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1. Introduction

Early-stage impact assessment tool (ESTIMATe) for
the life cycle assessment of CO,-based chemicalst

@ Bart D. Vandegehuchte,® Benjamin Jaumard,© Raoul Meys, (&4

*3a,€

Hannah Minten,
Christiane Reinert® and André Bardow

In the pursuit of climate change mitigation, the chemical industry is developing carbon capture and utiliz-
ation (CCU) processes to eliminate fossil carbon feedstock. Life Cycle Assessment (LCA) of CCU pro-
cesses is crucial to verify climate change mitigation and identify potential burden shifting to other areas of
environmental damage. Preferentially, this knowledge would be available already in early process devel-
opment. However, LCA expertise is sparse and LCA studies are often data-intensive and complex, limiting
the accessibility to non-LCA experts. To bridge this accessibility gap, we present ESTIMATe, an open-
source Excel tool automating LCA assumptions and using estimation methods to streamline the LCA of
CCU processes. ESTIMATe, designed for non-LCA experts, quickly provides simplified early-stage LCA
results before a comprehensive LCA would usually be conducted. Our case studies demonstrate how
ESTIMATe guides process development at different levels of process maturity by assessing climate change
mitigation potentials, analyzing environmental impacts along the course of process development, and
comparing the environmental performance of process alternatives. ESTIMATe is thus designed to comp-
lement rather than replace comprehensive LCA software, providing early access to LCA results and
enabling process developers to incorporate environmental perspectives into their decision-making. The
ESTIMATe tool is available for download at https://doi.org/10.5281/zenodo.11060469.

CCU process development requires a holistic environmental
impact assessment.

The chemical industry is responsible for 7% of CO, emissions
and 10% of energy use globally." To mitigate greenhouse gas
emissions, novel processes are being developed that utilize
low-carbon energy and eliminate fossil feedstock.”> As an
option to eliminate fossil feedstock, carbon capture and utiliz-
ation (CCU) captures and converts CO, into value-added
products.®* Even if CO, from a fossil source is used, CCU pro-
ducts can potentially reduce greenhouse gas emissions com-
pared to conventional fossil-based products.” However, climate
benefits from CCU are not guaranteed, for instance when
energy-intensive process steps are required.”® Consequently,
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The 12 principles of green chemistry,” introduced 25 years
ago, have proven invaluable as qualitative guidelines for lower-
ing the environmental impact of chemicals. These principles
continue to shape environmentally conscious practices in a
large community committed to sustainable chemical pro-
cesses. Alongside these qualitative principles, the integration
of quantitative approaches is essential for a more comprehen-
sive evaluation of environmental impact.

One prominent quantitative method is Life Cycle
Assessment (LCA),*° highlighted as the gold standard for
demonstrating a “green advance” in chemistry in a recent edi-
torial.’® LCA is a standardized method that quantitatively
evaluates the environmental impacts of products and services
over their entire life cycle and for a holistic set of environ-
mental impact categories, ie., areas of environmental
damage.®® It is desirable to conduct LCA studies as early as
possible in process development for several key reasons:>'' ™
first, so-called early-stage LCA can evaluate the theoretical
environmental potential of CCU process routes which allows
to sort out unpromising options before investing time and
money into subsequent development stages. Second, early-
stage LCA informs process developers regarding possible
burden shifting towards other areas of environmental damage.

This journal is © The Royal Society of Chemistry 2024
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Third, investigating the sensitivity of the environmental per-
formance towards process parameters and external variables
provides valuable insights to improve process development.

However, early-stage LCA in general and the LCA of CCU
technologies in particular present unique challenges that are
not yet addressed in the LCA ISO standards. For LCA studies of
CCU technologies, for instance, assumptions related to carbon
accounting are especially crucial.'®™® In early-stage LCA, meth-
odological research is ongoing concerning a number of chal-
lenges related to comparability, scale-up issues, uncertainty and
uncertainty communication, and data availability."**® For
instance, primary process data required for LCA are not available
in the early stages of process development, causing data
gaps.''9?® Filling such data gaps leads to a trade-off between
the early availability of LCA results and result accuracy. For a com-
prehensive discussion of the current challenges in early-stage LCA
and approaches to overcome those challenges, readers are encour-
aged to refer to the recent review by Moni et al.*’

To address the challenges in early-stage LCA of CCU techno-
logies, the Global Carbon Initiative has published the CCU
guidelines.'® The CCU guidelines define typical methodologi-
cal decisions, suggest methods to fill data gaps, and provide
guidance to ensure a consistent assessment with meaningful
results.

Still, despite the benefits of early-stage LCA, and efforts to
simplify and standardize early-stage LCA for CCU technologies,
LCA is not widely applied by chemists and process developers
in green chemistry.'® Expertise in the field of LCA is often
scarce, and the practical application of LCA according to the
standards and guidelines remains challenging for non-LCA
experts. Instead, LCA experts are usually consulted only in
later process development stages, e.g., when a technology is
introduced at large scale. To foster the application of early-
stage LCA in the field of green chemistry, non-LCA experts
should be able to conduct early-stage LCA studies with low
effort.

In contrast to full LCA software such as SimaPro, GaBi, or
Brightway, Excel-based LCA tools present a more accessible
entry point for non-LCA practitioners.>* In the landscape of
Excel-based LCA tools, only a few options exist, the majority of
which are tailored to the building sector.>” However, three
specific tools are relevant in the context of LCA for novel
chemical products: first, the TECHTEST Excel Tool*® allows
techno-economic assessments, energy, and carbon balance cal-
culations for novel technologies. The environmental assess-
ment in TECHTEST comprises two categories: Climate Change
Impact and energy use. The user is guided through the
environmental assessment but must look up emission and
energy use factors for material inputs manually in the NREL
database. Most importantly, the user must make LCA meth-
odological decisions. Furthermore, TECHTEST lacks data
generation support and a focus on CCU technologies. Second,
AssessCCUS?® allows users to enter input data for Life-Cycle
and Techno-Economic Assessments of CCUS technologies
online and exports the assessment results as an Excel file.
AssessCCUS calculates Manufacturing Costs, Climate Change
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Impact, and Water Use mainly from user-specified data, but
provides emission factors for electricity, natural gas, and fuel
oil. Impact categories other than Climate Change and Water
Use are not supported, and data generation is outside of the
scope of the tool. Third, the LCA Model for CCU*® provides an
interactive overview of the Climate Change Impact of CCU
technologies from the literature. However, the model does not
allow users to generate, enter, or assess their own process data.
For conducting LCA studies, the model further lacks a holistic
set of impact categories.

In this work, we present the ESTIMATe method and tool
which enable non-LCA experts to conduct consistent early-
stage LCA of CCU processes within minutes using Microsoft
Excel.

Between other Excel-based LCA tools, ESTIMATe stands out
as specifically tailored to assessing early-stage CCU processes
yielding fuels and chemicals in a holistic set of impact cat-
egories. By automating LCA assumptions, supporting data
generation, incorporating a background database, and apply-
ing scenario analyses, ESTIMATe minimizes required user
input. In this way, non-LCA experts can obtain robust LCA
results quickly.

ESTIMATe is based on the CCU guidelines'® and specifically
tailored to assess CCU processes for organic chemicals and
their mixtures. The focus on chemicals allows the automatiza-
tion of LCA assumptions and assessment steps, which reduces
LCA knowledge required of the users. We implement our
method in the open-access ESTIMATe Excel tool which:

(1) applies the LCA methodology consistently,

(2) employs estimation methods accepted in the LCA com-
munity to fill data gaps depending on data availability, and

(3) shows results for a holistic set of impact categories and
provides concise explanations of assumptions and limitations
to the user.

In section 2, we briefly introduce the ESTIMATe method
and its underlying assumptions. Section 3 demonstrates the
application of the ESTIMATe Excel tool with a focus on user
inputs vs. tool outputs. For this purpose, we are assessing
electrochemical CO, reduction to ethylene at different levels of
data availability. In section 4, we discuss our results critically
and conclude.

2. Method: calculation of
environmental impacts via ESTIMATe

ESTIMATe calculates environmental impacts of CCU chemicals
and their fossil benchmark technology. The tool is tailored for
assessing organic chemicals and their mixtures, with a particu-
lar focus on high-volume basic organic chemicals, and has
been specifically developed and tested for thermocatalytic con-
version and electroreduction of CO,. Since the environmental
impacts of many CCU chemicals depend strongly on the
energy input,'® an automated scenario analysis is integrated to
resolve the level of decarbonization in the background energy
system. ESTIMATe provides both quantitative results and

Green Chem., 2024, 26, 8728-8743 | 8729
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result figures, together with a summary of assumptions made
during the LCA study.

To generate the LCA results, ESTIMATe consists of five steps
(¢f Fig. 1): (1) goal definition, (2) LCA methodology, (3) data
generation, (4) background system linkage, and (5) the calcu-
lation of LCA results. User input is required in the steps 1
(goal definition) and 3 (data generation), and optional in step
4 (background system linkage). Overall, the assessment in
ESTIMATe requires the following minimum user input:

- alist of products and reactants,

- the specification whether the reaction is thermochemical
or electrochemical, and

« the specification whether the product is used as an inter-
mediate or a fuel.

