catalysts, and waste treatment. Table C-2 in the appendix lists the costs of
main inputs. Forest residue cost is assumed to be 60 $/t [17], [185], and soy oil cost is assumed
to be 980 $/t [221]. The fixed operating costs are incurred independently of production output,
such as labor, supervision, general and administrative costs, maintenance, and insurance.

For the estimation of unit cost production, the capital investment and operating costs are
used to estimate a production cost that would result in a net present value of zero. A discounted
cash flow analysis [216] with a 10% discount rate, 30 years plant lifetime, 26% total tax rate
(federal and state taxes) [196], and MACRS (modified accelerated cost recovery system)
depreciation scheme in seven years was performed.

A separate case includes financial incentives following the US Inflation Reduction Act
(IRA), awarded in the form of tax credits for producers who provide aviation fuel with at least 50%
GHG emissions reduction compared to the fossil baseline. In addition to the federal incentive,
state-level programs are also available such as in California and Oregon [222]. We use the
California Low Carbon Fuel Standard [223] to estimate how federal and state incentives stack up.
IRA defined two phases for implementation, phase 1 from 2023 to 2024 and phase 2 from 2025
to 2027. We assume that phase 2 with the clean fuel production credit will be extended to 2030.
The base credit is 1.75 $/gallon of fuel meeting the reduction threshold of 50 kg CO.eq/MMBtu
(47 g CO2eq/MJ). The percent reduction of a certain fuel (e.g., SAF from forest residue) is

multiplied by the base credit to estimate the total IRA credit.
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4.2.7. Supply risk assessment

In this work, the supply risk assessment is inspired by the criticality framework, which is
mostly applied to minerals that are subject to geopolitical risks in importation [49], [55], [224]. We
focus on the supply risk dimension (likelihood of supply risk disruptions) and on maodifications of
the original framework to study bioresources such as general bio-based products [56], woody
products [55], and power [225], [226]. Different temporal perspectives are possible [49], and here
we consider medium to long-term perspectives as this supports the assessment of relevant
materials for the national industry [49]. Short-term and corporate specific assessments are also
possible, but they are beyond the scope of this study.

An aggregated indicator typically represents the supply risk, considering several
components, as Figure 4-3 exemplifies. The selection of indicators and their aggregation is
somewhat subjective [49], [55]. Therefore, we estimate an aggregated index while also presenting
individual components to identify hotspots.

Indicators are based on published assessments of the type of feedstock considered
(biomass and energy) [55], [225]. However, they are based on past data since criticality studies
are backward-looking and consider a snapshot in time [49]. In this study, we adapt the indicators
to use forecast data whenever possible (e.g., price volatility for fossil oil, pace of deployment for
solar and wind, net-import dependence, competing uses). There are indicators we believe will not
change substantially by 2030 and are kept with current values (e.g., share of offshore production
for oil, unplanned outage rate for nuclear power plants, land requirement for electricity
generation). Other indicators we acknowledge may change but are difficult to predict (e.g., water
restriction and annual volatility of hydropower generation may be affected by change in climate,
political stability of suppliers depends on local actors’ perspectives). We acknowledge the time
mismatch in some cases, but our goal is to include this metric to support the overall assessment

of novel aviation fuel production, highlighting (and identifying) risks that should be considered in
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the decision-making process, rather than determining the criticality indices of such materials.
Literature provides detailed explanation about the complete framework and its entire functionality
[48], [49], [55], [56].

Section C2 in the appendix details each indicator presented in the Figure 4-3 and the

sensitivity analysis.
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Figure 4-3: Scheme of the supply risk dimension from the criticality framework. Adapted from
[49], [55].
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4.3. Results and discussion

This study expands the assessment of aviation fuel production pathways to include both
SAF and LCAF, as well as metrics such as life cycle GHG emissions, costs, and supply risks. The
Figure 4-4 presents the life cycle GHG emissions, costs, and supply risks results and
subsequently we explore challenges, opportunities, and recommendations to improve the

discussion about aviation fuel production. Figure 4-5 presents the influence of assumptions and
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methodological choices on life cycle GHG emissions and production costs of SAF and some
LCAF production pathways (the remaining LCAF pathways results, and supply risk sensitivity are
shown in Figure C-3). Given the current state of the systems and lack of operational data to allow
probability distributions, we do not perform global sensitivity analyses. Instead, we show different

scenarios based on specific assumptions for the future.
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c Supply risk scores and production potential
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Figure 4-4: Results for (a) life cycle GHG emissions, (b) production costs, and (c) supply risk
indicators.

(a) Pathways from captured CO; consider full credits to the conversion process. Net emissions
represent removal in Low-carbon scenario (CO;, captured from atmosphere), and reduction
compared to incumbent systems in 2030 scenario. Energy allocation for all systems (including
soy oil and soy meal) except for captured CO;, which is treated with substitution (incumbent is
operation of the same plant without carbon capture) [98]. The 50% threshold refers to the eligibility
for incentive programs such as IRA. Columns relating to the less developed technologies are
faded out.

Forest residue-Fischer Tropsch (neutral C): considers carbon-neutrality (i.e., biomass regrowth
quickly absorbs emitted CO3).

Forest residue-Fischer Tropsch (biogenic C as fossil C): alternative case for forest residue,
assumes the same GWP of fossil fuels.

CO-Electrolysis (Ethylene): the capital cost from the low temperature CO electrolyzer is based
on estimates for SOEC and chlor-alkali equipment [217], [346].

(b) Revenues: received from co-products (i.e., other fuels and chemicals). Columns relating to the
less developed technologies are faded out.
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Figure 4-5: Results for the sensitivity analysis for (a)-(d) GHG emissions and (e)-(h) production
costs.

It is possible, but challenging

Depending on the deployment context and assessment method, both SAF and LCAF may
provide aviation fuels with over 50% GHG emissions reduction compared to the fossil baseline.
However, there are potential trade-offs with production costs, supply risks, and production

capacity. Therefore, a clear preferred production pathway is not evident.

Typically, assessment studies on drop-in fuels treat SAF and LCAF separately,
investigating how each fuel category can be the ultimate solution to decarbonize the aviation
sector. In contrast, our analysis emphasizes that in both cases there are conditions to achieve
the desired GHG emissions reduction, and even more difficult, to achieve cost competitiveness
compared to the fossil fuel pathway. Therefore, besides financial incentives [16], [46], other
strategies may be needed, such as intensifying R&D, securing supply, or being flexible regarding

the feedstock.
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SAF is currently the most developed alternative, but there may be reasons to look

elsewhere

SAF production pathways are more developed and often more cost-effective among
potential options [16], [17]. However, SAF needs bio-based carbon sources, which may not be
widely available or available in sufficient quantities.

On the other hand, LCAF offers more flexibility as CO; can be captured from air, often
considered an “endless source”. The challenge, however, is not the source of carbon as with SAF,
but the type of energy required to capture and convert CO..

Given that the primary driver of drop-in fuels is GHG emissions reduction compared to
fossil fuels, low-carbon energy is essential. However, while atmospheric CO, may be considered
readily available, the same cannot be said for low-carbon energy. Beyond energy considerations,
water availability may also be a constraint for hydrogen production from water electrolysis in LCAF

pathways that involve CO; hydrogenation.

SAF from forest residue is promising but may not be enough

SAF derived from forest residue leads to lower GHG emissions (assuming carbon
neutrality) (Figure 4-4a) and may be close to fossil fuel production costs (Figure 4-4b), making it
a preferred alternative in assessment studies [17]. However, it has the lowest production potential
in US and faces relevant risks associated with competing uses, productivity, and land (Figure 4-

4c).

Regarding production potential, forest residue could allow approximately 0.6 billion gallons
of SAF production [17]. However, considering the US intends to increase production to three
billion gallons by 2030 [46], forest residue alone may not suffice. Despite being a promising
pathway with lower GHG emissions and production costs, other feedstocks will be necessary.

Regarding the risk of competing uses for forest residue (e.g., heat, chemicals), assessment
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studies should explore the effect of increased feedstock costs on production. The potential uses
of the biomass may change in the future following the intensification of other solutions such as
electrification (heating or light duty vehicles, for instance). Nevertheless, including this factor in
the sensitivity analysis (feedback loop to identify options and scenarios in Figure 4-1) with

potential ranges could support financial decisions [227].

Given the potential issues with competing uses and availability of forest residue, soybean
emerges as an alternative with an established market for the feedstock (feedback loop to identify
options and scenarios in Figure 4-1). However, competing uses (e.g., food) are a potential risk,
mentioned qualitatively in most LCA studies, and the GHG emissions may be in the range of fossil
fuel depending on methodological choices (as discussed in the section GHG emissions drivers

and influence of the assessment method below).

LCAF as an alternative to address supply gaps

Given the feedstock and land availability issues with SAF, LCAF is being referred to as an
alternative to fill the SAF supply gap due to said unlimited supply [46]. In the iterative framework
(Figure 4-1), it would be in the feedback loop to identify options and scenarios as an additional

pathway to explore.

With low-carbon electricity, all LCAF pathways in this study result in over 50% GHG
emissions reduction compared to current fossil fuel pathway emissions (Figure 4-4a). While low-
carbon electricity is typically considered readily available [16], [46], competing uses are a major
risk (Figure 4-4c), particularly in a future with increased electrification (e.g., mobility). When
focusing on solar and wind power, the pace of deployment poses a risk, with new capacity
additions competing with natural gas by 2030 in the US [200]. Despite assuming that all available

electricity is low-carbon and can be used for aviation fuel production, the LCAF production
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potential is nearly one order of magnitude lower than the fossil counterpart, challenging the

assumption of unlimited supply.

Due to competing issues, an additional scenario for grid electricity could be included to
investigate the worst case (feedback loop to identify options and scenarios in Figure 4-1). In case
2030 grid electricity is required, LCAF GHG emissions substantially increase, potentially

surpassing the fossil fuel baseline (particularly with CO,-electrolysis (Ethylene)).

In the 2030 scenario, even soy may be preferrable compared to LCAF, with similar GHG
emissions (or lower, depending on ILUC and feedstock allocation method as discussed in the
section GHG emissions drivers and influence of the assessment method below), but substantially
lower production cost. If non-fulfillment penalties (financial penalties for airlines or other
institutions required by law to reduce GHG emissions) [228] are in place, having soy as backup

option may alleviate financial burdens on suppliers while still avoiding the fossil fuel.

However, under baseline assumptions (no incentives, vented O;, base performance), it is
difficult for either SAF or LCAF to achieve cost-competitiveness compared to the fossil fuel by

2030.

R&D and other strategic approaches

In this context, supporting measures are expected be needed for drop-in aviation fuels to

be cost-competitive and to deliver GHG emissions reduction compared to the fossil fuel.

The most common measure is to provide financial incentives. In the US, IRA offers
incentives that will expire in 2027 [182]. Assuming federal incentive extension through 2030
combined with state incentives, SAF from forest residue may reach cost-competitiveness (see
Figure C-2 in the appendix). Therefore, financial incentives are expected to still be needed by

2030.
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Improving performance through R&D or operating differently may also be beneficial.
Increased efficiencies (e.g., Fischer-Tropsch syngas conversion, thermochemical and
electrochemical CO; conversion) and additional diesel processing into aviation fuel (although not
common) [38] can bring SAF from forest residue and LCAF from Fischer-Tropsch into the cost-

competitiveness range.

The least developed CO»-Electrolysis (Ethylene) pathway resulted in the highest
production cost and is difficult to be cost-competitive by 2030. However, an advantage that this
pathway offers is the lower H. requirement (consequently lower local water requirement for
electrolysis) than the other LCAF pathways. Therefore, decisions about R&D funding should

consider the timeline and potential role this technology can play in the overall portfolio.

Another strategy to explore is valorizing co-products, given their influence in GHG
emissions (due to changes in burden sharing or substitution credits) and production costs (see
Figure 4-5). A co-product that is usually considered vented is O, from H, production via water
electrolysis. If it is possible to commercialize medical grade O, the production cost of drop-in
fuels decreases substantially. For example, for CO-Alcohol to jet (EtOH), the production costs
with O revenue factored in were approximately five times lower than the baseline costs. Recent
studies [229], [230], [231], [232], [233] have included O, revenue for industrial or medical uses,
but O; as a co-product is expected to be limited.

Since co-products are influential, extra O, and diesel potential production from SAF and
LCAF was compared to US market sizes [234]. If 50% of aviation fuel demand is fulfilled by LCAF
(current blending limit), approximately seven times more oxygen than the potential 2025 US
market size [235], [236], [237] will be produced. Therefore, O, commercialization as a co-product
is expected to be limited. Diesel produced, however, would be equivalent to 16% of the 2025 US

market [200] and the pathway for commercialization is more straightforward. This underscores
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the importance of evaluating the potential market for co-products, as it influences SAF and LCAF

cost-competitiveness.

GHG emissions drivers and influence of the assessment method

The results indicate that life cycle GHG emissions from LCAF pathways are greatly
influenced by deployment conditions, such as energy and H> sources, showing more room to
reduce emissions under certain conditions. In contrast, SAF is notably affected by the LCA
method. For example, influential aspects include biogenic CO; for woody biomass, where forest
residue with biogenic CO, modeled as fossil CO; leads to fifteen times higher GHG emissions
than CO: neutral forest residue assumption, and induced land use change (ILUC represents 25%
of total GHG emissions for soy).

Consequently, changing scenarios and input sources have less effect on the life cycle
GHG emissions of SAF pathways, which are more affected by the assessment method and choice
of feedstock. There is substantial difference in life cycle GHG emissions between the fuel derived
from forest residue and soy feedstocks, with soy-based SAF resulting in life cycle GHG emissions
approximately twenty times higher than forest residue-based SAF. Furthermore, the carbon
neutrality assumption considerably affects the life cycle GHG emissions of the Forest residue-
Fischer Tropsch pathway. The GWP attributed to biomass may vary in a spectrum, potentially
being negative in case the period in which carbon is stored in the anthroposphere is counted as
a benefit [238], or modeled as GWP from fossil fuels [211]. This highlights the fact that not all SAF
pathways and feedstocks lead to inherently lower life cycle GHG emissions compared to fossil
fuels.

For LCAF, a common assumption is that the fuel will receive 100% of CO. conversion
credits, which is reasonable for CO, captured by DAC. However, with point sources (e.g.,
fermentation, cement, and power plants), full credits for CO, conversion may not be granted in all

cases [42]. Testing the worst-case (no CO, conversion credits), no LCAF pathway achieves the
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minimum threshold for financial incentives eligibility (50% GHG emissions reduction compared to
fossil baseline) in any scenario. Therefore, this conversion credit (i.e., CO converted subtracted

from the overall GHG emissions) may also affect cost estimates of LCAF.

