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From qualitative analysis to quantitative insights: a
systematic review of early phase sustainability
assessments of chemical processes

Katharina Waniek, ¢ 2° C. Oliver Kappe {2 **% and Rupert J. Baumgartner (2 *°¢

Sustainability assessment from the beginning of the process design phase is crucial to ensure the devel-
opment of a sustainable chemical process. Hence, a myriad of different methods for sustainability assess-
ment of chemical process designs are reported in the literature. These methods differ significantly in
terms of the sustainability dimensions they cover, their applicability in different phases of process design,
their methodological approach and data needs. While there are several reviews existing on this topic,
there is a lack of reviews focusing on sustainability assessment methods for chemical process design
applicable in the early stages. Therefore, we perform a systematic literature review focusing exclusively on
early-phase sustainability assessment methods. For this purpose, we use a mixed-method approach com-
bining qualitative analysis and quantitative bibliometric analysis. From the complete literature dataset (n =
565), the analysis uncovered a diverse array of 53 methods well-suited for early-phase sustainability
assessment of chemical processes. Through qualitative analysis, the reviewed literature was organised into
distinct categories, including assessment methods, decision-making procedures and result characteristics.
Additionally, quantitative analysis via bibliometric techniques revealed five distinct research clusters and
several trends within the field, highlighting areas for potential future exploration. As a synthesis of the
review, we visualised and structured the identified assessment tools in a sustainability target graphic and
developed a decision tree to support the identification of an appropriate sustainability assessment
method. With this review, we aim to offer a comprehensive and informative overview and guidance for
researchers seeking to assess the sustainability of chemical processes during the early design phase.

1. This study reviews and analyses various methods for conducting early-phase sustainability assessments of chemical processes, encompassing elements of
green and sustainable chemistry, using both qualitative and quantitative approaches.
2. As most of the sustainability impacts of a chemical process are determined in the early stages of process development, it is imperative to integrate sustain-

ability assessment into the initial phases of chemical process design. Our review specifically focuses on sustainability assessment methods applicable during
the early design phase of chemical processes.
3. Our review seeks to provide researchers with a comprehensive overview of the available methods for early-phase sustainability assessment of chemical pro-

cesses, along with guidance for selecting the most appropriate tools. Future studies should focus on addressing data uncertainty, enhancing social sustain-
ability, and integrating the concepts of circularity and absolute sustainability.

1. Introduction

The pursuit of sustainability has become a pressing global
concern, affecting various sectors, including production,’
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early-phase process design toward environmental, economic
and social sustainability. The integration of sustainability con-
siderations at every stage of the development process is funda-
mental to sustainable chemical process design. It is widely
recognised that a chemical’s sustainability impacts are largely
determined during the early phases of process development.®
Consequently, despite the challenges associated with data
availability and quality during early process design, conduct-
ing sustainability assessments during the research and devel-
opment phase is essential for achieving a sustainable process.

Certainly, the 12 principles of green chemistry, as outlined
by Anastas and Warner in 1998,” have significantly influenced
the discipline of sustainable chemical process design. These
principles centre on redesigning chemical products and pro-
cesses to minimise or eliminate the use and generation of
hazardous substances, aiming to achieve sustainability at a
molecular level. The impact of the green chemistry approach
extends across various industries, including pharmaceuticals,
cosmetics and agriculture,®® addressing all stages of the
chemical life cycle and emphasising the reduction of inherent
hazards in products and processes, with potential economic
benefits.® Numerous metrics have been developed to assess
the sustainability of processes in the context of green chem-
istry. For instance, Calvo-Flores'® reviewed key parameters for
analysing chemical reactions and processes, including
material and energy efficiency metrics like the E-factor,
atom economy and process mass intensity. The translation of
principles into user-friendly green chemistry metrics has facili-
tated the increased consideration of sustainability during the
development of new reactions and processes. However, to
achieve a comprehensive, multidimensional sustainability
assessment, it is essential to integrate green chemistry metrics
with other tools and methodologies such as life cycle assess-
ment (LCA), toxicity assessments and broader sustainability
indicators.'
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When our research group sought to conduct an early-phase
sustainability assessment of a newly developed lab process in
the past, it was overwhelmed by the multitude of methods
documented in the literature. Despite the abundance of
reviews on sustainability assessment for chemical processes, a
lack of focus on those relevant to the early development phase
was found. Hence, to complement existing reviews on sustain-
ability assessment of chemical processes, this study focuses on
assessment methods relevant to the initial stages of chemical
process design. The primary aim was to gain insight into
appropriate methods, compare their distinguishing features,
and identify their respective opportunities and limitations.
The research was guided by three key questions:

RQ1: Which sustainability assessment methods are suitable
for early-phase chemical process design?

RQ2: Which categories can be used for comparing sustain-
ability assessment methods for early-stage chemical process
design and how do they differ?

RQ3: What are trends and topics in the field of early-phase
sustainability assessment and which sustainability indicators
are frequently considered?

To address these research questions, the review is struc-
tured as follows: section 2 provides an overview of existing
reviews on early-stage sustainability assessment of chemical
processes. In section 3, the principles of the qualitative ana-
lysis and bibliometric methods for document and conceptual
structure analysis are detailed, including factorial analysis and
thematic mapping. Section 4 presents the research results,
focusing on the analysis of themes and clusters in early-stage
sustainability assessment research, with an emphasis on sus-
tainability dimension coverage, indicator usage, data require-
ments, handling of data limitations and uncertainty and
overall methodological approach. In this study, classical biblio-
graphic analysis such as (co-)citation analysis, co-author ana-
lysis and bibliographic coupling was not performed, as it was
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not considered relevant for answering the research questions.
The key findings of the analysis and answers to the research
questions formulated are presented in section 5, while section
6 encompasses conclusions, final remarks and limitations.

2. Overview and delimitation with
respect to previous reviews on that
topic

Upon reviewing the literature thematising early-stage sustain-
ability assessments of chemical processes, we noticed that the
interpretation of “early-stage assessment” varied among
authors and considered different phases of process develop-
ment. We define early-phase sustainability assessment as
encompassing chemical route selection, which involves evalu-
ating chemical pathways, stoichiometry, yield and related
factors, and process synthesis, where multiple potential solu-
tions are generated and screened to identify a small set of
promising options.® These solutions are then assessed in
greater detail based on criteria such as product yields, energy
efficiency, raw material consumption and environmental
impact. In the literature, this early design phase is also
referred to as the “process chemistry” phase.""* When consid-
ering “technology readiness levels”, our focus is on the
“applied research phase” (TRL 1-4), which involves modifying
inherent natural phenomena to achieve specific outcomes.™
In our understanding, early assessment is clearly distinct from
conceptual design, which involves developing process flow dia-
grams (PFDs), determining the required equipment, defining
process conditions and identifying key unit operations.®
Existing reviews on sustainability assessments of (chemical)
processes address a variety of critical aspects, not focusing on
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early process design but covering different stages of develop-
ment. The references provided below are illustrative rather
than exhaustive. The inherent properties of chemical materials
and processes, such as safety’>™” or occupational health
hazards,"® are frequently discussed but environmental sustain-
ability and particularly green chemistry''°>* are also topics
of great interest. Apart from that, several reviews give an over-
view of different sustainability assessment tools available for
different phases of process design.”**” Additionally, selected
literature reports delve into sustainable manufacturing,®® the
comprehensive concept of sustainable development,®® com-
parative analyses between early phase assessment and LCA,*°
the application of multi-criteria decision analysis methods®"
and the sustainability of flow and microreaction technology.*”
From published reviews it becomes clear that achieving sus-
tainability is a complex challenge that cannot be addressed by
individuals or countries alone; it requires collective effort and
teamwork. In this respect, the Joint Research Centre (JRC) of
the European Commission approached the assessment of sus-
tainability in chemical processes in different ways; these are
outlined in more detail in the following. Firstly, the EU’s safe
and sustainable by design (SSbD) concept®® brought early-
phase sustainability assessment into focus, emphasising the
need to evaluate the sustainability of chemical processes from
the very beginning. As part of this concept, a general five-step
methodological framework was proposed, which could be
adapted to specific cases as needed.’® Before developing the
concept, a literature review was conducted.’® This search
identified 119 relevant documents, covering (i) sustainability
dimensions and aspects considered in various frameworks, (ii)
assessment methods, models and tools, (iii) indicators (both
quantitative and qualitative) and (iv) evaluation procedures,
including scoring systems.>®> While this review provided
insights into sustainability assessments at different stages of
chemical process design, it did not specifically focus on early-
phase assessment. Secondly, in 2024 Caldeira et al., the same
lead author behind the SSbD concept, published a review on
sustainability assessment frameworks for safe and sustainable
chemicals and materials.>® This review analysed the appli-
cation of such frameworks in the early stages of chemical
process design, with a search focused on “solvent selection”,
“life cycle” considerations and “multicriteria assessment”.
While their work highlighted tools relevant to early-phase
assessments, their definition of “early phase” appeared to be
broader than ours, as it included the conceptual design stage.
In contrast, we focus specifically on “chemical route selection”
and “process synthesis”. Consequently, our review serves as an
extension to Caldeira et al.’s work®® and provides a detailed ana-
lysis of early sustainability assessment methods. Our focus is on
evaluating process sustainability primarily using laboratory and
theoretical data rather than (pilot) plant data. We conduct a
thorough examination of the available tools and application
examples from a sustainability standpoint, which also includes
bibliometric analysis. In contrast to Caldeira et al,’® we have
chosen to omit solvent selection guides, as these have been
thoroughly examined and published elsewhere.>’° While
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acknowledging the undeniable significance of solvent selection
in sustainable process design, our focus is directed towards ana-
lysing more comprehensive assessment approaches that encom-
pass various design parameters.

