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A proposal of twelve principles for LCA of chemicals

Green chemistry gained prominence after the publication of its 12 fundamental principles. Life Cycle
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Green foundation

Assessment (LCA) complements green chemistry by evaluating environmental impacts during the entire life
cycle of products or part of it (cradle to gate). This perspective proposes 12 principles for the LCA of chemicals,
a list of issues that should be addressed by LCA practitioners, in a procedural way, in order to apply correctly
the life cycle perspective within the green chemistry discipline.

1. The development of twelve fundamental principles of Life Cycle Assessment (LCA) applied to chemicals can support practitioners in the field of green
chemistry in adopting the LCA methodology to guide and enhance their research.
2. LCA is a versatile tool; therefore, all branches of chemistry and chemical engineering may benefit from understanding the procedural approach needed to

correctly apply the life cycle perspective within the discipline of green chemistry.

3. Innovation from a life cycle perspective is aimed at embracing all dimensions of sustainability—environmental, social, and economic. I hope that propos-

ing 12 fundamental principles of LCA applied to chemicals may help in assessing the potential of new reactions from the outset, in line with one of the core

pillars of green chemistry: benign by design.

Green chemistry is right now a well-established concept,
spread around the World and consolidated among a variety of
chemical disciplines. The term was first coined by Paul
T. Anastas in 1991. However, it gains more relevance after the
publication of the 12 fundamental principles in 1998.

These principles represent a recommendation for synthetic
and industrial chemists, guiding them in performing more
sustainable research activities in the field of chemistry.

Similarly, the life cycle thinking approach is gaining increas-
ing attention within the chemical community due to its ability
to be applied to syntheses, processes, and their components in
order to identify inefficiencies and explore alternative solutions.
The life cycle perspective represents a complex set of different
tools which can be used individually or in combination (in a life
cycle sustainability perspective). Among these, Life Cycle
Assessment (LCA) represents a more consolidated tool, being
the oldest and thanks to its standardization.>* It addresses the
potential environmental impacts of products and systems in a
cradle-to-grave approach, from raw material extraction up to the
end-of-life (EoL) stage, by considering several impact categories
oriented towards environmental problems (e.g., climate change
potential, acidification potential, etc) or the damage to the final
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receptors (i.e., human health, ecosystem quality and resource
consumption).

As highlighted by Gilbertson et al.,* “green chemistry looks
at the entire life cycle through the application of a set of prin-
ciples to optimize the design”. Therefore, a strong connection
between green chemistry and LCA exists.

However, while green chemistry promotes the adoption of
key principles to guide research towards more sustainable
practices, it does not provide a standardized framework for
classifying chemicals based on their environmental impact.

Although Kreuder et al.> have proposed an approach for asses-
sing chemicals and chemical processes in alignment with the 12
principles of green chemistry, they utilized information compiled
for compliance with the Globally Harmonized System of
Classification and Labeling of Chemicals (GHS). The green
chemistry metrics (GCM) proposed by the authors enable the
ranking of chemicals or processes using a hierarchical system:
(1) scores corresponding to each of the 12 principles, (2) rank-
ings across three categories for new and improved chemicals/pro-
cesses (enhanced resource efficiency, improved energy efficiency,
and reduced human and environmental hazards), and (3) an
overall summary ranking for comparison.

Conversely, LCA is a versatile and powerful tool able to
provide a standardized framework to assess the environmental
sustainability of green chemistry choices (e.g., less hazardous
or material intensive reagents, reduction in steps, waste pre-
vention, etc), even though it relies on specific case studies for
its application.
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Thus, green chemistry offers a set of guiding principles for
designing safer and more sustainable chemical processes,
whereas LCA provides quantitative and standardized metrics
to evaluate their environmental impacts. Despite these differ-
ences, there are points of intersection between them. In fact,
several approaches were already proposed (i) to support the
application of LCA to the chemical sector, in order to structure
a procedure to fill data gaps in the inventory,® (ii) to assist
researchers in the field of green chemistry to become familiar
with the methodology,"® by highlighting the benefits ascrib-
able to the usage of LCA within green chemistry,'" and (iii) to
highlight the numerous methodological challenges in LCA
studies of the chemical sector.'?

However, to the best of my knowledge, no one has proposed
a list of issues that should be addressed by an LCA prac-
titioner, in a procedural way, in order to apply correctly the life
cycle perspective within the green chemistry discipline.
Therefore, similar to green chemistry, in the following com-
munication, the 12 fundamental principles for LCA of chemi-
cals are proposed as follows:

1 Cradle to gate

2 Consequential if under control

3 Avoid to neglect

4 Data collection from the beginning

5 Different scales

6 Data quality analysis

7 Multi-impact

8 Hotspot
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9 Sensitivity

10 Results transparency, reproducibility and benchmarking

11 Combination with other tools

12 Beyond environment

The principles are ordered based on the logical sequence a
practitioner should follow. Principles 1 and 2 pertain to system
boundary definition (within the Goal and Scope definition, the
first stage). Principles 3-6 address the life cycle inventory (the
second and most time-consuming phase of the LCA). Principles
7-8 relate to the life cycle impact assessment (the third stage).
Principles 9 and 10 are categorized as miscellaneous, as they
include aspects of LCI, LCIA, and interpretation. Finally,
Principles 11 and 12 focus on integrating the LCA with other
tools and methodologies.

