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(& SSbDandLCA

Safe and Sustainable by Design (SSbD) integrates safety, functionality, and sustainability into
chemical innovation from the earliest development stages. It requires chemicals to be
evaluated across their full life cycle from raw-material supply and production to use and end-
of-life rather than only at the synthesis stage.

Safety and sustainability assessment Life Cycle Assessment framework
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{¢] Retrosynthesis in

Retrolca: automated LCI generation in openLCA. Our Python-based toolkit
transforms retrosynthesis pathways into linked, model-ready process chains
directly in openLCA via its IPC interface. Starting from a target chemical’s
SMILES code, it obtains alternative reactions from retrosynthesis engines such
as ASKCOS or AiZynthFinder, then recursively creates foreground production
processes for missing intermediates. Existing chemical datasets in the
background database, such as ecoinvent, are automatically identified and
linked wherever suitable providers are available.
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Challenge: Missing inventory data! Cycle Assessment

Applying LCSA to novel chemicals is often difficult because detailed Life Cycle Inventory (LCI)
data are unavailable, incomplete, or confidential—particularly for complex and early-stage
chemicals. This motivates an automated workflow that uses retrosynthesis to derive synthesis
pathways and translate them into model-ready inventories for environmental, economic, and
social sustainability assessment.

Configurable, transparent route modelling. Users can define the maximum retrosynthetic depth
and number of route variants, select or customise background-data providers, and add generic
production or mass-balancing processes where detailed information is unavailable. Generated
processes include reaction visualisations and are organised for subsequent review, editing, and
completion by the practitioner. This creates a transparent bridge from molecular structure —
retrosynthetic route — LCI process chain — product system — LCIA, enabling systematic
comparison of alternative synthesis pathways while retaining expert oversight.
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software to derive LCl flows, e.g. ASPEN
« Method 2: Applies detailed engineering mass/energy
balances without full simulation (generic)
« Method 3: Uses simplified balances and rule-of-
thumb factors for major flows plus energy
 Method 4: Estimates inputs/outputs from the
balanced reaction equation(s) only
« Methodb5: Predicts impacts from structure, uses
a similar chemical using ML/QSAR methods
 Method 6: Using a similar structure as proxy
 Method 7: Omit from the product system

Once a product system is built and the remaining options being removed, the environmental but also
socioeconomic impacts of producing a chemical can be assessed. The data gap has been filled!
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To benchmark our approach, we used the production of Dicamba (herbicide) as a benchmark from

l LOW
) ecoinvent and simulated its production giving similar values (2 variants, 12 levels, AiZynthFinder).
However, what is the most transparent but also fast method to generate LCls? The environmental impacts across most impact categories were comparable:
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Retroactive Approach: Expert Knowledge
* Inventory build from plant data

« Datais collected over time
» Expert knowledge needed to model LCI

and Plant Data
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I:) Conclusion
Approach 1. SMILES are used in QSAR/ML models to estimate LCIA results directly, without
constructing an explicit LCI. It is quick and suitable when only a chemical structure is available
("Method 5” from above). However, it cannot represent specific synthesis routes or upstream Retrosynthesis can automatically fill missing LClI Benchmarking against ecoinvent's Dicamba
supply chains, and its reliability depends strongly on high-quality training data for chemically 01 data gaps for novel and early-stage chemicals production showed comparable impact results,

. . . . . lacking real production data. validating the LCl generation approach.
similar substances and is suitable only for some impact categories.
Approach 2: Molecular information is combined with predicted synthesis information, expert
knowledge, and background databases to construct an LCI before calculating the LCIA. Using Retrolca  links ~ molecular  structure  to Generated process chains keep the practitioner
transparent unit-process, synthetic pathways are understood and real impacts can be 02 retrosynthetic routes to LCI process chains, In the loop, allowing expert review and refinement
modelled. Here the "Method 3" from above can be applied. It also supports LCSA! erabling Il LLS withinopenLC betore A2 mpact assessmen!

A. G. Parvatker and M. J. Eckelman, ACS Sustainable Chemistry & Engineering 2019, 7(7).

Co-funded by Co-Funded by the European Union under the Grant Agreement No. 101138807. Views and opinions expressed are however those of the author{s) only and do not necessarily reflect
the European Union those of the European Union or the Health and Digital Executive Agency (HADEA). Neither the European Union nor the granting authority can be held responsible for them.