3. Methods

For this systematic review focusing on the early-stage sustain-
ability assessment of chemical processes, the review procedure
adheres to the PRISMA 2020 statement®® and utilises various
tools from the field of science mapping analysis. Subsequent
sections provide detailed explanations regarding the literature
search process as well as data collection, cleaning and analysis
procedures.

3.1. Data sampling, collection and cleaning

In this section, we outline the inclusion and exclusion criteria
for literature selection, followed by a detailed description of
the literature search process itself. First and foremost, we focused
on early-stage sustainability assessment according to the defi-
nition of Argoti et al® (including chemical route selection and
process synthesis), also referred to as “process chemistry”'*'* or
TRL 1-4' in the literature. In this regard, early assessment
differs significantly from the conceptual design phase, which
necessitates more detailed information and primarily focuses on
generating and optimising the process flow diagram.® Hence,
only sustainability assessment methods applicable in the early
design phase were included in the review, whereas tools designed
for the conceptual design phase were excluded. If a sustainability
assessment method is relevant across multiple phases of process
design, it is considered for review, provided that a distinct part is
applicable during the early design phase. When considering the
need for a process flow diagram, Aspen Plus software can be
employed to create a process flow sheet based on lab data that
reflect the lab-scale process. Consequently, assessment methods
that utilise a PFD generated by Aspen Plus using lab-scale data
are included, while assessments based on mature PFDs are not
within the scope. Furthermore, this study encompasses papers
that describe the concept of a sustainability assessment method,
papers that demonstrate the application of such a method and
papers that address both aspects.

The primary reasons for excluding articles were their failure
to meet our criteria for early sustainability assessment and the
need for information that is not available during the initial
stages of process development, such as process flow sheets
and knowledge of unit operations. Additionally, some articles
did not describe a specific sustainability assessment method,
but rather an approach for “green synthesis” of chemicals in
the laboratory. We also excluded articles dealing with solvent
or material selection, methods for predicting chemical pro-
perties, assessments of industry sectors or chemical plants,
summaries of green chemistry metrics and discussions about
sustainability-related topics.

In addition to literature databases such as Web of Science
and Scopus, the sample of publications for analysis was com-
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piled from Google Scholar, publications known from earlier
studies by our group and key references cited in the retrieved
literature. For the literature search utilising the Web of Science
and Scopus databases, the following search string was
employed: (“early” OR “research and development” OR
“research & development” OR “R&D”) AND (“sustainability”
OR *“sustainable”) AND (“chemical process” OR “chemical
route” OR “chemical industry”) AND (“framework” OR “guide”
OR “metric” OR “indicator” OR “methodology” OR “assess-
ment” OR “tool” OR “design”). The search was conducted in
October 2024, focusing on peer-reviewed articles and reviews
published in English from 2000 onwards. The Web of Science
search yielded 338 results, while Scopus provided 170. After
removal of duplicates (n = 79), the authors screened 429
records based on titles and abstracts. This led to the exclusion
of 346 articles that did not pertain to early assessment
methods or did not focus on the development or application
of a sustainability assessment method. Consequently, 83
articles were targeted for full-text screening. Of these, 56
articles were excluded as they did not align with the scope of
the research (e.g. articles that claimed a new sustainable syn-
thesis method without performing sustainability assessment)
or did not reflect “early-stage” sustainability assessment
methods as per the defined criteria, relying instead on infor-
mation available in the conceptual design phase. Ultimately,
27 articles from the Web of Science and Scopus databases were
included in the review.

Apart from that, further relevant studies were identified via
Google Scholar as well as careful evaluation of the literature
reviews obtained by Web of Science and Scopus searches.
Regarding the latter, we included articles cited within these
reviews that significantly contributed to addressing our
research questions. Moreover, we incorporated articles pre-
viously known to our research group that were instrumental in
answering our research questions. In these cases, publications
predating 2000 were also considered if deemed valuable. As far
as the Google Scholar search was concerned, it was conducted
between November 2021 and May 2022, with an update in
October 2024, using the following key terms: “sustainable
(chemical) process design”, “sustainability assessment of
chemical processes”, “sustainability assessment” AND “chemi-
cal industry”, “sustainability indicators” AND “chemical
process”, “sustainability metrics” AND “chemical process”,
“sustainable chemical process” AND “design tool”. We focused
on peer-reviewed articles and reviews as well as reports by gov-
ernments or organisations published in English from 2000
onwards. In this way, we identified 57 more articles that were
potentially relevant for our study (according to titles and
abstracts) and subjected them to full-text screening. This
process resulted in the exclusion of 31 reports and the
inclusion of 26 more studies in our review.

In total, 53 records were included in the review and an over-
view of the literature selection process is presented in Fig. S1 in
the SI, utilising the PRISMA flow diagram template for systema-
tic reviews.’” The 53 references included in the study were
thoroughly analysed by full-text screening. Before qualitative
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and bibliometric analysis of collected data, they underwent a
process of cleaning and correction. This involved merging
singular and plural forms of words (e.g. chemical and chemi-
cals), different punctuations (e.g R&D and research & develop-
ment) and synonyms (e.g. LCA and life cycle assessment).
Details of this cleaning procedure can be found in section 2 of
the SI. Notably, this cleaning procedure was applied to both the
“author keywords” and “sustainability indicators” categories.

3.2. Data analysis

The research process and its outcomes, as well as their rele-
vance to the research questions, are depicted in Fig. 1. In our
study, we first performed a literature search, which resulted in
the identification of 53 articles meeting our literature selection
criteria. Subsequently, we conducted qualitative analysis of the
full text of the papers, focusing on category creation to address
research questions 1 and 2. To tackle research question 3, we
employed two phases of quantitative bibliometric analysis,
operating at both the document and conceptual levels. This
involved analysing author keywords and sustainability indi-
cators for trend topics and most frequently used words.
Additionally, conceptual analysis was performed using infor-
mation on selected qualitative categories, incorporating factor-
ial analysis and thematic mapping.

The following section provides detailed methodological
information on the qualitative content analysis of the literature
retrieved on early-phase sustainability assessment as well as
an overview of the bibliographic analysis tools employed.

3.2.1. Qualitative content analysis. The qualitative content
analysis of the publications followed the recommendations of
Mayring et al.,*" who suggested content organisation through
category development. The selection of subsequent categories
was influenced by their relevance to the research questions
and was also based on existing reviews of sustainability assess-
ment methods found in the literature.

1. Bibliographic data: for the study, information on
authors, title, publication year, DOI, and keywords were col-

3
% Qualitative
analysis

Literature
search

Quantitative
conceptual
analysis

Quantitative
document
analysis

Fig. 1 Outline of the research steps.
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lected. As an author analysis/citation analysis study was
deemed irrelevant for addressing the research questions, cita-
tions and references were not analysed.

2. Sustainability dimensionality: the study evaluated the
coverage of sustainability dimensions including economic,
social, health and safety, and environmental considerations.

3. Data needs: sources of data necessary to perform a
certain sustainability assessment were documented, for
example databases, lab data or simulations.

4. Impact assessment: the research examined various
assessment methods, such as questionnaires/checklists,
equation-based tools, life cycle assessments, artificial intelli-
gence, machine learning, systematic frameworks, fuzzy optimi-
sation and mathematical modelling, while also filtering out
the data necessary for conducting sustainability assessments.
A method is categorised as a framework if it involves a multi-
step assessment rather than a single step, or if the authors
explicitly designate it as such. Apart from that, the study
explored the application of multi-criteria decision analysis,
weighting, as well as statistical and multivariate analysis tech-
niques for decision-making and emphasised whether the
aspect of uncertainty was specifically addressed.