The CO»-Electrolysis (Ethylene) pathway is substantially influenced by deployment
conditions, particularly the electricity source. In the 2030 scenario (with 0.30 kg COzeqg/kWh grid)
[200], this pathway results in considerably higher life cycle GHG emissions than all other
pathways. While securing a steady supply of low-carbon energy can make the GHG emissions of
this pathway comparable to other LCAF options, it demands more electricity, ranging from 2 to 80
times higher demand than other alternatives. Consequently, competition for electricity with other
sectors, such as road vehicle electrification and residential use, may increase the risks of supply
constraints.

It is worth mentioning existing claims about negative life cycle GHG emissions of aviation
fuels. As Figure 4-4 and Figure 4-5 illustrate, underlying methods and assumptions strongly
influence results, emphasizing the importance of clearly stating the overall scope and boundary
of the analysis. The use of substitution to treat co-products and simplified boundaries such as
gate-to-gate or cradle-to-gate should be clarified when mentioning negative life cycle GHG
emissions (e.g., Chen et al. [192]).

Considering the strong influence and constant development of the assessment method,
studies supporting decision-making should monitor and discuss potential updates in the method

as they could be incorporated in the regulatory framework and influence financial incentives.

Other environmental impacts

In the context of climate change, life cycle GHG emissions are the focus of aviation fuel
production assessments. In this work, we complement the analysis with other impact categories,

addressing aspects such as water use and the effect of the impact assessment method, rarely
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discussed as publications tend to select solely one method. The results are shown in Figure C-4
in the appendix.

For LCAF water scarcity, H> from water electrolysis is the main hotspot for water use in
thermochemical pathways. The contribution ranges from 71% to 94% for direct CO;
hydrogenation and rWGS, respectively. This indicates that these pathways, in addition to
electricity, should secure reliable sources of water for H> production. The AWARE model
considers relative demand and availability, thus the same volume consumed could result in
different impacts depending on demand. For example, H, from water electrolysis in average US,
leads to 7.8 m3/kg H- of water use, with state-specific indicators ranging from 0.41 to 22 m%/kg H.
Table C-5 in the appendix summarizes the results based on the AWARE method.

Water use may be assessed by different impact assessment methods that consider
varying theoretical backgrounds. Therefore, each result has a different meaning, which could
complement each other, but comparisons should be avoided [239].

Another potential source of difference is the inclusion or exclusion of certain elementary
flows by the impact assessment methods. For example, ozone depletion potential from Soy-HEFA
pathway is approximately 10 to 30 times higher with ReCiPe (all perspectives) than with other
methods and pathways. ReCiPe includes a characterization factor for N,O, while the other
methods do not, being particularly relevant for agricultural systems such as soy. There have been
discussions regarding the inclusion of N2O in other methods [240], but only ReCiPe has
incorporated this emission.

In summary, in addition to LCA methodological choices, the theoretical basis of life cycle
impact assessment methods may influence the interpretation of results, especially for less
standardized categories (GHG emissions tend to be consistent across assessment methods

[344]). Therefore, providing basic information about the assessment method is advised.
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4.4. Conclusions

This paper highlighted aspects from life cycle GHG emissions and cost assessments
across different fuel categories, namely SAF and LCAF, and their consequential influence on
results and decisions. Additionally, we included supply risk metrics to support the environmental
impacts and production cost studies. We do not aim to give definitive quantitative results for
emissions, costs, and risks, but to use results to explore general behaviors and draw conclusions
applicable in diverse circumstances.

Our results indicate that all the considered pathways can deliver fuels with lower GHG
emissions compared to the fossil counterpart under certain assumptions and conditions.
However, trade-offs with production costs and supply risks may exist. For example, SAF from
forest residue is a promising pathway with lower GHG emissions and production costs, but it may
have supply risks. LCAF, often mentioned as a solution to complement drop-in fuels production,
is also affected by supply risks, not regarding the carbon source but the type of energy required
(low-carbon electricity).

Therefore, additional measures or strategies are expected to be needed to help drop-in
aviation fuels reach cost-competitiveness and GHG emissions reduction. Technological
improvements, co-products valorization, and financial subsidies are some of the available
approaches. Among the pathways considered in this study, SAF from forest residue and LCAF
from Fischer-Tropsch may become compelling options. However, there may be specific situations
where other pathways could play a role, and even soy may be an acceptable backup option.

The driving force for SAF and LCAF development is GHG emissions reduction, which is
influenced by the assessment method. Each fuel category is affected by different aspects, with
LCAF mostly affected by the deployment context (e.g., source of H, and electricity) and SAF by
the feedstock choice and assessment method itself (e.g., treatment of co-products, ILUC, and

biogenic CO), which is evolving. Emerging research topics include biogenic CO, and the
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consideration of CO, conversion credits. LCA studies tend to consider full credits in all contexts,
which may not be granted depending on the regulation, influencing decisions.

Our exploration of supply risks offers a novel perspective in life cycle assessment studies,
typically discussed qualitatively. Here, we adapt the criticality framework to provide indicators that
assist in the evaluation of risky factors and incorporate them in a sensitivity analysis to examine
potential effects. Beyond forest residue costs, electricity and water are key drivers of risks
originating from competing uses and relative local availability.

In conclusion, we explore assessment methods and their influence on different fuel
categories to support informed decisions in the aviation sector. We recommend considering risks
from competing uses to explore potential increase in production costs and associated measures,
including analyses for co-products, closely monitoring the LCA framework development, and
when discussing results for other environmental impacts (including water use), interpretation
should include an overview of the theoretical background of the impact assessment method as

they are less standardized.
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5. Conclusions and future work

This thesis investigates how the assessment of emerging technologies can be adapted,
applied, and communicated to support decisions throughout the life cycle of technologies. The
focus lies on technologies proposed to reduce GHG emissions in the energy sector, particularly
carbon conversion and electrochemical technologies. While the emphasis is on potential GHG
emissions, additional environmental impacts, production costs, and supply risks are also
considered to provide a comprehensive view of the proposed systems. Each chapter focuses on
one perspective of the assessment of novel technologies. Chapter 2 is dedicated to early
development decisions, aiming to support developers in envisioning how their technology may fit
into the supply chain. Chapter 3 expands the assessment of emerging technologies by
incorporating a competing technology that may impact the future market for deployment, including
lithium-ion and sodium-ion batteries. In Chapter 4, the attention shifts to deployment decisions of
a specific product, drop-in aviation fuel. Given the complexity of the aviation sector and the
multitude of technological pathways and feedstocks proposed, drawing conclusive findings can

be daunting, particularly as comprehensive studies with consistent assumptions are still lacking.

In Chapter 2, support for early decisions is provided by situating electrochemical CO
conversion technologies within the supply chain, offering developers a systems-level perspective
of their solutions. This chapter does not intend to definitively report the GHG emissions of the
included technologies as performance when mature is uncertain. Instead, based on current
knowledge, we draw conclusions and derive general recommendations that developers can
consider when making decisions. The findings suggest that the main contributors to GHG
emissions are the electricity source and consumption during operation. Relevant factors include
parameters related to the processing unit, such as SOEC degradation rates, energy requirements
for H, production, type of electrolyzer, and Fischer-Tropsch conversion in the case of diesel.

External factors, such as electricity and CO; sources, also have substantial impacts, underscoring
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that emissions are influenced by more than solely the electrochemical process. The selected LCA
method can also affect results, particularly when handling multiple co-products in diesel

production.

Considering the overall results, recommendations to technology developers include
prioritizing end-uses for CO2-based products that do not involve combustion, considering the CO.-
based product purification stage in the GHG emissions estimates, better characterizing the long-
term behavior of electrolyzers, and recognizing that depending on the objective of the study (e.qg.,
reducing productions costs or GHG emissions), different parameters may have varying degrees
of influence (e.g., increased stack lifetime being relevant for costs, but not as much for GHG
emissions). The direct list of recommendations serves as a clear summary of the discussion and

the LCA fundamentals provided throughout the chapter to support technology developers.

Chapter 3 assesses the potential GHG emissions of new lithium sources for automotive
battery production in North America. We also consider a potential future battery competitor to

provide context for technologies within the lithium-ion battery supply chain.

There has been a growing interest in developing alternative lithium sources, particularly in
North America, where advanced projects are underway. While most studies focus on established
production methods, our investigation suggests that new sources in North America could yield
lithium hydroxide monohydrate (a crucial battery cathode precursor) with lower GHG emissions,
especially if low-carbon energy sources are utilized. Emerging technologies such as direct lithium
extraction (DLE) and electrochemical lithium refining show promise in reducing GHG emissions
compared to traditional methods. These emerging pathways may be influenced by LCA methods
to a greater extent than incumbent methods due to the potential co-production of valuable outputs
such as geothermal electricity and acids. However, traditional processes like chemical conversion

could still be helpful, especially in regions with limited access to low-carbon energy.
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Considering potential future developments in battery technology, alternatives such as
sodium-ion batteries warrant attention. Although they may initially appear to have higher GHG
emissions than lithium-ion batteries based solely on storage capacity, when considering energy
throughput over their lifetimes, sodium-ion batteries could be comparable or even result in lower
GHG emissions. If the pace of lithium-ion battery development decelerates, sodium-ion batteries

could present lower GHG emissions.

Chapter 4 investigates various aspects of life cycle GHG emissions across different fuel
categories, specifically SAF (drop-in aviation fuel from biomass) and LCAF (drop-in aviation fuel
from captured CO,), and their implications for results and decision-making. We also incorporated
production costs and supply risk metrics to complement the environmental impact analysis. Our
findings suggest that all considered pathways have the potential to deliver fuels with lower GHG
emissions compared to fossil fuels under specific assumptions and conditions. However, there
may be trade-offs with production costs and supply risks, requiring additional strategies. For
example, SAF derived from forest residue shows promise in reducing GHG emissions and
production costs but may face supply risks. Similarly, LCAF, often viewed as a complementary
solution, is also susceptible to supply risks, particularly regarding the type of energy required. To
improve the production cost competitiveness and reduce associated GHG emissions of drop-in
aviation fuels, supplementary measures such as technological advancements, valorization of co-
products, and financial incentives may be necessary. Among the examined pathways, SAF from
forest residue and LCAF from Fischer-Tropsch stand out as promising options. However, specific
circumstances may warrant consideration of alternative pathways, with even soy serving as a

potentially viable backup option.

The primary motivation for SAF and LCAF development is GHG emissions reduction,
whose estimate is influenced by assumptions and the assessment method. Each fuel category is

affected by different factors, with LCAF primarily influenced by the deployment context (such as
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the source of hydrogen and electricity), while SAF is impacted by feedstock selection and
assessment methods (such as treatment of co-products and induced land use change). Emerging
research areas include biogenic CO; and the consideration of CO, conversion credits, with LCA
studies often assuming full credits across all contexts, which may not align with regulatory
frameworks and affect decision-making. Our exploration of supply risks introduces a new
perspective in LCA studies, which are traditionally discussed qualitatively. We recommend
considering risks from competing uses when evaluating potential production cost increases and
implementing associated measures. Additionally, to improve results interpretation and
usefulness, continuous monitoring of LCA methods development and providing an overview of
the theoretical background of impact assessment methods, particularly for less standardized

environmental impacts such as water use, are beneficial.

Each research chapter in this thesis investigates how the application of technology
assessment methods can support decisions at different stages and from different perspectives.
Given the climate motivation behind many novel technologies in the energy sector, we primarily
explore potential GHG emissions through LCA but employ complementary metrics such as
production costs and supply risks to improve the insights and support decisions. Often, readers
and decision-makers expect definitive answers from LCA studies and may undervalue or
misinterpret conditional results. This thesis delves into the method and communication to support
a better understanding of why conclusions may not be absolute. Deployment conditions affect
results and thus should be carefully considered when funding, planning, and implementing novel
technologies. Another influential aspect, which is more challenging to communicate to the general

public, is the effect of LCA methodological choices.

Common aspects, such as burden sharing among products or the varying fundamental
basis of available impact assessment methods for less standardized impact categories, are well-

known within the LCA research community but often overlooked in discussions for a broader
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audience. The typical approach to share burdens among co-products involves selecting one or
two methods and justifying the choice, without providing estimates with the remaining methods or
discussing the influence of this factor on results. There is not a correct or incorrect choice;
therefore, by providing background about the methods along with the potential estimates with
each method, decision-makers can better appreciate the potential distinct results. Similarly,
selecting the impact assessment method (e.g., TRACI or ReCiPe) influences results for less
standardized impact categories, but it is rarely mentioned. For example, in the respiratory effects
category, the methods consider potential human exposure to emitted particles, which in less
densely populated areas (such as North America, aligned with the TRACI method) results in lower
impacts compared to more densely populated areas (such as Europe, the original basis for the
ReCiPe method). Therefore, selecting a particular method may lead to inconsistent comparisons
and influence decisions. Additionally, the potential influence of emerging LCA research topics,
such as CO; conversion credits or biogenic CO,, is also underexplored in typical studies. These
topics are not established, but it is reasonable to assume that they may be incorporated in
assessment guidelines in the future, supporting the selection of CO; sources in the CCT case or

deciding if a certain project should be approved or canceled, for example.

Therefore, this work contributes to better-informed decision-making in research, policy,
and business planning by addressing and explicitly discussing these points. By expanding the
LCA boundary and embracing the various potential products and end-uses, researchers can
make early decisions envisioning the role their technologies may play within the supply chain.
External factors to the electrochemical technology were shown to contribute to potential GHG
emissions, and decision-makers are encouraged to carefully consider the source of energy and

chemicals utilized and not only focus on reducing their consumption.

Beyond the mentioned input chemicals, the feedstock source selection can affect the life

cycle GHG emissions regardless of the core technology performance, such as electrochemical
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lithium refining having very different results with brines or rocks as lithium sources. For businesses
focused on the development and commercialization of the electrochemical technology, this result
suggests implications for choosing business partners according to the available lithium extraction
sources. A similar consideration is recommended for CO; sources. In this case, in addition to the
different GHG emissions of CO; sources (e.g., natural gas power plant or direct air capture), the

regulatory landscape may affect the estimated carbon intensity of products from CCTs.

Also, local conditions beyond factors that impact GHG emissions can influence decisions,
such as water scarcity (in lithium production due to LCA methodological choices, whether brine
is considered water or not, and in CCTs due to the potential need for Hz production, for example).
Funding can also be better directed with the combination of LCA with other metrics, supporting
decisions such as the types of projects to be funded and duration (for example, in drop-in aviation
fuel production that should be accompanied by projects for low-carbon energy development and
is expected to need financial incentives beyond the 2027 timeline in the United States for the
Inflation Reduction Act). While we focus on areas of particular interest to Canada (such as CCTs
and lithium production), the frameworks and recommendations presented here can be

extrapolated to other research fields.