With increasing technology maturity, further user input can
be added to improve the estimation.

In the following subsections, we briefly introduce the meth-
odology behind ESTIMATe by elaborating on the steps of the
ESTIMATe method:

(1) Goal definition: Common goals accompanying process
development (section 2.1)

(2) LCA methodology: Application of LCA standards in line
with the goals (section 2.2)

(3) Data generation: Methods to close data gaps according
to data availability and study goal (section 2.3)

| 1) Goal definition

G) Best-Case b) Hotspot c) Mitigation @
Assessment Assessment Potential
Verify climate Determine Assessment Choose
change reduction Hotspots & Compare two goal &
potential trade-offs CCU processes prod uct

1.System boundary
2.Functional unit
3.Approach to multifunctionality

| 2) LCA methodology

AN

Calculate mass and energy balance | 3) Data generation

Minimum: stoichiometry @
Optionally: apply estimation methods
A

or enter own data

1.Link balances to
background LCA database

2.Apply decarbonization
scenarios for key inputs

| 4) Background data

@

Optionally:
link own data to
background
database

V\;
5) Calculation of
LCA results

-

Presentation &
interpretation

Output
e Summary of study assumptions
& limitations
* LCA results: values and figures
* Interpretation guidance sections

[ Derive conclusions P@
@ - User input

Fig. 1 Overview of the ESTIMATe method and user inputs in each step.
CCU - carbon capture and utilization.
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(4) Background system linkage: Scenario application for
relevant utilities (section 2.4)

(5) Calculation of LCA results: multiple environmental
impact categories (section 2.5)

Then, we summarize how ESTIMATe presents results and
study assumptions (section 2.6). Finally, section 2.7 explains
the data basis of ESTIMATe.

2.1. Goal definition

The first step of any LCA study is the definition of the study
goal, ie., the central research question. In our discussions
with process development specialists, three main questions
emerged regarding the development of new processes:

Is the process (a) meeting minimum expectations, (b) com-
petitive to the benchmark technology, and (c) the best choice
compared to other novel processes?

Consequently, ESTIMATe offers three types of studies: Best-
Case Assessment, Hotspot Assessment, and Mitigation
Potential Assessment. All assessments in ESTIMATe are com-
parative LCA studies, i.e., the environmental impacts of a new
process are assessed in relation to a benchmark.

Best-case assessment. Best-Case Assessments verify the
greenhouse gas reduction potential, support Go/No-Go
decisions, and identify possible burden-shifting to other
environmental impacts. For this purpose, a robust lower
boundary of the Climate Change Impact is calculated from
theoretical best-case assumptions for the new process. The
best-case environmental impacts are then compared to the
fossil-based benchmark process. Best-Case Assessments are in
alignment with the LCA part of “Monitoring” studies accord-
ing to the CCU guidelines,'® tailored to the needs of decision-
makers (e.g., management).

Hotspot assessment. In Hotspot Assessments, the new
process is investigated regarding its environmental hotspots and
trade-offs. The new process is compared either to the current
fossil-based benchmark or to a competing CCU route to the same
product. Moreover, key contributors to the environmental impact
are identified to support further process development. Hotspot
Assessments correspond to the LCA part of “R&D support”
studies as described in the CCU guidelines.'®

Mitigation potential assessment. Finally, Mitigation
Potential Assessments compare emission reductions and
burden-shifting across two CCU processes. If the compared
processes yield different products, the comparison takes place
based on a shared resource under the assumption that each
product replaces its fossil-based benchmark process. This
study type supports decision-making under limited resource
availability. If two processes producing the same product are
compared, the comparison takes place on the basis of the
same amount of product produced.

2.2. LCA methodological assumptions

LCA studies involve making several methodological choices in
line with the LCA standards and the study goal to ensure valid
results.

This journal is © The Royal Society of Chemistry 2024
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For instance, the functional unit quantifies the qualitative
function of each system under study and must be identical for
compared systems. The system boundary specifies which life-
cycle stages are studied in the assessment, usually containing
the complete life cycle (“cradle-to-grave”). In comparative LCA,
identical life-cycle stages for compared systems may be neg-
lected. Systems providing multiple functions (e.g., co-pro-
duction of two chemicals) require a multi-functionality approach
to allocate environmental impacts to individual products.®®
Below, we describe the LCA-methodological assumptions in
ESTIMATe.

Functional unit and system boundary. Functional unit and
system boundaries for CCU products depend on whether the
product is a chemical intermediate or a fuel, and on whether
the product’s chemical structure and composition are identical
or different to the benchmark.'® In early-stage assessments
conducted via the ESTIMATe tool, the chemical structure is
assumed identical to the benchmark for both chemical inter-
mediates and fuels. This assumption limits ESTIMATe’s
current applicability to CCU chemicals and synthetic fuels
identical to existing counterparts. A potential avenue for future
research involves broadening ESTIMATe’s applicability to
assess differing synthetic fuels.

For Best-Case and Hotspot Assessments, chemical inter-
mediates are evaluated using a mass-based functional unit,
while fuels are evaluated with a functional unit based on
energy.'® Since identical products are assumed, the life cycle
of the benchmark and the new process differs only up to the
production process (“the gate”). All subsequent life-cycle
stages are identical for both routes and may be neglected in
the comparative assessment.>*'® The system boundaries are
thus “cradle-to-gate”, including the whole supply chain up to
the final product delivered at the factory gate.

After assessing CCU chemicals separately, Mitigation
Potential Assessments allow for the additional comparison of
two CCU chemicals. The ISO standards specify that consistent
comparisons in LCA require the compared processes to fulfill
the same function, ie., supply the same functional unit.
Consequently, if Mitigation Potential Assessments compare
different chemicals that each provide a unique function, a
mass-based functional unit is not applicable. Still, a compari-
son of the mitigation potential of two CCU products might be
desirable, necessitating the definition of a suitable a basis of
comparison for the products. To solve this issue, we adopt the
approach proposed by Sternberg et al®' and analyse which
product uses a scarce resource most efficiently. For this
purpose, we quantitatively define the functional unit as the
use of the scarce resource, for instance, 1 kg of captured CO,
or 1 kWh of renewable electricity. This approach reflects that
CCU technologies compete for a limited renewable feedstock
or energy supply. Furthermore, we assume that each process’s
main product replaces its conventional counterpart (bench-
mark) and give a credit for avoiding the environmental
impacts of the benchmark (as further discussed in the section
“solving multi-functionality”). Consequently, a Mitigation
Potential Assessment answers the question “Which process

This journal is © The Royal Society of Chemistry 2024
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uses the scarce resource most efficiently?”. Since Mitigation
Potential Assessments examine the supply chain up to the
desired products, “cradle-to-gate” system boundaries are again
applied.

While suitable for assessments in ESTIMATe, “cradle-to-
gate” system boundaries may lead to misinterpretation of
results: the release of carbon captured within the product is
not accounted for in the assessment scope, potentially giving
the impression of “carbon-negative” chemicals. However, all
captured carbon is most likely emitted at the end of the pro-
duct’s life. Only if carbon sourced from air is stored perma-
nently (CCS), true carbon negativity may be achieved. To avoid
misinterpretation, ESTIMATe calculates the amount of carbon
present in the product and the corresponding stoichiometric
CO, emissions in each assessment. The user is thus informed
of probable end-of-life emissions. ESTIMATe prominently dis-
plays information on captured carbon and system boundaries
wherever climate change impacts are presented, ensuring
clarity for non-LCA experts.

Solving multi-functionality. Per default, ESTIMATe assumes
all co-products to be combusted and emitted to the environ-
ment to overestimate rather than underestimate the environ-
mental impact. At the user’s discretion, individual co-products
can be classified as by-products, for which a multi-functional-
ity approach must then be applied. ESTIMATe employs two
multi-functionality approaches outlined in the ISO standards:
the avoided burden approach and, as a fallback, allocation.

The avoided burden approach assumes that the co-pro-
duction of a given product replaces its benchmark production,
thereby avoiding the environmental burden associated with
the benchmark. Please refer to the ESIf for details on the
avoided burden approach and an example of its application to
CCU.

While the avoided burden approach is commonly used in
LCA, results must be interpreted carefully to avoid misinterpre-
tation. Specifically, the avoided environmental burdens
depend on the assumption that by-products actually replace
the benchmark process, and on the choice of benchmark
process, which might improve or change in the future.
Furthermore, assumed avoided emissions could be misinter-
preted as true emission removal from the environment.
ESTIMATe clearly distinguishes avoided burdens from other
environmental impacts, c¢f. sections 3.3 and 3.4.

Only if no benchmark dataset is available for the avoided
burden calculation, ESTIMATe employs allocation to solve
multi-functionality. Allocation distributes the environmental
impacts between two products based on flow properties such
as mass, energy content, or economic value. In accordance
with the literature,'® ESTIMATe recommends the economic cri-
terion because of its broad applicability. Users with experience
in LCA can perform a sensitivity analysis on the multi-func-
tionality approach in ESTIMATe.

