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Executive Summary

This report is the deliverable D5.1 of the DESIRED project, funded under the European Union’s Horizon research
and innovation program under grant agreement No 101083355.

The deliverable D5.1 is titled “Report on Assumptions and Scenarios” and consist on the first deliverable related
tothe Task 5.1 “Setting up the LCSA toolbox and definition of reference scenarios” of the DESIRED project included
in Work Package (WP) 5, and summarizes the main methodological approaches to carry out the Life Cycle
Assessment (LCA) of Carbon Capture & Utilization (CCU) technologies.

This document outlines the primary CO; sources under consideration for this study. Also, it establishes reference
technologies defining a set of scenarios from a literature review to compare with the DESIRED concept. These
scenarios are analysed through LCA to yield results relating to the carbon footprint and other environmental
indicators. Proposed scenarios achieve a reduction of the impact in the carbon footprint when compared to the
conventional process of methanol synthesis.

The approach summarized in D5.1 is the first proposal for DESIRED project and in no case can be considered
definitive or immutable. The progress of the project, as well as changes in the program or scope of some
activities, recommendations and the interests of the project partners may be cause for modification.
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1 Introduction

The DESIRED project focuses on establishing a novel fuel production system capable of direct co-processing of
atmospheric CO; and water to produce energy-rich multi-carbon (C:) products, without overlooking C; species
(e.g., methanol), using sunlight as primary energy source. The Project is divided into 6 Work Packages assigned
to specific parts for execution.

The main objective of this document is to define the main methods for the Life Cycle Assessment (LCA) of the
developed processes, the set of scenarios and the scalability assumptions for further analysis, aligned with Task
5.1 “Setting up the LCSA toolbox and definition of reference scenarios” of the DESIRED Grant Agreement.

In the first part of the deliverable, a general concept of LCA is given and the main approach common to LCA of
Carbon Capture and Utilization (CCU) systems is described. Furthermore, a set of assumptions and scenarios are
explored and reference technologies are evaluated based on adapted literature data and internationally
recognized databases, such as Ecoinvent V3.9.1 (Wernet et al. 2016).

Finally, relevant studies are reviewed to understand the key characteristics and main methodological principles
of CCU’s LCA. As a result of this review, the Life Cycle Inventories (LCI) of each process involved in the CCU
technology were obtained and presented as a preliminary LCA from a literature review. The LCA study evaluates
several CO; sources, including atmospheric air.

1.1 Mapping DESIRED Outputs

The following Table 1 describes the Deliverable D5.1 and Task 5.1, and its adherence to DESIRED Grant
Agreement commitments. The deliverable describes the LCA methodological approach and defines reference
scenarios from the literature review, along with the main scalability assumptions.

© DESIRED Page | 10
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Table 1: Adherence to DESIRED GA Deliverable & Tasks Descriptions

DESIRED GA

Component Title

DESIRED GA Component Outline

Respective
Document
Chapter(s)

Justification

DELIVERABLE

D5.1. Report on Assumptions and Scenarios

In a short document, the main methods for the life cycle sustainability assessment, the set of scenarios, and

the scalability assumptions will be defined for further analysis. The deliverable is produced by T5.1.

TASKS

Task 5.1

Setting up the
LCSA toolbox and
definition of
reference
scenarios

© DESIRED

In the project's first phase, IME, with the
partners' help and agreement, will make
all methodological choices based on
common practices for CCU systems.

Although numbers LCA studies on CCU
systems are available in the literature,
our approach will involve LCA methods
and

assumptions  for  upscaling

laboratory-based or pilot testing results.

Building on these assumptions and on
the
preliminary data from our partners, we

experience, expertise and
will prepare an initial list of scenarios
CO,

geographical scope, and sources of raw

(i.e., source, technology,
materials), reference technologies and
potential case studies. Such a portfolio
will be required to model the life cycle
inventory, which is essential for
environmental LCA in further stages of

the project.

Sections 2,3 &4 The

Sections 3 & 4

Sections 5 & 6

corresponding
document sections cover
the main methodological
principles on LCA applied
to CCU technologies.

Relevant studies are
reviewed to understand
the key characteristics
and main methodological

principles of CCU’s LCA.

Considering different CO,
and the

technology
type, various CCU system
scenarios are established.

sources
conversion
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1.2 Deliverable Overview and Report Structure

The structure of this document is as follows:

Executive Summary

Section 1: Deliverable Introduction

Section 2: General concept of LCA

Section 3: Methodological approach on CCU Systems
Section 4: LCA methods & assumptions for scalability
Section 5: CO; sources for analysis

Section 6: Set of reference scenarios

Section 7: Main findings & Conclusions

The deliverable also includes the following annexes:

Annex |: LCI for the environmental analysis

Annex ll: Environmental footprint results of each case
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2 General concept of LCA

Life Cycle Assessment (LCA) is an environmental management tool aimed at analysing the impact generated by
a product, good, or service throughout its entire life cycle. This methodology is supported by two ISO standards:

ISO 14040:2006: Environmental management — Life cycle assessment — Principles and framework.
ISO 14044:2006: Environmental management — Life cycle assessment — Requirements and guidelines.

The development of an LCA, according to ISO 14040/14044 regulations, must cover four methodological stages,
as illustrated in Figure 1:

1. Goal and scope: the goal defines the purpose of the study, summarizing the reasons for conducting the
study, the intended application, and the target audience. The scope describes the limits of the study and
its function and the Functional Unit (FU), as well as a detailed explanation of the methodology and study
assumptions.

2. Life Cycle Inventory (LCIl): the second stage comprises data collection for the previously defined scope,
including all elementary flows and the identification of inputs (resource consumption) and outputs (air,
soil and water emissions and waste generation) of the product or system under study.

3. Life Cycle Impact Assessment (LCIA): the LCIA is performed to evaluate the significance of potential
environmental impacts generated by the inputs and outputs of the product system. A variety of impact
indicators can be used to measure the potential impact of substances in a standardized unit for each
impact category, like climate change.

4. Interpretation: finally, conclusions and recommendations are drawn enabling decision-making. In this
phase the LClI and/or LCIA results are interpreted in terms of significant issues, uncertainty and
conclusions.

4 )

Life Cycle Life Cycle Impact

/ \ Inventory (LCI) / Q\ssessment (LCIAy

\ Goal & Scope

Interpretation
N J

Figure 1: LCA methodological framework.

© DESIRED Page | 13




D5.1: Report on assumptions and scenarios

At each stage of its life cycle, the product interacts with the environment by consuming raw materials and
emitting pollutants. LCA is a quantitative method to record these interactions and their potential impacts (Midiller,
Katelhon, Bachmann, et al. 2020). In addition, LCA is the most used tool to identify the environmental
performance of processes, products and services along their life cycle, from the extraction of raw materials to
production, distribution and/or end-of-life.

For CCU, LCA is a key methodology for the evaluation of the environmental credit of CO, removal from the air or
from flue gas and is considered a suitable metric (von der Assen et al. 2014). Through LCA it is possible to evaluate
the environmental impacts of the new processes developed within the DESIRED project and to compare them
with the conventional routes.

Nonetheless, despite the standardization of the LCA approach, the current application of LCA exhibits substantial
divergence in methodological preferences. This divergence leads to considerable variability in the outcomes of
LCA studies, thereby constraining their efficacy supporting decision-making. When LCA is employed in the
context of CCU technologies, it introduces additional distinctive methodological challenges, such as dealing with
the dual function of CO; as both an emission and a feedstock (Miiller, Katelhén, Bachmann, et al. 2020).

Different studies found in the literature establish the guidelines and methodological approaches when applying
LCA to CO, capture technologies. In the upcoming sections of the document, we delve into the key common
aspects of CCU systems, such as CO; sources and the multifunctionality of the CCU system.

© DESIRED Page | 14
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3 Methodological approach common on CCU systems

3.1 CO; sources

DESIRED assumes a Carbon Capture and Utilization (CCU) approach, which, from an LCA point of view, is not
without challenges and conflicting aspects. LCA studies applied to CCU entail major assumptions on impact
assessments and on the consideration of co-products and multi-functionality (see Section 4.3). Furthermore, in
a wider scope, such studies must solve the potential double-counting. One of the main aspects for the process
environmental profile is the CO; source, which will be selected to be studied based on its composition and its
potential impact on the photocatalyst. In this sense, Direct Air Capture (DAC) and bio-CO, are taken into great
consideration for this study, as they are independent of fossil-C burning.

CO; can be captured from several sources and used as feedstock to obtain a wide range of fuels, chemicals, and
materials. This feedstock CO, is a relevant flow for which the upstream process (i.e., the CO, source) must be
included in the system boundaries of the LCA as environmental impacts occur due to the CO; supply (von der
Assen et al. 2014). Several CO, sources are available (Figure 2), which can be divided into CO, (non-biogenic,
Figure 2a, and biogenic, Figure 2b) point sources and atmospheric CO,, Figure 2c (von der Assen et al. 2016). The
following sections describe the main characteristics of these different sources of CO,.

a. non-biogenic point sources

" TN

o N oy 4
Sof’ S { o

oo § fes) [=
Feedstock i E |
production and | 5 €O, point CO, eapture fomggy ::pf y
energy supply source rL; capture
b. biogenic point sources Main product Captured CO2
' 9 P ” for use
Y ‘I_/'\.\\ o Ny ”_f'l.\
{ton) Ui’ Bos” ’
it cofd :i'it-%
Biomass ) €O, point o Energy supply
production ' souree 2 Sptura for CO, capture

c. Direct air capture

0.0

P L@ :"_"»'gl;.?

Atmosphere :“‘7 444

CO, capture

Captured CO2
for use

Main product

.\b

)

g

Energy supply
for CO; capture

Captured CO2
for use

Figure 2: Types of CO; sources (adapted from Von der Assen et al. 2016)
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CO; point sources are stationary industrial processes producing CO; as a by-product through fermentation,
calcination and mostly from combustion of carbon fuels in power production. Globally, the biggest CO, point
sources release around 7.6-7.8 Gt/yr?, with fossil-fuelled power plants accounting for 78 % of this total (von der
Assen et al. 2016).