5. Assessment result: regarding the presentation of the
results of a sustainability assessment method, single indicator,
cumulative indicator and multi-indicator assessments were
differentiated. Furthermore, it was noted whether the assess-
ment led to a relative or absolute and quantitative or qualitat-
ive result, respectively.

6. Research field: the study carefully assessed connections
to specific topics and case studies.

Organising the content of the studies into predefined cat-
egories forms the foundation for addressing research ques-
tions 1 and 2. A table format was chosen to provide a compre-
hensive overview of the extracted information.

3.2.2. Quantitative content analysis using bibliometrix. For
the network and statistical analysis, the R-tool “bibliometrix”**
was used via its web interface “biblioshiny”, relying on the
software R-studio version 2024.09.0. Bibliometric analysis soft-
ware is designed to efficiently process large sample sizes.
Particularly for historiographic and citation analysis, it is rec-
ommended to have a minimum sample size of 200 references or
an optimal number of >1000 references,"’ as larger datasets gen-
erally allow for more robust and reliable analysis. However, valu-
able insights can still be derived from a small dataset of high-
quality, relevant publications. Thus, the literature presents
instances of handling sample sizes <100. Bibliometric analysis
is occasionally applied to smaller sample sizes due to specific
research focuses,** high-impact studies,* or limited availability
of resources.*®*” In conclusion, while bibliometric analysis is
commonly associated with large datasets, it is also effectively
utilised for smaller sample sizes in specific contexts.

The R-tool “bibliometrix” serves multiple purposes, offering
various analytical capabilities.”” On one hand, it facilitates the
analysis of bibliographic coupling, co-citation and collabor-
ation networks, allowing for an examination of connections
between publications based on their citation patterns, shared

This journal is © The Royal Society of Chemistry 2025
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references and author collaborations. On the other hand, fea-
tures such as thematic mapping or factorial analysis enable
researchers to unveil thematic structures, identify underlying
patterns and visualise the interconnections between terms and
concepts, thus deepening our understanding of the scholarly
landscape within a specific research area. In our bibliometric
analysis of reviewed literature on the topic of early-phase
assessment, we use bibliometrix for the latter purpose and
intentionally omit author/co-citation analysis as it does not
contribute to addressing our research questions.

As a basis for bibliographic content analysis, bibliometrix
offers the option of analysing publication titles, author key-
words, keywords plus, abstracts, or subject categories from
Web of Science. For quantitative analysis at the document
level, we chose to analyse author keywords, as they were more
comprehensive at representing an article’s content than key-
words plus.*® If authors did not provide keywords (n = 19), we
included five keywords representing the main content, which
were identified through screening the article abstracts. For our
conceptual analysis, we opted for a different approach, specifi-
cally analysing (i) extracted combined information from the
categories author keywords, sustainability dimensionality,
assessment procedure, result and research field, and (ii) econ-
omic, social, health and safety, and environmental indicators
used for sustainability assessments. Thus, our aim was to
ensure the inclusion of all relevant information for addressing
research question 3 and to enable a comprehensive biblio-
metric analysis at both the document and conceptual structure
levels. Further details in this respect can be found in section 3
of the SI.

3.2.2.1. Document analysis level. In our bibliometric ana-
lysis for this study at the document analysis level, we examined
author keywords using the functions trend topics and words
by occurrence. The most popular sustainability indicators in
terms of economic, health and safety, and environmental sus-
tainability were also assessed using the latter analysis tool.
Words by occurrence presents the top 10 most frequent words,
offering valuable insights into prominent terms across the lit-
erature. Meanwhile, the trend topics analysis is employed to
identify and visualise the emergence and evolution of key
topics or themes within a particular research field over time,
offering researchers a comprehensive view of thematic trends
and shifts within the literature. In our study, we employ these
features to analyse trends and focal points of early-phase sus-
tainability assessments aligning with research question 3.

3.2.2.2. Conceptional structure analysis level. In conducting
bibliographic analysis at the conceptual structure level, we uti-
lised the analytical capabilities of factorial analysis and the-
matic mapping for answering research question 3. As basis for
our analysis, we employed (i) a combination of author key-
words, sustainability dimensionality, assessment procedure,
result and research fields, and (ii) economic, social, health
and safety, and environmental indicators used for sustainabil-
ity assessments.

Factorial analysis serves to identify subfields within biblio-
metric data by reducing its dimensionality and representing it
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in a low-dimensional space. This reduction is accomplished
through methods such as multiple correspondence analysis
(MCA). Following the generation of the MCA conceptual struc-
ture, the application of a k-means clustering algorithm aids in
identifying clusters within this structure. Keywords are posi-
tioned close together when a substantial number of articles
deal with them together, while they are situated farther apart
when a small proportion of articles utilise these words in con-
junction. The map’s origin represents the centre of the
research field (meaning common and large shared topics).*’

The thematic map feature combines conceptual and the-
matic networks within a specific research field. It visualises
the underlying thematic structure of the literature, providing a
clear representation of the main topics and their connections.
This technique relies on network analysis. By using network
clustering algorithms, we used Walktrap®® for our study, mean-
ingful knowledge communities, referred to as “themes” and
their connections can be identified and visualised. Network
metrics such as the density measure a theme’s internal con-
nections, while centrality measures its connections to other
themes. Based on these parameters, themes can be classified
into four quadrants: emerging/declining themes, niche
themes, basic themes and motor themes.*’ While this
approach is typically utilised for longitudinal network analysis,
we opt not to divide the dataset into time slices due to the
small sample size.

4. Results

In this section, we present the results of the qualitative
content analysis of the reviewed articles, as well as the quanti-
tative analysis, which includes document analysis and concep-
tual analysis, aimed at addressing research questions 1-3.

4.1. Qualitative content analysis addressing research
questions 1 and 2

Table 1 provides a concise overview of key categories, including
author name(s), method name (if any), sustainability dimen-
sion inclusion, data requirements, assessment method,
decision-making procedure, uncertainty considerations,
assessment result, result characteristics and research field. For
a comprehensive list, including publication title, year, DOI,
keywords and a detailed inventory of used indicators, please
refer to the Excel file “Supporting information_literature”.
Generally, sustainability assessment tools reported in the
literature concentrate on different dimensions of sustainabil-
ity, encompassing the economic, environmental and social
pillars either individually or in combination. When addressing
the social pillar, a focus is often placed on health and safety
aspects, given the complexity of assessing “soft” social impli-
cations in the early development stage. Recognising health
and safety as being increasingly pivotal to sustainability, the
traditional triple bottom line appears to be evolving towards a
quadruple bottom line approach.’> Hence, we differentiated
between economic, social, health and safety, and environ-
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mental sustainability aspects. Health and safety aspects
encompass risks associated with chemical attributes (e.g:,
flammability, explosiveness), process parameters (e.g., temp-
erature, pressure) and workers’ welfare (toxicity, irritation),
while aspects linked to individuals’ well-being, such as equality
and working conditions, are included within the social dimen-
sion. As far as process-related indicators are concerned, which
are increasingly being integrated into sustainability assessments
of chemical processes, we categorised them according to their
primary impacts. Process indicators linked to health and safety
concerns, such as temperature, pressure and heat of reaction,
were placed in the health and safety category. Conversely, those
associated with process efficiency and resource utilisation were
designated as environmental indicators. For instance, processes
that yield higher outputs tend to lower resource usage and mini-
mise pollution per unit of production. Additionally, factors like
process complexity, maturity, technical configuration and oper-
ational mode are closely tied to energy efficiency and thus exert
an indirect environmental influence. For a comprehensive list
detailing the contribution of process indicators to the health and
safety or environmental categories, please refer to section 1.1 in
the SL

The bulk of reviewed sustainability assessment methods for
early chemical process design primarily emphasise environ-
mental aspects (n = 19). However, a considerable number of
methods (n = 16) consider the three sustainability dimensions
economy, health and safety, and environment. A limited number
of papers concentrate on health and safety in conjunction with
environmental factors (n = 9), while all four sustainability dimen-
sions are taken into consideration in five instances. In a few rare
cases, only economic and environmental aspects are taken into
account (n = 3) and in an even smaller number of cases, only
health and safety aspects are considered ( = 1).