(1) Cradle to gate: the system boundaries of a study may vary,
but at a minimum the cradle-to-gate boundary should always be
ensured. The cradle-to-grave approach is a more established
approach and consistently enables the comparison of two or
more alternatives based on their function. However, very often
chemicals represent intermediate products with several appli-
cations in downstream and, thus, different EoL also depending
on the market. Therefore, other perspectives may be acceptable,
depending on the study’s goal and scope. One such approach is
the cradle-to-gate approach, which enables analysis from the
“roots” (raw material extraction) up to the production of the
chemical in its finished form. In the case of some types of chemi-
cals, like pharmaceuticals, the cradle-to-synthesis'® approach is
sometimes used including all steps up to the point where the pur-
ified active pharmaceutical ingredient (API) is obtained, while
excluding tableting and packaging. This approach is particularly
common in supporting R&D activities focused on optimizing API
synthesis. The cradle-to-gate approach allows for a comprehensive
analysis of alternatives, particularly when the main chemical or
technical differences lie in the upstream and/or core stages. This
could be the case of alternative pathways for producing the same
molecule with equal usage and EoL. An example is represented by
the comparison between the bottle-grade polyethylene tere-
phthalate (PET) derived from fossil and its bio-based counterpart.
The molecule obtained is the same, as well as all the downstream
stages (i.e., distribution, usage and EoL)f. Therefore, downstream
stages can be excluded from the analysis if they are not relevant to
the intended audience. However, if the comparison extends to a
different class of polymers, such as polylactic acid (PLA), which
varies in reference service life and disposal method (e.g., PLA is
compostable, while PET is not), the study must encompass all
stages up to the grave. For chemical products, gate-to-gate bound-
aries (which generally focus only on Scope 1 flows) should be dis-
couraged. In fact, to promote a ‘benign by design’ society, the
harmful effects associated with material and energy extraction,
purification, and the final fate of molecules and materials should
always be taken into account—as also suggested by the principles
of green chemistry—moving beyond what happens solely in the

TIf the same market scenario is assumed: the same distribution, the same usage
and equal EoL.

This journal is © The Royal Society of Chemistry 2025
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beaker.'* For example, different catalyst substrates should be
selected not only based on their efficiency within the reaction,
but also by considering their criticality,"® the resource intensity of
their extraction,"® and their recyclability potential."”

(2) Consequential if under control: according to the litera-
ture,'® an attributional LCA focuses on describing the environ-
mental characteristics of a life cycle and its subsystems. In
contrast, a consequential LCA aims to capture the effects of
changes within the life cycle. In other words, an attributional
LCI modelling framework inventories the input and output
flows of all processes within a system as they naturally occur.
Conversely, consequential LCI modelling identifies and evalu-
ates all processes in the background system that arise as a
result of decisions made in the foreground system.'® The
primary LCI methodological approaches associated with these
frameworks are allocation for attributional modelling and
system expansion or substitution for consequential model-
ling."® In simple terms, a consequential approach is more
action-oriented than an attributional one, although capturing
changes in physical, technical, and socio-economic variables.
Thus, while the attributional approach quantifies the potential
environmental impacts of the system as it is, the consequential
approach aims to assess the potential environmental impacts
resulting from changes within the system under study.
Therefore, a consequential approach is more complex, as it
extends the analysis beyond the plant facility to include a
broader portion of the industrial ecosystem. Considering mul-
tiple variables can affect the final results and provide the user
with a more powerful tool to support decision-making by
incorporating various scenarios. However, this approach in the
chemical sector is far from easy. A typical example of a conse-
quential approach is when LCA boundaries are expanded to
account for credits from material extraction or energy pro-
duction, such as using bio-based waste to generate energy in a
cogeneration plant as a substitute for fossil fuels. For greater
consistency, the application of a consequential model to part
of the life cycle should ideally extend to the entire system
boundaries. In cases of avoided impacts from material or
energy recovery, this approach should ideally encompass the
whole supply chain, where appropriate (i.e., when co-products
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generated by process units within the supply chain could
potentially be used as substitutes for virgin materials).
However, while this approach might offer consistency, it can
also lead to an underestimation or overestimation of the
overall environmental impacts. This is because the consequen-
tial model may not be consistently applied across all upstream
and downstream processes, over which the LCA practitioner
typically has no direct control. When direct control is not guar-
anteed, the data used to build the models are classified as
background data. These data generally fall under the category
of secondary data, although primary data may also be provided
by suppliers in the form of self-declared information or, prefer-
ably, certified or verified by a third party. Databases are
examples of tools that help fill data gaps. On the other hand,
foreground data should represent all core activities under the
control of the practitioner, where primary information (both
qualitative and quantitative) should ideally always be collected
(Fig. 1).

As a general rule, consequential approaches—such as
accounting for avoided products—should be limited to parts
of the life cycle where direct control over substitution is
ensured. Otherwise, they should be used only for sensitivity
analysis (see Principle 9).