Other CO; point sources comprehend facilities dedicated to the manufacturing of iron and steel, cement, pulp
and paper, as well as refineries and chemical plants involved in processes such as ammonia, ethylene oxide, and
bioethanol production (von der Assen et al. 2016).

CO; point sources can be divided into non-biogenic and biogenic point sources, depending on the origin and the
carbon cycle processes associated with them. In general, non-biogenic sources of CO; primarily arise from the
combustion of fossil fuels (such as coal, oil and natural gas). Instead, biogenic point sources of CO, correspond
to biological processes and natural activities. Regarding this deliverable, several examples with both types of
point sources are analysed to compare the main methodological aspects of its selection. The environmental
impacts for captured CO, from these point sources strongly depend on how the co-products such as electricity,
ammonia or bio-ethanol are accounted for in LCA (von der Assen et al. 2014); different options for solve
multifunctionality in LCA are presented in Section 4.3.

3.1.1.1 Industrial processes (non-biogenic sources)

Non-biogenic point sources refer to locations or process within the industrial sector such as fossil-fuelled power
plants, ammonia synthesis or cement factories (von der Assen et al. 2014), which emit significant amounts of
CO; into the atmosphere. These emissions are primarily a result of various industrial activities and increase the
natural concentration of CO; in the air and, therefore, contribute to the climate change.

GHG emissions by country

2,4

Brazil 13

: 4,8
Russia 2,6

6,7
EU27 ey:

P 7,2
India 39

United states 11,2

. 29,2
China 157

385
Rest of world 20,7
0 5 10 15 20 25 30 35 40 45

% W GHG (Gt CO2 eq)

Figure 2: GHG emissions (in Gt COz eq) and contribution of the major emitting economies and the rest of the world in 2022
(adapted from Crippa et al. 2023).
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In 2022, global Greenhouse Gas Emissions (GHG) emissions increased by 1.4 % compared to 2021, reaching 53.8
Gt CO eq, the majority of these emissions consisted of fossil CO, (71.6 % of total emissions), followed by CH4 (21
%), N2O (4.8 %) and F-gases (2.6 %). The EU27 ranks among the top six regions in terms of GHG emissions,
alongside China, USA, India, Russia and Brazil. EU27 accounts for approximately 6.7 % of the world's emissions,
emitting a total of 3.53 Gt CO; eq/yr (Figure 2). Notably, it's worth mentioning that in 2022 emissions in the EU27
were 27 % lower than they were in 1990 (Crippa et al. 2023).

Large stationary point sources are defined as those releasing more than 0.1 Mt CO,/yr (Gale et al. 2005). These
globally significant CO, emissions from large-scale point sources amount to approximately 7.6 Gt CO; eq per year,
with fossil-fuelled power plants contributing 78 % of this total (von der Assen et al., 2016), which equates to
roughly 6 Gt CO; eq/yr. Other notable non-biogenic point sources encompass cement, iron and steel production
facilities. Around 7,500 large stationary sources are identified in the world (each emitting over 0.1 Mt CO,/yr), of
which 2,000 are coal-based power plants, 1,700 natural gas-fed facilities, 1,200 cement plants and the rest are
heavy industries from different sectors (d’Amore and Bezzo 2017).

According to the latest report on GHG emissions from the Emissions Database for Global Atmospheric Research
(EDGAR v8.0), in the European context CO, emissions constitute 78 % of the total GHG emissions. Among these,
the power industries sector accounts for approximately 30 % of emissions, followed closely by the transport
sector at 27 % (see Figure 3).

GHG emission and CO, contribution by sector in the EU27 (Mt CO,/yr.)

Waste; 0,22%

F-gases -
2%
29,88%

Industrial Combustion;
12,62%

Fuel Exploitation; 5,39%

Buildings; 17,02%

Agriculture; 0,38%

Figure 3: GHG emissions and COz contribution by sector in the EU27 (data taken from EDGAR v8.0).

Figure 4 shows the distribution of those industrial large CO, emitters in Europe for the year 2023, as gathered in
the last update of the EDGAR database (v8.0). In total, 85.63 % of the total CO, emissions in 2023 came from 713
large plants, with emissions over 1 Mt CO,/yr.
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Figure 4: Large stationary sources of CO2 in Europe: sources over 1 MtCOz/yr (data taken from EDGAR v8.0).

The concentrations of CO; in industrial sources vary widely, ranging from 4 - 5 % up to 100 %. Table 2, presented
below, illustrates common industrial concentration of different types of sources of CO; as outlined in the review
conducted by Patricio et al. 2017. The composition of the flue gases varies for each process, but typically includes
nitrogen, carbon dioxide, carbon monoxide, hydrogen halides, oxides of nitrogen and sulphur, hydrogen
sulphide, among others (Patricio et al. 2017).

The influence of the CO, concentration is key to understand the energy penalty of carbon capture when coupled
to anindustrial process. In industrial point sources, when combustion of fossil fuels takes place, post-combustion
CO; capture process can be applied to the flue gases (d’Amore and Bezzo 2017).

This flue gas capture process separates CO, emissions from an industrial flue gas to prevent their release into
the atmosphere. The captured CO, can be converted into a product or used directly in other industries, which
would mainly be resulting in an overall reduction in CO; emissions. However, CO, capture processes are energy-
intensive, e. g. in post-combustion capture with monoethanolamine (MEA), a popular chemical absorbent, a
considerable amount of heat is necessary to regenerate the absorbent. Therefore, in terms of LCA, it is important
to consider the overall energy penalties, which would incur direct or indirect additional environmental impacts.
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Table 2: Concentration of COz per source and minimum, maximum, and averaged produced amount per source. All values
taken from Patricio et al. 2017.

I BT

Biogas upgrading 99 %
Alcoholic fermentation 99 %
Natural gas firing 7-10 %
Gas turbines 3-4%
Oil firing 11-13 %
Coal firing 11%
Waste Incineration 10 %
Cement kiln and limestone calcination 22-32%
Hydrogen and ammonia production 30-100 %
Aluminium production 3-10%
Iron and steel production 22-38 %

Furthermore, captured CO, has the potential to be used in other different industries, so the CO, should be
considered as a product. In point sources (biogenic and non-biogenic) multi-functionality occurs, since industries
offer more than one product (the main one and the feedstock-COs).

3.1.1.2 Biogenic sources

A biogenic source of CO, concerns the release or emission of CO, into the atmosphere that originates from non-
fossil biological materials. These processes involve living organisms, such as plants, animals and microorganisms
and activities like respiration or fermentation.

Some industries are also considered biogenic sources of CO, when emitting it through processes like the
combustion of biomass, fermentation, and/or biodegradation. These processes are prevalent in facilities such as
biomass-powered power plants, pulp and paper industries, ethanol plants, biogas plants, waste management
and landfills facilities and wastewater treatment plants (von der Assen et al. 2014; Miiller, Katelhon, Bringezu, et
al. 2020; Quader and Ahmed 2017).

Miller et al. (Muller, Katelhon, Bringezu, et al. 2020) indicate that, in 2015, 72 Mt of feedstock CO; could be
potentially captured annually from biogas Combined Heat and Power (CHP) plants in Europe and 4 Mt from
fermentation plants. In the case of waste incineration, the amount of CO; in the flue gases depends on various
parameters such as the composition of the waste and varies by region.

Biogenic sources of CO; are considered part of the carbon cycle and are balanced by the uptake of CO; through
photosynthesis in plants, so when these industries emit CO, from biogenic sources, the carbon released is part
of the natural closed carbon cycle (Mdller, Katelhdn, Bringezu, et al. 2020). For example, the carbon present in
biomass was originally assimilated from the atmosphere through the plant's photosynthetic metabolism; then,
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when biomass is broken down through combustion or any other process, the carbon atoms that the plant was
composed of are released and, together with the oxygen in the combustion air, form CO; again.

When biogenic industries process biological materials, they release significant amounts of biogenic CO; back into
the atmosphere. This CO; is then reabsorbed through the growth of new plants for the next generation. The
process forms a continuous cycle, as shown in Figure 5.

Figure 5: Bioenergy carbon flow.

When implementing CCU processes with biogenic sources, the CO; that was initially stored in biomass is released
and then recaptured from the flue gases in the downstream flows. This recaptured CO; is then directed towards
applications or processes where it can be put to productive use. As a result, numerous studies suggest that CCU
systems utilizing biogenic CO; have the potential to generate negative emissions (Duval-Dachary et al. 2023;

Quader and Ahmed 2017), as depicted in Figure 6.
-1kg { c%

CO, for use

Figure 6: Bioenergy whit CCU.

An environmental evaluation of a biogenic system from an LCA perspective is necessary to calculate the true
negative emissions achieved (if any). The quantification of how negative they are depends, among others, on the
total life cycle emissions caused by the supply chain (e.g. transport and logistics) or the production of energy and
chemicals that are consumed during processes (e.g. for CO, capture or feedstock production) that leads to
additional GHG emissions (Duval-Dachary et al. 2023). Also, the biogenic carbon might be emitted not as CO,,
but as a more potent GHG such as methane (CH,), that would increase the resulting emissions to be considered.
Therefore, on an LCA thinking is recommended to account for CO; emissions and removals at each phase of the
life cycle (von der Assen et al. 2014).
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Finally, to have a reference to compare, Duval-Dachary (Duval-Dachary et al. 2023) reported that the impacts on
climate change of different types of biogenic systems range from -1.5 kg CO, eq/MJ to 0.4 kg CO, eq/MJ. As
stated by Terlouw (Terlouw 2021), this variability emerges from the decisions made in methodology and the
assumptions in modeling (such as system boundaries or allocation). In that sense, employing a gate-to-gate
approach omits consideration of upstream and downstream activities, thus falling short of constituting a
comprehensive LCA, since these activities often have significant impacts. Although we are focusing this
deliverable on methodological description, technology definition and scenarios reference, a proper
implementation of an LCA necessitates adopting cradle-to-grave boundaries (Terlouw 2021).