In addition to the takeaway messages summarized above, this thesis explored areas of
growing interest that still lack assessment studies, filling gaps in the literature of LCA directed to
R&D, lithium production in North America, and comprehensive assessment of drop-in aviation

fuel production with different types of feedstocks (i.e., CO, and biomass).

Moving forward, encouraging the estimation of the longer-term behavior of novel
technologies during the development process and incorporating it into assessment studies may
be beneficial. For instance, information regarding the cyclability of sodium-ion batteries and the
characterization of long-term degradation of electrolyzers, perhaps by enhancing accelerated
tests, will provide valuable inputs for assessments. The systems in this thesis are mostly stand-
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alone, and it may be helpful to explore co-location or co-processing opportunities, such as drop-
in aviation production from CO- in an oil or biorefinery and explore how it affects the GHG
estimates. Additionally, expanding on complementary metrics, such as supply risks, presents
opportunities for a more in-depth investigation of trade-offs while supporting a comprehensive

examination of potential environmental impacts.
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Appendix A: Supporting information for Chapter 2
Al.Additional information about the systems under study

a. Electrochemical pathway (SOEC-Co and SOEC-AEC-flow)

In the co-electrolysis strategy (SOEC-Co), for the methanation step, methane can be
produced by CO or CO- reduction [241]. Both types of catalytic methanation were assumed to
have the same energy demand of 0.34 kWh/kg CHa4[7], [242] (assumption tested in the sensitivity
analysis). For methanol production, the secondary unit has an electricity demand of 1.3 kWh/kg

methanol [7], [116].

Data for diesel production from syngas was obtained from Okeke et al. [100] and Okeke
and Mani [101]. The fuel gas stream leaving the F-T unit is used for electricity generation [100],
which is directed to offset part of the electrolyzer consumption. The heat produced by the F-T unit
was considered to be enough to provide heat to the other units [8]. Figure A-4 in this appendix
presents a diagram of the diesel process. In a Fischer-Tropsch (F-T) process, liquid
hydrocarbons are produced by reacting syngas (H.:CO ratio of 2:1) at a pressure of 25 bar and

temperature of 230°C [8].

Purification of the gaseous stream is assumed to be done by pressure swing adsorption

[14] with an energy requirement of 0.25 kWh/m? relative to a biogas upgrading process [14], [99].

Table A-1: Inputs for methane, methanol, and diesel production from SOEC-Co.

Intermediate Item Value Unit
Syngas [73] CO; 14 kg CO./kg syngas
H20 1.2 kg H.O/kg syngas
PSA separation 0.030 kWh/kg syngas
Heat 0.32 kwWh/kg syngas
Electricity 7.3 kWh/kg syngas
Oz produced 15 kg O./kg syngas
Methane [7], [73], [242] Syngas 2.0 kg syngas/kg methane
Electricity for extra H, 5.7 kWh/kg methane
Methanation 0.34 kWh/kg methane
Methanol [7], [73], [116] Syngas 1.0 kg syngas/kg methanol
Methanol synthesis 1.3 kWh/kg methanol
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Diesel [73], [100], [101] Syngas 2.1 kg syngas/kg diesel

Electricity for electrolysis 14 kWh/kg diesel
Electricity for F-T 0.071 kWh/kg diesel

PSA separation 0.063 kWh/kg diesel
Off-gas emissions 0.62 kg CO2eqg/kg diesel
Gasoline produced 0.52 kg gasoline/kg diesel
LPG produced 0.10 kg LPG/kg diesel
Wax produced 0.025 kg wax/kg diesel
Steam produced 3.5 kg steam/kg diesel
Oz produced 3.2 kg O2/kg diesel

As mentioned in Chapter 2 (Section 2.2.1.1), the syngas composition from co-electrolysis
had to be adjusted to H,:CO molar ratio of 3:1 by adding extra H.. We estimated the inventory for
a co-electrolysis that is tuned to produce the syngas with the desired 3:1 ratio. The H>O input and
the O, produced were adjusted, and the remaining parameters were kept constant, per mass of
syngas. We deemed this a reasonable assumption since the water should not influence the
utilities demand in a relevant manner [243]. This is merely an estimate, to understand if in this

ideal condition, tuning the syngas composition may be beneficial or not.

In the SOEC-Co pathway, a thermochemical unit is needed, which could be classified as
hybrid; however, it was classified as an electrochemical pathway because CO; is converted in the
electrolyzer (and not only H,O electrolysis, as in the thermochemical pathway). This classification

of pathways was adapted from Grim et al [68].

The CO2-CO-product process in tandem (SOEC-AEC-flow) and the low-temperature
electrolysis in MEA (membrane electrode assembly) with an AEM (anion exchange membrane)
are strategies recently developed in the low-temperature electrolysis area [14], [82], [244]. The

CO,-CO-product tandems are explained in Chapter 2.

The low-temperature electrolysis in MEA (membrane electrode assembly) with an AEM
(anion exchange membrane) was not further explored in the main text because in past studies
[14], [82]. this strategy was economically unfeasible and gave higher GHG emissions compared

to the tandem strategy even with optimistic assumptions. In this strategy, humidified CO. is fed to
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the electrolyzer in MEA configuration involving an AEM. The higher voltage of the direct CO;
electrolysis to produce methane and methanol using this strategy (compared to the combined
voltage required for CO, to CO electrolysis and CO reduction to products) and CO:

crossover/carbonate formation led to the higher GHG emissions.

b. Hybrid pathway (water electrolysis, SOEC-W and PEMEC-W)

As mentioned in the main text, SOECs and PEMECs were considered for hydrogen

production.

Methane can be produced by the Sabatier reaction [7], [242] in a fixed bed reactor by
reacting CO. and H; in the presence of catalysts (ruthenium or nickel-based, for example) [245],
at a temperature of 180-350°C. The reported CO, consumption is 2.8 kg CO2/kg methane, the
demand of H; is 0.52 kg H2/kg methane, and the electricity consumption of methanation is 0.34

kWh/kg methane [7], [242].

H. produced by water electrolysis reacts with CO, to produce methanol [7], [116]. For
methanol production, the CO, consumption is 1.4 kg CO2/kg methanol, the H, demand is 0.19 kg

H>/kg methanol, and electricity demand is 1.3 kWh/kg methanol [7], [116].

For diesel production, it is necessary to convert CO; to CO using the rWGS reaction, which
produces CO with selective water removal [246]. Additional H, from the electrolyzer is blended
with the product of rWGS to produce syngas with H2:CO molar ratio of 2:1. The fuel gas stream
leaving the F-T unit is used for electricity generation [100], which is directed to offset part of the
electrolyzer consumption. The heat produced by the F-T unit was considered sufficient to heat

the other units [8]. Figure A-4 presents a more detailed diagram of the diesel process.

The syngas is then processed in a conventional F-T unit. [100] A process similar to that

described by Liu et al. [22] is applied, in which the source of CO: is specified as DAC. Oxygen is
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generated as a co-product in all cases. For diesel, additional co-products are generated: gasoline,

liquefied petroleum gas (LPG), wax, and steam.

Table A-2: Inputs for methane, methanol, and diesel production from SOEC-W and PEMEC-W.

Intermediate Item Value Unit

Methane [7], CO: 2.8 kg CO./kg methane

[242] Electricity (SOEC-W) 24 kWh/kg methane
Electricity (PEMEC-W) 29 kWh/kg methane
O, produced 4.2 kg O./kg methane

Methanol [7] CO; 1.4 kg CO2/kg methanol
Electricity (SOEC-W) 10 kwWh/kg methanol
Electricity (PEMEC-W) 12 kWh/kg methanol
Oz produced 15 kg O./kg methanol

Diesel [22], CO: 3.1 kg CO2/kg diesel

[100], [101], Electricity (SOEC-W) 18 kWh/kg diesel

[104] Electricity (PEMEC-W) 21 kWh/kg diesel
Off-gas emissions 0.62 kg CO2eqg/kg diesel
Gasoline produced 0.52 kg gasoline/kg diesel
LPG produced 0.10 kg LPG/kg diesel
Wax produced 0.025 kg wax/kg diesel
Steam produced 3.5 kg steam/kg diesel
O, produced 3.1 kg O./kg diesel

c. Applications

i. Polymer production

For polymer production, methane was used to produce polyoxymethylene (POM), and

methanol to produce polypropylene (PP).

In the case of POM from methane, we provide additional information as it may not be
intuitive. The route for production is shown in Figure A-1; we are showing the intermediate
products since [247] the technologies themselves were not specified in the source. There are two
types of POM (POM-homopolymer and POM-copolymer), both are considered in the source data
[7], [247], [248] and are produced from methane via methanol, which is oxidized to produce
formaldehyde. POM-homopolymer is produced from formaldehyde polymerization, while POM-

copolymer requires the conversion of formaldehyde to trioxane, which is then polymerized to POM
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with a co-monomer. The methane production process may be from CO- conversion, or natural

gas (considered the incumbent).

POM-homopolymer
Methane —_ Methanol — Formaldehyde —I:
1,3,5-trioxane
:|— POM-copolymer
Co-monomer

Figure A-1: Route for POM production. Adapted from [247].

Table A-3: Information for POM and PP production.

Product Inputs Unit
POM [7], [247], 0.35 kg CHa/kg POM
[248] 6.5 kWh/kg POM
5 MJ therm/kg POM
PP [7], [27] 2.6 kg methanol/kg PP
3.8 kWh elec/kg PP
1.6 kwh therm/kg PP
85 kg cooling water/kg PP
0.20 kg steam/kg PP

Two alternative end of life treatment were considered for sensitivity analysis: recycling
followed by incineration, and direct incineration, both based on Turnau et al. [27] The recycling
system consists of four cycles of use and three of recycling. Due to degradation, the virgin material

(PP or POM) is sent to incineration after the cycles.

The total electricity demand is 0.49 kWh for recovery and recycling facility in the production
of 1.48 kg of useful plastic. The total diesel and tap water demands are 0.018 kg diesel and 0.0014
kg water, respectively. The total amount of plastic incinerated is 1 kg. With recycling, less virgin
material (CO2-based polymers) is required. Therefore, 0.67 kg of virgin polymer is required. The
demands of electricity, diesel, water, and polymer sent to incineration were calculated

proportionally.
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ii. Transportation

For transportation, Ecoinvent [106] datasets for a medium-size passenger car complying
with Euro 5 standard [105] and fueled by natural gas and diesel [106] were used. Each car was
considered to transport, on average, 1.6 passengers [249]. Table A-4 presents information for the

calculation of transportation process by methane.

Table A-4: Information for transportation by methane.

Item Value Additional information

Natural gas input [106] 0.077 m3/km Dataset transport, passenger car,
medium size, natural gas, EURO 5

Natural gas density [250] 0.84 kg/m?®

Natural gas heating value [250] 39 MJ/m3

% of methane in natural gas [251] 82%

Methane input 0.064 kg CHa/km MJ equivalent of natural gas
Output 17 km/kg CH4 1/0.06 kg CH4/km
Emissions [106] 0.26 kg CO.eqg/km

The use per kg of methane was calculated by:

17 0.26 2 —43

4 4

Considering 1.6 passengers, for one passenger (pkm):

17 =10

1
. 16 .

For the functional unit of 1 pkm, each number in kg CO2eq/kg CH4 was divided by 10 pkm/kg

CHa4 to give emissions in kg CO.eq/pkm. For methanol and diesel, the same process was applied.

iii. Power generation

For power generation, Bicer and Khalid [107] study was used for methane and methanol
(fuel cell) as feedstock, and Ecoinvent [106] was used for diesel (heat and power co-generation,

200 kW).
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For methane and methanol use, there are two outputs: electricity and heat.[107] Heat
displaced emissions are listed in Table A-8. Table A-5 presents information for the calculation of

power generation process by methane.

Table A-5: Information for power generation by methane in low-carbon scenario.

ltem Value Additional information

Natural gas input [107] 3.1x10° kg NGlyear

Natural gas density [250] 0.84 kg/m?®

Natural gas heating value 39 MJ/m?

Methane in natural gas [251] 82%

Methane input 2.9x10° kg CHalyear Equivalent in energy to natural gas
Methane input 1.8x10° kg CHalyear Allocation factor applied to CH4 input
(for electricity) to the system
Output [107] 2.0x10® MWh elec/year 6.8 kWh elec/kg CH4

4.3 kWh heat/ kg CH,
Emissions of use 0.40 kg CO.eq/kWh elec The CO, emissions come from the

complete methane combustion [252]

For the functional unit of 1 kWh elec, each number in kg CO.eq/kg CH4 was divided by 11
kWh elec/kg CHa to give emissions in kg CO2eq/kWh. For methanol and diesel, the same process

was applied.

d. Incumbents

The emissions of incumbent processes for polymer production were obtained from Hoppe
et al. [7] for PP and from the POM EPD for POM [247]. The conventional production of PP emits
1.9 kg COzeq/kg PP, and the conventional production process of POM emits 3.2 kg CO.eq/kg

POM.

For transportation, the incumbent process was considered passenger transportation by
medium-size cars fueled by gasoline. The data was obtained from Ecoinvent database [106]
(dataset transport, passenger car, medium size, petrol, EURO 5). The emissions related to 1 pkm

(passenger-kilometer) is 0.21 kg COzeq/pkm, considering 1.6 passengers on average [106].
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For electricity, the production from natural gas combined cycle plant was considered the

incumbent, with emissions of 0.49 kg COzeqg/kWh [108].

The incumbents for the co-products generated in the CCT cases were obtained from the
GREET model [142] and Ecoinvent database [106], the emission factors of conventional
production processes are listed in the Table A-6. Gasoline, LPG, and wax are assumed to be

from fossil sources, steam from a natural gas boiler, and oxygen from cryogenic air separation.

Table A-6: Emission factors of conventional production processes of co-products. The
allocation methods used by the sources, if any, are indicated between parentheses.
Co-product Emission factor
Gasoline [142] 0.88 kg COzeg/kg (Substitution)

LPG [142] 0.58 kg CO.eq/kg (Substitution)

Steam [142] 0.31 kg CO.eq/kWh (Substitution)

Wax [106] 0.73 kg CO.eqg/kg (Proxy: paraffin production | paraffin) (Exergy)
02[253] 0.20 kWh/kg O,

The credits were calculated based on the production of each co-product in relation to the

production of the main products (methane, methanol, or diesel).

e. Market sizes

For the calculation of the global reduction potential metric, the market sizes of the
applications were compiled. Table A-7 presents the values considered for calculations. Market

size data by year could not be accessed, and the most recent reported humbers were used.

Table A-7: Market sizes of the applications considered in this study.

Application Market Size Year
Electricity [254] 2.6x10* TWh 2017
Passenger transportation [255]  4.4x10*2 pkm 2015
POM [256] 1.2x108 t 2016
PP [257] 5.3x107 t 2014
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f. Emission factors for supporting activities

Table A-8 presents the emission factors and references of the upstream supporting

activities used in the study.