(3) Avoid to neglect: when evaluating a reaction, there may
be instances where certain data are unavailable to the LCA
practitioner. This often occurs when the reaction is outside
direct or indirect control,® leading to gaps in data availability.
One of the most common examples is the energy consumption
of a reaction at the laboratory or pilot scale. Another case is
the inclusion of the full mass balance in the LCA model. Since
the life cycle results reflect the amount and quality of data
used in the inventory (Life Cycle Inventory, LCI), the greater
the percentage of omitted information, the lower the reliability
of the study. Therefore, as a general rule of thumb, all the
input and output flows within the system boundaries should
be incorporated into the model. A complete mass balance
must always be achieved, accounting for all input and output
flows within the system under study, including reagents and
auxiliaries (e.g., solvents), products and co-products, as well as
waste and emission flows. Cut-off criteria may be applied to

Upstream Core Downstream
background data foreground data background data
amatedal 1 o i
A
1
: i
avoided I Ic
O | S aveided? _ _ _ _ ________________ | I

A, B and C represent three alternative scenarios for co-product management

Fig. 1 Simplified system boundaries.
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flows contributing <1% of the overall mass (or volume) only if
the material does not have a significant environmental foot-
print (e.g., substances of very high concern or noble metals).
Catalysts may sometimes be excluded from the mass balance if
they are recovered and reused in subsequent cycles (e.g.,
heterogeneous catalysts).’

Energy consumption is also critically important, as it often
represents a major contributor to the overall environmental
impact of a reaction. However, its estimation can be challen-
ging. In such cases, an enthalpy balance is recommended to
ensure that the model accounts for the minimum energy
required by the process. A recent publication’ presents a step-
by-step procedure for completing the LCI of chemicals, dis-
cussing both limitations and advantages, and providing gui-
dance and strategies to address data gaps.

(4) Data collection from the beginning: LCA studies are often
conducted after the experimental phase is completed, a prac-
tice commonly referred to in the literature as ex-post or retro-
spective LCA.”® However, when life cycle thinking is integrated
during the research process to support innovation, it is more
valuable and appreciated. During lab-scale activities, scientists
typically focus on optimizing system efficiency (e.g., product
yield) or improving characterization (e.g., active surface area on
catalysts), often overlooking variables that can significantly
impact the final environmental footprint of the chemical
process. These overlooked factors may include energy con-
sumption, time requirements per stage, and the exact volumes
of solvent used for sample storage. Unfortunately, recovering
such information after the experiment is challenging, requir-
ing multiple assumptions to fill in the gaps. To avoid this,
data collection should begin from the outset, using dedicated
checklists to gather both quantitative and qualitative data for
each stage of the process. An exhaustive example of a checklist
was recently published in the literature.”* The spreadsheet file
reported in the SI can be used by practitioners as a starting
point to build their own checklist.

(5) Different scales: a life cycle approach can be valuable in
supporting the scaling up of reactions by conducting an initial
LCA at an early design phase, when the technology is at a low
readiness level (TRL). This helps to identify potential chal-
lenges or advantages, particularly important for lab-scale reac-
tions where the degree of freedom is significantly higher.
However, to fully grasp the potential of the innovation being
studied, the analysis should also be extended to higher TRL
levels, by setting the basis for a future-oriented LCA and inves-
tigating the environmental impacts of currently immature
pathways. Recently, Arvidsson et al. suggested using the term
prospective LCA to refer to studies with a future temporal posi-
tionality.>” In the case of chemical reactions, the assessment
should also investigate the effects of changes in background
systems, e.g., new materials for vessels and reactors to reduce
heat dissipation, alternative energetic mixes to meet future
climate targets, innovative catalytic systems to mitigate metal
criticalities, etc.

The most challenging activity is LCI upscaling. The first
and more consolidated option is using software engineering

12110 | Green Chem., 2025, 27,12107-12114
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simulation, considered, so far, the top level when primary data
are not available.*® Various commercial and open-source soft-
ware programs are available (e.g;, Aspen Plus®,**
CHEMCAD™,?*® DWSIM,*® Aspen HYSYS®,”” ProSim,*® etc) for
estimating heat duty in reactions and unit operations, as well
as electricity consumption for pumps, compressors, and other
electric drives. However, these tools require a minimum set of
input data—such as reactor type, kinetic equations, and reac-
tion conditions—to function effectively. Without access to this
information, conducting simulations becomes virtually
impossible. Moreover, the process demands specialized exper-
tise and a dedicated budget, which are not always readily avail-
able.’ Therefore, if not feasible, a simplified approach can be
implemented by practitioners based on constitutive equations
for individual equipment units. Piccinno et al.*>® developed a
framework to support the scale-up of chemical production pro-
cesses for LCA studies when only laboratory-scale data are
available. It is intended for LCA practitioners with limited
expertise in chemical engineering and provides a logical, sys-
tematic approach to guide the scale-up process.

(6) Data quality analysis: due to the varying availability of
necessary information for compiling the synthesis inventory
(e.g., thermodynamic values for energy balance, reaction stoi-
chiometry to identify by-products, etc.), a data quality analysis
should be incorporated into the study.

This analysis should begin during data acquisition to
prevent the loss of information—an issue that often arises
when a chemical process involves multiple unit operations
carried out by different research groups. To streamline the pro-
cedure, the checklist file (SI) can include an additional column
to classify data based on their source and to rank them as
primary or secondary. Qualitative information (e.g., direct
measurements) can also be collected, and a scoring system
(e.g., from 1 to 5) may be applied.

A valuable method to estimate data uncertainties and
screen the entire dataset is the quality pedigree matrix.>* This
approach often needs to be adjusted to better align with the
specific case study. Once the analysis is complete, the scores
are used to assign standard deviation values to each input/
output flow, which are then applied in an uncertainty analysis
using Monte Carlo simulation. The formula for standard devi-
ation calculation is commonly reported in the literature.*!
There is no fixed number of iterations recommended to accu-
rately capture data variability in the final results; software can
perform the analysis with a very high number of iterations
(e.g., over 10 000).