In August 2023, the Mauna Loa Observatory in Hawaii recorded a monthly average CO; concentration of 419.68
ppm 3, signalling a notable rise compared to pre-industrial levels when CO; levels were consistently around 280
ppm for almost 6,000 years of human civilization®.

CO; is physically and chemically different from all other components of the air, making it separable through a
variety of physical or chemical methods. Direct Air Capture (DAC) is defined as the process of capturing CO; from
open atmospheres, i.e., separating the ultra-dilute CO, over other gases directly from atmospheric air (Kiing et
al. 2023). In contraposition to CO; point sources described above, in which CO; is always co-produced with the
main-product, the sole purpose of DAC is the provision of CO, by direct capture of CO, from ambient air (von der
Assen et al. 2014).

The first DAC plant on an industrial level was commercialized in 2017 in Switzerland by Climeworks with a capture
capacity of several hundred tons of CO, per year to supply nearby greenhouses and sparkling water production®.
Later, in 2021, a second DAC plant was installed in Iceland and it captures 4,000 t CO,/yr for underground storage,
becoming the world's first large-scale CO, removal plant. Recently, in June 2022, Climeworks announced the
ground-breaking of company’s second, newest and largest direct air capture and storage plant, Mammoth,
located in Iceland and designed with a nominal CO, capture capacity of 36,000 tons per year when fully
operational. Additionally, Carbon Engineering’s industry-leading partners at Occidental and their subsidiary,
1PointFive, announced the opening of their last DAC facility located in south Texas, expected to capture 500,000
t CO,/yr from the atmosphere when fully operational, becoming the most ambitious DAC project; it is expected
to be commercially operational in mid-2025°. Despite this ambitious project, currently there are 19 DAC plants
operating worldwide, and it can be considered that they are still in their infancy and are still expensive (Ozkan et
al. 2022).

In general, during the DAC process, large fans drive the atmospheric air through a chemical sorbent (either in
liquid or solid form). When the sorbent unit is saturated, the chamber is closed and then heated under low
pressure to extract the captured CO,, to be either sequestrated or used in other industries (Ozkan et al. 2022).
This process requires input of both energy (heat and electricity) and materials. As output, DAC processes deliver
a more concentrated CO, stream, while they may also create waste (e.g., degraded solvent or sorbent material)
and/or produce direct CO, emissions itself. The purity of CO, output streams can range from small percentages

3 https://gml.noaa.gov/ccgg/trends/mlo.html

4 https://www.noaa.gov/news-release/carbon-dioxide-now-more-than-50-higher-than-pre-industrial-levels
5 https://climeworks.com/roadmap/capricorn

6 https://carbonengineering.com/news-updates/direct-air-capture-groundbreaking/
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by volume to almost pure CO,, depending on the technology used (Kiing et al. 2023). Figure 7 shows the four
main capture methods: physical and/or chemical binding to either (i) a liquid (absorption) or (ii) a solid material
(adsorption); (iii) separation based on differences in gas diffusivities (membranes); and (iv) separation by
differences in freezing point (cryogenic).
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Figure 7: DAC methods according to the main CO2 separation mechanisms (taken from Kiing et al. 2023).

The method used by Carbon Engineering company can be seen as a standard reference for those technologies
using a liquid sorbent. As for adsorption-based DAC technologies, the Climeworks’ DAC process can be regarded
as a benchmark, both being the main capture methods used on a large scale.

It should be noted that DAC processes that have been tested so far typically rely on natural gas, waste heat,
and/or electricity to provide the required energy (Kiing et al. 2023). The choice of energy source can have
significant effects on the efficiency, financial viability and environmental performance of the DAC facility.
According to the findings of Chauvy and Dubois (Chauvy and Dubois 2022), the critical factor and obstacle in the
deployment of DAC systems revolves around their installed capacity and scalability. This is closely linked to the
significant high energy demands that entail the capture process. For instance, a very high temperature is needed
for Carbon Engineering’s technology (=900°C); in this system, CO, from the air comes into contact with an alkaline
solution (usually potassium hydroxide (KOH)), producing a liquid potassium carbonate (K,COs) solution, which
then is sent into a pellet reactor to recover the KOH for reusing through a reaction with calcium hydroxide
(Ca[OH],) to produce calcium carbonate (CaCOs). Then, CaCOs is decomposed to calcium oxide in a calciner where
the abovementioned high temperature (900 °C) is required, this releases the CO, that was originally captured
from the air. The resulting CaO is then mixed with water in a slaker to produce the calcium hydroxide needed to
regenerate the KOH. On the other hand, Climeworks’ technology needs lower temperature (=100°C) which could
be covered from waste heat from a nearby source, this process is explained in detail in Section 5.4.
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Concerning the environmental impacts assessment, DAC LCAs have shown that energy consumption of DAC is a
crucial element in terms of environmental impact. Comparing DAC sources with point sources, the main
difference in terms of process is related to the CO, content of the gas to be treated (a bit higher than 400 ppm
in the atmosphere and several orders of magnitude higher in industrial flue gases -percentage level
concentrations). Chauvy and Dubois (Chauvy and Dubois 2022) indicates that capturing CO; from the air leads to
a minimum thermodynamic work of 2-6 times higher than in the case of flue gases, with a CO, content ranging
from 5 % to 35 %. The authors recommend that for a diluted concentration of CO, (as in air), the separation
techniques used should be adapted to diluted streams and optimized to minimize their energy consumption.

As DAC systems require high energy demand, it’s important to have access to low-cost and low-carbon energy
sources. The use of various types of energy sources, including wind and solar energy, and the use of waste heat
or low-grade heat available near the capture site provide opportunities for large-scale deployment. In his sense,
combining renewable energy with DAC systems is crucial for its environmental feasibility on a big scale (Chauvy
and Dubois 2022).

As indicated above, DAC technology captures CO; directly from ambient air with fans; instead, point-sources
capture avoids increasing atmospheric CO,. From an LCA point of view, this means that the DAC process
potentially yields negative emissions. Also, in contrast to biogenic CO; sources, which may require substantial
land and water resources if dedicated crops are considered, DAC technology often operates without such
limitations.

Terlouw's 2021 paper review highlighted that various DAC LCAs demonstrated notable potential for CO;
reduction. However, this often entails additional environmental burdens, such as an increased use of background
processes and fuel consumption for atmospheric CO; capture. In that sense, it is essential not to focus only on
CO, balance but consider all other categories that could be potentially affected by the technology
implementation, such as the use of water, land, resources, etc.

A cradle-to-grave approach is recommended to include end-of-life considerations. End-of-life environmental
impacts could be originated from the injection, (re)compression, infrastructure requirements (e.g. pipelines) and
transportation of CO; (Terlouw 2021). However, in situations where technical performance and, thus,
downstream emissions are identical, a cradle-to-gate approach, in particular for comparative LCA, is sufficient
where the system boundaries only cover the product system from raw material acquisition to the factory gate
(Mdller, Katelhon, Bachmann, et al. 2020) (see Figure 8).

Energy supply alf;::i'\zztser Feedstocks
Atmosphere Electricity & heat Materials
Q.0 and wastes

CO;
S8 I

%

b[ CO, Compression

— CO, Transport ]
End of life and/or }«— CO, Utilization ]
disposal

Cradle-to-gate LCA Cradle-to-grave LCA

CO, capture
DAC

Figure 8: Flow diagram for DAC technology approach (adapted from Chauvy and Dubois 2022)
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4 LCA methods & assumptions for scalability

4.1 Scalability procedure

In the environmental assessment context, mature technologies have been thoroughly refined and optimized, but
low Technology Readiness Level (TRL) technologies remain far from fulfilling their potential, leading to poor life
cycle indicators. This deficit is observed in photocatalytic systems, where the prospects of a large-scale
application or demonstration remain distant from the current technology scenario. The efforts of the DESIRED
technologies will be focused on laboratory-based processes. Consequently, their implications must be
extrapolated and evaluated at a proper scale and in a long-term perspective for an accurate assessment of their
feasibility.

LCAs are commonly used to evaluate the environmental impact of technologies that are already in full operation.
This type of analysis, known as ex-post LCA, assesses processes that have well-established technology and are
actively in use. However, when it comes to analysing emerging technologies that are still in the early stages of
development or have a low TRL, a different approach is needed. This is where ex-ante LCA becomes necessary,
which helps to anticipate and understand the potential environmental impacts of these technologies before they
become fully operational (Cucurachi, van der Giesen, and Guinée 2018).

Ex-ante LCA studies are defined as those that scale-up emerging technology using likely scenarios (e.g. using
expert support or learning curves for similar technologies among others) of future performance at full
operational scale; and that compare the scaled emerged technology with the current and well stablished
technology (Cucurachi, van der Giesen, and Guinée 2018).

In the DESIRED context, photocatalytic systems should be considered as emerging technology; the aim of the
project is to assess the design of the DESIRED fuel production system to validate solar fuel production at a
laboratory scale up to a Technology Readiness Level (TRL) of 4.

The scalability process will be done through modelling the early-stage technologies developed during DESIRED
project and simulating the process to operational scale. It will consist on the scale-up framework proposed by
Piccinno et al. 2016 and illustrated in Figure 9.

Tested laboratory conversion. The process involved in the technology has been tested and validated in
a laboratory on a small scale. This lab protocol should document all the steps and quantities used on the
laboratory scale. It is assumed that the results and efficiency observed in the laboratory can be
extrapolated and applied on a larger scale.

Design a larger-scale process based on expert assessment and assumptions. Expertise and knowledge
are required to design and plan how the process developed in the laboratory can be scaled up. Such a
diagram should include all the steps involved as well as the scale, reactors, apparatus and main
equipment. In case of DESIRED concept, it will include, for example, the use of modular electro-
photocatalytic reactors and a separation facility simulated in Aspen Plus® as part of this larger scale
process concept.