Table A-8: References of emission factors used in the study. The allocation methods used by
the sources are indicated between parentheses where applicable.

Parameter Source Value
Renewable [113] 0.024 kg CO2eqg/kWh
Electricity Natural gas [113] 0.49 kg CO.eq/kWh
Coal [142] 0.80 kg CO2eq/kWh
Steam Geothermal [113] 0.0017 kg CO2eq/MJ
Natural gas industrial boiler [258] 0.052 kg CO.eq/MJ
Electrical heater (renewable electricity) [113] 0.024 kg CO2eq/kWh
Heat Natural gas industrial furnace [259] 0.25 kg CO2eq/kWh
Combined heat and power [106] 0.35 kg COzeq/kWh
(Exergy)
Electrolysis (low-carbon electricity) [260] 0.98 kg CO.eq/kg H2
Hydrogen Steam methane reforming [261] 11 kg CO2eqg/kg H2
Coal gasification [262] 24 kg CO2eq/kg H-
co, DAC [98] powered by low-carbon energy 0.034kkg COze?k/kg CO2
0.18 kg CO2eqg/kg CO2
g%pgg; Natural gas power plant [83] (Substitution)
DAC [98] powered by NG-based energy 0.39 kg CO.eq/kg CO3,

A2.Sensitivity analysis to test assumptions (CO;-based polymers)

Regarding the sensitivity analysis to investigate the influence of assumptions on the results

(Figure 2-5 in Chapter 2), additional comments follow.

The CO; source appears at the bottom of the graph, indicating a weaker influence than the
electricity source. The use of CO, from air and low-carbon energy can reduce the net GHG
emissions by 4.5% for PP, compared to the base case. The use of CO; from air and natural gas

energy can increase the net emissions by 7.3% compared to the base case.

For the end-of-life treatment, for each 1 kg of virgin polymer produced, a total of 1.48 kg of

useful polymer is produced (1 kg of virgin polymer + 0.48 kg of recycled polymer) [27], which
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translates to 0.67 kg of virgin polymer per kg of useful material. Therefore, less virgin CO»-based
polymer is needed, and the additional energy required to recycle is included. In the incineration
process, heat and electricity are co-produced, which receive credits in the system expansion via
substitution method to handle multiple products. The end-of-life treatment results in lower
influence on the results, with the direct incineration presenting more pronounced effects to
increase the net GHG emissions compared to the base case (18% for PP) than the recycling plus
incineration reduces the net GHG emissions compared to the base case (4.4% for PP). Thus,
avoiding the production of virgin CO2-based polymers by recycling may result in slightly lower
GHG emissions than the base case and direct incineration, as indicated by Lazarevic et al. [263],
who suggested that recycling tends to result in lower impacts to global warming compared to

incineration.

The assumption for the energy demand in secondary units (methanol synthesis for PP)
presented the lowest influence on the net GHG emissions of the parameters tested in this

sensitivity analysis, with £7.0% compared to the base case.

Figure A-2 presents the breakeven analysis for CO»-based polymers according to varying

electricity emissions intensity.
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Figure A-2: Net GHG emissions of CO;-based (a) POM and (b) PP depending on the electricity
emissions intensity. The vertical dashed lines represent different electricity emissions intensities,
varying from an average renewable electricity to the average electricity grid in the Alberta
province, in Canada.
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For POM, electricity emissions intensities above 0.029 kg CO.eq/kWh lead to positive net
GHG emissions per kg of CO»-based POM produced and used. For PP, the breakeven electricity
emissions intensity is 0.094, 0.086, and 0.075 kg CO.eq/kWh for SOEC-Co, SOEC-W, and
PEMEC-W, respectively. The electricity emissions intensity of the projected global average for
2030 (0.28 kg CO2eq/kWh [264], labeled as “Global 2030"), the average of electricity emissions
intensity in Alberta province, in Canada for 2018 (0.68 kg CO.eq/kWh [117], labeled as “AB
2018"), and the national average of electricity emissions intensity in Canada for 2018 (0.14 kg
CO2eg/kWh [117], labeled as “CA 2018") are not low enough to result in neutral net GHG
emissions for CO.-based POM and PP. However, the electricity emissions intensity in the
provinces of Quebec (0.002 kg CO2eq/kWh) [117] and Ontario (0.03 kg CO.eq/kWh) [167] in
Canada, for example, the electricity emissions intensities are low enough to be GHG-emission-

reducing for production and use of CO»-based polymers.

Figure A-3 presents the sensitivity analysis for the market penetration assumption to
estimate the global emissions reduction potential (SOEC-W). In the base case, a 50% market
penetration was assumed for all cases, and this percentage was varied to 25% and 75%. CO.-
based chemicals applied to transportation may be as interesting as power generation if a 75%
market penetration for transportation is achieved and if the market penetration for power
generation is 25%, from a global perspective. CO;-based chemicals applied to polymer production
are not estimated to result in higher global emissions reduction than transportation and power

generation, not even with 75% market penetration.
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Global emissions reduction potential (Gt CO,eq/year)
2

Methanol Methane  Methanol Diesel Methane  Methanol Diesel Methane  Methanol
(PP) (POM) (PP)

Methanol Diesel Methanol Diesel

Power generation Transportation Polymer Power generation Transportation Polymer production

production

Natural gas energy and hydrogen inputs Low Carbon energy and hydrogen inputs

225% m50% m75%
Figure A-3: Sensitivity analysis for the global emissions reduction potential depending on the
market penetration in each application of CO,-based chemicals.

A3.Sensitivity analysis for influential parameters (COz-based diesel production)

The sensitivity analysis was performed on diesel production by SOEC water electrolysis.
Figure A-4 presents a simplified diagram of the process and Table A-9 the parameters and ranges

tested in the sensitivity analysis.

The reference studies from Okeke and Mani [101], Okeke et al. [100], and Zhang et al. [104]
were used to develop the diesel production process via water electrolysis and Fischer-Tropsch.
Data provided in the supporting Information of Van der Giesen et al. [8] was also used. A process
simulator was not employed, so the integration between the two pieces was done manually, and

the following assumptions were made:

e The heat produced in the F-T and upgrade is sufficient to meet demand from the reverse
water gas shift reactor and to generate steam for electrolysis.

e The unconverted gas from F-T is used to generate electricity that partly offsets the
imported electricity.

151



The main product analyzed is diesel. The co-products are oxygen, steam, wax, gasoline,

and LPG.
Steam
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Figure A-4: Diagram of diesel production from water electrolysis and F-T process.

Table A-9: Factors included in the sensitivity analysis for LCA and economic performance for
diesel production.

[104]

Factor Analysis Lower range Higher range Base case
Electricity source [113], . Natural gas-
[142], [265] LCA and Economic Low-carbon Coal-based based
[SZ(gBE]C degradation LCA and Economic ~ 0.1% 206 0.5%
System
Allocation method LCA Mass allocation No allocation expansion via
substitution
Stack cost [104], [267] Economic 1251 $/kW 2348 $/kW 2000 $
Energy demand (H: .
production) [76], [268] LCA and Economic 28 kWh/kg H: 50 kWh/kg H2 46 kWh/kg H:
. . Water Water
Electrachemical LCA and Economic Co-electrolysis electrolysis electrolysis
process [8], [73] (SOEC-Co) (PEM-W) (SOEC-W)
CO, source [83], [269], LCA and Economic DAC + low DAC +NG Natural gas
[270] carbon energy energy power plant
F-T conversion [101] LCA and Economic 64% 96% 80%
Lifetime of stacks [71], | ~A and Economic 12 kh 100 kh 48 kh
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a. LCA

i. Infrastructure

The infrastructure construction datasets for electrolyzer, reverse water gas shift reactor, F-
T unit, and electricity generation unit, as well as catalyst production, were based on Van der
Giesen et al. [8] This integrated analysis involves TEA, which includes costs of equipment. Thus,

the boundary for this LCA analysis was expanded to include the manufacturing of equipment.

As a note, the manufacturing phase or construction of equipment and production plants may
be excluded from the boundary as the impacts from the construction phase are “amortized” over
their lifetime, often resulting in only small contributions to the life cycle impacts of products.
Conversely, the operations phase is often responsible for most impacts. Processes that have high
energy demands (including non-spontaneous processes such as electrolysis) are highly affected
by the GHG emissions of the source of energy, which can vary from 0.02 kg CO.eq/kWh [113] for

renewables to 0.49 kg CO.eq/kWh [108] for natural gas, almost a 20-fold difference.

ii. Operations

This sub-section provides information about the operations phase. The output is 1.1x10° kg

of diesel/hr, and this value was used to calculate emissions on a per kg of diesel basis.

The amount of hydrogen necessary and the equipment properties were obtained from Van
der Giesen et al. [8] The electricity demand is 46 kwh/kg H, and 11 kg of H,O is needed per kg
of H, produced. The number of stacks was calculated based on hydrogen production per stack
provided by Zhang et al. [104] For the reverse water gas shift unit, for each kg of carbon monoxide,
1.6 kg of CO2 and 0.07 kg of H; are needed. The catalyst is composed of CuO (57%), ZnO (31%),
and Al,O3 (11%), while the water adsorbent is considered a zeolite powder. Regarding heat, it is
considered that the integration with the Fischer-Tropsch unit provides enough energy to run the
unit [8].
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For the Fischer-Tropsch unit, Okeke et al. [100] and Okeke and Mani [101] described the
same system and were used as the reference. The system sizing and hydrocarbon production
were based on Okeke and Mani,[101] and the intermediate streams were calculated based on
Okeke et al. [100] The H.:CO ratio in the syngas is 2.2. The process is a low temperature (200
°C and 30 bar with cobalt catalyst) reaction in a slurry phase reactor. The conversion is 80% in
this unit. For upgrading and separation, light fractions were collected as LPG. Hydrocracking (380
°C and 50 bar with platinum catalyst) processed the wax fraction, and hydrotreating (distillate and

naphtha, with cobalt catalyst), diesel and olefins, to yield the final products.

In total, the emissions per hour are 1.2x10* kg CO.eqg/hr, or 8.5x10° kg CO.eg/hr
considering the CO; uptake (with full credits for use). Van der Giesen et al. [8] evaluated a similar
system. However, the authors lumped all the fuels produced in the F-T unit, the electrolyzer
considered was alkaline, the oxygen was not considered as a co-product, and the emissions from
the F-T unit were not considered. Nevertheless, the magnitude of impacts was similar. In the base
case, the impacts are 0.11 kg CO»eq/MJ considering the energy of co-products, while Van der
Giesen et al. [8] obtained between 0.01 and 0.22 kg CO2eqg/MJ (without the combustion phase).
In the low-carbon case, the diesel impacts are -0.02 kg CO.eg/MJ, and Van der Giesen et al. [8]
obtained -0.04 kg CO.eqg/MJ. The results were also compared to Liu et al. [22], who reported
between 12 and 29 g CO.eq/MJ of F-T fuel, depending on the DAC system for CO- capture from
air. By applying the corresponding assumptions to our system, we obtained 24 g CO»eq/MJ, which

we considered reasonable.

b. Economics

The equipment costs were scaled using the appropriate scale factors, and the prices were

inflated using either CE or Marshall and Swift indexes, depending on the reference.
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i. Capital investment

The capital investment of the Fischer-Tropsch piece was obtained from Okeke and Mani
[101]. For the electrolysis portion, the purchase cost was first estimated based on base costs from
the literature and scaled to the size of the system in this work by applying the equation below

[104]:

=% () (A1)
where Cgw is the bare module cost of the equipment, which is the cost of equipment accounting
for the different size or capacity as compared to a reference cost. The factors A and Cp e are

the capacity and cost from literature, A is the capacity of the equipment that we wish to estimate

the cost, and m is the cost exponent.

The method described by Towler and Sinnott [216] was used to estimate the costs of
equipment from the electrolysis piece. The equation below estimates the purchase cost of

common plant equipment:
BM = + (A2)

where a, b and n are constants specific for each equipment, S is the size parameter. Towler and
Sinnott [216] provide a table with parameters for common plant equipment, relative to U.S Gulf

Coast in January 2006 (CE index of 478.6).

When the cost is relative to the past, the cost can be adjusted to the present by applying

cost indexes via the equation below:
= °(— (A3)

where C'is the cost in the time considered for the project, C° is the cost found in the literature

relative to past years, lindex is the cost index for the time of the project, and lretindex IS the cost index
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for the time considered in the literature record. In this work, two indexes are used: Marshall and
Swift for the water gas shift reactor [104] and CE index for equipment such as compressors, flash

drums, heat exchangers.

To estimate the total capital investment, the approach described by Okeke and Mani [101]
was applied. The total sum of equipment cost (TEC) was the basis for the remaining calculations,
as the equations below show:

=0.12 (A4)

= + (A5)

=0.89 (A6)

= + (A7)

= 0.204 (A8)

= + (A9)
=01 (A10)
=0.08 (A11)
= + + (A12)

where BOP is the balance of plant, TDEC is the total direct equipment cost, IEC is the indirect

equipment cost, TPC is the total plant cost, FCl is the fixed capital investment, WC is the working

capital, and TCI the total capital investment.

Table A-10 presents the parameters for the electrolysis piece, the stacks and reverse water

gas shift unit [104].

Table A-10: Parameters for electrolyzer and reverse gas shift reactor cost calculation.

_ : Base
Equipment (M$) unit year

Single stack of the electrolyzer [104] 2x10°3 - - - -
Reverse water gas shift reactor [271] 12.2 8819 kmol (CO+Hy)/hr 2002  0.65

The stack price is relative to a lifetime of approximately 48,000 hours [104]. Schmidt et al.
[71] mention a wide range of lifetime, and the values are relative to expert opinions of future

lifetimes of SOEC by 2020. Two ranges were mentioned: 6 to 15 kh (academic expert) and 50 to
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100kh (industry expert). A study commissioned by the European Union and published in 2019
[267] reported as state of the art, 8-20 kh of SOEC stacks lifetime. It was estimated that with the
highest degradation rate, a lifetime of 12 kh would be a reasonable assumption. For the higher
end, the 100 kh was based on the reported values in the literature; therefore, a range of 20 to 100
kh of lifetime was selected for the sensitivity analysis. Zhang et al. [104] mention the Marshall and

Swift index for 2017 as 1593.7. The index for the base year of 2002 is 1096.4.

The CAPEX for the F-T, upgrade, and electricity generation units was calculated based on
the breakdown of results provided by Okeke and Mani [101], resulting in 49 MM$. The total
CAPEX of the plant is 147 MM$. The corresponding annual capital costs [272] considers the
interest rate to annualize the capital costs (see Table A-13). The levelized annual capital charge
rate (LACCR), 11.75%, is based on a 10% interest rate and 20 years plant lifetime. The annual

capital costs result in 17 MM$.

ii. Operational cost

The operational cost has variable and fixed components, as the equation below [216]

describes:
= + — (A13)

The operational cost includes raw materials (reagents, catalysts), electricity, and labor. Co-
product revenues are related to selling oxygen, steam, wax, gasoline, and LPG. It is assumed

that these co-products can be commercialized.