2.3. Data generation

LCA studies generally require a “process inventory”, i.e.,
detailed mass and energy balances of the studied process.®®

Green Chem., 2024, 26, 8728-8743 | 8731
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In the early stages of process development, however, compre-
hensive data on the industrial-scale process are not available
yet. Consequently, suitable estimation methods are required to
fill data gaps such as reactant masses and utility demands.

The minimum required user input for data generation in
ESTIMATe is a list of products and reactants, from which
ESTIMATe calculates a stoichiometric mass balance for the
Life Cycle Assessment. Since the data availability increases
with the process development, the CCU guidelines recommend
more accurate methods to close data gaps depending on the
Technology Readiness Level (TRL).'® All estimation methods
recommended in the CCU guidelines that are applicable to
early-stage CO,-based chemical production (up to TRL 4) are
implemented in ESTIMATe. In this way, e.g., energy demands
for product separation and purification can be incorporated
into ESTIMATe assessments. For an overview of all
implemented methods, the reader is referred to the ESLf
When assessing technologies above TRL 4, results from
process design software or measured data from real plants
may be manually entered into the ESTIMATe tool.

Via a simple questionnaire, ESTIMATe supports the user in
selecting the most accurate method for the current data avail-
ability. Each estimation method is explained, its source refer-
enced, and a comment on data quality and limitations is pro-
vided. In particular, the tool supports the consistency of esti-
mation methods with the study goal. For instance, Best-Case
Assessments  require  optimistic/“best-case”  estimation
methods to provide a reliable lower boundary of environmental
impacts.

At TRL 1 and 2, the CCU guidelines recommend mostly stoi-
chiometry-based estimation methods and heuristics. In
ESTIMATe, mass and energy balances resulting from these
methods are automatically scaled to the study’s functional
unit.

At TRL 3 and 4, estimation methods are based on simple
process design equations for individual equipment, such as
distillation columns or dryers. Although ESTIMATe does not
generate a flowsheet connecting individual units, ESTIMATe
calculates utility demands per mass throughput of individual
units. Users may copy and paste the resulting utility demands
into their assessment.

Finally, the user may adapt the process inventory in
Hotspot Assessments manually. In that way, the user can add
e.g., solvents, inerts, catalysts, or additional energy demands to
the assessment as the process development progresses. When
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LCA experts assess a process at a later stage of development,
transferring modeled processes from the ESTIMATe tool to
established commercial LCA software is easy, since ESTIMATe
lists reference products, amounts, and linked background pro-
cesses from the LCA database ecoinvent (cf section 2.7).

2.4. Background data linkage

Langhorst et al.*® identify differing supply chain assumptions

as the key cause for diverging results of LCA studies in the
CCU context. Scenario analysis allows to evaluate the new
process in multiple supply chain contexts, which in turn yields
a more comprehensive understanding of the expected environ-
mental impact.

For relevant reactants and utilities, ESTIMATe applies four
scenarios representing different decarbonization levels. We
use the scenarios provided in the CCU guidelines'® for electri-
city, heat, hydrogen, carbon dioxide source, and natural gas
supply. In all scenarios, the capture of feedstock carbon
dioxide mitigates Climate Change Impact, either by avoiding
emissions from a coal-fired power plant or by removal of CO,
from the atmosphere via direct air capture. As a relevant utility
to the chemical industry, we add steam production datasets
that correspond to the scenarios for heat production with
additional energy losses for water evaporation. Table 1 sum-
marizes the four decarbonization scenarios. Experienced users
have the flexibility to diverge from these predefined scenarios
by opting for ecoinvent processes or self-modelled processes
instead.

We use ecoinvent data for utilities. Processes not included
in the ecoinvent database (e.g., methanation) are modelled
from literature sources specified in the CCU guidelines.
Despite neglecting details such as leakages and emissions
from the construction phase, for instance for constructing the
CO, capture systems, the literature process inventories are con-
sidered satisfactory since they are modeled as recommended
in the CCU guidelines. We model steam production based on
our own assumptions. All modelled process inventories are
included in the ESL.}

While decarbonization scenarios are applied to processes
modelled within ESTIMATe, the scenario analysis is not
extended to processes from the ecoinvent database. The
assumption of constant ecoinvent environmental impacts pre-
sents a recognized limitation of ESTIMATe, particularly when
using ecoinvent data as a benchmark or avoided burden. In
such cases, where a new process with decarbonization scen-

Table 1 Overview of the four decarbonization scenarios in ESTIMATe, based on the scenarios from Langhorst et al.'® Electricity scenario source:

International Energy Agency*°

High-decarbonized Full-decarbonized

Status quo Low-decarbonized
Electricity IEA ETP reference IEA ETP 2 °C scenario, year 2030
Hydrogen Steam methane reforming  Alkaline electrolysis
Feedstock CO,  Coal-fired power plant Coal-fired power plant
Heat Natural gas vessel Electrode boiler
Steam From heat From heat

Natural gas Natural gas grid mix Natural gas grid mix

8732 | Green Chem., 2024, 26, 8728-8743

IEA ETP 2 °C scenario, year 2050
Alkaline electrolysis

Direct air capture

Electrode boiler

From heat

Methanation (CO,-based)

Wind power

Alkaline electrolysis
Direct air capture
Electrode boiler

From heat

Methanation (CO,-based)

This journal is © The Royal Society of Chemistry 2024
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arios is compared to a fossil process under current boundary
conditions, it is essential to exercise caution in result interpret-
ation as detailed in section 3. Despite this limitation, the con-
stant ecoinvent impact is a valuable initial data point enabling
a swift preliminary assessment. Users may further enhance
their assessment by modelling benchmark and avoided
burden processes within ESTIMATe, presenting a practical
solution to integrate decarbonization scenarios. Addressing
the limitation of constant ecoinvent impacts is a potential
future focus for ESTIMATe, for which the adoption of a
dynamic LCA approach as discussed in the literature®>—*
seems promising.

2.5. Calculation of LCA results

LCA is not limited to climate change impact assessment but
considers a holistic set of impact categories to avoid environ-
mental burden shifting to other areas. Multiple Life Cycle
Impact Assessment methods are available in the literature. For
ESTIMATe, we select two methods: firstly, ReCiPe Midpoint
V1.13*>%® due to its widespread application in the literature
and, secondly, Environmental Footprints 3.0 (EF 3.0), which is
recommended by the European Commission’s Joint Research
Center.*” In each assessment, results are calculated for all
environmental impact categories of the ReCiPe and EF
methods. The ESTIMATe manual in the ESI{ offers instruc-
tions for users with LCA expertise to incorporate additional
impact assessment methods if desired.

ESTIMATe calculates climate change impacts from by-
product emissions under the assumption of complete combus-
tion to CO, and H,O.

2.6. Result presentation and interpretation guidance

Early-stage LCA with the ESTIMATe method examines environ-
mental impact contributions of each entry in the process
inventory, which allows the user to identify opportunities for
improving processes and supply chains. Furthermore, the
comparison to a benchmark process allows providing context,
simplifying the evaluation of the new process.

When interpreting LCA results, it is crucial to consider the
study assumptions to come to correct conclusions. For this
purpose, all assumptions, including their influence on result
interpretation, are summarized in the ESTIMATe tool using
text boxes. These summaries contain the assumptions on data
sources, functional unit, system boundary, and scenarios. For
instance, it is important to recognize that negative impacts
resulting from avoided burden assumptions (c¢f. section 2.2)
are due to the methodology, and do not represent a net
removal of carbon dioxide from the atmosphere. Another
instance of potential misinterpretation arises with negative
Climate Change Impacts which can occur due to the “cradle-
to-gate” system boundaries of LCA studies in ESTIMATe. To
avoid misinterpretation of negative total impacts as “negative
emission technologies”, ESTIMATe indicates to the user how
much captured CO, is bound in the product at the end of the
assessment scope. ESTIMATe further explains that all captured
CO, will likely be emitted at the product’s end-of-life and only

This journal is © The Royal Society of Chemistry 2024
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technologies achieving permanent CO, storage may achieve
net carbon negativity (¢f. section 2.2).

2.7. Data basis of ESTIMATe

For environmental impact data, ESTIMATe relies on ecoin-
vent,*® the largest environmental impact database. While users
require a license for ecoinvent, the use of ecoinvent data in an
Excel format allows the integration of the database directly
into ESTIMATe, avoiding the need for users to search for back-
ground data themselves. Furthermore, automatic linkage of
products to ecoinvent processes is possible, for instance for
the benchmark processes of chemicals, or for common
process inputs such as cooling water. While ESTIMATe has
been developed using the attributional ecoinvent version 3.8
cut-off, it is in principle possible to include other database ver-
sions, including the consequential system model. However,
please note that slight modifications to the import of ecoin-
vent into ESTIMATe might be necessary, which would require
LCA expertise.

As mentioned in section 2.4, ESTIMATe further extends the
ecoinvent database with literature data to include decarbo-
nized background system processes. In a separate worksheet in
ESTIMATe, the user can explore the environmental impacts of
these literature data through the four decarbonization
scenarios.

ESTIMATe contains a default list of 97 organic chemicals
and their chemical properties® for generating data through
stoichiometric calculations and ideal thermodynamics.
However, users can supplement the list with additional
organic chemicals. The same list contains the substance
“characterization factors”, sourced from the ecoinvent
website.*® Characterization factors quantify the environmental
impact of a substance’s emission in each of the impact
methods mentioned in section 2.5.