Individual calculation of each step. Calculate and estimate the material and energy balance of each
individual process step and build the inventory. For this purpose, it'’s necessary to make detailed
calculations or estimations of the amount of materials and energy flows needed to carry out the process
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on a larger scale. It also involves building an inventory that details all the resources that will be used and
produced during the process.

Linkage and consolidation of the in- and output data. In this step, adequate supply chain, waste
management, etc. are proposed as well as other logistical and management aspects that are crucial for
the large-scale operation of the process.

Ex-ante LCA. All the obtained results are used in the concluding step to perform the ex-ante LCA.

=N
Laboratory Design plan flow Mass and Energy Linkage of in &

conversion at scale balance out put data e LE

Figure 9: Scale-up procedure framework.

In summary, these procedure steps entail the detailed planning and design to take a process from the laboratory
to a larger scale, considering aspects such as process design, raw material and energy calculations and
operational logistics. The scale-up of the DESIRED concept will be carried out from the laboratory results obtained
during the development of the DESIRED project.

The typical practice to carry out an ex-ante LCA involves evaluating the scaled technology, e.g. using multiple
scenarios that detail a future in which the studied technology system operates at full operational scale
(Cucurachi, van der Giesen, and Guinée 2018).

This approach allows exploring the future in which the technology may operate in an optimal way. The analysis
yields preliminary results that can serve as a guide to achieve enhanced environmental performance, reduce
costs and anticipate changes in environmental regulation (Cucurachi, van der Giesen, and Guinée 2018; Miiller,
Katelhén, Bachmann, et al. 2020).

4.2 LCIA Methodology

In the Life Cycle Impact Assessment (LCIA) phase a method is chosen that transforms the LCI (energy and material
inputs and emissions) into environmental impacts that are presented with indicators. Various methods and
categories can be applied in this step, and the choices should be stated as part of the goal and scope of the LCA.

The selected impact assessment method with the corresponding impact categories is the Environmental
Footprint (EF) method (version 3.1) which is recommended by the European Commission through the Joint
Research Centre. The EF 3.1 method proposes the 16 impact categories shown in Table 3 (European Commission.
Joint Research Centre. 2023).

CO, emissions are one of the leading causes of climate change, for that reason, specifically for this D5.1
deliverable focus on the climate change category, which deals with the emissions of Green House Gases (GHG)
like carbon dioxide or methane and is expressed in kg of carbon dioxide equivalent (kg CO, eq). The
environmental results in this deliverable are presented based on this indicator.
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Table 3: Impact categories and reference units in the EF 3.1 method.

Impact Categories Reference Unit

© DESIRED

Acidification mol H* ¢q
Climate change kg CO; eq
Climate change - Biogenic kg CO; eq
Climate change — Fossil kg CO; eq
Climate change — Land use and land use change kg CO; eq
Ecotoxicity, freshwater CTUe
Ecotoxicity, freshwater - inorganics CTUe
Ecotoxicity, freshwater - organics CTUe
Eutrophication, freshwater kg P eq
Eutrophication, marine kg N eq
Eutrophication, terrestrial Mol N ¢q
Human toxicity, cancer CTUh
Human toxicity, cancer - inorganic CTUh
Human toxicity, cancer - organic CTUh
Human toxicity, non-cancer CTUh
Human toxicity, non-cancer - inorganic CTUh
Human toxicity, non-cancer - organic CTUh
lonizing radiation kBqg U-235
Land use Pt
Ozone depletion kg CFC11 ¢4
Particulate matter disease inc.
Photochemical ozone formation kg NMVOC ¢4
Resource use, fossils MmJ
Resource use, minerals, and metals kg Sb ¢q
Water use m?3 depriv.
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4.3 Multifunctionality on LCA

When considering CO; supply from point sources, the CCU systems becomes multi-functional since CO; sources
often provide a main product and co-product CO; (von der Assen et al. 2014; von der Assen, Jung, and Bardow
2013; Midiller, Katelhén, Bachmann, et al. 2020; Mdller, Katelhon, Bringezu, et al. 2020). As shown in Figure 10, a
power plant provides electricity as main product and feedstock CO, as co-product which are produced
simultaneously.

Electricity Power plant Feedstock CO,

Figure 10: Multifunctionality in a power plant with carbon capture.

In an LCA point of view, the system has at least two functions: producing the main product (e.g. electricity) and
supplying feedstock CO,; a function in LCA can be producing a valuable product output or eliminating an
unwanted waste input which are called functional flows (von der Assen, Jung, and Bardow 2013). This
multifunctionality causes ambiguity in the determination of product-specific environmental impacts for both the
main product and feedstock CO, because environmental impacts occur due to the joint production of the two
products (Mduller, Katelhon, Bringezu, et al. 2020).

Several methods for solving the multifunctionality problem in LCA have been proposed in the literature:

Sub-division. Breaking down and analyse the process into independent sub-processes. However, for CO;
point sources, sub-division is not applicable because both the main product and CO, are produced
together in a single process.

System expansion. This procedure includes a joint evaluation of all functions, where the functional unit
is expanded to contain all functions of the system. Although this procedure is recommended by the 1SO
standards, Von der Assen et al. (von der Assen, Jung, and Bardow 2013), indicate that a joint evaluation
is often inappropriate since product on function specific results are required, especially for the
comparison of the CCU system with the conventional one.

Substitution or avoided burden. This approach assumes that the co-product of the system avoids the
environmental burdens of the system, therefore a credit is given for the production of the co-product.
The resulting environmental impacts are product-specific and represent the impacts of the joint
production minus the impacts of the avoided co-production system. Applying this approach to a CCU
system typically leads to negative carbon footprints, because the credit of CO, captured is usually higher
than the GHG emissions caused by the capture process. Several authors advise that the avoided
approach is practically impossible for CCU systems since the environmental benefit is fully assigned to
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one product (von der Assen et al. 2014; von der Assen, Jung, and Bardow 2013; Miiller, Katelhon,
Bachmann, et al. 2020; Milller, Katelhon, Bringezu, et al. 2020).

Allocation. This procedure allocates environmental burdens to individual functions based on functional-
flow properties such as carbon-content, mass, energy of the economic value. For CCU mass and energy
criteria are non-applicable between electricity (no mass) and feedstock CO, (no energy). Von der Assen
et al. (von der Assen, Jung, and Bardow 2013) recommend using the economic value as a generally
applicable allocation criterion for CCU.

Economic allocation is always applicable when price or cost shares are known; therefore, we follow the
recommendation for product-specific results given by von der Assen, Jung, and Bardow 2013 and for the DESIRED
concept we use economic allocation as a baseline method for solving multi-functionality of the system.

As mentioned above, a CCU system that use CO; from point sources; yields two economically valuable outputs:
electricity or cement and CO; in case of a power or cement plant, respectively. This makes the capture process
multifunctional, as CO; is treated as a feedstock. To distribute the environmental burden between system 1
(electricity or cement) and system 2 (CO, capture), economic allocation is employed, that could be determined
by the absolute revenue generated by each product. This means that the total emissions of the system are
proportionally allocated to the respective product.
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5 CO; sources for analysis

As discussed in section 3.1, an essential component of the DESIRED fuel production system is a reliable source of
CO,. This raw material serves as a crucial building block for the synthesis of our DESIRED fuels. It's imperative
that the CO; source meets specific purity and quality standards to ensure optimal performance and efficiency of
the production process. These feedstock CO; must have a high level of purity, typically exceeding 99% to ensure
that impurities do not interfere with the production process.

When selecting a source, factors such as proximity, availability, and compatibility with the DESIRED fuel
production process should be considered. Additionally, the specific purity requirements should be matched with
the capabilities of the selected source and depend on the environmental performance of each capture process.

5.1 Power Plant

One of the biggest non-biogenic CO, sources are fossil-fired power plants, where electricity, heat and/or steam
are generated through fossil fuel combustion which produces a rich-CO, flue gas (among other contaminants).
In these plants, CO; can be captured from flue gas to reduce the greenhouse gas emissions, which increase
significantly the electricity production cost.

Different CO; capture technologies could be potentially implemented in a power plant to reduce CO; in the flue
gas, such as amine absorption, membranes, oxyfuel or Integrated Gasification Combined Cycle (IGCC) processes
(Nazarko et al. 2011). Considering above technologies, CO, capture with amine is the selected technology to be
studied.

CO; capture with amine process is a well-known technology where CO, is separated from flue gas being absorbed
in an amine aqueous solution as per Process Flow Diagram (PFD) in Figure 11.

Condenser Co,
Flue gas roduct
(low COy) P
@Cooler
Absorber Stripper
Flue gas
(CO, rich)
Heater

Rich amine Lean amine

Figure 11: PFD of the CO2 capture process using amine

In a first step, amine solution is injected along rich-CO; flue gas in a scrubber column that operates at low
temperature (40-60 °C approximately) and at a pressure that will be defined according to flue gas pressure
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available. In this first column low-CO, flue gas is vented through the column top and rich-CO, amine solution is
obtained through the column bottom. In a second step, rich amine is regenerated increasing its temperature to
separate CO; gas (through desorption) from amine solution that is pumped back to the first scrubber column. In
this process, temperature shall be controlled below 130 °C at all times (approximately depending on the amine
used) to avoid amine degradation. Main energy consumption concerns are the cooling of flue gas and amine
entering the scrubber column and the heating required to regenerate the amine solution (minimized by a
feed/product exchanger as shown in Figure 11). We are basing our study of power plants CO, sources in the
MEA-Greenfield case by Trudewind (Trudewind, Schreiber, and Haumann 2014).

5.2 Cement Plant

Cement production stands as one of the industries with the highest energy consumption and CO, emissions. In
those industries, there are two processes that are responsible for the main CO, emissions (An, Middleton, and Li
2019):

Limestone calcination: approximately 50% of CO; emissions come from the calcination of limestone. This
process involves the chemical transformation of limestone (calcium carbonate) into calcium oxide and
carbon dioxide, thus releasing CO; in the process.