(7) Multi-impact: 1SO 14 044 clearly defines the need for a
multi-impact approach in life cycle assessment studies.
However, LCA models in green chemistry innovation studies
often focus on a single indicator at a time (e.g., carbon foot-
print),®* rather than considering multiple impacts simul-
taneously. Although a single-indicator approach may be easier
and more cost-effective, a comprehensive and holistic assess-
ment can be achieved using methods that encompass a wider
range of impact categories.’»** Among the more consolidated
examples, several methods exist: ReCiPe 2016 (18 midpoint cat-

This journal is © The Royal Society of Chemistry 2025
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egories and 3 endpoint receptors),>® IMPACT World+ (18 mid-
point categories and 3 endpoint receptors)*® and EF 3.0
(28 midpoint categories and no endpoint)®” are some of them.
Except for the Environmental Footprint methodology,*® there
is no fixed rule for the inclusion or exclusion of specific
impact categories in traditional LCA. As a general rule of
thumb, when a method is selected, the full set of impact cat-
egories should be included in the evaluation. For example,
when using ReCiPe 2016, all 18 midpoint categories should
be considered at the characterization level and reported in the
manuscript or in the electronic supporting information. The
discussion, however, can focus on a subset of these categories
by highlighting those that are most relevant.

This selection should follow a rational approach: depending
on the type of process or material being assessed, certain cat-
egories cannot be omitted. For instance, in the case of bio-
based products, the use of dedicated biomass necessitates the
inclusion of impact categories such as land use, eutrophica-
tion, and ecotoxicity. Similarly, for battery production, the con-
sideration of mineral resource consumption is essential.

Another option—often used in combination with the above
—is to identify the impact categories that contribute most to
the cumulative single score after applying a weighting step.
However, weighting is not mandatory in all multi-impact
assessment methods. It is considered an optional element, as
it introduces a degree of subjectivity that can influence the
final results, even though most methods include predefined
weighting schemes.

(8) Hotspot: green chemistry innovation should prioritize
reagents, solvents, auxiliaries, or process steps that have the
greatest impact across the entire life cycle. To effectively target
efforts—often constrained by limited budgets—a hotspot ana-
lysis®® should always be conducted to identify where improve-
ments are most needed. Results of this evaluation, also called
contribution analysis, allow the identification of dominant
hotspots. In this context, a preliminary LCA can be valuable in
pinpointing inefficiencies and assessing how alternative
approaches might reduce the overall environmental footprint.
When a database is presented in the form of unit processes (a
list of elementary flows entering and leaving each unit),
hotspot analysis reveals the step(s) with the greatest contri-
bution. A further network analysis can then be conducted to
identify the flow(s) with the highest contribution, which can
serve as a basis for exploring potential alternatives.
Replacement is sometimes challenging, as the availability of
practical chemical alternatives on the market is limited.
However, this limitation drives continuous innovation and
improvement in the development of greener and more sustain-
able solutions.

(9) Sensitivity: the traditional LCA approach typically rep-
resents a stable scenario with fixed geographical, technical,
and temporal boundaries, producing a snapshot of the system
under study during the impact assessment stage. However,
how do changes in variables affect the results? To assess the
robustness of the LCA model, sensitivity analysis is highly rec-
ommended, especially in the chemical sector. Factors such as

This journal is © The Royal Society of Chemistry 2025
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process efficiencies (yield, conversion, and selectivity), chemi-
cal and physical conditions, catalyst quantities, raw material
sources, energy mixes, transportation, and other variables can
be adjusted to reflect a wider range of scenarios. Often, sensi-
tivity analysis by evaluating the variations of parameters is
impractical and not feasible due to the high number of vari-
ables. Therefore, the practitioner can limit the sensitivity ana-
lysis to only dominant hotspots and substances. The simplest
example is represented by the energy vector(s) used to run the
reaction. The practitioner can evaluate how the results are
affected by switching from a traditional energy carrier (e.g.,
natural gas)*® to electricity,* and then perform a further sensi-
tivity analysis to identify the optimum carrier under different
energy mix scenarios.

(10) Results transparency, reproducibility and benchmarking:
the chemical sector is characterized by highly specialized cor-
porate knowledge, making it difficult to fully reconstruct
systems. Key information such as energy consumption, catalyst
quantities, and regeneration flow requirements is often
confidential.

Confidentiality is also a common characteristic of commer-
cial databases (e.g., ecoinvent).*” However, two essential pillars
of the life cycle thinking approach are transparency and the
reproducibility of data and outcomes. In line with the
European Open Science policy,*® researchers and practitioners
in the field of LCA should provide at least the system boundary
flowsheet (Principle 1), the complete LCI with assumptions
and exclusions (in line with Principle 3), and the characteriz-
ation factors used during impact assessment (Principle 7).
This information constitutes the minimum knowledge
required for reproducibility, even though data sharing is also
desirable (as encouraged by the Environmental Footprint
methodology).?” In this sense, sharing data in the form of
elementary flows without further details about the unit pro-
cesses involved may help protect confidential information.
While this approach may have some benefits, it reduces the
amount of information that can be extracted from the results
to support eco-design.** Furthermore, an independent third-
party critical review of the study should be ensured when the
results are intended for external communication, particularly
at the company level.