Users may extend the chemical database with chemicals
relevant to their assessment consisting of the elements
carbon, hydrogen, oxygen, and nitrogen. Additionally,
ESTIMATe provides the functionality to create pseudo-com-
ponents for representing fuel mixtures, enabling assessments
of synthetic fuels. The reader is referred to the manual pro-
vided in the ESI} for a synthetic fuel assessment example.

In summary, the environmental impact and chemical prop-
erty data integrated in ESTIMATe reduce the user’s effort for
data research and thus facilitates environmental assessments.

3. Results

This section demonstrates the practical application of
ESTIMATe with a focus on user input and the resulting tool
output. For this purpose, we study the example of electro-
chemical CO, reduction to ethylene in four study setups.
While ESTIMATe enables assessments for any organic chemi-
cals and their mixtures, we select the ethylene case study due
to the availability of literature data from different stages of
process development. The four case studies allow us to illus-
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trate how the ESTIMATe tool accompanies chemical process
development, and each study highlights different features of
ESTIMATe: first, a Best-Case Assessment establishes a Climate
Change Impact reduction potential before starting process
development (section 3.1). Second, a laboratory-scale Hotspot
Assessment illustrates ESTIMATe’s data generation process
and the use of estimation methods (section 3.2). As an exemp-
lary sensitivity study, we demonstrate the implementation of a
CO, recycle and its impact on environmental impacts. Third, a
hotspot assessment based on data from process design software
shows how ESTIMATe supports data input and handles by-pro-
ducts (section 3.3). Finally, a Mitigation Potential Assessment
compares the environmental impact of electrochemical CO,
reduction to ethylene to another promising CCU technology at
the process design scale, namely, CO, hydrogenation to methanol
(section 3.4). Together, the four sections illustrate the process
design guidance offered by ESTIMATe across multiple stages of
process development. All figures in this section are sourced
directly from ESTIMATe. Climate change impacts are determined
using the EF3.0 impact assessment method (¢f section 2.5).
While assessment-specific limitations are discussed in each
results section, ESTIMATe’s general limitations are summarized
in the conclusion (section 4).

3.1. Best-case assessment

In the first case study, we assess the greenhouse gas reduction
potential of electrochemical CO, reduction to ethylene by
establishing a robust lower boundary of the Climate Change
Impact. For this purpose, we conduct a Best-Case Assessment
starting from only a list of products and reactants. We make
ideal assumptions for the novel process and compare the
assessment results to the fossil benchmark technology.

User input and required steps in ESTIMATe. We choose the
Best-Case Assessment goal, specify the process name and des-
ignate ethylene as the main product to create a new assess-
ment spreadsheet (goal definition, ¢f. section 2.1). At the top
of the created sheet (Fig. 2), we review the LCA methodological
assumption (¢f. section 2.2) on intended product use to ensure
that ethylene is assessed as a chemical intermediate on a
mass-basis instead of as a fuel. ESTIMATe preselected the
ecoinvent dataset “market for ethylene” as benchmark techno-
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logy, representing a current technology mix for ethylene pro-
duction, mainly composed of steam cracking.

In the data generation step (section 2.3), we enter the reac-
tants (CO, and water) and products (ethylene and oxygen), and
specify the reaction type as electrochemical. ESTIMATe then
computes the gross reaction equation and process energy
demand based on idealized assumptions, i.e., 100% CO, con-
version, perfect selectivity, and thermodynamic minimum
energy demand. Based on the gross reaction equation,
ESTIMATe calculates and displays the process energy and mass
balance, giving the user the option to double-check the bal-
ances and the background system linkage (section 2.4).

For the final step (calculation, section 2.5), ESTIMATe gen-
erates results across four decarbonization scenarios. The
results are presented both numerically and in figures which
illustrate the contribution of individual process inputs and
outputs to the overall environmental impact. Overall, conduct-
ing this Best-Case Assessment takes as little as one minute.

Results and conclusions for process development. Due to
the idealized nature of Best-Case Assessments, a key limitation
is that the real process can never achieve the performance
reported in the results, as the results represent a theoretical
lower boundary of environmental impacts. Consequently, the
Climate Change Impact has only two main contributors: elec-
tricity generation and the CO, capture process. The CO,
capture process has a negative Climate Change Impact due to
avoiding CO, emission to the atmosphere. Consequently, the
Climate Change Impact reaches negative values in low-, high-,
and full-decarbonized background system scenarios (Fig. 3).
The Climate Change Impact of the best-case electrochemical
CO, reduction to ethylene decreases as the decarbonization
level of the background system increases. Negative Climate
Change Impact values are possible since ESTIMATe examines
only the environmental impacts of production (“cradle-to-gate”
study), and carbon emitted to the atmosphere at the end of the
life cycle of ethylene is outside of the assessment scope.
However, the storage of carbon in ethylene is not permanent,
as it would be in a Carbon Capture and Storage (CCS) techno-
logy. Instead, carbon bound in ethylene will most likely be
emitted to the atmosphere at the end-of-life of the product. A text
box adjacent to Climate Change Impact graphs in ESTIMATe

Best Case Assessment: electrochemical CO2 reduction to ethylene
electrochemical CO2 reduction to ethylene

Process Name
Al

optional: TRL
Main product ethylene (g)
Short name eth_co2r_bca

A |
Intended use to be used as a chemical intermediate

of the product [ to be incinerated as a fuel

Benchmark A ethylene, from market for ethylene [RoW]

1 kg of ethylene (g) is assumed to replace

Go to summary of your process
assumptions

1 kg of ethylene (from ecoinvent, see data_ei sheet).

Please double-check whether the scaling of the benchmark process seems logical, especially if you are assessing fuels.
Pay special attention to the units of the main product and benchmark product. You may adjust the factor above accordingly.

Fig. 2 The study setup section in ESTIMATe for the Best-Case Assessment of electrochemical CO, reduction to ethylene.
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Carbon bound in product(s)

The product(s) may contain carbon which is captured
from the environment. Upon the end-of-life of the
products, all captured carbon is again released to the
atmosphere. Since ESTIMATe only examines production
(cradle-to-gate) environmental impacts, negative climate
change impacts are possible for the assessed product(s).
Please consider in your interpretation that carbon
negativity is only possible if a product is permanently
stored (CCS).

Assuming complete stoichiometric combustion, the main
A product carbon content amounts to 3.14 kg CO2 / kg
main product.

C
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s A A A
X 1
o
Q
o
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I
o]
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-

-2

-3

-4

status quo low-decarbonized high-decarbonized

electricity, input
oxygen (g), emission
m water (I), input

M carbon dioxide (g), input

X Total

A Benchmark

full-decarbonized

Fig. 3 Climate Change Impact of the Best-Case Assessment of electrochemical CO, reduction to ethylene in the ESTIMATe tool. The different bars
correspond to the different background system scenarios defined in section 2.4.

emphasizes the temporary storage of CO, and specifies the
amount of carbon dioxide released at the end-of-life of the
product to avoid misinterpretation by the user. For instance, per
kg of ethylene, 3.14 kg of CO, are emitted at the end-of-life
assuming stoichiometric combustion. The “cradle-to-grave”
Climate Change Impact of ethylene production is thus always
positive if the product is incinerated at the end of life.

Compared to the benchmark, electrochemical CO,
reduction achieves a lower Climate Change Impact in all scen-
arios except for the status quo, indicating that further develop-
ment of the process is promising. However, the performance
in the status quo scenario also shows that the potential for
Climate Change Impact reduction depends on the background
system - even for the technology’s theoretical best case.

Furthermore, environmental burden is shifted to other
impact categories (Fig. 4), which aligns with burden-shifting
observed in renewable energy systems in general.>** The main
contributor to this burden-shifting is increased electricity use
in combination with a shift towards renewable electricity
sources. For instance, “Material resources: metals/minerals”
impacts soar as more wind and solar power plants are needed
(Fig. S2 in the ESI{). Since fossil-based technologies have been
optimized over decades and modeled in detail in LCA data-
bases, the benchmark often outperforms the new technology
in categories other than the Climate Change Impact.
ESTIMATe qualitatively displays all impact categories (cf:
Fig. 4). For each impact category, the recommendation level
from the Joint Research Center (JRC) of the European
Commission is also reported as a measure for the underlying
uncertainty within the impact category: the higher the rec-
ommendation level, the higher the uncertainty. A higher devi-
ation in impact is then expected for more uncertain categories,

This journal is © The Royal Society of Chemistry 2024

as observable in Fig. 4, for instance in the “Material resources:
metals/minerals” category. Users can examine the key contri-
butors to the environmental impact in each impact category in
ESTIMATe.

3.2. Hotspot assessment at laboratory scale

In a laboratory-stage assessment of electrochemical CO,
reduction to ethylene, we examine the environmental impacts
in comparison to the benchmark process and compare the
results to those of the Best-Case Assessment (section 3.1).
Further, we identify areas of improvement for the environ-
mental performance of electrochemical CO, reduction to ethyl-
ene. Laboratory data for this case study section is taken from
the literature, with an optimistic assumption of 25% single-
pass conversion.*"*?

