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Life Cycle Assessment (LCA)

= LCAis a comprehensive life cycle approach that quantifies ecological
and human health impacts of

a product or system over its complete life cycle.
i ’ plereliiecy Setup of

= LCA uses credible scientific methods to model
steady-state, global environmental and human the Study
health impacts.

= LCA helps decision makers understand the scale Data

of many environmental and human health impacts

of competing products, services, policies, etc. COI IECtiOh

= Basic principle is a 2-step procedure with :

= (i) Collection of the interactions of a system with
its own environment (Input-Output-Analysis), plus

= (ii) Assessment of each single environmental impact
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Impact Assessment

Picture: http.//www.nist.gov/el/msid/lifecycle/lifecycle.cfm
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Challenges of New Materials & Chemicals

= Life Cycle Inventory (LCI) Challenges:
= Quality and reliability of data

= Data gaps

= Addressing uncertainty in the data
[] Adequate & comprehensive description of the application

[] LCI data of the production of new materials & chemicals need to be collected and published as transparent,
gate-to-gate inventory datasets.

= Life Cycle Impact Assessment (LCIA) Issues:
= Lack of Characterization Factors
= Novel properties & behaviour
[] The model of assessment has to be tested in order to see be sure of its accuracy
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L h

CAis a comparative approach

* Adequate coverage of application context
* TRL-level [J Lab-scale to industrial production scale

( Impact assessment [J Specific characterization factors)
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Prospective LCA: Scale-up Framework

= With an engineering-based approach and this 5 step procedure, a LCA evaluation can be applied using lab

Preteees | Caleuatons and models |

Obtain lab-scale data

Process Flow design: reaction, separation...
Scale-up process: Engineering-based

Link and consolidate data

Perform LCA: Conventional methodology

s LaABorat 2 Plant flow chart 3 Separate scale- Linkagagt
o with scale and up of each & 9 5 Perform LCA
protocol s process steps
reactor sizes process step

Piccinno, F., Hischier, R., Seeger, S., & Som, C. (2016)
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Prospective LCA: Why do we need it?

“Forward-looking approach to evaluate the potential environmental impacts of emerging
technologies still in early development stages”

Anticipation of
environmental
impacts

Early design and
innovation

Policy and
regulation

Comparison with
future alternatives

Mitigating

long-term risks Industry decisions
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Prospective LCA: What does it mean?

“Forward-looking approach to evaluate the potential environmental impacts of emerging
technologies still in early development stages”

50 Term Definition
No Pf Prospective LCA  “[LCA] studies [...] looking forward at future environmental impact.”
studies . . . . .
Prospective (or [A] systematic assessment of future events and developments in society, technology,
40 1 . future-oriented) economy and policy that in the long-term could considerably influence the product system
-&-Prospective LCA LCA (and/or functional unit) and its conditions and hereby the environmentally relevant flows.”
Prospective LCA  “[LCA] estimating future life-cycle environmental impacts using scenarios”
30 4 -e- Ex-ante LCA . “ Y . TR
Prospective LCA  “An LCA is prospective when the (emerging) technology studied is in an early phase of
development (e.g., small-scale production), but the technology is modeled at a future,
& Anticipatory LCA more-developed phase (e.g., large-scale production).”
20 1 Ex-ante LCA “[LCA] studies [...] that:
e Scale-up an emerging technology using likely scenarios (e.g., using expert help, extreme
>-e views, learning curves for similar technologies) of future performance at full operational
10 - scale;
e Compare the emerged technology at scale with the evolved incumbent technology.”
.............. Ao Ex-ante LCA “[A]n environmental [LCA] of a new technology before it is commercially implemented in
0 + A . i . . o order to guide R&D decisions to make this new technology environmentally competitive as
2010 2012 2014 2016 2018 2020 2022 compared to the incumbent technology mix.”

Anticipatory LCA “[A] forward-looking, non-predictive [LCA] tool that increases model uncertainty through
inclusion of prospective modeling tools and multiple social perspectives.”

Italic terms relate to temporal positionality, and bold terms relate to technology maturity

Source: Arvidsson et al. Terminology for future-oriented life cycle assessment: review and recommendations. The International Journal of LCA 2024, 29:607-613.
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Prospective LCA: What does it mean?

e _ A distinction is made between an intra-technology
We can distinguish LCA models according to Technology comparison (comparison between ETs) and an

maturity and Temporal positionality inter-technology comparison (comparison of an emerging
technology with a conventional technology).