In fact, the results of an LCA study are intended for both
internal and external stakeholders, depending on the target
audience. In the latter case, the study has to undergo a critical
third-party review, as required by the reference standards. In
accordance with the ISO 14044, the critical review process is
necessary to decrease the likelihood of misunderstanding, by
ensuring that:

« the methods used are consistent with the ISO standard;

» the methods used are scientifically and technically valid;

» the data used are appropriate and reasonable, in relation
to the goal of the study;

» the interpretation reflects the limitations;

« the study report is transparent.

As reported above, the principles of green chemistry and
LCA are considered key approaches for supporting innovation.
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LCA is comparative in nature, and its results should be inter-
preted by comparing them with one or more benchmarks.
Many standards*>™” support claims by evaluating a product’s
performance relative to an average product (with the same
function) available on the market. Another common approach
is to compare a greener chemical or pathway with a traditional
one (e.g., patented route vs. commercial route;'* fossil vs. bio-
based*®). However, benchmarking can be challenging during
the early design stage of a new chemical, especially when no
comparable products are yet available on the market. In such
cases, applying a streamlined LCA**° from the outset can
support decision-making throughout the optimization
process. In these cases, the benchmark is the chemical
product/process synthesized or developed in the stage prior to
optimization.

(11) Combination with other tools: the structure and nature
of LCA allow for seamless integration with other approaches,
enhancing insights into reactions and effectively supporting
R&D efforts. Combining LCA with green metrics is rec-
ommended, since they can act as complementary sets of indi-
cators.”® Chemists often use tools like the E-factor,’*** atom
economy,’” or process mass intensity (PMI)>* to evaluate their
syntheses at the laboratory scale. While these tools are simple
to apply and can help identify key performance indicators for
tracking over time and during scale-up, combining them with
LCA ensures a more comprehensive assessment by quantifying
potential environmental impacts from significant waste gene-
ration (high E-factor) and/or excessive resource consumption
(high PMI). A recent quantitative study by Lucas et al.>' found
weak correlations between mass- and energy-based metrics
and life cycle impacts across environmental and human pro-
tection categories (i.e., climate change, pollution, toxicity, and
resource depletion). Their findings suggest that metrics like
PMI and E-factor alone are not reliable indicators of the overall
environmental impact of chemical production processes. From
a practical standpoint, researchers may adopt standardized
process metrics (e.g., PMI, E-factor, and energy intensity) in
combination with LCA-based indicators. As a general rule of
thumb, the combination of multiple indicators into a single
score (i.e., green metrics + LCA indicators) should generally be
discouraged. However, if it is applied, it should always be
accompanied by an analysis of each investigated impact factor
separately.

Another recommended approach for chemical reactions is
risk assessment (RA). While LCA typically offers an overview of
potential environmental impacts from actual releases, RA pro-
vides valuable insights into the potential risks faced by
workers handling hazardous substances during synthesis, as
well as the possible environmental and human health risks
during the molecule’s use and end-of-life stages. The com-
bined use of both approaches was first proposed in the late
1990s,>® and has since been reiterated by several researchers
as a key strategy to support green chemistry innovation and
policy development.®>”~>°

In general, RA can support LCI by predicting the likelihood
of exposure to specific substances during handling or reaction
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steps (e.g., emissions). This is achieved by identifying or
assuming potential exposure routes (inhalation, dermal, and
ingestion), assessing release potential (e.g., volatility, dusti-
ness, fugacity, temperature, and pressure), and considering
the risk management measures in place. This integration
helps practitioners achieve more reliable results regarding toxi-
cological impacts.

Recently Cefic (The European Chemical Industry Council)
and JRC (Joint Research Center) have worked on the standard-
ization of an innovative assessment scheme, the so-called Safe
and Sustainable by Design chemicals and materials
(SSbD).°%°! SSbD integrates safety considerations, environ-
mental sustainability, and social and economic sustainability
(the latter two are discussed later in Principle 12) into the
design of new chemicals and materials by incorporating safety
analysis (including intrinsic risk and risk during production,
usage, and EoL stages) before the environmental and socio-
economic dimensions.

(12) Beyond environment: to fully advance the development
of green chemistry, the life cycle approach should extend
beyond environmental sustainability. Ideally, the economic
and social dimensions of sustainability should also be con-
sidered in evaluations where feasible. Life Cycle Costing
(LCC)®* and Social-LCA (S-LCA)®® are the primary globally
recognized methods for assessing these potential impacts.
Among them, only S-LCA is currently progressing toward stan-
dardization. The European ORIENTING (Operational Life
Cycle Sustainability Assessment Methodology Supporting
Decisions Towards a Circular Economy)® project has devel-
oped a unified approach for Life Cycle Sustainability
Assessment (LCSA), a comprehensive methodology that inte-
grates the results of LCA, LCC, and S-LCA into a single score.

In summary, twelve fundamental principles of LCA applied
to chemicals are suggested here. These principles serve as
general guidelines to support a more standardized and conso-
lidated use of LCA within the field of green chemistry. While
most principles should always be adhered to, any deviations
should be clearly justified. Some aspects, such as integrating
other methodologies like LCC and S-LCA or applying more
complex frameworks (e.g., LCSA and SSbD), may be more chal-
lenging to implement. Although expanding the assessment
beyond environmental factors requires specialized expertise,
the scientific community strongly encourages the use of
additional methodologies or comprehensive approaches to do
that.

These principles are not intended to be definitive; rather,
the author’s aim is to share them with the LCA practitioner
community working in the field of green chemistry, inviting
interested parties to engage in a discussion regarding their
potential expansion and/or refinement.