Fossil fuel combustion: the other significant source of CO, emissions in cement production arises from
the combustion of fossil fuels. These fuels are used to provide the energy needed to heat kilns and carry
out other operations in cement manufacturing.

The reference technology for capturing CO; in cement plants is the post-combustion capture from flue gases.
Chemical absorption is currently the most widely used method for capturing CO, from low-pressure and low-
concentration flue gases, and amines are the most widely used chemical adsorbents as explained for power
plants. When the amine adsorbs the CO,, extra energy is required for its regeneration in a large amount of low-
pressure steam. The separated high-purity CO,, after being compressed, can then be transported and used.

For DESIRED analysis, we follow the assumptions made by An, Middleton, and Li in 2009, where the steam is
supplied by an onsite CHP plant which can also meet the power requirements of both the post-combustion
capture process and other production processes in the cement plant. The production capacity of the reference
cement plant was set to 1 Mt/yr of cement and the proportion of clinker in cement product at 91 %. During the
process, there was a small electricity surplus in the CHP plant and a 50 % reduction in output emissions (NOj, SO>
and particulates) due to the additional flue gas desulphurization (FGD) and selective catalytic reduction (SCR)
units. The direct input and output data are specified in Table 13 in Annex I: LCI for the environmental analysis

5.3 Fermentation

Regarding biogenic sources, CO, produced from the Alcoholic Fermentation Process (AFP) is selected as a
reference, without disregarding to consider other biogenic sources throughout the project.

AFP occurs when yeast or other microorganisms metabolize sugars, such as glucose or fructose, in the absence
of oxygen; this metabolic process produces alcohol (such as ethanol) and CO; as waste products. This process
directly produces high purity of CO (> 96 %), therefore it's assumed that CO; capture is easier and only requires
CO, compression (Duval-Dachary et al. 2023). Yang (Yang et al. 2020), indicates that the CO, captured from
fermentation, does not require further purification if the biological conversion process is anaerobic, since the
gaseous waste stream is already high-purity (> 96 % CO,).
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In industries like wineries, the release of CO; from fermentation can find applications in various industries, such
as food processing or chemical production. In this context, Gueddari-Aourir et al. (Gueddari-Aourir et al. 2022)
propose a study of a real case of a medium-sized winery and distillery in Spain. For this industry, fermentation is
the most important stage of the wine-making process, which involves the must transformation into wine by
transforming the must sugar into an ethanol solution in concentrations of approximately 10-14% v/v. This
process requires the addition of yeast in fermentation tanks, whose action leads to the generation of some by-
products such as CO,. Thus, each mole of glucose treated gives rise to 2 moles of ethanol and 2 moles of CO..
Gueddari-Aourir (Gueddari-Aourir et al. 2022) indicates the total amounts of CO, emitted from fermentation
processes around 600,879 kg of CO; in 47 days per year to produce 7,761,900 liters of wine.

Also, during the bioethanol production process from lignocellulosic waste, fermentation occurs to obtain biofuels
for use, for example, in the transportation sector. Bioethanol could be obtained from organic materials like corn,
sugarcane, beets, or lignocellulose. In this case, CO: is also a by-product during the bioethanol production process
(Bello et al. 2020).

To analyze biogenic sources of CO,, LCI from studies involving fermentation processes leading to CO, emissions
as a byproduct are selected (Bello et al. 2020; Gueddari-Aourir et al. 2022 and Yang et al. 2020) to be
implemented further on.

5.4 Direct Air Capture

Concerning DAC analysis, Climeworks’ DAC process is considered as the reference one. As commented in section
3.1.2, Climeworks has developed one of the main capture methods used on a large scale. Their process primarily
relies on solid adsorption. Solid sorbents show the advantage of lower specific heat that reduces the sensible
heat demand for regeneration at the same temperature difference between sorption and desorption (Brilman
2020).

As described by Chauvy and Dubois (Chauvy and Dubois 2022), the process itself is not so different from treating
industrial flue gases. Figure 12, shows a schematic diagram of the process where the air contacts an adsorbent
material (e.g. amine-functionalized adsorbent), which progressively saturates itself in CO..

Ambient air ———»
Electricity m—) Adsorption —* CO, removed air

Saturated adsorbent
Regenerated adsorbent

Electricity mm—)
)

Regeneration [—> CO, stream

Figure 12: Flow diagram of the adsorption-desorption direct air capture process (adapted from Chauvy and Dubois 2022).

Once saturated, thanks to a pressure and temperature adjustment (Temperature Vacuum Swing Adsorption,
TVSA), the adsorbent is regenerated (at around 100 °C), and a relatively pure CO, flow is recovered. This DAC
system is a discontinuous and modular process and, therefore, it is more straightforward in its conception than
the Carbon Engineering technology (Chauvy and Dubois 2022).

© DESIRED Page | 31




D5.1: Report on assumptions and scenarios

Climeworks’ plant comprises multiple CO, collectors with fans to pull the ambient air in, heating and vacuum
systems for CO, desorption, and CO,/water separation system (Figure 13). The CO, collector serves as the reactor
where the adsorbent is placed, facilitating the adsorption-desorption process. This process is conducted
following a cyclic pattern; while some CO, collectors are engaged in the adsorption process and others are in
desorption mode.

In the adsorption phase, a fan drives air through the CO; collector which chemically reacts with the adsorbent
and adheres to it. After the completion of adsorption, the desorption process commences by closing the CO;
collector. Then, the collector is heated at a temperature below 100 °C. Simultaneously, the vacuum system
operates to remove the released CO; from the adsorbent. Any water present is separated from the CO; by cooling
the gas stream, inducing water condensation. Air coolers primarily provide the necessary cooling to remove most
of the water and bring the CO, to ambient temperatures. The resulting CO; product is delivered at pressures
slightly above ambient conditions with a purity above 99 mol%. Heat recovery and integration strategies are
employed to decrease the process's energy consumption (Deutz and Bardow 2021).

Adsorption phase

44—
Amhiem{}ﬂ_. L e Armbient air
air (low COs)
Air fan
CO2 collectors »<
Desorption phase
Heating
(in)
H_’ _H
Vacuum
CO2 collectors Heating system
{out) COo,
(product)
|
CO,/water [:>|<j
Air cooler Water
(condenser)

Figure 13: Flow diagram of Climeworks’ DAC process (adapted from Deutz and Bardow 2021).

In all cases, to ensure that this technology provide significant CO, removal, all electricity and heat input should
come from low-carbon sources (such as renewable electricity and/or natural gas combined with capture of the
CO:> released by the gas’s combustion). Gambhir and Tavoni (Gambhir and Tavoni 2019) indicate that if a DAC
system is operated with electricity generated by a gas power plant (without carbon capture), the gas combustion
would return to the atmosphere a CO, amount equal to 70 % — 90 % of that captured by the DAC plant.
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6 Set of reference scenarios

As discussed above, CCU processes are often compared to conventional processes. To compare both product
systems, each one needs to fulfil the same functional unit and therefore, the system boundaries and the
functional unit are changed for the product systems.

Although C2+ energy species production is the main goal of DESIRED project, these vary widely depending on the
catalyst considered, being methanol production common to all cases. Therefore, we are taking methanol
production as reference case for this study as it is a widely used product in the industry and previous references
all well documented. Following items summarize the methanol synthesis processes considered and finally define
the reference scenarios selected to compare with the DESIRED concept.

6.1 Conventional methanol synthesis

The main process for methanol synthesis in the chemical industry is a catalytic reaction from synthesis gas (syn-
gas). This is a very mature technology that requires high temperatures and pressures and can be considered the
business-as-usual reference scenario. In a typical methanol plant three different sections can be defined: syn-gas
generation, methanol synthesis and methanol purification; that are highly interconnected due to recirculation of
process streams and energy integration.

Syn-gas is usually produced by natural gas steam reforming (also a very mature technology), where the natural
gas is feedstock and fuel. Although this process is promoted at high temperature and lower pressures, it will be
carried out at medium pressure to match downstream methanol synthesis pressure which means higher
temperature is required to get acceptable conversion values.

Considering methane as the major component of natural gas, the main reactions are as follows:
CH,+ H,0 & CO + 3H,
CO+ H,0 & (C0,+H,

To avoid coke formation in catalytic reactors, and to increase yield by reducing hydrocarbons vapor pressure,
H,0 / C relation is also important, it will be between 3.0 and 3.5 H,0 to C (mol) for methanol production.

For methanol production, one step tubular reactor is usually used, with temperatures in the order of 850 — 900
°C (at 15-25 bar) to reduce as much as possible the methane content in the produced syn-gas. In larger plants, a
combined reforming process might be recommended to operate at lower temperatures but higher pressures
(800 °C at 25 - 40 bar); this would produce a syn-gas with some methane presence that is further converted in a
second autothermic reactor where O, is added to oxidize remaining methane, allowing operating at lower
temperature in the main reactor.

Syn-gas required for methanol production should have a relation H,/CO around 2.0 (mol). A small CO;
concentration (around 2 %) increases catalyst activity. Lower H,/CO ratio produces more sub-products while
higher relation decreases plant efficiency due to H, excess required to be purged. Usually, this hydrogen excess
can be used increasing COx composition in the syn-gas, or as fuel through an autothermic reactor.

This study is focused in the modern methanol syn-gas process, where an adiabatic reactor with a catalytic bed
or multi-tube reactor are used (main difference between reactors is the exothermic reaction heat dissipation
method used). In an adiabatic reactor, reaction temperature is controlled using cold syn-gas injections along the
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catalyst bed; while in a multi-tube reactor, the catalyst is located in the tubes and cooling is achieved circulating
boiler feed water.