As is widely recognised, early-stage assessments of chemical
processes frequently encounter challenges regarding the avail-
ability and quality of data. In terms of data requirements, the
reviewed assessment methods gather the necessary data from
various sources including the literature (e.g. safety data
sheets), databases, process simulations, theoretical assump-
tions, laboratory and early process data and molecular descrip-
tors. Based on this information, data are often processed
using equation-based methods (n = 25) or life cycle analysis-
based methods (n = 12) to provide insights into sustainability.
Furthermore, computer-aided methods are increasingly being
applied for early-stage sustainability assessment of chemical
processes, including computer simulation (n = 5), artificial
intelligence (n = 1), machine learning (n = 1) and neural net-
works (n = 2). Furthermore, various approaches for early-stage
sustainability assessments reviewed are based on a framework
(n = 15) that involves multiple assessment steps. Additionally,
qualitative tools such as checklists and questionnaires are
employed in a few cases (n = 2), while mathematical modelling,
a network approach and fuzzy optimisation are each utilised
in only one of reviewed assessments.

Focusing on the decision-making process itself, for early-stage
sustainability assessments a variety of tools are commonly used,
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such as multi-criteria decision analysis (MCDA) and statistical
and multivariate analysis methods. The latter enables the ana-
lysis of data involving multiple variables to understand relation-
ships or identify patterns, while MCDA is utilised to evaluate con-
flicting criteria. Among the reviewed assessments, MCDA tools
like the analytic hierarchy process (AHP), the preference ranking
organisation method for enrichment of evaluations
(PROMETHEE) and the decision making trial and evaluation lab-
oratory (DEMATEL) are frequently featured, while statistical and
multivariate analysis, including principal component analysis
(PCA) and hierarchical cluster analysis (HCA), are employed in a
smaller number of cases. Furthermore, in cases where a cumulat-
ive sustainability result is targeted, weighting (n = 22) based on
individual considerations, the literature, LCA methods, or survey
results is applied.

In our analysis of the results of sustainability assessment
methods being reviewed, we considered the incorporation of
uncertainty, the types of result indicators used and whether
the results were qualitative or quantitative, as well as relative
or absolute. When it comes to uncertainty analysis, early-stage
sustainability assessments often rely on assumptions or low-
quality data, making it essential to address uncertainty for a
better understanding of the assessment results. Among the
reviewed literature, nine sustainability assessment tools
accounted for uncertainty, employing methods such as Monte
Carlo analysis (n = 3), quantification of prediction uncertainty,
fuzzy logic and data quality rating (n = 2 each). In terms of result
indicators, the reviewed methods yielded outcomes based on a
single indicator (n = 6), multiple indicators (n = 23), or a cumulat-
ive indicator (n = 27). The reviewed tools predominantly concen-
trated on relative and quantitative sustainability assessment,
allowing the comparison and ranking of different process
alternatives based on specific sustainability scoring. However,
they do not evaluate whether a process can be considered sus-
tainable in absolute terms, such as in relation to the carrying
capacity of ecosystems or planetary boundaries.>® Only Caldeira
et al. emphasise the ambition of the SSbD concept to transition
from a relative to a more absolute assessment approach.**
Finally, the early-phase sustainability assessment methods in the
literature primarily target various industries including industrial
chemicals (e.g,, ammonia, acetic acid), solvents (e.g., ethyl
acetate), biodiesel/biorefinery, active pharmaceutical ingredients
and the pharmaceutical sector, as well as methyl methacrylate.

After examining the literature, several prominent trends
and concepts commonly utilised in early-stage sustainability
assessments emerged, such as green chemistry, life cycle
thinking, the waste reduction algorithm (WAR), inherent safety
and computer science. Green chemistry, introduced by Anastas
and Warner,” emphasises the design of chemical products and
processes to minimise or eliminate the use and generation of
hazardous substances with the aim of achieving sustainability
at the molecular level. The 12 principles of green chemistry’
have also translated into sustainable chemistry metrics,'® pro-
viding a standard for evaluating the sustainability of chemical
processes. These metrics primarily consider mass flows within
the technosphere and are indirectly linked to impact cat-
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egories in life cycle assessments.’*> Life cycle assessment
remains a crucial tool in sustainability assessment, commonly
employed in the early-stage evaluation of chemical processes.
It is often utilised in ex-ante’®>” or pre-LCA®® evaluations. Ex-
ante LCA represents a prospective approach, evaluating the
potential environmental impacts of a technology or process
before full development or commercialisation, while pre-LCA
serves as an even earlier-stage screening tool, offering an
initial sustainability estimate with minimal data. Alternatively,
early process design can be upscaled utilising procedures
documented in the literature,*® followed by conducting an LCA
of the upscaled process. In this scenario, it is essential to
acknowledge that scaling up introduces additional uncertain-
ties to the assessment. Additionally, some assessments are
based on the waste reduction algorithm,®**®" which incorpor-
ates environmental and economic sustainability aspects, pro-
viding a description of potential environmental impacts
throughout a chemical process and involving the use of
process simulation software. Owing to its simplicity, ease of
use and availability of a database on the potential environ-
mental impacts of common chemicals, the algorithm has
found widespread application.®”> Moreover, the consideration
of health and safety holds significant importance in the early-
stage sustainability assessment of chemical processes. In par-
ticular, the concept of inherent safety (IS) involves reducing or
eliminating hazards associated with materials and operations
used in a process, emphasising the design of processes to
avoid hazards rather than solely relying on management and
control.®* Furthermore, the incorporation of digitalisation®
and artificial intelligence® in driving the sustainability of the
chemical industry is gaining attention, with both concepts
increasingly being applied to aid sustainability assessments of
chemical processes.

When striving to design a sustainable process, the pivotal
question of whether a specific design tool can truly lead to the
“right” result - a sustainable industrial process — becomes of
paramount importance. Many researchers view hypothetical
case studies as a valid means of demonstrating a concept,
sometimes comparing their results with those obtained using
other tools documented in the literature. Additionally, sensi-
tivity and uncertainty analyses are at times employed to vali-
date the suitability of a particular tool. Unfortunately, to our
current knowledge, there has been no real-world implemen-
tation of an industrial process tracked from its early design
phase through to its operation. Such a study would yield valu-
able insights into the strengths and weaknesses of the applied
sustainable design and assessment tools, while also addres-
sing the question of whether the simple sustainability criteria
often used in research and development are adequate, or if
more intricate criteria are necessary to effectively guide sus-
tainable process development.

4.2. Quantitative document analysis addressing research
question 3

Among the reviewed publications, Hungerbiihler K. emerges
as the most prolific author, with 6 contributions, followed by
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Fischer U., Papadokonstantakis S. and Sugiyama H., each with
4 publications, all published between 2000 and 2010.
Furthermore, Patel A. and Patel M. are credited 4 times for
their collaborative work on several publications. In general, the
annual scientific production shows a relatively even distri-
bution over the period under review, with a slight peak in the
mid-2010s.

4.2.1. Analysis of the most frequently used words. Analysis
of the most frequently used words among author keywords
revealed the following topics of high interest (the number of
mentions are given in parentheses): LCA (life cycle assessment,
17), EHS (environment health safety, 10), sustainability assess-
ment (10), process design (8), environmental impact (7), green
chemistry (7), methyl methacrylate (6), multicriteria assess-
ment (6), sustainable chemistry (6), inherent safety (5).

As anticipated, life cycle assessment-based tools are exten-
sively utilised, also in the early-stage sustainability evaluation
of chemical processes. The assessment of sustainability aligns
closely with process design, placing significant emphasis on
environmental, health and safety considerations, with inherent
safety being particularly crucial. Environmental sustainability
emerges as the most prominent dimension of sustainability,
especially in the realm of green chemistry and sustainable
chemistry. Numerous assessments concentrate on methyl
methacrylate, a pivotal compound widely employed in the pro-
duction of poly(methyl methacrylate), a transparent thermo-
plastic commonly recognised as acrylic glass.

In our study we also examined the most frequently occur-
ring words among indicators used to assess economic, health,
safety and environmental sustainability. Notably, the analysis
did not cover social indicators due to their infrequent use,
with no indicator appearing more than twice in the literature
searched. In terms of economic indicators, the top three indi-
cators used were raw material costs (7), economic constraint
(5) and process costs and environmental impacts (4).
Meanwhile, health and safety were assessed through explosive-
ness (11), acute toxicity, human toxicity potential, reactivity (7
each), as well as flammability, pressure and temperature (6
each). As for environmental indicators, global warming poten-
tial (13) had the highest frequency, followed by acidification
potential (10), cumulative energy demand, eutrophication and
ozone depletion (9 each).

4.2.2. Trend topics. The trend topic graph based on author
keywords, depicted in Fig. 2, is a scatter diagram where time is
represented on the x-axis and topics on the y-axis. Each bubble
on the graph corresponds to a specific topic, with the reference
year for each topic being determined using the median of the
occurrence distribution over the considered time period. The
size of each bubble is proportional to the word occurrences,
while the grey bar denotes the first and third quartiles of the
occurrence distribution.