Conflicts of interest

There are no conflicts to declare.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc04844j

Open Access Article. Published on 03 September 2025. Downloaded on 05.04.2026 06:35:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

Data availability

No primary research results, software or code have been
included, and no new data were generated or analysed as part
of this review.

Supplementary information is available. Example checklist

for completing the Life Cycle Inventory (LCI) stage. See DOI:
https://doi.org/10.1039/d4gc04844;j.

References

1 P. T. Anastas and J. C. Warner, Green Chemistry: Theory and
Practice, Oxford University Press, Oxford, 1998.

2 International Organization for Standardization (ISO),
14040:2006, Environmental Management—Life Cycle
Assessment—Principles and Framework, 2006, ISO,

4

10

11

12

13

14

15

16

17

18
19

Geneva, Switzerland.

International Organization for Standardization (ISO),
14044:2006, Environmental Management—Life Cycle
Assessment—Requirements and Guidelines, 2006, ISO,
Geneva, Switzerland.

L. M. Gilbertson, J. B. Zimmerman, D. L. Plata,
J. E. Hutchison and P. T. Anastas, Chem. Soc. Rev., 2015, 44,
5758-5777.

A. DeVierno Kreuder, T. House-Knight, ]J. Whitford,
E. Ponnusamy, P. Miller, N. Jesse, R. Rodenborn, S. Sayag,
M. Gebel, I. Aped, I. Sharfstein, E. Manaster, 1. Ergaz,
A. Harris and L. Nelowet Grice, ACS Sustainable Chem. Eng.,
2017, 5, 2927-2935.

C. Jiménez-Gonzalez, S. Kim and M. R. Overcash, Int. J. Life
Cycle Assess., 2000, 5, 153-159.

S. Kim and M. Overcash, J. Chem. Technol. Biotechnol.,
2003, 78, 995-1005.

R. Hischier, S. Hellweg, C. Capello and A. Primas,
Int. J. Life Cycle Assess., 2005, 10, 59-67.

D. Cespi, Green Chem., 2024, 26, 9554-9568.

D. Kralisch, D. Ott and D. Gericke, Green Chem., 2015, 17,
123-145.

R. L. Lankey and P. T. Anastas, Ind. Eng. Chem. Res., 2002,
41, 4498-4502.

L. M. Tufvesson, P. Tufvesson, J. Woodley and P. Borjesson,
Int. J. Life Cycle Assess., 2013, 18, 431-444.

D. Cespi, E. S. Beach, T. E. Swarr, F. Passarini, I. Vassura,
P.J. Dunn and P. T. Anastas, Green Chem., 2015, 17, 3390-3400.
D. Cespi, L. Esposito, R. Cucciniello and P. T. Anastas, Curr.
Res. Green Sustainable Chem., 2020, 3, 100028.

European Commission, Study on the EU’s list of Critical Raw
Materials - Final Report, 2020.

P. Nuss and M. J. Eckelman, PLoS One, 2014, 9, e101298.

B. K. Reck and T. E. Graedel, Science, 2012, 337, 690-695.

T. Ekvall, J. Cleaner Prod., 2002, 10, 403-406.

European Commission - Joint Research Centre - Institute
for Environment and Sustainability: International Reference
Life Cycle Data System (ILCD) Handbook - General guide
for Life Cycle Assessment - Detailed guidance. First edition

This journal is © The Royal Society of Chemistry 2025

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34
35

36

37

View Article Online

Perspective

March 2010. EUR 24708 EN. Luxembourg. Publications
Office of the European Union; 2010.

B. A. Sandén and M. Karlstrom, J. Cleaner Prod., 2007, 15,
1469-1481.

European Commission, Joint Research
CentreV. SantucciU. EynardA. ArrigoniE. Weidner and
F. Mathieux, LCA Checklist: a tool to improve the communi-
cation of the environmental sustainability of the Clean
Hydrogen Joint Undertaking projects, Publications Office of
the European Union, Luxembourg, 2024, vol. 1, JRC136429,
https://data.europa.eu/doi/10.2760/529754.

R. Arvidsson, M. Svanstrom, B. A. Sandén, N. Thonemann,
B. Steubing and S. Cucurachi, Int. J. Life Cycle Assess., 2023,
29, 607-613.

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

Aspen Technology, Aspen Plus®. Available online: https:/
www.aspentech.com/en/products/engineering/aspen-plus
(accessed on 04 September 2025).

Chemstations, CHEMCAD™, Available online: https:/chem-
stations.com/chemcad (accessed on 04 September 2025).
DWSIM. Available online: https:/dwsim.org/(accessed on
04 September 2025).

Aspen Technology, Aspen HYSYS®. Available online: https://
www.aspentech.com/en/products/engineering/aspen-hysys
(accessed on 04 September 2025).

Fives ProSim. Available online: https:/www.prosim.net/en/
(accessed on 04 September 2025).

F. Piccinno, R. Hischier, S. Seeger and C. Som, J. Cleaner
Prod., 2016, 135, 1085-1097.

B. P. Weidema and M. Wesnaes, J. Cleaner Prod., 1996, 4,
167-174.

M. Goedkoop, A. De Schryver and M. Oele, Introduction to
LCA with SimaPro 7, PRé Consultants, 2006.

International Organization for Standardization (ISO),
14067:2018, Greenhousegases—Carbon footprint of pro-
ducts—Requirements and guidelines for quantification,
2018, ISO, Geneva, Switzerland.