User input and required steps in ESTIMATe. Similarly to the
first assessment, we choose the study goal, select ethylene as
the main product, and review the automated assumptions.
The data generation step (cf. section 2.3), however, differs from
the Best-Case Assessment since laboratory results instead of
ideal stoichiometric values are used. ESTIMATe requires a list
of all reactants and by-products according to the laboratory
data, the single-pass CO, conversion, the energy efficiency,
and selectivities towards each by-product (all case study data
are provided in the ESIf). Based on this input, the process
mass and energy balances are calculated, and the resulting
process inventory is displayed.

In the process inventory generated by ESTIMATe, unreacted
CO, is assumed to be emitted to the atmosphere as a worst-
case assumption. For the present case study, this assumption
leads to high carbon losses and thus also high amounts of
CO, required as process input. Consequently, we observe large

Green Chem., 2024, 26, 8728-8743 | 8735
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Fig. 4 Qualitative overview of impact trends in selected impact categories in the ESTIMATe tool. Symbols indicate the performance of best-case
electrochemical CO, reduction to ethylene compared to benchmark technology. “rec level” refers to the recommendation level from the Joint
Research Center (JRC) of the European Commission, a measure for inherent uncertainty in each impact category: the higher the recommendation

level, the higher the uncertainty.

contributions of CO, capture and CO, emissions when calcu-
lating the Climate Change Impact of this process setup
(Fig. 5A).

This worst-case scenario is used to derive a more realistic
setup of the case study: as a reasonable assumption for the
electrochemical CO, reduction to ethylene at larger scales, we
implement a CO, recycle, considering a purge of 4% of the
CO, at the reactor outlet. The addition of the recycle requires
three steps in ESTIMATe: first, manual adaptation of CO,
input and emission amounts in the process inventory accord-
ing to the purge assumption. Second, approximation of the
separation energy demand using an estimation method based
on ideal thermodynamics within ESTIMATe.>® Third, addition
of the separation energy demand to the inventory and selec-
tion of electricity as background database process (background
system linkage step, cf. section 2.4). For future reference,
ESTIMATe stores all user assumptions in a central location.

Results and conclusions for process development. As
expected for a non-ideal process, the Climate Change Impact
results of laboratory-scale electrochemical CO, reduction to
ethylene are substantially higher than in the Best-Case
Assessment (Fig. 5B). Still, the Climate Change Impact of CO,-
based ethylene is lower than the benchmark environmental
impact for high- and full-decarbonized background system
scenarios, indicating a potential Climate Change Impact
reduction for the process. Similar to the Best-Case Assessment,
negative Climate Change Impacts are again achieved due to
the “cradle-to-gate” assessment scope, which is explained in a
text box next to the figure.

8736 | Green Chem., 2024, 26, 8728-8743

With the CO, recycle, the main Climate Change Impact
driver in the laboratory-scale process is the electricity demand
(Fig. 5B). Consequently, process development should prioritize
decreasing the specific energy demand for ethylene pro-
duction. Possible approaches could be improving the overall
energy efficiency or increasing the selectivity towards ethylene.
Other than electricity, direct emissions from the process con-
tribute to the Climate Change Impact, and their relative contri-
bution increases with background system decarbonization.
The default assumption of emitting by-products to the
environment is intended to provide worst-case impacts but is
not a realistic option in practice. Process developers should
thus try to avoid co-product emissions, either by prioritizing
increased selectivity towards ethylene or by considering purify-
ing co-products instead of emitting them, to thereby replace
their benchmark production. Another option to explore for the
large-scale process is to incinerate co-products and recycle
obtained CO,, while potentially recovering heat. The user can
try out the effect any of these process adaptations on the
environmental impact by adapting the process inventory
accordingly and repeating the assessment, as we have done for
the CO, recycle.

Based on the assumed minimum separation energy
demand, the recycling of CO, is reasonable from an environ-
mental perspective in all decarbonization scenarios and all
impact categories. While the additional use of electricity
increases the environmental impact, the increase is out-
weighed by avoided emissions related to CO, capture.
Implementing the recycle reduces GHG emissions between

This journal is © The Royal Society of Chemistry 2024
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captured from the environment. Upon the end-of-
life of the products, all captured carbon is again
released to the atmosphere. Since ESTIMATe only
examines production (cradle-to-gate) environmental
impacts, negative climate change impacts are
possible for the assessed product(s). Please consider
in your interpretation that carbon negativity is only
possible if a product is permanently stored (CCS).

Assuming complete stoichiometric combustion, the
main product carbon content amounts to 3.14 kg
CO2 / kg main product.

Carbon bound in product(s)

The product(s) may contain carbon which is
captured from the environment. Upon the end-of-
life of the products, all captured carbon is again
released to the atmosphere. Since ESTIMATe only
examines production (cradle-to-gate) environmental
impacts, negative climate change impacts are
possible for the assessed product(s). Please consider
in your interpretation that carbon negativity is only
possible if a product is permanently stored (CCS).

Assuming complete stoichiometric combustion, the
main product carbon content amounts to 3.14 kg

CO2 / kg main product.
W water (l), input

M carbon dioxide (g), input
X Total
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Fig. 5 Climate Change Impact of laboratory-scale electrochemical CO, reduction to ethylene in the ESTIMATe tool. (A) Without recycle of
unreacted CO,, (B) including a recycle of unreacted CO,. Note the different scales of the y-axes. The different bars correspond to the different back-

ground system scenarios defined in section 2.4.

0.45 and 1.15 kg CO,-eq per kg of ethylene, depending on the
decarbonization level. Since the estimation of the separation
energy demand has been optimistic and electricity still con-
tributes substantially to the process’s environmental impact,
the determination of a more accurate separation energy
demand should be prioritized. A quick adjustment in the
process inventory in ESTIMATe reveals that doubling the
assumed separation energy demand still leads to a Climate
Change Impact reduction in three out of four scenarios,
while the break-even point of zero Climate Change Impact
reduction is reached in the low-decarbonized scenario. Such
sensitivity analyses allow process engineers to define target
values for parameters such as energy demand. The evalu-
ation of the added CO, recycle illustrates how ESTIMATe
allows users to explore trade-offs in process design. In
similar studies, users may investigate further scenarios such
as, for example, increased selectivity at the cost of lower
CO,, conversion.

As discussed above, some environmental impact categories
display much higher values for electrochemical CO, reduction

This journal is © The Royal Society of Chemistry 2024

than for the optimized benchmark process. The contribution
analysis in ESTIMATe allows to identify the source of these
trends. E.g., the ecotoxicity category suggests prioritizing
efficient wastewater management and focusing on eliminating
acetic acid emissions. In terms of human toxicity impact,
carbon monoxide is the main contributor which could easily
be avoided by flaring, potentially with heat recovery.

In summary, the Hotspot Assessment of lab-scale electro-
chemical CO, reduction to ethylene identifies both challenges
and advantages. Notably, the process exhibits a significantly
lower Climate Change Impact than the benchmark process.
However, a limitation of our assessment lies in assuming the
validity of lab data for comparison with the industrial-scale
benchmark process.”? In reality, scale-up may necessitate
process adaptations affecting the process performance posi-
tively or negatively. ESTIMATe enables the exploration of trade-
offs and consequences on environmental impact related to
such process design decisions. The identified pathways for
improving environmental performance provide valuable gui-
dance for further process development.
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3.3. Hotspot assessment at process design scale

At later stages of process development, data from process
design software may be entered into the ESTIMATe tool.
During this process, ESTIMATe’s autofill and input check fea-
tures support the user in data entry. We use this hotspot
assessment as an example of by-product handling in
ESTIMATe.

Again focusing on electrochemical CO, reduction to ethyl-
ene, we explore the environmental impacts of the technology
at process-design scale in comparison to the fossil benchmark
and the laboratory-scale process. Process-design scale data for
this section is obtained from Ioannou et al.** The goal of the
analysis is to identify areas of improvement for the process.

User input and required steps in ESTIMATe. In the data
generation step (¢f. section 2.3), we skip the stoichiometric cal-
culations and directly enter the process inventory according to
the process design software results. Specifically, all inputs and
outputs of the process with corresponding amount and unit
are listed and categorized as input, emission, by-product, or
waste. For this study, we assume that pure hydrogen and
oxygen are by-products that replace their production bench-
mark instead of being emitted. In the background system
linkage step (cf section 2.4), each flow is linked to a process
from the background LCA database to quantify the environ-
mental impacts associated with the flow. ESTIMATe suggests
linked processes where possible, for instance for key inputs
such as electricity, heat, and steam, and for database chemi-
cals if naming conventions are followed.

Upon starting the LCA calculation, the user is alerted of
unit inconsistencies between the process inventory and the
background database. Furthermore, a simple check of the
process mass balance is performed. The user may then
double-check and adapt the inventory accordingly, or proceed.