In terms of labor, Okeke and Mani [101] provides a breakdown of positions in each
production area. Thus, in the F-T/upgrading and separation/administrative areas, the numbers
provided by Okeke and Mani [101] were used. To estimate the number of operators in the
electrolysis and RGWS areas, the procedure based on Turton et al. [273] and described by Zhang
et al. [104] was used.
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= (629+3L7 2+023 )*° (A14)

where Nos is the number of operators per shift, P is the number of processes involving
particulate solids (e.g., transportation and distribution), and Neq is the number of equipment

(e.g., compressor and heat exchangers).
The operators needed in all shifts were calculated by:
=45 (A15)
where Nro is the total number of operators in all shifts.

Table A-11 summarizes the positions and salaries.

Table A-11: Positions and salaries of employees considered in the diesel production.

Position Quantity Salary ($/yr) Total ($/yr)
Plant manager 1 147,000 147,000
Plant engineer 2 70,000 140,000
Maintenance supervisor 1 57,000 57,000
Maintenance tech 6 40,000 240,000
Lab manager 1 56,000 56,000
Lab technician 1 40,000 40,000
Shift supervisor 2 48,000 96,000
Shift operators 24 48,000 1,152,000
Clerks and secretaries 3 36,000 108,000
Total 2.0x108

Other fixed operating costs (OFOC) were estimated according to Table A-12 [101]. The

Total fixed operating costs is calculated by:
= + (A16)

Table A-12: Other fixed operating costs considered in the diesel production.

Cost Calculation expression
Labor burden 0.9 Total salaries
Maintenance 0.03 FCI
Property insurance 0.007 FCI

Table A-13 lists the main assumptions in the techno-economic assessment.
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Table A-13: Assumptions made in the economic assessment of base case diesel production.

Economic data value unit
Plant lifetime [101] 20 year
Interest rate [274] 10 %year
Annual operating hours [101] 8000 hours/year
Electricity price (natural gas) [120] 0.07 $/kWh
Gasoline price [275] 2.4 $/gal
LPG [276] 2.8 $/gal
Oxygen price [104] 177 it
Catalyst (Cobalt) [101] 35 $/kg
Catalyst (Platinum) [101] 56 $/kg
Catalyst (WGSR) [104] 18 $/kg
Catalyst lifetime (rWGS) [8], [104] 4 year
Carbon dioxide [277] 60 $/t
Process water price [101] 0.2 $/t

The metric used in the sensitivity analysis is the net production cost (NPC) [278], which
includes the ACC (annual capital costs), operational costs, and revenue from co-products,

normalized by the annual production of diesel.

+

($/ )= (A17)

The calculated cost of diesel production is $2.5/kg or $7.7/gal. Rafati et al. [272] reported a
cost of ~1.8 $/kg (5.6 $/gal) of F-T liquids from biomass gasification, and Dimitriou et al. [279]
obtained ~$1.7 - $3.4/kg ($5.3 - $10.6/gal) of F-T fuels from H, (water electrolysis) and CO;
(sewage sludge). Thus, the cost obtained in this study was considered reasonable. It is worth
noting that the goal of this study is not to evaluate the economic feasibility of diesel but investigate

potential trade-offs between economic and environmental aspects.

Regarding the lower and higher inputs, for the LCA and TEA sensitivity, the emission factors

are listed in Table A-9. The remaining economic factors are listed in Table A-14.

Table A-14: Remaining economic factors associated with the parameters tested in the
economics sensitivity analysis.

Parameter Lower input Higher input
Source of electricity ($/kWh)[120] 0.09 (Renewable) 0.08 (Coal)
Source of CO2 ($/tC0O2)[269], [277] 200 (DAC) -
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The renewable electricity cost is an average of low-carbon sources, which includes lower
cost hydropower and higher cost nuclear electricity [120]. The coal electricity has become
unpopular recently, which in face of the cheaper natural gas-based electricity, results in increasing

costs [120].

c. Additional comments on results of sensitivity

Regarding the sensitivity analysis for CO2-based diesel production in the LCA and TEA
study (Figure 2-6 in Chapter 2), additional conclusions to the presented in the main text can be
drawn. The energy demand for H, production in the base case (i.e., via SOEC-W) was 46 kWh
per kg Hz, with lower values found in the literature (28 kWh/kg H>) [268]. and consequently, lower
GHG emissions. However, higher demand was also found (50 kWh/kg Hz) [76], resulting in higher
GHG emissions. The production costs follow the same trend according to the electricity
consumption, which reduces the price for lower energy demand, and increases for higher energy

demand.

For the economic analysis, the stack cost was placed in the same row as allocation, as
these factors only related to one side of the analysis. In this case, intuitively, lower stack costs

lead to lower production costs, and the opposite is true for higher stack costs.

The electrolysis pathway also influences net GHG emissions. Co-electrolysis resulted in
lower emissions due to lower hydrogen and electricity demand, while PEM resulted in higher
emissions, compared to SOEC water electrolysis. Unlike the other factors, both alternative
processes resulted in lower production costs. This is because PEM is a commercially established
and cheaper technology compared to SOEC; thus, capital investment is lower enough to
compensate for the higher electricity consumption. For co-electrolysis, the operational costs, such

as electricity, are lower compared to SOEC water electrolysis.
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Regarding CO; capture, the source was varied to DAC powered by natural gas energy
(higher value) and DAC powered by low-carbon energy (lower value). We assume that energy for
capturing CO; from the flue gas in a natural gas power plant (base case) is provided by natural
gas in the plant. For DAC in the lower value, we assumed low-carbon electricity is used to capture
CO, from air, resulting in lower emissions, while DAC in the higher value is powered by natural
gas-based energy, resulting in higher emissions. Results indicate that this parameter is of interest,
demonstrating that factors external to the electrochemical process may affect the net GHG

emissions.

For diesel production, the processes following the electrolyzer may also affect
environmental and economic performance. In this work, we evaluated the conversion to diesel in
the F-T unit. Lower conversion rates lead to higher emissions and higher production costs
because more energy and input materials are needed to produce the same amount of diesel.
Therefore, it is important to consider the entire production plant when evaluating potential

applications for electrolyzers.

d. Additional results and interpretation - Avoided emissions and global

reduction potential

The second set of metrics, as mentioned in Section 2.2 of the main text, focuses on
evaluating the carbon conversion technologies consistently, regardless of the application or the
product generated, and identifying potential benefits of the carbon conversion technologies
compared to incumbent processes. The second set of metrics includes kg CO2eq emitted per kg

COzeq converted, avoided emissions, and global emissions reduction potential.

The kg CO.eq emitted/kg CO- converted metric may be used to evaluate CCT alternatives
in terms of the amount of the CO; captured that is converted. It sets a plain field among CCTs

used for different applications, allowing comparison across technologies. The avoided emissions
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metric compares the net emissions of incumbent and CCT processes. Incumbent technologies
refer to technologies currently used on a commercial scale, e.g., natural gas extraction and
refining for methane. The avoided emissions may be calculated by Equation Al18, and it is
intended to quantify the benefits (if any) of CCTs in terms of GHG emissions, compared to

incumbent production processes.

= 2 - 2 (A18)

Negative results mean that CCT options (in this case, electrolysis) result in more GHG
emissions than the incumbent technology. Alternatively, a positive value indicates that electrolysis
may result in lower GHG emissions, avoiding emissions from incumbent technologies. Consider
that the conventional PP production process results in 1.9 kg CO.eq/kg PP. If a CCT alternative
results in 1.0 kg CO.eq/kg PP, there is a potential climate benefit in choosing the CCT, which
translates to 0.9 kg CO2eq/kg PP avoided (1.9 — 1.0 kg COzeqg/kg PP). On the other hand, if the
CCT results in 2.0 kg CO.eq/kg PP, it is difficult to achieve climate benefits in choosing the CCT,
which translates to -0.1 kg COzeq/kg PP of (not) avoided emissions metric (1.9 — 2.0 kg CO.eq/kg

PP).

The last metric envisions the potential of a given CCT to reduce emissions, in mass of
CO:eq, globally per year. The global reduction potential is calculated according to Equation A19.
For this case study, the market sizes as of 2014 or more recent found in the literature are
considered, and 50% market penetration is assumed in the base case and is varied in the
sensitivity analysis. Future work will employ more sophisticated models for this metric, but the
purpose of this work is to estimate the potential that each case presents to reduce the global GHG

emissions. The results presented in this study are high-level estimates.

162



50% (A19)

Consider the PP production via CCT again, with 0.90 kg CO.eq/kg PP of avoided emissions,
as commented above. The PP market size as of 2014 is 5.3x10’ t/year [257]. In this case,
considering a 50% market penetration, the global emissions reduction potential would be 24 Gt

per year (0.9 kg COzeq/kg PP x 5.3x10%° kg/year x 0.5).

In terms of the results of kg COzeqg/kg CO; converted metric shown in Figure A-5, the
different applications evaluated may be presented together using this metric since it considers
only the CO. emitted and converted, regardless of the application. It also allows better
visualization of the potential for a technology to convert more CO; than it emits. All fuels in the
base case resulted in positive numbers, meaning that the cases considered are expected to result
in more CO2eq emissions than the amount each case can convert. In the low-carbon scenario,
methane and methanol applied to polymer production resulted in negative values (-0.56 kg
CO2eg/kg CO; converted for POM, and -0.75 kg CO.eq/kg CO- converted for PP, SOEC-W),

indicating that these cases may be better than the absence of CCT use.
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Figure A-5: Life cycle GHG emissions in kg COzeqg/kg CO. converted in power generation,
transportation and polymer production of SOEC co-electrolysis, SOEC (CO, to CO) followed by
alkaline flow cell (CO to products), SOEC water electrolysis, and PEM water electrolysis, (a) in
natural gas energy and hydrogen inputs and (b) low-carbon energy and hydrogen inputs.

Figure A-6 presents the avoided emissions for the base case and low-carbon scenarios.
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Figure A-6: Avoided emissions of fuel production by electrolysis applied to (a) polymer
production, (b) transportation and (c) power generation, for natural gas energy and low-carbon
energy and hydrogen inputs.

This metric is dependent on the application considered, so each application is represented
by one figure. In this case, the CO»-based production is compared to the incumbent process
according to Equation A18, with negative numbers indicating that the CO.-based alternative emits
more GHG than incumbent processes and positive values indicating that the CO»-based options
may result in lower emissions. CO;-based options with natural gas-derived sources of electricity
and CO; (the base case) result in more GHG emissions than the incumbent options for all
applications. However, using low-carbon sources, electrochemical solutions potentially avoid
emissions compared to incumbent technologies. Therefore, power generation, transportation, and
polymer production from CO;-based fuels are beneficial only in a low-carbon scenario. This result
suggests that jurisdictions with a low-carbon grid are the most promising for electrochemical
processes. Another possibility is to pair the electrochemical process with a low-carbon source of
electricity, such as nuclear or solar plants. Studies analyzing electrochemical processes designed

to be coupled to a low-carbon source of energy may be found in the literature [280], [281], [282].

The avoided emissions metric does not capture the potential that each application presents
on a global basis. Thus, the global emissions reduction potential metric incorporates the market
size in the analysis to provide a sense of scale. Figure A-7 presents the global emissions reduction
potential of all cases considered according to Equation A19. Unlike the avoided emissions metric,
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different applications may be represented in the same figure because the y-axis does not depend

on the application.

From Figure A-7, only in a low-carbon scenario, CO2-based alternatives reduce the impacts

on the climate.

Polymer production appeared as a promising application in a low-carbon scenario,
according to Figure 2-2 (in Chapter 2) and Figure A-6. However, considering the smaller market
size compared to power generation and transportation, this end use results in a lower potential to
reduce emissions globally. Therefore, even though looking individually at each application,
polymer production seems to be the best choice for achieving emissions reductions, when
considering incumbent production processes and market sizes, power generation and
transportation may result in greater emission reductions. Methanol from CO; electrolysis applied
to transportation is the exception, due to the low efficiency in this application and to the high

energy requirement in the electrolysis/separation process.
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Figure A-7: Global GHG emissions reduction potential per year related to power generation,
transportation, and polymer production, in Gt CO.eq/year, of CO;-based fuels in (a) base case
(natural gas sources) and (b) low-carbon (renewable sources) scenarios.

A4.Allocation methods

In LCA studies, a boundary determines the system that will be analyzed. The impacts are

studied relative to the main function of the system, which can be the main product generated or

a service. In the sensitivity analysis, the intended function is the production of diesel. However, in

many systems, additional functions are also outputs; in the diesel case, the additional outputs are

the other products (oxygen, steam, gasoline, LPG, wax). Hauschild [66] provides a good

discussion about multifunctional systems in chapter 8, subitem 8.5.

The ISO standard [57], [58] recommends that whenever possible, a sub-division should be

done to account for the multiple functions of the system. With this method, the entire system is

broken into smaller pieces, resulting in the identification of which sub-processes generate each

function (or product). Therefore, the impacts of each function (or product) are related to those

specific generating sub-processes. However, this method is not applicable to the diesel case,

given that multiple products are generated from only one sub-process (F-T unit, for instance,

which produces diesel, gasoline, LPG, and wax).
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The next recommended method is system expansion, in which the boundaries of the system
are expanded to include alternative processes that generate the additional functions (or products).
The alternative processes may be conventional (or incumbent) processes of production. In the
oxygen case, for instance, the alternative process is cryogenic air separation [283], [284]. In this
method, the functional unit includes the output of the alternative production processes; in diesel
case, the functional unit would be x kg of diesel and y kg of O,. However, the interest of the

sensitivity is only diesel. Thus, system expansion via substitution was considered.

With substitution, the studied main system is considered to avoid the alternative production
process of the co-products, oxygen in this case. Therefore, the electrolysis/F-T process produces
oxygen as a co-product, and this oxygen avoids the same amount of oxygen produced by the
cryogenic air separation method. In the calculation of impacts, this is done by subtracting the
impacts of alternative oxygen production from the total impacts of the system under study. Due
to the subtraction, negative emissions attributed to the main function (or product) may be
obtained. As Miller et al. [98] pointed out, the negative result does not imply capture of
greenhouse gases, or necessarily a net-negative process. The negative impact signifies that the
system under study (diesel production from electrolysis/F-T) considering all the co-products,
results in lower emissions than the impacts of incumbent production of the main product (diesel

in this case) in addition to the incumbent production processes of the co-products.

Table A-15 lists the incumbent processes of the co-products in the system.