In the analyzed literature, spanning from 1997 to 2024,
several prominent trend topics are apparent from Fig. 2.
Beginning with the most recent trends based on the median of
the occurrence distribution, “safe and sustainable by design”
has gained prominence, attributed to the endeavours of the
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Fig. 2 Trend topic analysis based on author keywords.

Joint Research Centre of the European Commission.*® This
initiative aims to facilitate the development of safe and sus-
tainable chemicals and materials during research and inno-
vation.** Furthermore, “life cycle assessment” has consistently
been a relevant topic, especially from 2019 onwards, indicating
its increasing significance in sustainability evaluations. During
the 2010s, “sustainable chemistry”, “green chemistry” and
“bio-based chemicals” attracted considerable scientific inter-
est. According to the graph, assessments focusing on environ-
mental impacts and multicriteria assessments are the most
common types of assessment, with the latter being more pro-
minent in the past decade. In the early 2010s, keywords like
“environment, health and safety”, “route selection” and
“inherent safety” were frequently referenced. Additionally,
“methyl methacrylate” emerged as a prominent research topic
at the start of the century.

4.3. Quantitative conceptual analysis addressing research
question 3

4.3.1. Factorial analysis. Factorial analysis was based on
combined information extracted from the categories author
keywords, sustainability dimensionality, assessment pro-
cedure, result and research field. Fig. 3 shows an illustration of
the conceptual structure of research regarding early-phase sus-
tainability assessment of chemical processes, based on factor-
ial analysis employing MCA and k-means clustering. Thereby,
the percentage values indicate how much variance in the data
is explained by the respective axis. In our analysis, the first two
dimensions accounted for 67.05% of the total variance (Dim. 1
= 40.80%, Dim. 2 = 26.25%). The results are interpreted based
on the relative positions of the points and their distribution
along these two dimensions. Terms that exhibit similar distri-
bution patterns across publications are positioned closer to
each other.*” The proximity of a keyword to the origin of the

This journal is © The Royal Society of Chemistry 2025

2024

Year

2012
2014
2016
2018
2020
2022

coordinate system indicates its alignment with the average
profile of the 53 publications. Additionally, the two dimen-
sions segment the data in such a way that clusters positioned
on opposite ends of a dimension represent opposed profiles.
Apparent from Fig. 3, 5 different clusters were identified.
Cluster B, which includes the terms “ehs”, “sustainable chem-
istry”, “multicriteria assessment” and “econ.h.s.env”, is the
most central one. Therefore, the typical research profile con-
sists of early-stage sustainability assessment methods that
address economic, health and safety, and environmental
aspects, emphasising environment, health and safety (EHS)
and employing multiple criteria for the assessment. For
instance, sustainability assessment tools identified in the
works of Albrecht et al.'> and Serna et al.'® fall into this cat-
egory. Apart from that, cluster A, positioned on the left side of
the graph, concentrates on route selection using cumulative
indicators that take into account (inherent) health, safety and
environmental aspects. These methods are equation-based
and can be exemplified by the methodologies presented by
Srinivasan and Nhan® and Hassim and Hurme,*> both of
which analyse different routes for the synthesis of methyl
methacrylate. Clusters A and B represent the two largest clus-
ters depicted in the graph, while three smaller clusters are situ-
ated on the right side. Cluster C, positioned above the main
cluster B, emphasises environmental aspects in line with
green chemistry principles, often employing single indicator
methods such as the framework toward more sustainable
chemical synthesis design developed by Gonzalez et al.”> On
the other hand, cluster D, located opposite cluster A, integrates
life cycle-based approaches, along with assessments focusing
on economic and environmental aspects, frequently utilising
computer simulation. In this context, the multi-disciplinary
assessment approach for evaluating the technological, econ-
omic and environmental performance of bio-based chemicals
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Fig. 3 Factorial analysis based on combined information extracted from the categories author keywords, sustainability dimensionality, assessment
procedure, result and research fields (cluster A: cumulative indicator and equation-based methods for route selection, including health, safety and
environmental aspects; cluster B: multi-criteria methods considering economic, health and safety, and environmental aspects; cluster C: single indi-
cator methods emphasizing environmental aspects and green chemistry principles; cluster D: methods frequently using computer simulation, inte-
grating LCA, and focusing on economic and environmental aspects; cluster E: 4-dimensional methods and safe and sustainable by design

frameworks).

documented by Herrgard et al.®" stands out as a representative

of cluster D. The last and smallest cluster E, located on the
lower right side of the graph, encompasses 4-dimensional sus-
tainability assessment frameworks and safe and sustainable by
design approaches, exemplified by the efforts of the European
Joint Research Centre.>*"'° It is important to note that not all
articles exclusively belong to one cluster but may share charac-
teristics identified in different clusters.

The distribution of clusters along dimension 1 (~40% var-
iance explained) suggests a division between cumulative indi-
cator assessments (left) and single/multi-indicator assess-
ments (right). The graph depicts cluster A, representing
“cumulative indicator” on the left half. Cluster B is positioned
towards the centre of the x-axis, with the term “multicriteria
assessment” situated towards its left end. On the right half of
the graph, cluster C encompasses “single indicator” on its
right side, while cluster D is associated with “multi-indicator”
assessments. Moreover, “LCA” is part of the latter, as life cycle
analysis is commonly utilised as an assessment tool to analyse
multiple indicators.

Meanwhile, the distribution along the y-axis (dimension 2)
(~26% variance explained) reflects the scope of sustainability

10958 | Green Chem., 2025, 27,10944-10968

assessment, ranging from environmental and health and
safety (H&S) assessments at the upper end to comprehensive,
multi-dimensional assessments that incorporate economic,
social (often in terms of H&S) and environmental factors at the
lower end. Clusters A and C use two-dimensional and one-
dimensional sustainability assessment tools, respectively,
focusing on “H&S + environmental” and “environmental” indi-
cators. In contrast, cluster B integrates three dimensions,
“economy + H&S + environment” while cluster E encompasses
all four dimensions of sustainability, encompassing “econ-
omic + social + H&S + environmental” indicators.

4.3.2. Thematic mapping. Thematic mapping was
employed to explore the sustainability indicators utilised in
the assessments included in the study, covering economic,
environmental, social, and health and safety aspects. This
method is based on network analysis, using metrics like
density to assess a theme’s internal connections and centrality
to gauge its connections to other themes. Themes are then
categorised into four quadrants based on these parameters:
emerging/declining themes, niche themes, basic themes and
motor themes. As depicted in Fig. 4, three motor themes
emerged, primarily centred on environmental factors (global

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Thematic mapping of economic, environmental, and health and safety sustainability indicators used in the assessments reviewed.

warming potential, cumulative energy demands, climate
change) with some focus on safety issues (explosiveness, acute
toxicity). These exhibit the largest bubble size among all clus-
ters, indicating that a greater number of articles have delved
into these specific aspects compared to the other clusters. The
aspects of renewability, chemical hazards and risk were desig-
nated as basic themes, while atom economy and convergence
determined as emerging or declining themes.
Convergence is a relatively new and emerging topic, aiming to
streamline the synthetic process by minimising the number of
steps, reducing waste and improving overall efficiency.?’ The
concept of atom economy, a fundamental principle in green
chemistry, has been integral to the development and evalu-
ation of sustainable chemical processes. However, its signifi-
cance may be diminishing over time. Apart from that, indi-
cators such as eco-indicator 99, total organic carbon, process
costs and energy sources were positioned in the niche quad-
rant due to their sporadic use in the reviewed sustainability
assessment methods. Furthermore, two transitional themes
are centred around the origin of the graph, encompassing
economic aspects (economic constraint, process costs and
environmental impacts, life cycle costs) and environmental
factors (terrestrial acidification, abiotic depletion).

From a green chemistry perspective, Fig. 4 reveals connec-
tions between various aspects related to motor, basic, or emer-
ging/declining themes and the 12 principles of green chem-
istry.” This linkage underscores the significance of green

were
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chemistry in the context of early-phase sustainability assess-
ments of chemical processes. The indicator convergence aligns
with principle 1 (waste prevention), while atom economy
corresponds to principle 2 of the same name. Hazardous
chemicals encompass principles 3-5 (less hazardous chemical
synthesis, designing safer chemicals, safer solvents and auxili-
aries), cumulative energy demand relates to principle 6 (design
for energy efficiency) and renewable resources are associated
with principle 7 (use of renewable feedstocks). Principle 11
(real-time pollution prevention) is addressed by the indicator
particulate matter and principle 12 (safer chemistry for acci-
dent prevention) is mirrored by indicators such as reactivity,
explosiveness and risk aspects. The direct link between several
indicators and the topic of green chemistry underscores its
critical role in conducting sustainability assessments of chemi-
cal processes during the early design phase.