Results and conclusions for process development. Process-
design-scale electrochemical CO, reduction to ethylene shows
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the potential of Climate Change Impact reduction compared
to the fossil benchmark in the high- and full-decarbonized
scenarios (Fig. 6). Compared to the laboratory process, a
slightly lower Climate Change Impact is achieved due to
improved process integration. Again, the largest contributor to
the Climate Change Impact is the electrolyser electricity
demand, underlining once more the importance of improving
energy efficiency as top priority in process development.
Consequently, the technology should only be employed where
low-carbon electricity is available. Beyond the climate change
impact, electricity production is also the main contributor to
all other impact categories. The production of potassium
hydroxide used as a utility in the electrochemical CO,
reduction process contributes to increased freshwater ecotoxi-
city values (Fig. S4, ESI}), which suggests investigating the
recovery of potassium hydroxide.

The use of by-products to replace benchmark production
can render the studied process more promising from the
environmental point of view, and even competitive to the
benchmark process in the low-decarbonized scenario (Fig. 6).
Most environmental by-product credits are related to oxygen
production in CO, reduction, which is assumed to replace
benchmark oxygen production, i.e., air separation. While these
impact reductions might be achieved by the novel process,
caution must be used in interpreting the results: Climate
Change Impact reductions can occur only if the by-product
oxygen in fact replaces an air separation process. Furthermore,
the amount of avoided GHG emissions depends on the
replaced oxygen production technology, which might change
or improve in the future. Given that ecoinvent processes do
not incorporate decarbonization scenarios (c¢f. section 2.4), the
impact credits for oxygen production remain constant through-
out the scenarios. However, in reality, the environmental
impacts of air separation are expected to improve as the share
in renewable electricity increases. Oxygen might even be avail-
able in such abundance in the future that it would no longer

Carbon bound in product(s)

The product(s) may contain carbon which is captured
from the environment. Upon the end-of-life of the
products, all captured carbon is again released to the
atmosphere. Since ESTIMATe only examines production
(cradle-to-gate) environmental impacts, negative
climate change impacts are possible for the assessed
product(s). Please consider in your interpretation that
carbon negativity is only possible if a product is
permanently stored (CCS).

Assuming complete stoichiometric combustion, the
main product carbon content amounts to 3.14 kg CO2 /
kg main product.

In addition, the by-product carbon content amounts to
0 kg CO2 / kg main product.

A Benchmark

Fig. 6 Climate Change Impact of process-design-scale electrochemical CO, reduction to ethylene calculated by the ESTIMATe tool. The different
bars correspond to the different background system scenarios defined in section 2.4.
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be considered a valuable by-product. The unpredictable future
context for by-product credits represents a main limitation of
our process design-scale Hotspot Assessment, which is
inherent in any analysis of an uncertain future. Since by-
product credits always depend on such variables beyond the
scope of the developed credits in addition to the result includ-
ing by-product credits. Still, trends on by-product use can be
valuable in process design, encouraging process integration
and raising site-specific questions: can oxygen be supplied to
another process? Would a change in oxygen source achieve
emission mitigation? Could another by-product with higher
mitigation potential be produced with low effort?

Beyond the scope of our ethylene case study, the future
environmental impact of oxygen production generally requires
research. Oxygen is a by-product in many electrochemical pro-
cesses, prominently including water electrolysis. Today, oxygen
produced via water electrolysis is typically vented to the atmo-
sphere. However, water electrolysis can meet current oxygen
purity standards, which are required for instance for medical
applications,*® and thus theoretically replace conventional pro-
duction and improve the economics of water electrolysis.*®
Moreover, increased oxygen availability may in turn unlock
new applications. Future oxygen production and applications
remain a blind spot in the current LCA of electrochemical pro-
cesses, warranting future research.

3.4. Mitigation Potential Assessment

Mitigation Potential Assessments within ESTIMATe allow
direct comparisons of Hotspot Assessments. When assessing
processes with the same main product, Mitigation Potential
Assessments determine which process achieves higher
environmental impact mitigation per unit of the main
product. Furthermore, Mitigation Potential Assessments allow
for the comparison of processes with different main products
but a shared limited resource, addressing which process exhi-
bits a higher mitigation potential using one unit of that
resource. In the mitigation calculation, ESTIMATe assumes
that the main product replaces its benchmark production.

As a starting point for a Mitigation Potential Assessment, both
processes to be compared must be modelled in ESTIMATe as
Hotspot Assessments. In this section, we compare the assess-
ment of process design-scale electrochemical CO, reduction to
ethylene® (section 4.3) to a Hotspot Assessment of CO, hydro-
genation to methanol,”” also at the process design scale. We aim
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to answer the question: “Given 1 kg of captured CO,, which
process mitigates more Climate Change Impact?”

User input and required steps in ESTIMATe. We select the
two Hotspot Assessments for comparison. The Hotspot
Assessment data, including assumptions, process inventory,
and results, are automatically copied to the Mitigation
Potential Assessment, allowing an overview of both processes.
If comparing processes with different main products,
ESTIMATe generates a list of shared resources as possible
bases of comparison (here: feedstock CO, and electricity). For
our assessment, we select feedstock CO, as the shared
resource.

ESTIMATe then calculates the amount of main product pro-
duced from one unit of shared resource and scales the process
inventory and all results accordingly. For our assessment, 1 kg
of captured CO, can yield either 0.32 kg of ethylene or 0.69 kg
of methanol (¢f Fig. 7). ESTIMATe calculates the environ-
mental impacts of each process, as well as the impact of an
equivalent amount produced via the corresponding bench-
mark process, a current market mix mainly composed of
natural gas reforming. The results are displayed in a contri-
bution analysis, as shown in Fig. 8.

Results and conclusions for process development. In Fig. 8,
the totals refer to the impact change through implementing
the new process instead of the benchmark process.
Consequently, negative totals indicate impact mitigation,
while positive totals indicate superior performance of the
benchmark process. For both compared processes, Climate
Change Impact is mitigated at high and full levels of back-
ground system decarbonization. In the status quo scenario,
employing either process would increase Climate Change
Impact compared to the benchmark. In the low-decarbonized
scenario, the methanol process has a slightly higher Climate
Change Impact than the benchmark process. In contrast, the
ethylene process may reduce Climate Change Impact if the
benchmark production of oxygen can be replaced, indicated by
the difference between the totals with and without by-product
credits (¢f. discussion of by-products in section 4.3).

The main contributors to the Climate Change Impact of
ethylene and methanol production are electricity and hydro-
gen production, respectively. Since hydrogen is supplied from
water electrolysis in all but the status quo scenarios, the impor-
tance of electricity for the production of CO,-based chemicals
is again emphasized. Steam supply to the methanol pro-
duction contributes 7 to 10% to the positive Climate Change

Mitigation Potential: CO2 reduction to ethylene vs. CO2 hydrogenation to methanol

A mitigation potential assessment allows you to compare the environmental impact of two processes yielding the same or two different products.
Select two of your existing self-modeled Hotspot Assessment sheets from the dropdowns below. Processes saved to data_own can only be compared if their corresponding worksheet still exists!

shared resource:

carbon dioxide (g) Unit: kg I

compared processes:

meoh_pd — methanol (1)

eth_co2r_pd — hylene (g)

main product amount  unit

is assumed to replace

0,69 kg 0,69 kg methanol, from market for methanol [GLO]

0,32 kg 0,32 kg hyl: from market for ethyl [RoW] \

Please make sure that a benchmark process is defined for each main product.

Fig. 7 Header of the Mitigation Potential Assessment sheet comparing electrochemical CO, reduction to ethylene and CO, hydrogenation to

methanol in the ESTIMATe tool.
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Climate change

The product(s) contain carbon which is captured from the
environment. Upon the end-of-life of the products, all captured
carbon is again released to the atmosphere. Since ESTIMATe only
examines production environmental impacts, negative climate
change impacts are possible for your assessed product(s). Please
consider in your interpretation that carbon negativity is only
possible if a product is permanently stored (CCS).

g ethylene (g), main product
methanol (1), main product
oxygen (g), by-product

#~hydrogen (g), by-product

= wastewater, waste CO2 hydrogenation to methanol: per kg of carbon dioxide (g)

mwater (1), emission 0.944 kg CO2 are bounq st_oichior-netric-allv in the main product.

0 kg CO2 are bound stoichiometrically in by-products.

mnitrogen (g), emission

CO2 reduction to ethylene: per kg of carbon dioxide (g)
0.996 kg CO2 are bound stoichiometrically in the main product.
0 kg CO2 are bound stoichiometrically in by-products.

m carbon dioxide (g), emission
margon (g), emission
m KOH, input
m electricity (compression & auxiliaries), input
m electricity (electrolyzer), input
mwater (1), input
steam, input
hydrogen (g), input
m carbon dioxide (g), input
m electricity, input
X Total impact change

© Total impact change w/o by-product credits

Fig. 8 Climate Change Impact results of the Mitigation Potential Assessment comparing electrochemical CO, reduction to ethylene (left bars) and
CO, hydrogenation to methanol (right bars) in the ESTIMATe tool. The different bar clusters correspond to the different background system scen-

arios defined in section 2.4.

Impact in all scenarios. In contrast, direct emissions, waste-
water treatment, and caustic soda production gain in relative
importance with increasing levels of decarbonization: for ethyl-
ene production from 1 to 10%, and for methanol production
from 4 to 26% from the status quo to the full-decarbonized
scenario.