Table A-15: Incumbent production process of the co-products generated in the electrolysis/F-T
diesel production.
Co-product Alternative production process

Oxygen Cryogenic air separation[253]

Steam Steam from natural gas boiler[142]

Gasoline Gasoline Blendstock from Crude Qil[142]
LPG Liquid Petroleum Gas from Natural Gas[142]
Wax Paraffin production (Proxy)[106]
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The last option to account for the multifunctionality is allocation. In this method, the impacts
of the system are partitioned among the products following a certain relationship. The preferred
relationship is physical properties, such as mass or energy content of products. Other used

relationships are of economic nature (e.g., market prices).

Figure A-8 presents the impacts of diesel production, employing different methods to
account for the co-products. The highest impact, as expected, is obtained if no method is used
and all the burden is attributed to diesel. This option would result in an unfair load of impacts on
diesel, and the other co-products would be considered “burden-free”. The second column in
Figure A-8 is relative to the method chosen in the study, in which the co-products presented in
Table A-15 are avoided by the electrolysis/F-T production of diesel. The last three columns
present the impacts of diesel production, applying allocation, and different relationships. For this
study, the three options were not considered adequate for the system under study. If the energy
content of products is considered, O, would not have an allocation factor assigned to it, resulting
in a burden-free co-product. If the economic value is applied, the impact fluctuates according to
the market, which is not ideal. Figure A-9 illustrates the magnitude of variability considering

different market prices of O, found in the literature [267], [285].

In any alternative case the order of allocation method changes, i.e., the market price of
oxygen does not make economic allocation result in lower emissions than mass allocation or
higher emissions than energy allocation. The economic allocation would only become the extreme
case (i.e., result in lower allocated emissions to diesel) if the price of oxygen reaches
approximately $1700/t, which seems difficult to observe, but it highlights the volatility involved in
economic allocation. Lastly, if the mass is considered to calculate the allocation factors, the
impacts would be attributed in most part to O, which is the product with the highest mass output;

however, it is not the main product of interest (or the reason the system would be built).
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Figure A-9: Impact of prices of oxygen on the impacts of diesel production considering
economic allocation.

Ab.Considerations about other environmental impacts

Past studies have estimated other environmental impacts of CO,-conversion processes
and compared them to incumbent or biomass-based counterparts. However, the majority do not
provide a breakdown of the impacts, only a total number. While sufficient to characterize the
process as it was proposed, it does not help draw conclusions that can be applied to other
configurations. Additionally, the interpretation of results tends to stop at the contributor without
further explanations (e.g., water provision is an important driver, but the reason is not explored).
Therefore, in this section, we review some of the main findings in past studies and further explain

the results, which could support decision-making during R&D or deployment stages.
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As with GHG emissions, the source of electricity is the key driver for most other
environmental impacts, with water electrolysis for Hz> production as a main contributor [286]. In
general, CO.-based alternatives result in higher impacts than the incumbents when powered by
fossil sources. This is the case for acidification and eutrophication for CO;-based ethylene
production [286], [287], for example, because the upstream electricity generation from sources
such as natural gas emits acid gases (leading to higher acidification indicators) or nitrogen oxides
(leading to higher eutrophication indicators), both mostly from natural gas production [106]. When
the source of electricity is changed to wind, for example, the impacts of CO-based products
become lower than the fossil incumbent. Some studies consider different sources of electricity for
H, production. Meunier et al. [288] and Yang et al. [289] consider water electrolysis for H-
generation powered exclusively by wind electricity, whereas CO, capture and conversion are
powered by European and China grid mixes, respectively. If it is possible to generate H, from
non-fossil energy sources (e.g., by selecting a specific Hz supplier), it may help reduce the total
impacts because, as Keller et al. [286] noted, electricity for water electrolysis is the main driver of

acidification and eutrophication.

Interestingly, when comparing CO:-based ethylene with a biomass-based counterpart,
acidification and eutrophication tend to be higher for the biomass case, even considering natural
gas-based electricity powering the CO.-based alternative. The agricultural phase is the main
responsible for the higher impacts. In maize cultivation for syngas production [286], for example,
ammonia from the mineral fertilizers released into the air during the agricultural phase is the main
driver of the acidification impact. For eutrophication, nitrates released into the water during the
agricultural phase are the most important contributor, with ammonia in second [106]. Therefore,
if a biomass component is needed, characterizing the feedstock appears to be the most relevant

piece considering local impacts such as acidification and eutrophication.
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As mentioned, water electrolysis for H, generation is one of the main contributors to
impacts. In addition to the impacts from the electricity input directly to electrolysis, Biernacki et al.
[290] noted that the provision and treatment of water for CO;-based methanol production in
Germany may also lead to increased impacts on photochemical oxidation. However, this also
depends on the electricity used to exploit and treat water. Comparing the same water treatment
located in Europe (powered by European grid mix) with water treatment located in
Quebec/Canada (powered by mostly hydroelectricity in Quebec grid), the contribution of electricity
source changes substantially, leading to 70% less photochemical oxidant formation impacts in

Quebec case [106].

Still related to water, but in terms of consumption, the water electrolysis alone is
responsible for over 70% of the consumption in Yang et al. [289] study for CO,-based methanol
production in China. The result agrees with Meunier et al. [288] study on CO»-based methanol
production in Germany. Therefore, the water demand of this unit may also help define the location

or conditions for deployment (in addition to the electricity source as mentioned above).

It is estimated that for each kg of H2, 18 to 24 kg of water is needed prior to treatment [76].
In the pathways considered in this study, methane would require 9 — 13 kg water/kg methane,
methanol would require 3 — 5 kg water/kg methanol, and diesel would require 7 — 10 kg water/kg
diesel (SOEC-W, just for H, production). Considering diesel production on the scale proposed by
Okeke et al. [101] (3 million gallons of diesel/year) and the minimum consumption of 5 L of
water/person in a day, the water used only for H> production in a diesel plant could support
between 35,000 — 50,000 in a year. The acceptance depends on the region and the respective
availability of water. IRENA [76] also mentions that if water is assumed to be sourced from the

ocean and desalinized, this aspect is not as important from a water consumption point of view.
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Appendix B: Supporting information for Chapter 3

B1.Methods

Table B-1 summarizes the main assumptions of the LIOH.H>O production pathways.

Table B-1: Main assumptions of each pathway.

Lithium source — Location Alternative LiOH.H.O

extraction process (electricity electricity e References

(pathway identification) source) source processing

Geothermal brine - Direct California Hydropower Electrochemical [12], [106]

Lithium Extraction (2025 California only Chemical [155’] ’

(DLE) grid) conversion

Sg;?;%?g;g earng ore  quebec i Electrochemical [11], [32]

(Rocks) (Hydropower) conversion '

Spent hatteries — California Electrochemical

Hydrometallurgical (2025 California  YAroPOWer o ical [133]

recycling . only ;

(Recycling) grid) conversion

Incumbent Brine ChiI_e _ i Chemicz_all [35], [106],
(Chilean grid) conversion [138]
Australia/China Chemical

Incumbent Rock (Australia/China - ; [35], [106]
grids) conversion

a. DLE technologies

Direct lithium extraction (DLE) allows the exploration of less concentrated lithium sources
such as geothermal or oilfield brines, which would not be economically or technically possible to
process. There are several technologies that are part of the DLE family, such as ion exchange,
solvent extraction, filtration, adsorption, thermal, and electro-membrane processes [132]. Huang
et al. [12] provides data for sorption-based DLE, based on laboratory performance and scaled-up
by employing an engineering-based scaling-up framework [154]. Paranthaman et al. [157]

considers the same sorption material (lithium-aluminum-layered double hydroxide chloride, LDH).
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The LDH sorbent is synthesized from lithium hydroxide, aluminum hydroxide, and
hydrochloric acid, packed in the extraction column to adsorb lithium ions, and washed (stripped)
with sodium chloride to recover lithium chloride [12] with approximately 91% lithium recovery

efficiency [157] and the required purity is achieved without further treatment [12].

b. Hydrometallurgical recycling

There are a few types of processes for recycling spent batteries such as pyrometallurgical,
hydrometallurgical, and direct recycling [133]. Due to development and technological
characteristics [36], we use hydrometallurgical recycling as the basis for the assessment, which
recovers lithium sulfate and can convert it chemically to lithium carbonate then to lithium

hydroxide, or electrochemically direct to lithium hydroxide.

In the EverBatt model, cathode materials, graphite, copper, aluminum, and steel are
assumed to be recycled, while the remaining materials are assumed to be landfilled. The
recovered cathode materials are assumed to have 98% of recovery efficiency in the
hydrometallurgical process, while lithium recovery is assumed to be at 90% [133]. Due to the
difference in recovery efficiencies, in closed-loop approach, extra lithium hydroxide is necessary

compared to the other cathode materials.

The chemical conversion of lithium sulfate to lithium carbonate and lithium hydroxide can

be described by the reactions below [12], [292].

Li,SO, + Na,C05 — Li,CO5 + Na,SO0,

Li,CO5 + Ca(OH), < 2LiOH + CaCOs
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c. LiOH.H;0 production from chemical conversion

For the DLE pathways with chemical conversion, lithium carbonate is produced as an
intermediate for lithium hydroxide production, described by the reactions below [12]. As
mentioned in the previous sub-section, the DLE stage is assumed to deliver lithium chloride
solution with required purity for lithium carbonate production (i.e., no required pre-treatment)
following DLE research and commercial projects [12], [293]. Lithium chloride in the brine reacts
with soda ash to produce solid lithium carbonate, which is further purified to meet battery-grade

standards.

2LiCl + Na,C05 — Li,CO5 + 2NaCl
Li,CO; + Ca(OH), < 2LiOH + CaCO;

For the Rocks pathway, the chemical conversion may (as in Ecoinvent database) or may
not (as in Kelly et al. [35]) include Li»COs intermediate (according to Chordia et al. [11]). Since we
selected Kelly et al. [35] as the data source, we do not include a pathway with chemical conversion
(Li2CO3 intermediate) for the novel source in Quebec, which considers only electrochemical
process refining [32]. Therefore, we include incumbent and electrochemical pathways as
examples of production processes. In this sub-section, we describe the incumbent chemical
conversion process. Kelly et al. (2021) do not specify reaction or route for direct production of
lithium hydroxide, but Braga et al. [294] present a process with inputs and outputs that agree with

Kelly et al. [35] inventory.

In processes with lithium carbonate as intermediate, spodumene undergoes phase
transition from a (monoclinic) to B (tetragonal) structure [295], more reactive and amenable to
further processing [294]. For this, calcination with temperatures above 1000 °C is employed,
followed by a series of physical processes involving acid leaching, purification, and chemical

reactions with sulfuric acid and soda ash. The direct process, on the other hand, feeds a-
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spodumene and limestone together to decompose limestone (750-800 °C) to form CaO, convert
a into B-spodumene (1030-1050 °C), and promote solid-solid reaction between spodumene and
CaO, following reactions below. It is worth noting that the inventory from Kelly et al. [35] does not
include CO; released in the limestone decomposition step as indicated by reactions from Braga

et al. [294].

CaC0; — Ca0 + CO,

Li,0.Al,05.4Si0, + 8Ca0 — Li,0.Al, 05 + 4(2Ca0. Si0,)
Ca0 + H,0 — Ca(0OH),

Li,0.Al,05 + Ca(OH), — 2LiOH + Ca0.Al,04

d. LiOH.H2O production from electrochemical processes

In this project, we consider that two components can be electrochemically processed into
LiOH.Hz0, lithium chloride and lithium sulfate. Lithium deposits may have different compounds,
with brines as an example with lithium chloride, and spodumene-bearing rocks as an example

with lithium sulfate.

The considered electrochemical process (also known as electrodialysis) separates the
lithium ions from the feed (lithium chloride or sulfate) and convert them directly into lithium
hydroxide. Considering a simple electrolyzer with two compartments and a cation exchange
membrane, lithium ions migrate from the anolyte to the cathode under applied voltage. The lithium
ions react with hydroxide ions to produce lithium hydroxide. The chloride or sulfate ions react with
H* from anode to produce hydrochloric or sulfuric acid [296]. More compartments may be added,
increasing the purity of the generated acid [296]. In the case of lithium chloride as input,
hydrochloric acid or chlorine gas is co-produced. In the case of lithium sulfate, sulfuric acid is co-
produced. In the electrolyzer operation with lithium chloride as feed, a dechlorination post-

treatment is employed, which consumes sodium hydroxide. The produced LIOH.H-O is assumed
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to be battery-grade, with minimum 99.3% purity for lithium hydroxide monohydrate [33]. The data
used in this stage was obtained from a Canadian lithium electrochemical processing company.
For lithium chloride feed, reactions below exemplifies the conversion [33].

(Cathode)  2H,0 +2e~ - 20H™ +H,
2Li* +20H™ - 2Li0OH

(Anode) 2Cl" = 2e” + CL,
2H,0 - 4H* + 0, + 4e~
(Overall) 2 LiCl + 2H,0 - 2 LiOH + H, + Cl,

For lithium sulfate feed, reactions below occur [297].

(Cathode)  4H,0 + 4e~ — 2H, + 40H"~
4Li* + 40H™ — 4LiOH

(Anode) 4H* + 250%™ - 2H,50,
2H,0 - 4H* + 0, + 4e™
(Overall) 2Li,S0, +4H,0 — 4LiOH + 2H,SO0,

As a note, the oxygen produced in the anode is considered vented. However, Chapter 4

discussed the potential advantages of capturing and commercializing this product.

e. Inventory and additional information for the considered pathways

For the DLE pathways, the geothermal power plant is modeled according to Ecoinvent
database [106], resulting in approximately 1.2 x 102 kg COeq/kg LiOH.H,0, and complemented
by information from Huang et al. [12] and Kamila et al. [155] regarding the enthalpy of Salton Sea
geothermal brine to estimate the power and brine generated. The estimated geothermal brine

production is approximately 56 kg/kWh.

The brine concentration stage is based on information from Huang et al. [12] in Table S1,

which is already based in Salton Sea, California conditions. For the lithium carbonate production
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and subsequent chemical conversion into LiOH.H-O, we use data from Kelly et al. [35] as it is
focused on precursors production for automotive batteries. Ecoinvent database provides
information for lithium carbonate and hydroxide production, but it is not clear if the resulting grade
fulfills the sector's requirements. Nevertheless, data regarding infrastructure is used to
complement Kelly et al. [35] data. For the electrochemical pathway, the electrochemical step for
LiOH.H20 production is based in information provided by an industry partner (for confidentiality
issues, we list values as ranges). The baseline case considers disconnection between the
geothermal plant and the electrochemical plant, which is adopted in commercial projects with
similar systems (e.g., CTR and Vulcan). The rationale behind opting to purchase electricity from
the grid to power the electrochemical process while generating power in the geothermal plant
could stem from technical considerations or logistical aspects of electric interconnections (e.g.,
geothermal plant and electrochemical plant are far from each other). In scenarios where lithium
extraction is absent (for instance, in locations where the geothermal brine lacks lithium or where
lithium extraction was not initially planned) the geothermal plant would not necessitate such

interconnections and would only provide electricity to the grid.