5. Discussion

In the following, findings from qualitative and quantitative
analysis are summarised and related to the three research
questions.

5.1. Research question 1

Over the past few years, there has been growing focus on early-
stage sustainable chemical process design, leading to a sub-

Green Chem., 2025, 27,10944-10968 | 10959
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stantial body of literature on the subject, as summarised in
Table 1. With regard to the first research question - (1) which
sustainability assessment methods are suitable for early-phase
chemical process design? - the following specific examples are
highlighted to provide an understanding of available tools
addressing diverse sustainability dimensions.

Starting with four-dimensional sustainability assessment
methods considering economic, health and safety, social, and
environmental aspects, the sustainability assessment tool*®
by Saavalainen et al. is a comprehensive Excel-based checklist
designed for early process design. This tool, aligning with
green chemistry principles and European chemicals regu-
lations, assesses 209 multiple-choice questions, each scored
based on its impact severity. It covers 7 categories, addressing
waste prevention, materials efficiency, raw material selection,
benign by design products, fewer ancillaries, energy efficiency of
the process, as well as risk and hazard management.
Demonstrated through a comparison of formic acid production
routes, the tool effectively guides researchers in early process
development, depending upon data quality. Additionally, the
Joint Research Centre of the European Commission has intro-
duced a framework for safe and sustainable by design criteria for
chemicals and materials.** This framework aims to support the
design of safe and sustainable chemicals and materials, encom-
passing research, innovation and existing chemicals. This
approach comprises five steps focusing on hazard assessment,
human health and safety, environmental aspects, and social and
economic sustainability. Data availability and quality are crucial
throughout, with the potential for support from artificial intelli-
gence and digitalisation. In case studies for sustainability assess-
ment of plasticisers, flame retardants and surfactants in tex-
tiles,"'® challenges emerged related to data availability, quality
and uncertainty. These experiences emphasised the importance
of early-stage chemical/material assessment, specific expertise for
each step, and effective communication and data exchange
between suppliers.

Several assessment methods address economic, health and
safety, and environmental sustainability. Patel et al. introduced
a rapid preliminary evaluation methodology for chemical pro-
cesses at the laboratory stage, incorporating the principles of
green chemistry, techno-economic analysis and life cycle
assessment.”” This multi-criteria method encompasses econ-
omic constraint, environmental impacts, process costs, and
environmental, health and safety indices and was tested in a
case study for the production of but-1,3-diene. Also, Serna
et al. introduced a multi-criteria analysis methodology utilis-
ing normalised indicators, which were consolidated into a
Sustainable Cumulative Index (SCI) across three sustainability
dimensions."®® This index considers the weights and relation-
ships between the various indicators, which were quantified
through input from experts and senior students of chemical
engineering. Apart from that, Liew et al. presented a sustain-
ability assessment for biodiesel production through fuzzy
optimisation, emphasising inherent safety, health, environ-
ment and economic performance.'®> The aspect of inherent
safety and health is addressed through the utilisation of well-
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established metrics such as the Prototype Index of Inherent
Safety (PIIS), the Inherent Occupational Health Index (IOHI)
and the Inherent Environmental Toxicity Hazard (IETH), while
the economic performance is assessed based on operating
costs and revenue. Subsequently, fuzzy optimisation is applied
to compare various reaction pathways with respect to multiple
objectives. Instead, the sustainability evaluator by Shadiya and
High is an Excel-based tool integrating mass and energy flows
for early process design assessment, covering economic,
environmental and social aspects.’®®'®! Its effectiveness was
evidenced through the evaluation of two dimethyl ether pro-
duction processes, with the environmental assessment results
aligning with the outcomes of the Environmental Protection
Agency’s waste reduction algorithm. Monteiro et al. conducted
a comprehensive comparison of chemical routes for dimethyl
carbonate production, considering toxicity, environmental
impact and profit potential.’® They aggregated the individual
metrics into a total score and recommended further in-depth
comparison of the best performing routes, such as through life
cycle assessment, as more information became available.
Further frameworks, including Sugiyama’s decision framework
for chemical process design, encompass different stages of
environmental, health and safety (EHS) assessment using a
stage-and-gate approach and multi-objective evaluation.™
Each stage includes different indicators covering life cycle
impacts, economic performance and EHS aspects, and in the
study, routes for the synthesis of methyl methacrylate were
evaluated.

In addition to tools that encompass environmental, econ-
omic and social aspects of sustainability, there are also various
concepts that concentrate on only two of the three dimensions.
Several tools and indices with a focus on environmental and
health and safety considerations have been developed. For
instance, Andraos introduced the Safety/Hazard Index (SHI),
which encompasses 12 safety-hazard potentials such as
flammability, skin dose and corrosiveness, each contributing
to risks related to environmental impact and the health and
safety of workers.”” When combined with efficiency para-
meters and the benign index, this facilitates the assessment of
the overall “greenness” indicator of a synthesis plan. To serve a
similar purpose, the Inherent Benignness Indicator (IBI) has
been developed, utilising principal component analysis to
compare the diverse environmental, health and safety aspects
of the various alternatives.®

Tools that focus on a single sustainability dimension are
also briefly discussed. These tools can be categorised into
those addressing classical environmental aspects and those
concentrating on inherent hazards. In the former category, the
improved innovation green aspiration level (iGAL 2.0) is
designed to reduce pharmaceutical manufacturing waste,”®
while the green degree method’® encompasses 9 environ-
mental impact categories. Meanwhile, tools developed within
the chemical industry include the web-based Fast Life Cycle
Assessment of Synthetic Chemistry (FLASC™), serving to
assess the relative sustainability of pharmaceutical production
processes within GSK®® and an Eco-footprint tool employed at
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Chimex,”® which considers 10 indicators to assess their
process sustainability. Turning to the second group of tools
focusing on inherent hazards, the Atmospheric Hazard
Index,®” the Environmental Hazard Index® and the Inherent
Environmental Toxicity Hazard®® have been reported in the
literature.

5.2. Research question 2

Regarding the second research question - (2) which categories
can be used for comparing sustainability assessment methods
for early-stage chemical process design and how do they
differ? - the qualitative content analysis of the retrieved litera-
ture revealed significant variations. These sustainability assess-
ment methods differ across several categories, including the
incorporation of sustainability dimensions (economy, society,
health and safety, environment), data requirements, assess-
ment methodologies, decision-making processes, consider-
ation of uncertainty and the outcome types in terms of indi-
cators. Some methods are specifically tailored to certain
research fields, while others offer general adaptability.

In terms of sustainability dimensions, environmental and
health and safety aspects are predominantly assessed, with
only a few cases including economic factors and rare consider-
ation of social aspects beyond health and safety. Due to data
limitations in early-phase process development, the assessed
methods rely on preliminary lab or theoretical data, assump-
tions, the literature, or databases. The growing importance of
artificial intelligence and machine learning in sustainability
assessment and chemical process design has led to the utilis-
ation of computer simulations to generate and analyse sustain-
ability data. Additionally, the assessments commonly involve
frameworks, mathematical equations and life cycle assess-
ment. Multi-criteria decision analysis and statistical and multi-
variate analysis techniques are frequently employed during
decision-making and data analysis, respectively. The results of
the reviewed sustainability assessment methods often manifest
as single indicators, multi-indicator types, or cumulative indi-
cators, with the latter usually necessitating the application of
weighting to aggregate diverse data into a composite measure.
While a composite measure facilitates the comparison of
different process routes, the selection of weighting factors is
often a subjective decision, influencing the final assessment
outcome significantly. Thus, the decision of whether to
employ weighting and how to establish the weights represents
a critical aspect in the development of a sustainability assess-
ment method and can spark debate among practitioners.'"?
Furthermore, the incorporation of uncertainty into sustainabil-
ity assessments is observed in only about one-fifth of publi-
cations, despite its crucial role in risk mitigation, robust
decision-making and stakeholder confidence. This calls for
wider implementation of uncertainty analysis in the field of
sustainability assessment for chemical processes. By integrat-
ing uncertainty into sustainability assessments during early
process design, engineers and decision-makers can make
more informed choices, leading to the development of more
sustainable and resilient solutions.