0. Ogmundarson, M. J. Herrgard, J. Forster, M. Z. Hauschild
and P. Fantke, Nat. Sustain., 2020, 3, 167-174.

D. Cespi, Sustainable Chem., 2023, 4, 184-196.

M. A. ]J. Huijbregts, Z. J. N. Steinmann, P. M. F. Elshout,
G. Stam, F. Verones, M. D. M. Vieira, A. Hollander, M. Zijp
and R. van Zelm, ReCiPe 2016 - A harmonized life cycle
impact assessment method at midpoint and endpoint level,
National Institute for Public Health and the Environment
(RIVM), Netherlands, 2017.

C. Bulle, M. Margni, L. Patouillard, A. M. Boulay,
G. Bourgault, V. De Bruille, V. Cao, M. Hauschild,
A. Henderson, S. Humbert, S. Kashef-Haghighi, A. Kounina,
A. Laurent, A. Levasseur, G. Liard, R. K. Rosenbaum,
P.-O. Roy, S. Shaked, P. Fantke and O. Jolliet, Int. J. Life Cycle
Assess., 2019, 24, 1653-1674.

European Platform on Life Cycle Assessment. Available
online:  https:/eplca.jrc.ec.europa.eu/LCDN/developerEF.
xhtml (accessed on 04 September 2025).

Green Chem., 2025, 27,12107-12114 | 12113


https://doi.org/10.1039/d4gc04844j
https://doi.org/10.1039/d4gc04844j
https://data.europa.eu/doi/10.2760/529754
https://data.europa.eu/doi/10.2760/529754
https://www.aspentech.com/en/products/engineering/aspen-plus
https://www.aspentech.com/en/products/engineering/aspen-plus
https://www.aspentech.com/en/products/engineering/aspen-plus
https://chemstations.com/chemcad
https://chemstations.com/chemcad
https://chemstations.com/chemcad
https://dwsim.org/
https://dwsim.org/
https://www.aspentech.com/en/products/engineering/aspen-hysys
https://www.aspentech.com/en/products/engineering/aspen-hysys
https://www.aspentech.com/en/products/engineering/aspen-hysys
https://www.prosim.net/en/
https://www.prosim.net/en/
https://eplca.jrc.ec.europa.eu/LCDN/developerEF.xhtml
https://eplca.jrc.ec.europa.eu/LCDN/developerEF.xhtml
https://eplca.jrc.ec.europa.eu/LCDN/developerEF.xhtml
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc04844j

Open Access Article. Published on 03 September 2025. Downloaded on 05.04.2026 06:35:15.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

38

39

40

41
42

43

44

45

46

47

48

European Commission, Commission Recommendation
(EU) 2021/2279 of 15 December 2021 on the Use of the
Environmental Footprint Methods to Measure and
Communicate the Life Cycle Environmental
Performance of Products and Organisations. Available
online: https://environment.ec.europa.eu/system/files/
2021-12/Commission%?20Recommendation%?200n%20the%
20use%200f%20the%20Environmental%20Footprint%
20methods_0.pdf (accessed on 04 September 2025).

P. G. Jessop and A. R. MacDonald, Green Chem., 2023, 25,
9457-9463.

Eurostat, Final energy consumption in industry - detailed stat-
istics. Available at: https://ec.europa.eu/eurostat/statistics-
explained/index.php?title=Final_energy_consumption_in_
industry_-_detailed_statistics#Chemical_and_petrochem-
ical_industry (accessed on 04 September 2025).

Bogaerts, Nat. Chem. Eng., 2025, 2, 336-340.

Ecoinvent Centre (formerly Swiss Centre for Life Cycle
Inventories), Ecoinvent v.3.10 Database, 2025.

European Commission, Open Science. Available online:
https://research-and-innovation.ec.europa.eu/strategy/strat-
egy-2020-2024/our-digital-future/open-science_en (accessed
on 04 September 2025).

International Organization for Standardization (ISO), ISO
14006:2020 Environmental management systems—Guidelines
for incorporating ecodesign, 2020, ISO, Geneva, Switzerland.
Made Green in Italy. Available at: https:/www.mase.gov.it/
portale/lo-schema-nazionale-made-green-in-italy- (accessed
on 04 September 2025).

Carbon Footprint Italy. Available at: https:/www.carbon-
footprintitaly.it/en/il-programma  (accessed on 04
September 2025).

The Carbon Trust label. Available at: https:/www.carbon-
trust.com/en-eu/what-we-do/carbon-footprint-labelling
(accessed on 04 September 2025).

D. Cespi, F. Passarini, G. Mastragostino, I. Vassura,
S. Larocca, A. Iaconi, A. Chieregato, J.-L. Dubois and
F. Cavani, Green Chem., 2015, 17, 343-355.

49 J. A. Todd and M. A. Curran, Streamlined life cycle assess-

ment: a final report from the SETAC-north America stream-
lined LCA workgroup, in 1999 Society of Environmental

12114 | Green Chem., 2025, 27,12107-12114

50

51

52
53
54
55
56
57
58
59

60

61

62

63

64

View Article Online

Green Chemistry

Toxicology and Chemistry, SETAC Press, Pensacola, FL, 6/99,
31 p.

J. B. Guinée, Handbook on Life Cycle Assessment: Operational
Guide to the ISO Standards, Kluwer Academic Publishers,
2002.