In terms of negative Climate Change Impact contributors,
the impact of CO, capture is similar in both processes for each
decarbonization scenario since both processes consume 1 kg
of CO,. However, the impact of the capture of 1 kg of CO,
changes between the scenarios, due to changes in capture
technology and electricity mix used for the capture. The
avoided impact based on benchmark production amounts to
0.48 kg CO,-eq both for 0.69 kg of methanol and for 0.32 kg of
ethylene. Since no data is available on the future production
methods of the products, a constant benchmark impact is
assumed through all decarbonization scenarios (c¢f. section
2.4) which represents a limitation similar to the oxygen by-
product credits in section 3.3. In our Mitigation Potential
Assessment, by-product credits for oxygen are very high for
ethylene production, as discussed in section 3.3. Since oxygen
is produced in lower amounts, the credit is much smaller for
methanol production.

Despite the limitations, important insights can be derived
this
Assessment: both processes exhibit Climate Change Impact

from three-click preliminary Mitigation Potential

mitigation potential at high levels of decarbonization. Neither

process emerges as the obvious choice in Climate Change
Impact mitigation. The order of prioritization between the pro-

8740 | Green Chem., 2024, 26, 8728-8743

cesses hinges on the assumptions on by-product usage: if
oxygen from ethylene production is considered emitted, the
methanol production process shows higher Climate Change
Impact mitigation. However, this changes when oxygen is con-
sidered a usable by-product, due to the avoided environmental
burden of air separation. Since it is uncertain whether the
avoided environmental burden of air separation is realized in
practice, the Mitigation Potential Assessment results empha-
size the importance of considering both processes in a future
implementation context. At this point in process development,
a full-scale LCA study becomes indispensable to address the
limitations inherent in the simplified LCA scope in ESTIMATe.
For LCA experts, the process inventories and results from
ESTIMATe can form a starting point for further, more in-depth
LCA studies.

4. Conclusion

While Life-Cycle Assessment (LCA) studies are desirable as
early as possible in the development of Carbon Capture and
Utilization (CCU) processes, the threshold to conduct LCA
remains high for chemists and process engineers. The open-
source ESTIMATe Excel tool offers an easy point of entry for
non-LCA practitioners to perform early-stage LCA of CCU
chemicals. The method behind the ESTIMATe tool is based on
the LCA ISO standards®’ and conforms with the guidelines on
LCA for early-stage CCU technologies.'® By focusing the tool
scope on CCU chemicals, methodological decisions and calcu-

This journal is © The Royal Society of Chemistry 2024
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lation steps could be automated and, thus, the user input is
minimized.

While the minimum data input into ESTIMATe is a stoi-
chiometric equation, the data quality can grow with process
maturity. Specifically, ESTIMATe includes estimation methods
and supports the user in selecting the most accurate LCA data
depending on the data available from process development. To
relieve data collection efforts, users must have access to the
commercial ecoinvent database. Calculation of LCA results
and application of decarbonization scenarios for key utilities
is automated in ESTIMATe. Results are summarized in graphs,
for which ESTIMATe provides short explanatory texts to facili-
tate interpretation.

As a simplified LCA tool, ESTIMATe must compromise
between accessibility and functionality. The tool prioritizes
features necessary to answer typical questions in early-stage
CCU process development and standardizes assumptions to
reduce user input. Thus, ESTIMATe has inherent limitations
when compared to a standard full-scale LCA:

First, ESTIMATe’s scope is limited to CCU products offering
services of an existing counterpart. This limitation allows to
simplify the assessment process and ensures comparisons are
made between products with the same function. Hence, CCU
products cannot be assessed that provide new services that are
not offered by any chemical today.

Secondly, the tool is limited to three predefined study
goals. These study goals have been identified to be particularly
relevant for early-stage CCU process development. Still, the
tool may not address all the questions that arise in a compre-
hensive LCA.

Thirdly, ESTIMATe applies predefined decarbonization
scenarios to the modelled CCU processes only, neglecting
potential decarbonization-related improvements in the
environmental impact of fossil technologies. However, we con-
sider this assumption to be reasonable, since the decarboniza-
tion of energy systems affects fossil technologies to a lesser
degree than CCU technologies. Additionally, common environ-
mental impact categories (¢f section 2) are preselected to
reduce calculation time. Adding further categories is possible
but requires some LCA expertise.

Lastly, while ESTIMATe addresses background system
uncertainty through the application of four decarbonization
scenarios in each assessment, it does not encompass other
forms of uncertainty assessment. In contrast, a comprehensive
LCA can consider additional types of uncertainty, such as
input parameter uncertainty, to provide a more thorough ana-
lysis of environmental impacts.

These limitations underline that ESTIMATe’s purpose is not
to replace comprehensive full-scale LCA but to serve as a comp-
lementary tool, empowering non-LCA experts to carry out LCA
studies before detailed results would usually be available. If
ESTIMATe results indicate a promising process, LCA experts
can leverage the data generated in ESTIMATe as a valuable
starting point for a later full-scale LCA since both the process
inventory and the assumptions made during data generation
are easily accessible.

This journal is © The Royal Society of Chemistry 2024
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Our case studies show how non-LCA experts can perform
assessments and derive environmental guidance across three
study goals:

(1) Best-Case Assessments serve as a sanity check before
starting process development, supporting go/no-go decisions.

(2) Hotspot Assessments allow users to generate or enter
their own data and explore the environmental impact of their
process. With Hotspot Assessments, users can identify the
main contributors to the environmental impact, and thus
determine levers for improved environmental performance
both within the process (e.g., a particularly damaging direct
emission) and outside of the process scope (e.g., the electricity
mix). Furthermore, ESTIMATe offers users the flexibility to
experiment with the tool, enabling them to gain an under-
standing of the environmental aspects associated with process
design decisions.

(3) Mitigation Potential Assessments compare previously
modelled processes. The user may thus check whether one
process has environmental advantages over the other and
identify variables for decision-making between the processes.

In conclusion, ESTIMATe provides a valuable preliminary
understanding of environmental impacts and trade-offs in
CCU process development. While ESTIMATe is intentionally
designed for early-stage insights and may not encompass the
detailed scope of full-scale LCA studies, the results can
support decision-making about subsequent steps in process
development. For example, ESTIMATe can be used to evaluate
whether a basic engineering study, a front-end engineering
design study, or full-scale LCA is warranted for a particular
process. In this way, ESTIMATe contributes to informed
decision-making in CCU process development.

The ESTIMATe tool, a user manual, and an Excel sheet to
import ecoinvent data into ESTIMATe are available for down-
load under the terms of the GNU General Public License
version 3: https://doi.org/10.5281/zenodo.11060469

Author contributions

H. M.: Conceptualization, data curation, investigation, meth-
odology, software, validation, visualization, writing - original
draft, writing - review & editing. B. V.: Conceptualization,
methodology, supervision, writing - review & editing. B. J.:
Conceptualization, methodology, supervision, writing - review
& editing. R. M.: Conceptualization, funding acquisition, meth-
odology, supervision, writing - review & editing. C. Ru.:
Supervision,  writing - editing. A. B.:
Conceptualization, funding acquisition, supervision, writing —
review & editing.

review &

Conflicts of interest

A. B. has served on review committees for research and devel-
opment at ExxonMobil and TotalEnergies, oil and gas compa-
nies that are also active in polymer production. R. M. serves as

Green Chem., 2024, 26, 8728-8743 | 8741


https://doi.org/10.5281/zenodo.11060469
https://doi.org/10.5281/zenodo.11060469
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc00964a

Open Access Article. Published on 24 May 2024. Downloaded on 11/1/2025 10:49:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Managing Director of Carbon Minds GmbH, a company that is
offering life cycle assessment databases, training and consult-
ing to clients in the chemical industry. B. V. and B. J. are part
of the R&D entity of TotalEnergies OneTech branch, particu-
larly focusing on the development of innovative and sustain-
able technologies. The remaining authors have no conflicts of
interest to disclose.

Acknowledgements

The authors thank TotalEnergies for funding the ESTIMATe
project. We further thank the student assistants Yaser Abd El
Gawad, Miriam Schie, and Marvin Willmers for their contri-
butions to the implementation of the ESTIMATe tool.

References

1 A. Gonzalez-Garay, N. Mac Dowell and N. Shah, Discover
Chem. Eng., 2021, 1, 2.

2 1. Ioannou, S. C. D’Angelo, A. Galan-Martin, C. Pozo,
J. Pérez-Ramirez and G. Guillén-Gosalbez, React. Chem.
Eng., 2021, 5, 94.

3 N. Mac Dowell, P. S. Fennell, N. Shah and G. C. Maitland,
Nat. Clim. Change, 2017, 7, 243-249.

4 J. Artz, T. E. Miiller, K. Thenert, J. Kleinekorte, R. Meys,
A. Sternberg, A. Bardow and W. Leitner, Chem. Rev., 2018,
118, 434-504.