Technology
maturity "
A 2
TRL = -l “Ex-post LCA” *Ex-ante LCA”
high (t,, high) (t. high) -
igh
“Retrospective LCA” “Prospective LCA™
(tp- °) ('ﬁ ')
TRL= _ L “Lab-scale LCA" o
i (It ). low)
} } : | -
to t Time t
| ) Temporal ET: Emerging technology CT: Conventional technology
| positionality ; M
Past (t,) Now Future (&) % Lab-scale s | Commercial-scale Degree of uncertainty

= Intra-technology comparison = = Inter-technology comparison

Status quo comparison
Comparison of different scales at different imes while neglecting

Source: Arvidsson et al. Terminology for future-oriented life cycle assessment: review and
recommendations. The International Journal of LCA 2024, 29:607-613.

technology development

Source: Thonemann et al. Sustainability 2020, 12, 1192.
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The PINK project

>PINK

Material life cycle
and value chain

Multi-objective optimisation integrating

Material
development stage

functionality, safety and sustainability

Multi-objective decision support system based on generative Al for simultaneous,

Discovery & ideation Lab-scale demo Pilot-scale demo Manufacturing Use End of use Pl N K

innovative modelling

Read-across + increasing amount of information from earlier material development stages software
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Charactensat:on funcnonallg
hazard, exposure, LCA, LC
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pmposlrz dwechon new cycle

Refined list of candidate
AdMas&Chems with improved profile

weighted optimisation of functionality, safety and sustainability

™ Regulatory preparedness

¥ Economic viability PINK
Sustamabmv'
Performance Developmental Case
Cost/economic efficienc “ Studies & Industn'al

>

& Threshold acceptance Demonstrator
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Al and MOO for molecular design
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Diagram of the autoencoder used for
(a molecular design

SMILES input
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Adapted from: Gomez-Bombarelli et al. (2018). Automatic Chemical Design Using a Data-Driven Continuous Representation of
Molecules. ACS Central Science 4(2): 268-76.
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The SSbD 4 steps

Stage 1 3 Stage2 ** Stage3 °

iterative Step 1 - Step 4 (resp. 5) at all stages

Not included in the EC
Recommendation

Abbate, E., Garmendia Aguirre, I., Bracalente, G., Mancini, L., Tosches, D., Rasmussen, K., Bennett, M.J., Rauscher, H. and Sala, S., Safe and Sustainable by Design chemicals
and materials - Methodological Guidance, Publications Office of the European Union, Luxembourg, 2024, doi:10.2760/28450, JRC138035.
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The tiered approach

Step 1-3: Defining performance and functionality

Step 4-5: Deep dive assessment

needs & assessment dimensions & design ensuring SSbD alignment

principles including safety & sustainability

1

|

|
Business Business Experimental
Concept Plan/case development

Gate 5 I

Testing & Market launch
validation & production

IDEATION

Final Assessment along PSA/Triplex methods

High uncertainty Reduced uncertainty
Qualitative/basic considerations Qualitative + quantitative assessment\
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Generation of missing data in PINK

LCI data generation methods and the
SSbD tiered approach

Plant data
> . )
"E Process simulation
T and calculation
T
0 . .

o Stoichiometry
T
c
®  Molecular structure
whed
7} models
(o]
(@]

Proxy data

Omitting
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Simplified Streamlined Full
LCA LCA LCA

Design idea Intermediate Close to market

Technology maturity

Molecular
Structure Models

LOW ' LOw

Parvatker, A. G., & Eckelman, M. J. (2018). Comparative evaluation of chemical life
cycle inventory generation methods and implications for life cycle assessment results.
ACS Sustainable Chemistry & Engineering, 7(1), 350-367.
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Our approach for step 4 in SSbD
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SShD step 4: Life Cycle Assessment

Supply network
model

Background Life Cycle
Inventory

Goal and scope

System boundaries and
functional unit

ChAM candidate

Molecular and structural
properties

AY

ChAM
candidate

N[N & é M? ﬁ Product
ilﬁ .M.) Life Cycle Impact ChAM‘ i pfoduct: Life Cycle Impact

production Assessment i production Assessment

Tasks
Bl LCA specific

@ ﬁ‘} I From /to SSbD

Life Cycle

environmental
impact

(cradle-to-gate) (cradle-to-grave)

“By-design” context
Molecular
Process
Product

ChAM: Chemical and Advanced Material
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Conclusions

* Life Cycle Assessment is adequate tool for calculating environmental impacts in
sustainability assessment.

« LCA is data intensive; we sometimes need to estimate or predict missing data.

« Machine Learning can be used to fill data gaps, especially at early stages in the
SSbD context.
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e Slide 2
« LCAIintro

» Slide 3
» Challenges of New Materials & Chemicals (Uncertainty, lack of characterization factors...)

* Slides 4-5
» Prospective LCA: Scale-up framework & Why do we need it?

* Slide 6
» The PINK Project
* We have the same problem, but specific to the chemical industry
* [How to determine the LCA of in-silico chemical models]

» Slide 7 (Heatmap diagram)
*  Why is this difficult
* By looking at the heatmap, we need to rely on particular methods to fill missing data

* Slide 8 (LCA Workflow diagram)
» What are doing in the PINK project (describe the LCA workflow)
+ We assume that the by-design context is on the molecule model (but will eventually consider the whole supply chain at the end)
» 1. Building predictive models to calculate cradle-to-gate impacts (cheap and good for screening, but not precise) (Partial SSbD)
» 2. Pluging the previous step predicted data into prospective LCA models to analyze the product fully (Full SSbD)

* Slide 9 (Conclusions)
* Why do we need data
* Why are working on advanced ML
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