This journal is © The Royal Society of Chemistry 2025
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While a multitude of methods for sustainability assessment
of early-stage chemical processes exist, they often encounter
common challenges. The quality of available data significantly
impacts the significance of assessment results.>® Therefore, it
is advisable to evaluate data quality, use known best estimates
and incorporate uncertainty analysis to address data-related
issues."™® At times, combining elements from different sus-
tainability assessment methods may be necessary to best
address the research question.

In summary, the diversity of methods for sustainability
assessment in the early design phase necessitates the selection
of the appropriate method based on the specific research ques-
tion, desired scope, data availability, time frame, workload and
specific knowledge. The maturity and nature of the chemical
process under consideration also influence the choice of the
most suitable assessment method. As the field of early-phase
sustainability assessment for chemical processes is constantly
evolving, it is expected that future advancements will address
the challenges and limitations associated with early-stage
assessments.

5.3. Research question 3

In addressing the third research question - what are trends
and topics in the field of early-phase sustainability assessment
and which sustainability indicators are frequently considered?
- notable findings have emerged.

Analysis of the most frequently used author keywords and
trend topic analysis has revealed that life cycle analysis,
environment health safety (often in combination with inherent
safety) and green chemistry are of considerable interest and
are frequently included in the reviewed methodologies within
the field of early-phase sustainability assessment of chemical
processes. Apart from that, the multi-dimensional nature of
sustainability and the diverse array of sustainability indicators
used have led to multicriteria assessment being a key aspect in
this domain.

Thematic mapping further revealed that multicriteria
assessment, leading to either a multi-indicator or cumulative
indicator assessment result and encompassing one (environ-
mental) or three dimensions (economic, health and safety,
and environmental) of sustainability, formed the foundational
basis of research in this field. Conversely, holistic assessment
methods that incorporate all sustainability dimensions,
including social aspects, are less common due to the challenge
of quantifying “soft” aspects such as gender equality, well-
being, or fair salary, particularly in the early development
phase, where data availability is restricted and there is a lack
of consensus on relevant criteria for social sustainability."**
Additionally, thematic mapping highlighted computer simu-
lation as an emerging theme, consistent with qualitative ana-
lysis hypotheses.

Factorial analysis, based on multiple correspondence ana-
lysis and k-means clustering, is another statistical method
used to identify clusters of related research topics in the field.
Analysis of the distribution of clusters along the x-axis and the
y-axis suggested a division of clusters based on result indi-
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cators (single indicator, multiple indicators, cumulative indi-
cator) as well as the coverage of sustainability dimensions. In
total, 5 different clusters were identified. The central cluster,
which corresponds to the average research profile, comprises
three-dimensional assessment methods (economy, health and
safety, environment), in accordance with the basic theme
identified by thematic mapping. Notably, distinct clusters were
identified around topics such as inherent safety, green chem-
istry and life cycle assessments, aligning with earlier assump-
tions based on trend topic analysis and thematic mapping. A
smaller cluster, which involves 4-dimensional or safe and sus-
tainable by design assessment, is positioned slightly apart in
the lower left corner of the diagram. In summary, these find-
ings align with the initial assumptions based on the most fre-
quently used words, trend topic analysis and thematic
mapping.

When considering the indicators used for early-stage sus-
tainability assessment of chemical processes, it is observed
that costs in different forms are the most prominent economic
indicator, while health and safety aspects focus on dangers
arising from the intrinsic reactivity of chemicals, their toxicity
potential and processing conditions. The environmental
dimension, still receiving the greatest attention, is primarily
assessed by global warming potential, energy demands, and
the effects of air and water emissions, categories often ana-
lyzed in life cycle assessment frameworks. Notably, route and
process-related aspects such as atom economy, yield, or
process mass intensity, derived from the 12 principles of green
chemistry, are increasingly assessed, contributing to health
and safety or environmental considerations. A relatively new
process indicator, “convergence”, has appeared, assessing the
efficiency of multistep synthesis by gauging the number of key
construction steps in relation to the number of starting
materials, as evidenced in recent publications.®®

5.4. Synthesis

As a synthesis of the review, our objectives are to (i) visually
represent the sustainability assessment methods studied and
(ii) propose a systematic decision-making process for selecting
the most fitting sustainability assessment tool for a specific
research question.

To illustrate the array of sustainability assessment methods,
we adopted a target-based model, similar to the structure
known in archery, with a dual-level organisation. Firstly, the
target is segmented into quarters (1-4), each representing one-
, two-, three-, or four-dimensional methods for assessing sus-
tainability. In this respect, one-dimensional methods are
further categorised into tools that focus on environmental or
health and safety aspects, while two-dimensional methods
encompass either environmental and health and safety or
environmental and economic considerations. Secondly, the
target comprises concentric rings (A-C), where the proximity
to the centre correlates with the time and data complexity of
the respective sustainability assessment method. As we move
towards the centre of the target, time and data efforts of sus-
tainability assessment methods increase and so do the signifi-
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cance of the results and the likelihood to “hit the target” and
design a sustainable process. The outermost ring encompasses
heuristic assessment methods, which are simple procedures
relying on a minimum set of data (such as substance pro-
perties or basic process data), allowing for quick assessments
of sustainability aspects (e.g. screening methods). Moving
towards the centre, the middle ring incorporates more time-
consuming and complex multicriteria methods based on pro-
found process data, enabling a more comprehensive sustain-
ability evaluation. These methods often employ statistical or
multivariate analysis tools such as MCDA or AHP for the
decision-making process. The innermost ring includes assess-
ments that are most data- and time-intensive, showing charac-
teristics of life cycle assessment, depending on elaborate
process or computer simulations, featuring complex math-
ematical models or including scenario and uncertainty ana-
lysis. These tools are positioned closest to the centre, which
symbolises the goal of developing a sustainable chemical
process. The division of sustainability assessment methods
into the three concentric rings is based on the application of
the method rather than its development, with the significance
of the result also being considered. The specific placement
within a segment is arbitrary and lacks any meaning. It is
important to note that there are no distinct boundaries
between the segments and the placement of tools is based on
the authors’ perception and could be a subject of discussion.
An illustration of the sustainability assessment target and
the positions of the reviewed sustainability assessment tools
can be found in Fig. 5. As can be seen from the figure and as
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Fig. 5 Sustainability assessment target (numbering of references based
on Table 1; segments 1-4: number of sustainability dimensions
included; rings A—C: increasing complexity of assessment method).
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one would expect, the incorporation of additional sustainabil-
ity dimensions into an assessment tool generally leads to
methods that are more complex and require increased time
and data resources.

Apart from that, we want to offer a systematic guide for
selecting an appropriate sustainability assessment method for
practitioners. Before being able to select an appropriate
method, one must know what process data are available or can
be retrieved from other sources, what time and effort should
be spent, and what knowledge is available (e.g. LCA expertise,
simulation etc.). Then, it has to be decided what sustainability
aspects should be covered by the assessment. Is a comprehen-
sive, four-dimensional sustainability assessment targeted or
should the focus lie on specific aspects? Depending on
context-specific priorities driven by stakeholder interests or the
need for decision-making simplification, the utilisation of low-
dimensional sustainability assessment methods may be justi-
fied, even though incorporating more sustainability dimen-
sions improves the prospect of developing a sustainable
chemical process. In certain cases, a combination of methods
may be the most appropriate approach to address the issues of
interest, as exemplified by our group’s endeavour to evaluate
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the sustainability of an early-stage electrochemical process for
synthesising noroxymorphone.'*® Additionally, one could also
combine a heuristic screening method for rapid pre-selection
with a more complex assessment tool to conduct in-depth ana-
lysis of promising pathways.

When choosing a suitable method for carrying out a sus-
tainability assessment, practitioners should essentially con-
sider the following questions, as outlined in the decision tree
in Fig. 6:

1. What dimensions of sustainability shall be considered in
the assessment, such as economic, environmental, social, and
health and safety factors?

- Follow path 1,2, 3 or 4 -

2. Should the evaluation be quick and with limited data
and time efforts (for screening purposes)?

- If yes: check methods 1A-4A, depending on the path; if no:
continue on path 1,2, 3 or4 -

3. What is the desired level of detail/complexity of the
assessment (medium: multicriteria methods; high: LCA-based,
simulation-based, or complex mathematical tools)?

- If medium: check methods 1B-4B, depending on the path;
if high: check methods 1C-4C, depending on the path -

What dimensions of
sustainability shall be
considered?

1 2

3 4

Should the evaluation be quick and
with limited data and time effort (“screening”)?

1 2

yes no yes no

1A 2K

3 4

yes no yes no

3A 4N

What is the desired level of detail / complexity of the assessment?