5 A. Katelhon, R. Meys, S. Deutz, S. Suh and A. Bardow, Proc.
Natl. Acad. Sci. U. S. A., 2019, 116, 11187-11194.

6 G. Garcia-Garcia, M. C. Fernandez, K. Armstrong,
S. Woolass and P. Styring, ChemSusChem, 2020, 14, 995-
1015.

7 P. Anastas and N. Eghbali, Chem. Soc. Rev., 2010, 39, 301-
312.

8 International Organization Standardization,
Environmental — management—Life  cycle  assessment—
Requirements and guidelines, 14044th edn, 2020.

9 International Organization for Standardization,
Environmental — management—Life  cycle  assessment—
Principles and framework, 14040th edn, 2020.

10 P. Jessop, Green Chem., 2020, 22, 13-15.

11 J. Kleinekorte, L. Fleitmann, M. Bachmann, A. Kitelhon,
A. Barbosa-P6voa, N. von der Assen and A. Bardow, Annu.
Rev. Chem. Biomol. Eng., 2020, 11, 203-233.

12 S. Cucurachi, C. van der Giesen and J. Guinée, Procedia
CIRP, 2018, 69, 463-468.

13 A. C. Hetherington, A. L. Borrion, O. G. Griffiths and
M. C. McManus, Int. J. Life Cycle Assess., 2014, 19, 130-143.

14 S. A. Miller and G. A. Keoleian, Environ. Sci. Technol., 2015,
49, 3067-3075.

15 J. Fernandez-Gonzalez, M. Rumayor, A. Dominguez-Ramos,
A. Trabien and I. Ortiz, JACS Au, 2023, 3, 2631-2639.

16 T. Langhorst, S. McCord, A. Zimmermann, L. Miiller,
L. Cremonese, T. Strunge, Y. Wang, A. V. Zaragoza,

for

8742 | Green Chem., 2024, 26, 8728-8743

View Article Online

Green Chemistry

J. Wunderlich, A. Marxen, K. Armstrong, G. Buchner,
A. Kitelhon, M. Bachmann, A. Sternberg, S. Michailos,
H. Naims, B. Winter, D. Roskosch, G. Faber, C. Mangin,
B. Olfe-Kréutlein, P. Styring, R. Schomicker, A. Bardow and
V. Sick, Techno-Economic Assessment & Life Cycle Assessment
Guidelines for CO2 Utilization (Version 2.0), 2022.

17 L. J. Miller, A. Kédtelhon, M. Bachmann, A. Zimmermann,
A. Sternberg and A. Bardow, Front. Energy Res., 2020, 8, 15.

18 N. von der Assen, J. Jung and A. Bardow, Energy Environ.
Sci., 2013, 6, 2721.

19 S. M. Moni, R. Mahmud, K. High and M. Carbajales-Dale,
J. Ind. Ecol., 2019, 1.

20 A. G. Parvatker and M. ]J. Eckelman, ACS Sustainable Chem.
Eng., 2019, 7, 350-367.

21 C. C. van der Giesen, Life cycle assessment-based guidance
for development of new energy technologies, Leiden
University, Leiden, 2020.

22 C. van der Giesen, S. Cucurachi, J. Guinée, G. ]J. Kramer
and A. Tukker, J. Cleaner Prod., 2020, 259, 120904.

23 K. Roh, A. Bardow, D. Bongartz, J. Burre, W. Chung,
S. Deutz, D. Han, M. Heflelmann, Y. Kohlhaas, A. Konig,
J. S. Lee, R. Meys, S. Volker, M. Wessling, J. H. Lee and
A. Mitsos, Green Chem., 2020, 22, 3842-3859.

24 T. Chatty, Y. Qu, H. H. Ba-Sabaa and E. L. Murnane,
Proceedings of the International Conference on Engineering
Design (ICED21), 2021, 1, 1441-1450.

25 J. Tinjum, L. Thomas and F. Holcomb, Environmental Life
Cycle Assessment Spreadsheet tool for Deep Direct-Use
Geothermal at the University of Illinois at Urbana-Champaign
Campus, 2020.

26 Green Energy Scout, Okobil, Green Energy Scout, 2018.

27 BRANZ, LCAQuick. Life cycle assessment tool, BRANZ, 2023.

28 US Department of Energy, Techno-economic, Energy, &
Carbon Heuristic Tool for Early-Stage Technologies
(TECHTEST) Tool, US Department of Energy, 2023.

29 Global CO2 Initiative, AssessCCUS LCA/TEA Calculator.,
Techno-Economic and Life Cycle Assessment for Carbon
Capture, Utilization, and Storage, available at: https:/
assessccus.globalco2initiative.org/calculator/, accessed 12
December 2023.134Z.

30 E. Nishikawa, S. Ahmad, A. G. Gomez, S. Sleep, H. McLean,
J. Wolodko, S. McCoy and J. A. Bergerson, LCA Estimate
Model for CCU, University of Calgary, 2020.

31 A. Sternberg and A. Bardow, Energy Environ. Sci., 2015, 8,
389-400.

32 R. Sacchi, T. Terlouw, K. Siala, A. Dirnaichner, C. Bauer,
B. Cox, C. Mutel, V. Daioglou and G. Luderer, Renewable
Sustainable Energy Rev., 2022, 160, 112311.

33 A. Mendoza Beltran, B. Cox, C. Mutel, D. P. van Vuuren,
D. Font Vivanco, S. Deetman, O. Y. Edelenbosch, J. Guinée
and A. Tukker, J. Ind. Ecol., 2018, 99, 111.

34 C. Reinert, S. Deutz, H. Minten, L. Doérpinghaus, S. von
Pfingsten, N. Baumgirtner and A. Bardow, Comput. Chem.
Eng., 2021, 107406.

35 M. Goedkoop, R. Heijungs, M. A. ]J. Huijbregts, A. De
Schryver, J. Struijs and R. van Zelm, ReCiPe 2008 - A life

This journal is © The Royal Society of Chemistry 2024


https://assessccus.globalco2initiative.org/calculator/
https://assessccus.globalco2initiative.org/calculator/
https://assessccus.globalco2initiative.org/calculator/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc00964a

Open Access Article. Published on 24 May 2024. Downloaded on 11/1/2025 10:49:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

36

37

38

39

40

cycle impact assessment method which comprises harmonised
category indicators at the midpoint and the endpoint level.
Report I: Characterisation, Ministerie van Volkshuisvesting,
Ruimtelijke Ordening en Milieubeheer, 2013.

National Institute for Public Health and The Environment.
Ministry of Health, Welfare and Sport (RIVM), LCIA: the
ReCiPe model, available at: https:/www.rivm.nl/en/life-cycle-
assessment-lca/recipe, accessed 27 May 2019.

S. Fazio, F. Biganzioli, V. De Laurentiis, L. Zampori, S. Sala
and E. Diaconu, Supporting information to the characteris-
ation factors of recommended EF Life Cycle Impact Assessment
methods, version 2, from ILCD to EF 3.0, Ispra, 2018.
ecoinvent Association, ecoinvent, available at: https://www.
ecoinvent.org/, accessed 17 July 2019.

P. Linstrom, NIST Chemistry WebBook, NIST Standard
Reference Database 69, 1997.

International Energy Agency, Energy Technology Perspectives
2017, Organisation for Economic Co-operation and
Development, [S.1.], 2017.

This journal is © The Royal Society of Chemistry 2024

41

42

43

44

45

46

47

View Article Online

Paper

F. Li, A. Thevenon, A. Rosas-Hernandez, Z. Wang, Y. Li,
C. M. Gabardo, A. Ozden, C. T. Dinh, ]J. Li, Y. Wang,
J. P. Edwards, Y. Xu, C. McCallum, L. Tao, Z.-Q. Liang,
M. Luo, X. Wang, H. Li, C. P. O’Brien, C.-S. Tan,
D.-H. Nam, R. Quintero-Bermudez, T.-T. Zhuang, Y. C. Li,
Z. Han, R. D. Britt, D. Sinton, T. Agapie, ]J. C. Peters and
E. H. Sargent, Nature, 2020, 577, 509-513.

C.-T. Dinh, Y. C. Li and E. H. Sargent, Joule, 2019, 3, 13-15.
R. Arvidsson, M. Svanstrom, B. A. Sandén, N. Thonemann,
B. Steubing and S. Cucurachi, Int. J. Life Cycle Assess., 2024,
29, 607-613.

L. Ioannou, S. C. D’Angelo, A. J. Martin, J. Pérez-Ramirez and
G. Guillén-Gosalbez, ChemSusChem, 2020, 13, 6370-6380.

R. Jain and C. Sharma, Anesth. Essays Res., 2021, 15, 253~
256.

G. Maggio, G. Squadrito and A. Nicita, Appl. Energy, 2022,
306, 117993.

C. Fernandez-Dacosta, L. Shen, W. Schakel, A. Ramirez and
G. ]J. Kramer, Appl. Energy, 2019, 236, 590-606.

Green Chem., 2024, 26, 8728-8743 | 8743


https://www.rivm.nl/en/life-cycle-assessment-lca/recipe
https://www.rivm.nl/en/life-cycle-assessment-lca/recipe
https://www.rivm.nl/en/life-cycle-assessment-lca/recipe
https://www.ecoinvent.org/
https://www.ecoinvent.org/
https://www.ecoinvent.org/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc00964a

	Button 1: 