The methanol synthesis main reactions are as follows:
CO + 2H, < CH3;0H
CO, + 3H, & CH3;0H + H,0
And are linked through the water gas-shift reaction:
CO+ H,0 & (C0O,+ H,

Reaction selectivity is key in the process as a variety of different sub-products can be formed during CO
hydrogenation such as different alcohols or higher hydrocarbons. As methanol is not as thermodynamically
stable as other products like methane, catalyst selectivity must be very high. Originally, catalyst (ZnO-Cr,0s3)
required high temperatures (below 300 °C to avoid sintering) and pressures (250 — 350 bar) to achieve acceptable
conversions, as investigated other catalyst options did not support impurities such as sulphur. In modern plants
synthesis gas has a very pure composition, so new catalyst with higher selectivity are used in the modern process,
such as Cu/Zn/Al,0s, allowing selectivity above 99 % with less restrictive operating conditions (50 - 100 bar and
210- 270 °C).

To get high conversion rates, pressure and temperature in the reactor are other key variables to control, as

conversion to CO; increase with the temperature following the inverse water gas-shift reaction.

According to the PFD shown in Figure 14, reactor effluent is cooled down in a feed/product exchanger and further
cooled using a boiler feed water economizer, so water and methanol are condensed and separated from the
non-condensable compounds that are recycled after a small purge to avoid inert accumulation in the cycle.

Condenser
P“fe Condenser
Reactor _L_ight
— HC
—A C.
Methanol
(product)
Cooler — Fusel oil
Syn-gas -
Compressor
Water
Heater (to treatment)

Figure 14: PFD of methanol production using syn-gas

Condensed methanol from the gas/liquid separation is usually purified in a 2-columns distillation separation
process. In the first column light hydrocarbons (ethers, esters, acetone, light hydrocarbons...) are cut out through
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the top gas. In the second column, purified methanol is produced through column top stream, while higher
alcohols (fusel) and heavier hydrocarbons can be recovered in a middle stream and water, that is further routed
to a water treatment plant, is recovered through the column bottom.

6.2 Hydrogenation of CO-

Other reference technology for methanol synthesis to be studied is the CO, hydrogenation, which also consists
on a catalytic reaction but from CO, and H,. This emerging process is similar to the conventional methanol
synthesis described above but at slightly lower pressures (around 50 bar) and resulting in lower methanol
conversion (Al-Qahtani et al. 2020) with the production of sub-products in higher quantities (such as CO), all of
the above with the advantage of using CO; as feedstock instead of syn-gas and the possibility to feed H, from
green sources. We can define also three different sections: H, generation, methanol synthesis and methanol
purification; the latest two steps PFD is shown in Figure 15.

Condenser
Purge

5 7 N

El
] Reactor

_% Cooler

mpr
Compressors Water

Heater (to treatment)

Figure 15: PFD of methanol production using CO2

Hydrogen source for this reference is water electrolysis powered by wind energy, using an alkaline electrolyser.
(Ghandehariun and Kumar 2016).

CO; and H, feedstocks require to be compressed and heated before entering the reactor to match the reaction

conditions.
The methanol synthesis main reaction is as follows:

C0, + 3H, & CH3;0H + H,0
that is competing with the water gas-shift reaction forming CO:

CO, + Hy, & CO + H,0
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Although there are new developments of catalysts with enhanced selectivity for CO, conversion, Cu/Zn/Al,Os is
considered as in syn-gas conventional process due to the wide kinetics data available that is not available for
other new catalyst (Gonzalez-Garay et al. 2019). Formation of CO is compensated as it further reacts with H; to
form methanol.

This reference is based on an ideal fixed-bed plug-flow reactor (PFR) according to the work by Pérez-Fortes et al
(Pérez-Fortes et al. 2016) where conditions were optimized to minimize the total production cost and
environmental impact (Gonzélez-Garay et al. 2019).

Similar to conventional syn-gas based process, reactor effluent is cooled down, so water and methanol are
condensed and separated in a 2-steps flash process from the non-condensable compounds that are recycled
after a small purge to avoid inert accumulation in the cycle.

Condensed methanol from the gas/liquid separation is proposed to be separated from heavier component in a
distillation column, where purified methanol is produced at the top and water will be recovered at the bottom.

6.3 Photocatalytic process from previous literature

As DESIRED concept includes photocatalytic reaction, a different photocatalyst methanol synthesis using CO, and

Ill

water is used as reference, based on the “Solar2Fuel” research project (InnovationLab GmbH 2012) in which
captured CO; from a power-plant was converted to methanol through a photocatalytic process that consumes
high quantity of water (desalination plant source is considered), quantified as 0.819 kg of water per each kg of
CO; captured and 0.655 kg of methanol produced (Trudewind, Schreiber, and Haumann 2014), with the following

reaction:
CO, + 2H,0 + solar energy < CH;0H + 1.5 0,

Trudewind (Trudewind, Schreiber, and Haumann 2014) developed the LCA of a photocatalytic methanol
synthesis where the reaction takes place in several 4 cm high concrete basin reactors of 10 m? under a 1 cm thick
glass plate cover to let the sunlight through, the efficiency of the reaction considered is 7.6 % (Schoenboom et
al. 2010) with a CO; conversion rate of 90 % (exact time to reach this conversion is not provided due to the very
low TRL of the technology). Considering this data, theoretically around 15-10° basins would be required to
convert the CO; produced in a single power plant.

To promote the above chemical reaction, a suspension consisting in a dye-sensitized conductor, a mediator and
a catalyst is used in the reactors. The semiconductor is formed by TiO, nanoparticles with a dye from the group
of the perylenes absorbed. Also, sodium iodide as mediator and ferric oxide hematite as catalyst for photo-
oxidation of water are present. This process produces a 5 mol% liquid aqueous methanol solution, so further
purification is required. Similar to previous technologies, the methanol/water mixture will be flashed to withdraw
gases and light hydrocarbons and further distillated to achieved a methanol purity around 99.9 wt% in the top
of the column, collecting water (with a 5% maximum of the methanol produced) in the bottom that could be
recycled (Trudewind, Schreiber, and Haumann 2014).

6.4 Reference scenarios selected

Considering the different types of CO, sources described before, and the conversion technology types of
references (Sections 6.1, 6.2 and 6.3), we set up 8 cases of systems scenarios. Table 4 summaries the different
case studies. Conventional methanol, represents the conventional methanol synthesis via steam reforming of
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natural gas and is used as benchmark. In cases 3 - 8, emissions of the power, cement and fermentation plants

were allocated among the main product and feedstock CO; following the methodological approach described in

Section 4.3.

Table 4: Set of reference scenarios for study.

Conventional methanol

Syngas
Direct Air Capture
Direct Air Capture

Flue gas (power plant)
Flue gas (power plant)

Flue gas (cement plant)

Flue gas (cement plant)

Biogenic (fermentation)

Biogenic (fermentation)

Conventional
Hydrogenation
Photocatalytic reactor
Hydrogenation
Photocatalytic reactor
Hydrogenation
Photocatalytic reactor
Hydrogenation

Photocatalytic reactor

MeOHConV

DAC + HG

DAC + PH

FGpw + HG

FGpw + PH

Fch + HG

FGcp + PH

BG + HG

BG + PH

To carry out de LCA, we conduct a cradle-to-gate analysis of methanol production and a well-to-wheel analysis

for methanol use (see Figure 16). The functional unit was 1 kg of methanol produced. Environmental impacts

are obtained by comparing the impacts of conventional methanol with methanol synthesized using captured CO,

as a feedstock, cases 1 - 8.
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Figure 16: Different Scopes in LCA.
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For this initial literature review, climate change was chosen as the primary indicator for comparing the reference
technologies and the different CO; sources described above. This category encompasses the emissions of
greenhouse gases such as CO, or CH,. However, the results for all the EF 3.1 categories for each studied case are
provided in Annex Il: Environmental footprint results of each case.

The results on Climate Change category for each case are provided in Figure 17 and are presented by functional
unit (1 kg of methanol); all scenarios are represented in the same figure to have an overall view of the
environmental impacts. Cradle-to-gate approach correspond to the first bar for each scenario and well-to-wheel
approach to the second bar for each scenario.

For the benchmark methanol production, the climate change has an absolute value of 0.924 kg CO, eq/kg MeOH
(cradle-to-gate) and 2.298 kg CO, eq/kg MeOH (well-to-wheel). In all cases, the proposed technology achieves a
reduction of the impact on climate change compared to conventional methanol (Figure 17).

The main reduction lies in the technologies that uses DAC as feedstock CO, since DAC technology captures CO;
directly from ambient air yielding negative emissions, as shown in Figure 18.

Climate Change (EF 3.1)
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Figure 17: Climate change results.

© DESIRED Page | 38




D5.1: Report on assumptions and scenarios

Climate change reduction for fuel use
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Figure 18: Comparison on reduction between each scenario and benchmark MeOH conventional.
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7 Conclusions

This deliverable D5.1 has provided the main methodological approaches commonly used to carry out an LCA of
CCU technologies. The approaches established in the previous sections will be considered for the project
development to assess the performance of the DESIRED technologies.

The general concept of the LCA method is presented first to contextualize the report according to the current
regulation in order to ensure that the methodology is clearly defined and in compliance with existing standards
for the subsequent analyses and findings presented in the report.

A detailed examination was conducted on the key characteristics of CO; sources, differentiating between point
sources and direct capture of CO,. That holds significance in all comprehensive analysis of any CCU system.

Additionally, a well-defined procedure for scalability was established. This process outlines the steps and criteria
for assessing the potential for a technology or system to be scaled up or expanded to meet larger demands or
applications.

A set of scenarios were defined in order to analyse, and provide valuable insights into, which inputs may have
the greatest impact on the environmental burdens of the CCU system. By a literature analysis of each scenario,
it's noted that the chosen CO; sources and allocation system directly affect the CCU system's LCA results.

Finally, in every studied scenario, point sources perform worse than DAC in their carbon footprint performance.
This is due to the capability of DAC systems to entirely extract CO, from the atmosphere, resulting in negative
emissions.
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Annex l: LCI for the environmental analysis

Table 5: Inventory flows to produce 1 kg of methanol from natural gas (Al-Qahtani et al. 2020).