1 2

medium medium

high high

1B 2B

1C 2C

Fig. 6 Decision tree for selecting a sustainability assessment method.
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The decision tree directs the practitioner towards a specific
quadrant and concentric circle of the target, where references
satisfying the chosen criteria for sustainability dimensions, as
well as time/data efforts, can be found. Within this segment,
the selection of a particular method may be influenced by
factors such as the incorporation of uncertainty, the nature of
the indicator result, existing expertise or the field of research.
Ultimately, the choice of the most suitable method depends
on the practitioner’s judgment and experience. With this sys-
tematic selection strategy, we aim to enable researchers to
make an informed decision on the selection of a suitable
method for sustainability assessment.

6. Conclusion

The importance of considering sustainability from the early
stages of process design cannot be overstated. This study aims
to present an extensive review of sustainability assessment
methods applicable in the initial design phase of chemical
processes, encompassing the process synthesis phase or TRL
1-4. Our comprehensive literature review identified 53 relevant
publications meeting our selection criteria, which were ana-
lyzed using a mixed-method approach.

The qualitative analysis involved categorising the articles’
content into areas such as bibliographic data, data require-
ments, sustainability dimensions, indicators, assessment
methods, decision-making procedure, result characteristics
and research field. The reviewed methods vary significantly in
their use of sustainability indicators and their consideration of
economic, social, health and safety, and environmental sus-
tainability. To illustrate the diversity of applicable methods, we
presented one-, two-, three- and four-dimensional assessment
tools. These methods often incorporate elements of life cycle
assessment, utilise mathematical equations, or form part of a
broader multi-step framework. Notably, computer-aided
methods are increasingly leveraging computer simulation, arti-
ficial intelligence, machine learning and neural networks.
Moreover, the evaluated methods vary in their decision-
making processes, incorporating elements of multicriteria
decision making, weighting, statistical analysis and addressing
uncertainty through techniques such as Monte Carlo analysis,
quantification of prediction uncertainty, fuzzy logic and data
quality ratings. The assessment results can be based on a
single indicator, multiple indicators, or a cumulative indicator,
requiring practitioners to select an appropriate method for
their specific research question. It is evident that these tools
predominantly evaluate the relative sustainability of a chemical
process, identifying the most sustainable option among a set
of possible reactions, rather than providing absolute sustain-
ability assessments. Notably, the Safe and Sustainable by
Design concept of the EU shows efforts towards absolute sus-
tainability assessment and suggests including elements of the
use of the chemical (such as the type and quantity used),
therefore going beyond mere relative comparisons of chemi-
cals.>* Furthermore, our study highlights that many sustain-
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ability assessment methods are based on well-established con-
cepts such as green chemistry, life cycle thinking and inherent
safety.

For the second level of analysis, we employed quantitative
methods utilising the bibliometric analysis tool “bibliometrix”.
This involved document analysis, which examined the most
frequently used words and trending topics, as well as concep-
tual analysis, including factorial analysis and thematic
mapping. At the document level, we analyzed author keywords
to reveal the most frequently considered aspects in the
research field, including LCA, EHS, environmental impact and
green chemistry. Trend topic analysis showcased interest in
key research topics over time, such as the recent emphasis on
safe and sustainable by design, the continuous impact of LCA
or the past efforts related to sustainability assessments of
methyl methacrylate. Furthermore, we examined economic,
health and safety, and environmental indicators to identify the
most popular indicators used in the reviewed frameworks. In
terms of conceptual analysis, we studied selected categories
from the qualitative analysis, such as author keywords, sus-
tainability dimensionality, assessment procedure, results,
research field and used sustainability indicators. Factorial ana-
lysis, employing multidimensional scaling and k-means clus-
tering, identified five distinct clusters of research, with their
relative positions correlating with the type of assessment result
(single, multi-, or cumulative indicator) and the sustainability
dimensionality assessed. The central research cluster, corres-
ponding to the average research profile, comprises early-stage
sustainability assessment methods, including aspects of econ-
omic, health and safety, and environmental sustainability.
Apart from that, thematic mapping of sustainability indicators
unveiled basic, motor, niche and emerging/declining themes,
offering valuable insights into the research field’s structure
and indicator usage.

Finally, we visualised the dimensional scope as well as time
and data requirements of the reviewed literature methods in a
figure in the form of a sustainability target. This visualisation
enables a quick perception of the distribution of available
methods for the purpose of chemical process design.
Accompanied by a decision tree, the figure is designed to
assist practitioners in identifying an appropriate assessment
tool tailored to their specific needs.

6.1. Future research

The exploration of early-stage sustainability assessment in the
literature has been extensive. Our study uncovered current
topics and trends in this field, shedding light on areas for
potential future research. Notably, social sustainability assess-
ment tends to focus on tangible and quantifiable health and
safety aspects, highlighting the need to integrate more “soft”
social aspects into these evaluations. Additionally, certain rele-
vant topics, like endocrine disrupting chemicals and persistent
organic pollutants, have been mentioned in the literature but
have not received sufficient attention in the past. An endo-
crine-disrupting chemical is an exogenous chemical or
mixture of chemicals that can interfere with any aspect of
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hormone action."*® Besides having serious (sometimes irre-
versible) effects on the body, especially in phases of develop-
ment (fetal, childhood, puberty), it is especially concerning
that endocrine disruption takes place at extremely low concen-
trations.'’” Increasing research on the topic of endocrine dis-
ruption has indicated that it has become a serious public
health issue and there has been little progress in implement-
ing regulatory processes.'’” Another class of chemicals of
special concern are persistent organic pollutants (POPs). In
most cases, POPs are highly lipid soluble molecules, which
tend to bioaccumulate in living organisms, are toxic and
remain within the ecosphere for a long period of time due to
their stability."'® Although measures to eliminate or reduce the
release of known POPs have been taken, such as the
Stockholm Convention phasing out various polychlorinated
compounds among others, new chemicals are released to the
market at a speed exceeding the capacity to conduct chemical
safety assessments,"" increasing the risk to release potentially
harmful and persistent compounds into the environment.

Furthermore, the assessment of sustainability has predomi-
nantly been conducted in absolute terms, with the SSbD
concept by Caldeira et al.’* representing one of the few initiat-
ives striving to advance more absolute sustainability assess-
ment. Nevertheless, given the imperative to revolutionise the
chemical industry — a major consumer of resources and energy
and a substantial contributor to global carbon emissions™*° -
it becomes necessary to question whether merely selecting the
“least unsustainable” process alternative is adequate, particu-
larly without a comprehensive evaluation of process sustain-
ability in absolute terms. Consequently, future endeavours in
this domain are indispensable to attain a genuinely sustain-
able chemical industry.

Another significant topic that has attracted considerable
attention, albeit outside the realm of early-stage assessment of
chemical processes, is circularity. While there have been
notable efforts in promoting the circular use of chemicals,
these initiatives have not yet been fully integrated into the sus-
tainability assessment of chemical processes. For instance,
Wang and Hellweg'®' outlined steps to incorporate the
concept of circularity into practice, introducing a stage for
“sustainable circularity” assessment. Similarly, Keijer et al.'**
presented the twelve principles for circular chemistry, aiming
to provide a comprehensive systems approach. Although
frameworks for acknowledging circularity in chemicals exist,
the integration of circular chemistry concepts into early-stage
sustainability assessment represents an area for future
research.

Based on the literature review, social considerations predo-
minantly focus on health and safety aspects and the signifi-
cance of inherent safety indices in reducing risks associated
with chemical plant operations is emphasised. Various case
studies'***® indeed demonstrate the effectiveness of inherent
safety indices in promoting a safer chemical process and pre-
venting accidents at production sites. Nonetheless, it is crucial
to recognise that the occurrence of accidents depends not only
on inherent hazards but also on the implementation of risk
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management measures."”® Thus, it is imperative to prioritise
risk management efforts, even when inherent hazards are
lower, to preclude chemical plant accidents.®

6.2. Limitations

Despite efforts to minimise potential limitations in the current
study by using both quantitative and qualitative methods,
certain constraints may persist in the study design and result
interpretation. The definition of the search string, including
the selection of keywords and Boolean operators, as well as the
choice of search database, significantly impacts the obtained
results during the literature search. Additionally, the exclusion
of conference papers, books, industry reports, non-English lit-
erature and material published before 2000 limits the scope of
the study. Moreover, the bibliometric analysis is based on a
relatively small sample of papers due to the focus on early-
phase sustainability assessments, setting the groundwork for
future research in this area. The outcome of the analysis is
influenced by various settings, such as the minimum cluster
frequency and the number of words in the thematic map ana-
lysis, or the number of terms and clusters in the factorial ana-
lysis. It is important to note that while bibliometric analysis
provides objective metrics, the interpretation of networks,
trends and clusters involves subjective judgment.
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