E. Lucas, A. J. Martin, S. Mitchell, A. Nabera, L. F. Santos,
J. Pérez-Ramirez and G. Guillén-Gosalbez, Green Chem.,
2024, 26, 9300-9309.

R. A. Sheldon, Chem. Ind., 1992, 23, 903-906.

R. A. Sheldon, Chem. Ind., 1997, 1, 12-15.

B. M. Trost, Science, 1991, 254, 1471-1477.

A. D. Curzons, Green Chem., 2001, 3, 1-6.

J. W. Owens, Risk Anal., 1997, 17, 273-399.

M. Herrchen and W. Klein, Pure Appl. Chem., 2000, 72,
1247-1252.

H. S. Matthews, L. Lave and H. MacLean, Risk Anal., 2002,
22, 819-1033.

S. J. Cowell, R. Fairman and R. E. Lofstedt, Risk Anal., 2002,
22, 819-1033.

C. Caldeira, R. Farcal, I. Garmendia Aguirre, L. Mancini,
D. Tosches, A. Amelio, K. Rasmussen, H. Rauscher, J. Riego
Sintes and S. Sala, Safe and Sustainable by Design chemicals
and materials-Framework for the definition of criteria and
evaluation procedure for chemicals and materials. EUR31100
EN, Publications Office of the European Union,
Luxembourg, 2022, ISBN978-92-76-53264-4, p.JRC128591,
DOI: 10.2760/487955.

The European Chemical Industry Council (Cefic), Safe and
Sustainable by Design: A transformative Power, 2022.
Available online: https://cefic.org/app/uploads/2022/04/
Safe-and-Sustainable-by-Design-Guidance-A-transformative-
power.pdf (accessed on 04 September 2025).

D. G. Woodward, Int. J. Prog. Manag., 1997, 6, 335-344.
International Organization for Standardization (ISO), ISO
14075:2024 Environmental management — Principles and

framework for social life cycle assessment, Geneva,
Switzerland, ISO, 2024.
Operational Life Cycle Sustainability Assessment

Methodology Supporting Decisions Towards a Circular
Economy - ORIENTING. Available online: https://orienting.
eu/ (accessed on 04 September 2025).

This journal is © The Royal Society of Chemistry 2025


https://environment.ec.europa.eu/system/files/2021-12/Commission�%20Recommendation�%20on�%20the�%20use�%20of�%20the�%20Environmental�%20Footprint�%20methods_0.pdf
https://environment.ec.europa.eu/system/files/2021-12/Commission�%20Recommendation�%20on�%20the�%20use�%20of�%20the�%20Environmental�%20Footprint�%20methods_0.pdf
https://environment.ec.europa.eu/system/files/2021-12/Commission�%20Recommendation�%20on�%20the�%20use�%20of�%20the�%20Environmental�%20Footprint�%20methods_0.pdf
https://environment.ec.europa.eu/system/files/2021-12/Commission�%20Recommendation�%20on�%20the�%20use�%20of�%20the�%20Environmental�%20Footprint�%20methods_0.pdf
https://environment.ec.europa.eu/system/files/2021-12/Commission�%20Recommendation�%20on�%20the�%20use�%20of�%20the�%20Environmental�%20Footprint�%20methods_0.pdf
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Final_energy_consumption_in_industry_-_detailed_statistics#Chemical_and_petrochemical_industry
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Final_energy_consumption_in_industry_-_detailed_statistics#Chemical_and_petrochemical_industry
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Final_energy_consumption_in_industry_-_detailed_statistics#Chemical_and_petrochemical_industry
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Final_energy_consumption_in_industry_-_detailed_statistics#Chemical_and_petrochemical_industry
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Final_energy_consumption_in_industry_-_detailed_statistics#Chemical_and_petrochemical_industry
https://research-and-innovation.ec.europa.eu/strategy/strategy-2020-2024/our-digital-future/open-science_en
https://research-and-innovation.ec.europa.eu/strategy/strategy-2020-2024/our-digital-future/open-science_en
https://research-and-innovation.ec.europa.eu/strategy/strategy-2020-2024/our-digital-future/open-science_en
https://www.mase.gov.it/portale/lo-schema-nazionale-made-green-in-italy-
https://www.mase.gov.it/portale/lo-schema-nazionale-made-green-in-italy-
https://www.mase.gov.it/portale/lo-schema-nazionale-made-green-in-italy-
https://www.carbonfootprintitaly.it/en/il-programma
https://www.carbonfootprintitaly.it/en/il-programma
https://www.carbonfootprintitaly.it/en/il-programma
https://www.carbontrust.com/en-eu/what-we-do/carbon-footprint-labelling
https://www.carbontrust.com/en-eu/what-we-do/carbon-footprint-labelling
https://www.carbontrust.com/en-eu/what-we-do/carbon-footprint-labelling
https://doi.org/10.2760/487955
https://cefic.org/app/uploads/2022/04/Safe-and-Sustainable-by-Design-Guidance-A-transformative-power.pdf
https://cefic.org/app/uploads/2022/04/Safe-and-Sustainable-by-Design-Guidance-A-transformative-power.pdf
https://cefic.org/app/uploads/2022/04/Safe-and-Sustainable-by-Design-Guidance-A-transformative-power.pdf
https://cefic.org/app/uploads/2022/04/Safe-and-Sustainable-by-Design-Guidance-A-transformative-power.pdf
https://orienting.eu/
https://orienting.eu/
https://orienting.eu/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4gc04844j

	Button 1: 