Input from technosphere

Aluminium oxide
Copper oxide
Electricity
Molybdenum
Heat

Natural gas
Nickel

Water

Zinc

Methane

Methanol

Nitrogen oxides

Wastewater, average

kwWh

Emissions to air

Emissions to water

kg

kg

kg
M)
M3
kg
kg

kg

kg

kg

kg

m3

Table 6: Inventory flows to produce 1 kg of H2 from wind electrolysis (Al-Qahtani et al. 2020).
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Water

Wind electricity

Input from technosphere

kg

kwh

18.04

53

2.4E-04

9.0E-05

7.4E-02

1.0E-05

6.93

6.52E-01

2.0E-05

8.5E-01

3.0E-05

9.8E-04

5.3E-04

1.5E-04

3.34E-03
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Table 7: Inventory flows to capture 1 kg of CO2 from DAC (Al-Qahtani et al. 2020).

Input from environment
Air kg 1467.84
Carbon dioxide, in air kg 1
Input from technosphere
Heat from natural gas M) 8.81
Emissions to air

Carbon dioxide kg -1

Table 8: Inventory to capture 0,864 kg of CO2 captured with MEA from a power plant (Trudewind, Schreiber, and Haumann

2014).
mm

Input from technosphere

Hard coal kg 0.399
Cooling water kg 3.008
Feed water kg 0.27
Ammonia kg 1.12E-03
Limestone kg 7.7E-03
Monoethanolamine kg 1.4E-07
Output
CO; kg 0.864
Electricity kWh 1
Steam “credit” kg 0.99

Output to technosphere
Hard coal ash kg 9.0E-03

Wastewater, average m3 1.53E-03
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Fly ash
Waste vapour

Waste gypsum

Carbon dioxide
Sulphur dioxide
Nitrogen monoxide
Ammonia

Particulates, < 10 um

Emissions to air

5.13E-02

9.9E-01

1.39E-02

9.8E-02

8.3E-05

1.1E-04

6.0E-06

1.66E-04

Table 9: Inventory to transport 337 kg of CO2 captured (Trudewind, Schreiber, and Haumann 2014).
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Steel

Polyethylene (HDPE)
Epoxy resin
Adhesive for metal
Sand

Water

Rail transport

Lorry transport
Oceanic freight transport
Diesel

Aluminium

Cast iron

Copper

Input from technosphere

kg
kg
kg
kg
kg
kg
tkm
tkm
tkm
M)
kg
kg

kg

6.00E-04

8.32E-03

5.70E-04

6.20E-04

1.22

0.207

5.76E-02

0.127

2.43E-02

2.1

4.40E-04

5.60E-07

2.08E-07
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Sodium silicate
Zinc

Electricity

Inert waste

Waste polyethylene
Hazardous waste
Municipal waste

Scrap steel

Aluminium

Iron

Copper compounds
Silicate particles
Titanium

Zinc compounds

Output to technosphere

Emissions to ocean water

kg
kg
kg
kg
kg

kg

7.00E-07

2.30E-05

2.08E-02

6.08E-01

4.16E-03

3.91E-03

2.75E-03

3.76E-01

3.80E-04

4.80E-07

2.40E-08

6.00E-07

9.90E-08

1.80E-08

Table 10: Inventory to produce 1 kg of MeOH from hydrogenation of CO> (Al-Qahtani et al. 2020).

Input from technosphere

© DESIRED

Carbon dioxide

H, (wind electrolysis)

Electricity
Steel

Steam "credit"

Emissions to air

kg

kg
kWh

kg

MJ

1.51

0.208

0.272

1.53E-04

0.4397
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Carbon dioxide kg
Methanol kg
Nitrogen oxides kg
Output to technosphere
Wastewater, average m?3

7.7E-02

1.0E-02

1.78E-06

5.71E-04

Table 11: Inventory flows to produce 0,655 kg of MeOH from the photocatalytic reactor (Trudewind, Schreiber, and

Haumann 2014).

Input from technosphere

Carbon dioxide kg
Water kg
Concrete m?3
Iron ore kg
TiO, nanoparticles kg
Plate glass kg
Transport, lorry > 16 t tkm

0.819

1.0E-04

1.5E-06

3.0E-05

2.34E-02

1.92E-03

Table 12: Inventory for the methanol distillation of 0,719 gr of MeOH (Trudewind, Schreiber, and Haumann 2014).
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Input from technosphere

Methanol from reactor kg
Oil (heat) M)
Hard coal (heat) M)
Natural gas (heat) M)
Limestone kg
Sodium chloride kg

7.56E-01

3.80E-02

3.10E-02

4.7

1.75E-03

1.20E-04
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Raw gravel

Clay

kg

kg

1.46E-02

5.90E-04

Table 13: Inventory to capture 1067,63 kg of CO2 captured with MEA from a cement plant (An, Middleton, and Li 2019).

Table 14: Inventory to capture 4.33 kg of CO2 captured with MEA from a bioethanol plant (Bello et al. 2020).
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Input from technosphere

Hard coal kg
Petroleum coke kg
Limestone kg
Iron oxide kg
Gypsum kg
Ammonia kg
Monoethanolamine kg
Output
O, ke
Cement kg
Electricity surplus kWh
Emissions to air
Carbon dioxide kg
Particulates, < 2,5 um kg
Particulates, > 10 um kg
Particulates, > 2,5 um and < 10 um kg

Input from technosphere

291.6

31.9

1258.51

7.47

23.63

1.85

2.24

1067.73

1000

22.73

188.42

0.0109

0.0026

0.0036
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© DESIRED

Diesel

N fertilizer
Tap water
Lubricating oil
Steel
Polyethylene
Sheet rolling

Electricity

Monoethanolamine

Sulfuric acid
Ethanol
Transport lorry
Natural gas
Ammonia
Digester sludge

Biogas

Diammonium phosphate

Kerosene

Water

Heat

CO;

Bioethanol

Carbon dioxide

Output

Emissions to air

kg
kg
kg

MJ

kg

kg

kg

4.39E-3

6.48E-4

28

1.55E-4

1.90E-4

2.86E-4

1.90E-4

0.538

1.43E-3

4.30E-2

2.15E-2

4.48E-1

1.81E-1

2.66E-2

2.47E-1

2.77E-1

7.16E-3

5.09E-2

2,71

32.58

4.33

0.0677

Page | 50




D5.1: Report on assumptions and scenarios

Particulates
Nitrogen
Ammonia
Nitrogen oxides
Carbon monoxide
Sulphur oxide
Heat, waste
Water

Oxygen

Monoethanolamine

Organic compounds

Hydrocarbons

Municipal solid waste

Wastewater

© DESIRED

Emissions to water

kg

kg

Outputs to technosphere

kg

m3

2.61E-2

19.3

7.89E-3

7.12E-2

2.73E-2

1.42E-3

7.37E-1

5.68

3.59

5.06E-4

1.41E-2

5.09E-2

2.60E-3

1.45E-5
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Annex lI: Environmental footprint results of each case

Table 15:

© DESIRED

Environmental Footprint (EF 3.1) of case 1

Acidification
Climate change
Climate change - Biogenic

Climate change — Fossil

Climate change — Land use and land use change

Ecotoxicity, freshwater
Ecotoxicity, freshwater - inorganics
Ecotoxicity, freshwater - organics
Particulate matter
Eutrophication, marine
Eutrophication, freshwater
Eutrophication, terrestrial
Human toxicity, cancer
Human toxicity, cancer - inorganic
Human toxicity, cancer - organic
Human toxicity, non-cancer
Human toxicity, non-cancer - inorganic
Human toxicity, non-cancer - organic
lonizing radiation
Land use
Ozone depletion
Photochemical ozone formation
Resource use, fossils
Resource use, minerals, and metals

Water use

mol H* ¢q

kg CO3 eq

kg CO; eq

kg CO3 eq

kg CO; eq
CTUe
CTUe
CTUe

disease inc.

kg N eq
kg P e

Mol N ¢q
CTUh
CTUh
CTUh
CTUh
CTUh
CTUh

kBq U-235 ¢q
Pt
kg CFC11 ¢
kg NMVOC 4
MJ
kg Sb ¢q

m?3 depriv.

3.64E-03

-8.09E-01

4.65E-04

-8.10E-01

9.09E-04

4.68E+00

4.42E+00

2.60E-01

2.93E-08

5.61E-04

2.59E-04

6.04E-03

1.24E-09

7.77E-10

4.65E-10

3.37E-08

3.21E-08

1.59E-09

1.47E-02

3.00E+00

1.71E-08

4.81E-03

8.66E+00

3.33E-05

3.05E-01
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Table 16:
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Environmental Footprint (EF 3.1) of case 2

Acidification
Climate change
Climate change - Biogenic

Climate change — Fossil

Climate change — Land use and land use change

Ecotoxicity, freshwater
Ecotoxicity, freshwater - inorganics
Ecotoxicity, freshwater - organics
Particulate matter
Eutrophication, marine
Eutrophication, freshwater
Eutrophication, terrestrial
Human toxicity, cancer
Human toxicity, cancer - inorganic
Human toxicity, cancer - organic
Human toxicity, non-cancer
Human toxicity, non-cancer - inorganic
Human toxicity, non-cancer - organic
lonizing radiation
Land use
Ozone depletion
Photochemical ozone formation
Resource use, fossils
Resource use, minerals, and metals

Water use

mol H* ¢q

kg CO; eq

kg CO; eq

kg CO; eq

kg CO; eq
CTUe
CTUe
CTUe

disease inc.

kg N eq
kg P eq

Mol N ¢q
CTUh
CTUh
CTUh
CTUh
CTUh
CTUh

kBg U-235 q
Pt
kg CFC11 o
kg NMVOC 4
MJ
kg Sb ¢q

m?3 depriv.