Table B-2: Geothermal & DLE plants [12].

Inputs
brine 1.2x10° t
deionized water 60 t
DLE adsorbent 59 kg
electricity 2.4x10%> kWh
sodium chloride 1.7x10% kg
Outputs
concentrated brine 4.0 t
electricity 5.3 kWh
water/brine 1.2x10° m?d

Table B-3: LiOH.H>O production (LiCOs intermediate) [35].

Inputs*
concentrated brine 4.2 kg
diesel 6.7 MJ
electricity 3.2 kwh
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infrastructure 4.0x101°  Item(s)

lime 1.2 kg
soda ash 2.1 kg
water, cooling 2.1x10% m?
Outputs

LiOH.H-O 1.0 kg
decarbonizing waste 5.2 kg
hazardous waste 1.7x10% kg
*underground deposit)

inert waste 3.3 kg
wastewater average 6.9x10® m?d
calcium ion 6.9x102 kg
carbonate 1.0x10' kg
hydroxide 5.9x102 kg
lithium ion 2.4x102% kg
water 4.6x102 m?®

*Kelly et al. [35] includes a flow with other inputs (H.SO., HCI, solvent, alcohol) 2.4 kg/kg

LiOH.H,0 that are not individually specified.

Table B-4: LiOH.H>O production (from LiCl) (personal communication with a Canadian lithium

electrochemical processing company).

Inputs
concentrated brine 44-52 kg
deionized water 17-20 kg
depolarization gas 0.21-0.25 kg
electricity 13.5-15 kwh
electrolyzer 3.3x10% — 3.9x10°% Item(s)
infrastructure 4.0x101° Item(s)
sodium hydroxide 0.13-0.16 kg
steam 1.1-1.2 kg
water, cooling 3.9x10° — 4.7x10° m?

Outputs
LIOH.H.0 1.0 kg
hydrochloric acid (8 wt.%) 8.7 — 10 kg
wastewater average 1.3-16 I
chlorine 4.0x102 — 4.8x107 kg
lithium ion 8.1x10° - 9.7x10°3 kg
water (evaporated) 10-12 kg

For the Rocks pathways, data from Chordia et al. [11] and Lafferiere [32] was used. The

data referring to the electrochemical portion was updated with information obtained from the

industry partner. The inventory is complemented with data about infrastructure and electrolyzer
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equipment from Ecoinvent database [106]. The original inventories can be retrieved from Table

S3-8 from Chordia et al. [11] and item 17.2.2.b.v on page 161 of Lafferiere et al. [32].

Table B-5: Mining and concentrated spodumene production [11], [32].

Inputs
acetone 1.7x10° kg
blasting 8.1x103 kg
diesel 0.89 MJ
electricity 0.46 kwh
fatty acid methyl ester 1.3x10°3 kg
ferrosilicon 1.5x10°3 kg
heat 7.3 MJ
infrastructure 4x10°1° Item(s)
polyacrylamide 4.6x10° kg
soda ash 0.27 kg
sodium hydroxide 2.1x10°3 kg
sodium silicate 4.7x10* kg
spodumene 4.8 kg
steel 8.0x10* kg
water 6.4x10°3 m?®
Outputs

concentrated spodumene 1 kg
non-sulfidic tailing 8.8 kg
particulates 1.6x10* kg

Table B-6: LIOH.H>0 production (from Li>SO4) ([11], [32], personal communication with a

Canadian lithium electrochemical processing company).

Inputs
concentrated spodumene  5.3-6.3 kg
deionized water 18-19 kg
depolarization gas 0.19-0.23 kg
electricity 13-15 kwh
electrolyzer 3.1x10% - 3.7x108 Item(s)
hydrochloric acid 6.6x102 — 7.8x102 kg
infrastructure 4.0x10° Item(s)
lime 12-14
sodium hydroxide 1.3x10° - 1.6x10° kg
water, cooling 4.0x10° — 4.3x103 m?3
Outputs
LIOH.H.0 1.0 kg
H>SO4 13-16 kg
spent solvent mixture 0.18 - 0.22 kg
waste foundry sand 53-6.4 kg
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waste gypsum 1.0-1.3 kg
wastewater average 15-17 |

For the Recycling pathways, data for collection, preprocessing, and hydrometallurgical
recycling processes is based on the EverBatt model [133] and complemented by Ecoinvent
database information for infrastructure. The sulfuric acid co-produced in the electrochemical stage

is assumed to be used in the hydrometallurgical process.

Table B-7: Collection, preprocessing, and hydrometallurgical recycling inventory ([106], [133]).

Inputs
diesel 6.8 MJ
electricity 1.3 kKWh
heat 22 MJ
hydrogen peroxide 0.34 kg
infrastructure 2.1x10° Item(s)
lime 0.18 kg
sodium hydroxide 3.2 kg
spent battery 3.4 kg
sulfuric acid 5.9 kg
water 28 kg
nitrogen 0.39 kg
Outputs

lithium sulfate 1 kg
cobalt sulfate 0.31 kg
manganese sulfate 0.30 kg
nickel sulfate 2.5 kg
graphite 1.2 kg
aluminum 0.86 kg
copper 0.51 kg
steel 14 kg
inert waste 0.86 kg
hazardous waste 1.6 kg
wastewater 3.8x102 m?3

f. Information about co-products for substitution and economic allocation

The Table B-8 below presents the emission factors of co-products production via

incumbent processes.
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Table B-8: Emission factors and information used to treat co-products in LCA.

Substitution

Econ. allocation

Notes

Electricity 0.15 kg CO.eq/kWh 0.08 $/kWh [106], [298], [299]

Hydrochloric acid 0.77 kg CO2eq/kg 0.10 $/kg Incumbent from chlorination.
[106], [300]

Sulfuric acid 0.097 kg CO2eqg/kg  0.06 $/kg [106], [301]

Cobalt sulfate 23 kg CO.eq/kg 19.00 $/kg [106], [133]

Graphite 0.037 kg CO2eq/kg  0.20 $/kg [106], [133]

LiOH.H.0 - 30 $/kg (personal communication,
industry partner), volatile

Lithium sulfate - 6.00 $/kg [133]

Manganese sulfate  0.71 kg COzeq/kg 1.10 $/kg [106], [133]

Nickel sulfate 7.3 kg CO2eq/kg 6.40 $/kg [106], [133]

Aluminum 0.80 kg CO2eq/kg 1.10 $/kg [106], [133]

Copper 5.2 kg CO2eq/kg 7.10 $/kg [106], [133]

Steel 2.2 kg CO2eqg/kg 0.30 $/kg [106], [133]

In the substitution method, the system under study (i.e., alternative LiOH.H,O production)

is assumed to avoid or displace the production process of co-products (e.g., electricity, sulfates)

via traditional methods. Taking electricity as example, the produced geothermal electricity in the

DLE pathway avoids the same amount of electricity produced in the California 2025 grid mix,

which results in the corresponding avoided GHG emissions being attributed as a credit (i.e.,

subtracted) to the main product LiOH.H2O. In the allocation method, the GHG emissions are

attributed to the different co-products according to physical properties (e.g., mass or energy

content) or relationships of economic nature (e.g., market prices).

Figure B-1 illustrates the approaches used to model the Recycling pathways (cut-off and

avoided burdens with an open-loop approach).
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Figure B-1: lllustrative scheme for cut-off and avoided burden approaches for recycling model.

g. Water scarcity impact assessment methods

For water scarcity, the AWARE method is used for discussion as it is a result of a project
that sought consensus from researchers in the field [213] and is the recommended method by
UNEP/SETAC [302]. This method considers relative demand and availability, thus, the same

volume consumed could result in different impacts depending on local demand and availability.

A point of discussion in water impact assessment is the consideration of brine. Part of
researchers argue that the water present in brine is not possible to be consumed and should not
be accounted as water in LCA studies [35]. Other groups state that brine is part of a complex and
delicate system, and its use can have local effects. For example, the balance may be disrupted
by the changing pressure, which can draw nearby freshwater and turn it into brine, reducing

freshwater available for local communities [128].

h. Human health and acidification

For human health-related impacts (respiratory effects, carcinogenic and non-carcinogenic
toxicity), the assessment methods are less standardized and can be based on different

fundamentals [239]. In this project, the TRACI method is considered and comparisons with other
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impact assessment methods should be done carefully. TRACI considers the North American
context (e.g., lower population density), while ReCiPe is more aligned with European conditions.
Therefore, the theoretical basis of life cycle impact assessment methods may influence the
interpretation of results, mainly for less standardized categories (GHG emissions tend to be

consistent across assessment methods based on IPCC).

B2.Additional results

Figure B-2 below presents the impacts to water use estimates for the production of 1 kg

of LiOH.H20.
Water scarcity (AWARE)
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Figure B-2: Results for water use impacts from LiOH.H.O production via different pathways.
Baseline method assumes no-allocation and white triangles show results with substitution method
to treat co-products.

*The result for the Recycling pathway with substitution (-183 m®/kg LiOH.H,0) is not shown due

to the scale.

There are notable differences in water use impacts across different pathways for
LiOH.H>O production. Particularly, LiOH.H>-O production from rocks in Quebec exhibited the
lowest water use impacts, attributed to the relatively high availability of water in the region

compared to demand.

In the Recycling pathway, upstream chemicals production appears as the primary driver,

notably sodium hydroxide and sulfuric acid required for leaching in the hydrometallurgical
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process. These chemicals are also drivers in other environmental impacts, including acidification,
respiratory effects, and carcinogenic and non-carcinogenic toxicity. Regarding the LCA method,
the utilization of the substitution method resulted in a negative impact (-183 m3kg LiOH.H,0),
meaning that the recycling process with electrochemical LiOH.H,O conversion leads to reduced

water use impacts compared to the incumbent system.

The assessment of water use impacts in lithium extraction from brines presents
methodological challenges. Some groups within the LCA community argue against considering
brine as water due to its high salinity, deeming it unsuitable for human consumption; therefore,
excluding it from the assessment [35]. However, others advocate for its inclusion [128],
highlighting its role in regional water systems and potential impacts on nearby freshwater sources.
For instance, the pumping of brine may induce the migration of nearby freshwater, rendering it
unsuitable for human consumption and diminishing water access for local communities. When
brine is regarded as water, the incumbent LiOH.H,O production from Chile exhibits the highest
impacts, attributed to the evaporation of water from brine in solar ponds situated in arid regions
like the Atacama desert. Conversely, excluding brine from the assessment results in higher
impacts for the DLE pathway, primarily due to the substantial freshwater usage in the geothermal

power plant in California.

Expanding the assessment to other impact categories, Figure B-3 presents the estimates
for respiratory effects, acidification potential, and carcinogenic and non-carcinogenic toxicity
potentials.

Potential environmental impacts are in general lower for electrochemical LiOH.H.O

production compared to incumbents.

For respiratory effects and acidification in the Chilean brine incumbent, the electricity used
in Chile is the main driver of impacts due to the share of coal-based energy. In the DLE pathway,

the electricity used in electrochemical process, especially with a share of natural gas in the 2025
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California grid, is a significant contributor to the impacts, along with upstream chemical
production. In the Rocks pathway, mineral extraction, particularly in Australia and China, relies
heavily on diesel and heat generation, with coal-based energy used extensively in the refining
stage in China. When combusted, diesel and coal have relevant respiratory effects. In the
Recycling pathway, upstream chemical production, such as sulfuric acid and sodium hydroxide,
contributes meaningfully to environmental impacts. However, when considering only chemicals
produced without coal-based energy, potential impacts can be reduced by up to 70% (see the

sensitivity analysis for the other environmental impacts).

a) Respiratory effects and acidification potentials
w 200 160 __
= <)
~
T 2590 ° o <& 140 =
2'3 o 120
=
ag 200 ¢ 100 T
23 S
@ 150 80
£ T 100 60 %
23 o w0 &
<]
g —_— —_— o 5§
=
& DLE Rocks Recycling DLE Rocks Recycling _g
=
Respiratory effects <+« | —> Acidification g
<
M Upstream W LIOH.H:0 production ¢ Incumbent

b

—

Carcinogenics and non-carcingenics potentials

20 18
18 <& 16
16
14
12

< 8
8 <
6 O 6
4 4
0 ] 0
DLE Rocks Recycling DLE Rocks Recycling
Carcinogenics “— —> Non-carcinogenics

Carcinogenics (CTUh/kg LIOH.H:0 x 107)
Non-carcinogenics (CTUh/kg LiOH.H.0
x 10°%)

B Upstream W LiOH.H.0 production < Incumbent

Figure B-3: Results from LiOH.H.O production for (a) respiratory effects (main axis) and
acidification (secondary axis) and (b) human toxicity carcinogenic (main axis) and non-
carcinogenic (secondary axis).

*DLE incumbent is Chilean brine, rock incumbent is Australian ore, recycling incumbent is the
hydrometallurgical process with conventional conversion to LiOH.H2O (using chemicals).
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Regarding human toxicity potential, both carcinogenic and non-carcinogenic effects are
influenced by waste treatment processes. Potentially carcinogenic substances like chromium,
arsenic, and nickel are released during the treatment of wastes and residues from coal and steel
supply chains, particularly in coal-based energy production and infrastructure construction. To
mitigate these impacts, phasing out coal and extending the lifetime of infrastructure could reduce
the generation of residues. In the DLE pathway, assuming geothermal brine is treated in a regular
wastewater treatment plant before reinjection (i.e., assuming an average wastewater composition
as in the Ecoinvent database), leads to higher impact potential due to emissions like zinc released
after wastewater treatment, in the landfill. However, considering dedicated treatment plants, such
as in Salton Sea with specific brine composition, non-carcinogenic toxicity potential can be
reduced by up to 20%, with arsenic being the most influential contaminant. The contribution from
the electrochemical step to wastewater treatment impacts is minimal due to the large volume of

water treated in the geothermal plant.

Figure B-4 presents the sensitivity analysis of the additional impact categories. Key
conclusions from the sensitivity for GHG emissions are applicable, with LCA methodological
choices and electricity sources as influential factors, for example. An additional aspect related to
other environmental impacts is the influence of the impact assessment method on results, given

that for categories beyond GHG emissions, impact assessment methods are less standardized.
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Figure B-4: Results for other environmental impacts for (a) DLE, (b) Rocks, and (c) Recycling

pathways.
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Appendix C: Supporting information for Chapter 4

C1.Additional background information

The drop-in aviation fuels must meet stringent criteria as specified by the ASTM D1655
standard for petroleum jet fuel, and the certification of drop-in jet fuel blending is governed by
ASTM D7566 [180], [181]. Blending limits for drop-in fuels are dictated by specific compositions,
with the maximum permissible concentration being 50% v/v for pathways such as Fischer-
Tropsch (F-T) derived from woody biomass and municipal solid waste, hydroprocessed esters
and fatty acids (HEFA) derived from vegetable and used cooking oils, and alcohol to jet (ATJ)
derived from ethanol and isobutanol. Other pathways are also under ASTM consideration for

certification [177].