1.51E-03

-6.38E-01

4.22E-04

-6.38E-01

1.40E-04

1.58E+00

1.52E+00

6.31E-02

1.08E-08

4.24E-04

3.16E-05

4.68E-03

1.52E-10

6.76E-11

8.44E-11

2.16E-09

1.94E-09

2.18E-10

6.79E-03

7.15E-01

3.50E-08

2.29E-03

1.39E+01

9.02E-07

1.32E-01
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Table 17: Environmental Footprint (EF 3.1) of case 3

© DESIRED

Acidification
Climate change
Climate change - Biogenic

Climate change — Fossil

Climate change — Land use and land use change

Ecotoxicity, freshwater
Ecotoxicity, freshwater - inorganics
Ecotoxicity, freshwater - organics
Particulate matter
Eutrophication, marine
Eutrophication, freshwater
Eutrophication, terrestrial
Human toxicity, cancer
Human toxicity, cancer - inorganic
Human toxicity, cancer - organic
Human toxicity, non-cancer
Human toxicity, non-cancer - inorganic
Human toxicity, non-cancer - organic
lonizing radiation
Land use
Ozone depletion
Photochemical ozone formation
Resource use, fossils
Resource use, minerals, and metals

Water use

mol H* ¢q
kg CO; eq
kg CO; eq
kg CO; eq
kg CO; eq
CTUe
CTUe
CTUe
disease inc.
kg N eq
kg P eq
Mol N ¢q
CTUh
CTUh
CTUh
CTUh
CTUh
CTUh
kBg U-235 q
Pt
kg CFC11 o
kg NMVOC 4
MJ
kg Sb ¢q

m?3 depriv.

3.77E-03

3.34E-01

4.64E-04

3.33E-01

9.14E-04

5.23E+00

4.97E+00

2.59E-01

2.84E-08

6.08E-04

5.04E-04

6.12E-03

1.23E-09

8.00E-10

4.32E-10

3.49E-08

3.33E-08

1.56E-09

1.31E-02

3.50E+00

1.16E-09

4.18E-03

6.80E+00

3.31E-05

3.52E-01
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Table 18: Environmental Footprint (EF 3.1) of case 4.
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Acidification
Climate change
Climate change - Biogenic

Climate change — Fossil

Climate change — Land use and land use change

Ecotoxicity, freshwater
Ecotoxicity, freshwater - inorganics
Ecotoxicity, freshwater - organics
Particulate matter
Eutrophication, marine
Eutrophication, freshwater
Eutrophication, terrestrial
Human toxicity, cancer
Human toxicity, cancer - inorganic
Human toxicity, cancer - organic
Human toxicity, non-cancer
Human toxicity, non-cancer - inorganic
Human toxicity, non-cancer - organic
lonizing radiation
Land use
Ozone depletion
Photochemical ozone formation
Resource use, fossils
Resource use, minerals, and metals

Water use

mol H* ¢q
kg CO; eq
kg CO; eq
kg CO; eq
kg CO; eq
CTUe
CTUe
CTUe
disease inc.
kg N eq
kg P eq
Mol N ¢q
CTUh
CTUh
CTUh
CTUh
CTUh
CTUh
kBg U-235 q
Pt
kg CFC11 o
kg NMVOC 4
MJ
kg Sb ¢q

m?3 depriv.

2.11E-03

7.45E-01

4.64E-04

7.45E-01

1.74E-04

2.57E+00

2.490622

7.54E-02

1.44E-08

5.52E-04

3.18E-04

5.55E-03

1.88E-10

1.11E-10

7.67E-11

4.21E-09

3.98E-09

2.22E-10

9.19E-03

1.42E+00

2.32E-08

2.00E-03

1.43E+01

7.11E-07

1.88E-01
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Table 19: Environmental Footprint (EF 3.1) of case 5.

Acidification
Climate change
Climate change - Biogenic

Climate change — Fossil

Climate change — Land use and land use change

Ecotoxicity, freshwater
Ecotoxicity, freshwater - inorganics
Ecotoxicity, freshwater - organics
Particulate matter
Eutrophication, marine
Eutrophication, freshwater
Eutrophication, terrestrial
Human toxicity, cancer
Human toxicity, cancer - inorganic
Human toxicity, cancer - organic
Human toxicity, non-cancer
Human toxicity, non-cancer - inorganic
Human toxicity, non-cancer - organic
lonizing radiation
Land use
Ozone depletion
Photochemical ozone formation
Resource use, fossils
Resource use, minerals, and metals

Water use

mol H* ¢q
kg CO; eq
kg CO; eq
kg CO; eq
kg CO; eq
CTUe
CTUe
CTUe
disease inc.
kg N eq
kg P eq
Mol N ¢q
CTUh
CTUh
CTUh
CTUh
CTUh
CTUh
kBg U-235 q
Pt
kg CFC11 o
kg NMVOC 4
MJ
kg Sb ¢q

m?3 depriv.

3.26E-03

3.48E-01

4.23E-04

3.47E-01

8.82E-04

4.37E+00

4.1122907

2.55E-01

2.87E-08

4.37E-04

3.05E-04

4.60E-03

1.20E-09

7.59E-10

4.46E-10

3.33E-08

3.18E-08

1.52E-09

1.28E-02

3.04E+00

4.47E-09

3.91E-03

3.78E+00

3.31E-05

2.63E-01
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Table 20: Environmental Footprint (EF 3.1) of case 6.

Acidification
Climate change
Climate change - Biogenic

Climate change — Fossil

Climate change — Land use and land use change

Ecotoxicity, freshwater
Ecotoxicity, freshwater - inorganics
Ecotoxicity, freshwater - organics
Particulate matter
Eutrophication, marine
Eutrophication, freshwater
Eutrophication, terrestrial
Human toxicity, cancer
Human toxicity, cancer - inorganic
Human toxicity, cancer - organic
Human toxicity, non-cancer
Human toxicity, non-cancer - inorganic
Human toxicity, non-cancer - organic
lonizing radiation
Land use
Ozone depletion
Photochemical ozone formation
Resource use, fossils
Resource use, minerals, and metals

Water use

mol H* ¢q
kg CO; eq
kg CO; eq
kg CO; eq
kg CO; eq
CTUe
CTUe
CTUe
disease inc.
kg N eq
kg P eq
Mol N ¢q
CTUh
CTUh
CTUh
CTUh
CTUh
CTUh
kBg U-235 q
Pt
kg CFC11 o
kg NMVOC 4
MJ
kg Sb ¢q

m?3 depriv.

1.11E-03

5.93E-01

3.77E-04

5.92E-01

1.12E-04

1.25E+00

1.19E+00

5.74E-02

1.02E-08

2.92E-04

7.97E-05

3.14E-03

1.11E-10

4.78E-11

6.36E-11

1.72E-09

1.58E-09

1.43E-10

4.74E-03

7.53E-01

2.16E-08

1.34E-03

8.69E+00

6.08E-07

8.66E-02
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Table 21:
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Environmental Footprint (EF 3.1) of case 7.

Acidification
Climate change
Climate change - Biogenic

Climate change — Fossil

Climate change — Land use and land use change

Ecotoxicity, freshwater
Ecotoxicity, freshwater - inorganics
Ecotoxicity, freshwater - organics
Particulate matter
Eutrophication, marine
Eutrophication, freshwater
Eutrophication, terrestrial
Human toxicity, cancer
Human toxicity, cancer - inorganic
Human toxicity, cancer - organic
Human toxicity, non-cancer
Human toxicity, non-cancer - inorganic
Human toxicity, non-cancer - organic
lonizing radiation
Land use
Ozone depletion
Photochemical ozone formation
Resource use, fossils
Resource use, minerals, and metals

Water use

mol H* ¢q

kg CO; eq

kg CO; eq

kg CO; eq

kg CO; eq
CTUe
CTUe
CTUe

disease inc.

kg N eq
kg P eq

Mol N ¢q
CTUh
CTUh
CTUh
CTUh
CTUh
CTUh

kBg U-235 q
Pt
kg CFC11 o
kg NMVOC 4
MJ
kg Sb ¢q

m?3 depriv.

3.55E-03

-1.26E-01

1.51E-02

-1.42E-01

9.99E-04

7.23E+00

4.09E+00

3.13E+00

3.11E-08

4.33E-04

2.60E-04

5.15E-03

1.23E-09

7.64E-10

4.63E-10

3.36E-08

3.19E-08

1.69E-09

1.40E-02

3.24E+00

5.89E-09

4.00E-03

3.44E+00

3.33E-05

3.68E-01
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Table 22: Environmental Footprint (EF 3.1) of case 8.
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Acidification
Climate change
Climate change - Biogenic

Climate change — Fossil

Climate change — Land use and land use change

Ecotoxicity, freshwater
Ecotoxicity, freshwater - inorganics
Ecotoxicity, freshwater - organics
Particulate matter
Eutrophication, marine
Eutrophication, freshwater
Eutrophication, terrestrial
Human toxicity, cancer
Human toxicity, cancer - inorganic
Human toxicity, cancer - organic
Human toxicity, non-cancer
Human toxicity, non-cancer - inorganic
Human toxicity, non-cancer - organic
lonizing radiation
Land use
Ozone depletion
Photochemical ozone formation
Resource use, fossils
Resource use, minerals, and metals

Water use

mol H* ¢q
kg CO; eq
kg CO; eq
kg CO; eq
kg CO; eq
CTUe
CTUe
CTUe
disease inc.
kg N eq
kg P eq
Mol N ¢q
CTUh
CTUh
CTUh
CTUh
CTUh
CTUh
kBg U-235 q
Pt
kg CFC11 o
kg NMVOC 4
MJ
kg Sb ¢q

m?3 depriv.

1.42E-03

9.03E-02

1.60E-02

7.41E-02

2.35E-04

4.30E+00

1.18E+00

3.12E+00

1.31E-08

2.93E-04

3.22E-05

3.78E-03

1.36E-10

5.35E-11

8.22E-11

2.04E-09

1.71E-09

3.28E-10

6.13E-03

9.70E-01

2.31E-08

1.45E-03

8.35E+00

8.34E-07

1.99E-01
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