C2.Methods

Regarding the reasons for pathways selection, among SAF, we include two examples that
are representative of GHG emissions ranges and allow illustrative discussions regarding
production costs and supply risks. The Soy-HEFA pathway uses a biomass with a mature market
due to biodiesel production in the US but tends to be in the high end of GHG emissions [177] due
to ILUC emissions. The Forest residue-Fischer-Tropsch pathway tends to be in the low end of
GHG emissions and production costs, but production capacity is a limitation [17]. LCAF pathways
included are expected to be commercially available in 2030 (CO.-Fischer-Tropsch; F-T piece is
commercial and there are projects being commercially developed [303]), actively researched by
energy companies (MeOH [202], with CO, to MeOH piece commercial), or represent the
variations in LCAF pathways that can be discussed under R&D funding perspective (EtOH, direct

CO; hydrogenation, CO, electrolysis).
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The HEFA pathway is currently mature, so NOAK plant costs are maintained. The F-T

pathway with forest residue and CO; via rWGS (Forest residue-Fischer Tropsch and CO.-Fischer

Tropsch) are deemed to be either in the evolutionary. The LCAF pathways based on ethanol,

ethylene, and direct CO, hydrogenation are included in this work to show potential variations of

production pathways but are in early stages of development; therefore, they are considered as

FOAK. The methanol pathway is also considered FOAK because to the best of our knowledge

and at the time of writing, we could not find pilots or demonstration projects for the entire system.

However, methanol from CO. hydrogenation is commercialized by CRI (Carbon Recycling

International) [194] and the methanol to fuels piece known as MTO-MOGD (methanol to olefins —

Mobil Olefins to gasoline and distillate) is said to be commercial (TRL of 9 [304], but 6 [305] and

8 [306] were also found in recent literature) with Exxon recently announcing promising results for

jet fuel production using this pathway [202].

Table C-1: Summary of technologies, feedstocks, and pathways considered.

Fuel Source of Pathway (label in Main technologies Intermediates
category carbon this work, item in
Figure 4-2)
SAF Vegetable HEFA [38], [209] Hydrogenation, Free fatty
(Sustainable oils (soy (Soy-HEFA, Figure 4- Hydrodeoxygenation (or  acids
Aviation oil) 2a) decarboxylation,
Fuels) decarbonylation), hydro-
isomerization and
cracking
Forest F-T [17], [199], [307] Biomass gasification, Synthesis gas
residue (Forest residue- Fischer-Tropsch (syngas)
Fischer Tropsch, synthesis, upgrading
Figure 4-2h)
LCAF CO2 F-T [20], [196] Reverse water gas shift,  Syngas
(Lower (CO2-Fischer Fischer Tropsch
Carbon Tropsch, Figure 4-2c) synthesis, upgrading
Aviation ATJ [195], [306], [308] CO2 hydrogenation, Methanol
Fuels) (CO2-Alcohol to jet methanol dehydration,

(MeOH), Figure 4-2d) oligomerization,
hydrogenation (also

*not ASTM approved  known as methanol to

with methanol olefins - MTO, Mobil
olefins to gasoline and
distillate - MOGD)
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ATJ [44], [193] CO; hydrogenation, Ethanol
(CO2-Alcohol to jet ethanol dehydration,
(EtOH), Figure 4-2e)  oligomerization,

hydrogenation

Direct CO CO; hydrogenation, N/A
hydrogenation [191], upgrading

[192], [309]

(CO,-Direct

hydrogenation,

Figure 4-2f)

*not ASTM approved

Electrochemical Dry CO: electrolysis, CO CO, ethylene
conversion [14], [44], electrolysis,

[217] oligomerization,

(CO2-Electrolysis hydrogenation

(Ethylene), Figure 4-

29)

*HEFA: hydroprocessed esters and fatty acids. F-T: Fischer-Tropsch. ATJ: alcohol to jet. MeOH:
methanol. EtOH: ethanol.

a. Description of pathways

Soy-HEFA [38], [209], [307]

Soy is usually not considered as a potential feedstock for this pathway [310], but it offers
a good example of a high end for GHG emissions [177] with an established market in the US.
Since our goal is not to advocate or select pathways, we use soy as a high-end example.
Soybeans are treated to extract oil and separate the soy meal. The vegetable oil is then pre-
treated to remove impurities and color [307]. Soy oil is fed along with H, to a series of catalytic
reactors to saturate the double bonds of the lipids, remove oxygen, and forming the paraffin
chains. Isomerization and cracking are also needed to adjust the fuel properties and product

distribution, in this work we selected the maximum jet configuration [38], [209].

As this pathway is commercially mature, the improvement considered was to break portion

of the diesel further to jet [45].

Forest residue-Fischer-Tropsch [307], [311]
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The forest residue is collected and pre-treated to adjust size and remove moisture. The
lignocellulosic biomass is fed to a gasifier to produce syngas with the desired H»:CO ratio of 2,
which is cleaned and sent to the F-T synthesis (Equation C1). The low-temperature F-T unit uses
Co-based catalyst with 60% conversion, and the output stream is upgraded (including wax
hydrocracking) and separated to adjust product distribution. The fuel gas is used to generate

electricity, that offsets the input requirement.

For the technology improvement, the efficiency of the F-T synthesis was raised to 80%

[312]. Additionally, a portion of the diesel output was broken into jet [45].

+2 ,-( 2 + 2 (C1)

COg-Fischer Tropsch [20], [196]

Captured CO; and H; are compressed and fed to a rWGS reactor with mixed metal oxides
catalyst, where CO is produced (Equation C2). The CO; conversion ratio is 36% (600 °C), the
unconverted CO; is separated (along with water), compressed, and recycled. The syngas is fed
to F-T reactor (Equation C1) with additional Hz, H2:CO molar ratio of 2.2. The low-temperature F-
T unit (200-240 °C) uses Co-based catalyst with 52% conversion. Unconverted H is separated
and recycled, and the remaining fuel gas is used to generate electricity, that partly offsets the

input requirement. The liquid stream is upgraded and separated to adjust product distribution.

For technology improvement, assumptions include higher CO- conversion of 48% in the

rWGS reactor and 80% in the F-T reactor [312], as well as additional diesel cracking to jet.

2+t 2o + (C2)

CO.-Alcohol to jet (MeOH) [195], [306], [308]
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Methanol to jet is not ASTM certified as of writing of this work, but it is a pathway of interest
and currently being developed [202]. Captured CO- and H; are compressed and fed to a fixed-
bed reactor packed with Cu/ZnO/Al,O3 catalyst with H»:CO, molar ratio of 3 (Equations C3 and
C4). Unconverted CO; is recycled (25% and 95% of per pass and overall CO;, conversion,
respectively), water and fuel gases are separated, with the gases sent to a power generation unit.
Methanol is then dehydrated to dimethyl ether (DME) (Equation C5), which is converted to light
olefins and some light paraffins, naphtenes, and aromatics. The olefins are oligomerized to C5-

C20 hydrocarbons, hydrotreated, and fractionated (Equations C6 and C7).

For technology improvement, the overall CO2 conversion was assumed to be 99% [308],

as well as additional diesel cracking to jet.

2+3 2- 3+ (C3)
2t 2+ (C4)

2 3 - 3 3t 2 (C5)
3 3-2( 2 + > (C6)

2( 2) - 2 4 (C7)

COz-Alcohol-jet (EtOH) [44], [193]

Ethanol may be produced from biomass (e.g., sugarcane, corn), CO; via electrolysis and
CO; via hydrogenation in a thermochemical process, for example. Bioethanol is the most mature
process, but we included the thermochemical CO, as an example of an ATJ pathway ASTM

certified.

Captured CO, and H; are converted to DME with Cu/ZnO/Al,O; and HZSM-5 catalysts
(Equations C2, C3, and C8). The ether is converted to ethanol and methanol in 2 steps, DME

carbonylation with H-mordenite followed by hydrogenation over Cu/ZnO (Equations C9 and C10).
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Methanol and unconverted CO. are recycled to the DME reactor. Ethanol is dehydrated to
ethylene, and water is thoroughly separated before ethylene is sent to oligomerization. In the
hydrogenation reactor, the H2:CO molar ratio is 3 with the unconverted H, separated and recycled.

Final fractionation takes place to make adjustments to product distribution.

2 3 - 3 3t o (C8)
3 3+ - 3 3 (C9)
3 3*+2 20 3 *+ 3 (C10)

CO.-Direct hydrogenation [309]

There are a few experiments of CO; hydrogenation in one step with varying mechanisms
and catalysts [191], [192], [196], [309]. This pathway is the least developed, but there are
development initiatives in the private sector [192], [313]. In this work, we select a process based
on a modified F-T unit, where the reactions that take place in rWGS and F-T units separately as
in the rWGS pathway discussed above, happen in the same reactor over a catalyst that can work
with CO, and CO conversion as well as F-T reaction (e.g., Fe-based catalyst). A major difference
between this and the rWGS pathway is that more water is formed in the direct CO> hydrogenation
as there is no intermediate water removal between the rWGS and F-T units. The H.:CO, molar

ratio is 3, with CO, and H: conversion of approximately 55% and 62%, respectively.

For the technology improvement, higher CO, and H. conversions (65% and 75%,

respectively) and additional diesel cracking to jet was considered.

It is worth noting that because mechanisms vary, the direct hydrogenation may result in
different co-products and performance. For example, Chen et al. (2022) [192] mentions a

mechanism with alcohols formation, and not successive CHy chain growth.
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CO;-Electrolysis (Ethylene) [44], [82], [217]

As an example of a process based on different characteristics and requirements, a two-
step process for electrochemical CO;, conversion to ethylene has been suggested [82]. It is
believed to be more efficient than a one-step CO; electrolysis process [14], [82]. Dry CO
electrolysis at high temperature (in a solid oxide electrolyzer cell, SOEC) produces O, and CO
(Equation C11), which may be fed to a second electrolyzer to electrochemically convert CO to
ethylene (Equation C12). In addition to ethylene, ethanol, acetic acid, and hydrogen are also
produced in the electrolyzer, with the ethanol being further dehydrated to ethylene. In practice,
other substances may also be produced, but it was not considered in the reference study, which
assumed faradaic efficiencies (a metric for selectivity) of 60%, 10%, 20%, and 10% for ethylene,
acetic acid, ethanol, and hydrogen, respectively. Unconverted CO is separated and recycled, with
a single pass conversion of 75%. The ethylene is oligomerized and hydrogenated as described

in the ethanol pathway.

For technology improvement, a high selectivity of 90% to ethylene and 10% for H, was
considered following previous studies [14], [82], as well as additional diesel cracking to jet. The
90% ethylene selectivity was considered because it is an assumption made across studies from

electrolysis experts [14], [82] to explore potential competitiveness.

a5, (C11)

2 +2 5 - 2 4%2, (C12)

b. Cost assessment

Table C-2: Main assumptions of each scenario.

2030 scenario Low-carbon scenario
(baseline)
Foreground system  Baseline performance Baseline performance
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Electricity 2030 EIA Reference case Mix of renewable sources and
nuclear power [162]
0.33 kg CO.eq/kWh [200], [314] 0.021 kg CO2eq/kWh [314]
0.08 $/kWh [200] 0.04 $/kWh [315]
H> Water electrolysis, steam Water electrolysis
methane reforming (SMR), and
SMR with carbon capture mix
(1/3 each) [316], [317]
5.1 kg CO.eq/kg H[76], [318] 1.1 kg CO2eq/kg H2 [76]

2.30 $/kg H2[317], [319] 1.50 $/kg H» [76]

CO; Carbon capture from natural gas Direct air capture (DAC)
power plant[320]
0.18 kg CO2eq/kg CO-[98] 0.020 kg CO2eq/kg CO- [98]
(substitution)
45 $/t [321] 67 $/t [322]

Heat Natural gas furnace Biomass furnace [323]
0.06 kg CO.eqg/MJ [106] 0.001 kg CO2eq/MJ [106]
0.004 $/MJ [324], [325] 0.005 $/MJ [323], [326]

Table C-3 below summarizes the financial assumptions as mentioned in the main text.
Plant life varies in the literature, typically ranging from 20 to 40 years, we selected 30 as an
average. The depreciation also varies, both in the scheme used (MACRS or straight line for
example) and in the years of recovery. Typically, the period for recovery is longer, but in the US,
it is possible to depreciate in shorter periods as an incentive for certain types of plants. The
discount rate of 10% was selected as a value typically used in cost assessments and also
because it was fairly close to the WACC estimate with usual conditions (debt ratio of 60%, interest
due to debt of 4%, and cost of equity of 25%, giving a WACC of ~12%) [216]; therefore, we
deemed 10% a reasonable assumption. The tax rate also varies according to jurisdiction, and we
selected a value from a US-based study [196].

For CAPEX estimation, there are several factors that can be used and alter results [195],
[199]. We applied the same factors to all pathways in this study, but we emphasize that our goal
is not to definitively determine the costs of production, but to explore potential drivers. We selected

factors from Michailos et al. [195] due to clarity.
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Table C- 3: Main financial assumptions.

Reference year 2030
Plant life (years) 30
Depreciation scheme Modified accelerated cost

recovery (MACRS)
Depreciation length (years) 7
Discount rate (%) 10
Inflation rate (%) 3
Total tax rate (%) 26

Starting with capital, we adjust the costs based on scale and year (inflation) where needed,

according to Equations C13 and C14.

—=() (C13)

Where C refers to cost with capacity S, Crs refer to the reference cost with the reference
capacity Srer, and f is the scaling factor that describes how the cost of each unit changes according

to economy of scale [199].

2030 :( 2030 ) (Cl4)

where Cet year and CEPClietyear refer to cost and the plant cost index selected in this work (CEPCI,
Chemical Engineering Plant Cost Index) for the reference year the cost was estimated. C2o30 and
CEPClzo3 refer to the cost at the time this study considers, and the CEPCI used was based on
the steady growth scenario developed by Leeson et al. [327], who used historical behavior from
1957 to 2013 to forecast potential CEPCI indexes up until the year 2050.

Installation factors are equipment specific and are typically described in the reference
studies. In case these factors are not specified, general factors from Towler and Sinnott [216] are

applied. The remaining of the methodology is obtained from Michailos et al. [195].

The ISBL results, as obtained from the table above, refers to NOAK cost estimates. To
escalate th