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Résumé

Les enjeux environnementaux prennent une place majeure au sein de nos sociétés modernes.
L’activité Humaine contribue a la dégradation de I’environnement et les industriels ont le devoir de
limiter I’impact des solutions qu’ils proposent et mettent sur le marché. L’éco-conception est une des
démarches de la conception pour le développement durable qui permet d’intégrer les aspects
environnementaux en amont, lors des phases de développement. La pénétration de ses pratiques au
sein d’industriels nécessite une intégration verticale et horizontale. L’intégration horizontale
concerne les aspects stratégique, tactique et opérationnels tandis que I’intégration horizontale
focalise sur les aspects de changement culturel et de facteurs humain. Cette thése de doctorat
s’intéresse & l’intégration de [’éco-conception au sein d’une entreprise multinationale
pharmaceutique. L’objectif du projet s’est attaché a venir formaliser les concepts pour cette
intégration dans I’industrie pharmaceutique afin de soutenir la transition des pratiques interne de ce
secteur. La variété et complexité des aspects de 1’éco-conception, ainsi que les défis a la fois
techniques et organisationnelles de I’industrie pharmaceutique doivent étre pris en compte afin de
fournir une approche de transition cohérente. Les expérimentations de ces travaux ont été menées
avec un partenaire, industriel pharmaceutique a 1’échelle internationale, en collaboration avec les
Arts et Métiers, campus de Paris. Les travaux menés ont permis de poser les bases d’un modele
d’intégration de 1’éco-conception au sein de I’industrie pharmaceutique, avec des outils
d’accompagnement associés.

Mots clés : Eco-conception, Industrie pharmaceutique, Modéle d’intégration, Environnement

Summary

Environmental issues take a major place in our modern societies. Human activity contributes
to the degradation of the environment and manufacturers have the duty to limit the impact of the
solutions they offer and put on the market. Eco-design is one of the approaches of Design for
Sustainability which makes it possible to integrate environmental aspects, during the development
phases. The penetration of its practices within industrials requires vertical and horizontal integration.
Horizontal integration concerns the strategic, tactical and operational aspects while horizontal
integration focuses on the aspects of cultural change and human factors. This doctoral thesis focuses
on the integration of eco-design within a multinational pharmaceutical company. The objective of
the project was to formalize the concepts for its integration in the pharmaceutical industry in order
to support the transition of internal eco-design practices in this sector. The variety and complexity of
eco-design aspects, as well as both the technical and organizational challenges of the pharmaceutical
industry must be taken into account in order to provide a coherent transition approach. The
experiments for this work were carried out with a partner, an international pharmaceutical industry,
in collaboration with the Arts et Métiers, Paris campus. The work carried out has made it possible to
lay the foundations of an eco-design integration model within the pharmaceutical industry, with
associated support tools.

Key words: Eco-design, Pharmaceutical industry, Integration model, Environment
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General introduction

From the apothecaries, who were providing products to heal, to the current big pharma who
are providing both mass production drugs or specialty care ones, medicine have played a key role in
our modern society (Bhugra, 2014). The intrinsic role of the pharmaceutical industry is nowadays to
make medicines available (Gateaux and Heitz, 2008) and affordable (Nussbaum, 2009) to contribute
to the well-being and health of the Humankind.

The United Nations (UN) have estimated the worldwide Human population at 7.9 billion for
2021 and was estimated around 2.5 billion in 1950 (UN, 2022). The projections estimated a
demographic stabilization between 2050 and 2075 to reach around 10.5 billion of living being.
Discrepancy in healthcare is an issue not solved nowadays. The COVID-19 vaccination is a perfect
witness of the difficulty to provide healthcare in different countries (Sen-Crowe et al., 2021). The
growing population will most likely add challenges to the supply of medicines products. Its emphasis
a first social difficulty of the pharmaceutical sector.

Additionally, the Earth is currently facing an environmental crisis with never encountered
proportion. Formalized by the Planetary boundaries (Persson et al., 2022; Rockstrom et al., 2009;
Wang-Erlandsson et al., 2022), on nine thresholds that shouldn’t be exceeded to live on a proper
Earth, five of them are exceeding their limits. The concept of Country overshoot day is also
formalizing the fact that the way of living of most Human is not sustainable in regards of the resource
regeneration capacity of the planet (Global Footprint Network, 2022).

To address the environmental crisis, the international community, through the UN, had
formalized the Sustainable Development Goals (SDGs) in 2015, where some of them are related to
the environmental aspects (UN, 2015). Some instance and organizations are also known to contribute
to the debate such as the COP (Hussain and Mahase, 2022) or the Intergovernmental Panel on
Climate Change (IPCC) (Rama et al., 2022).

Like any Human activity, the pharmaceutical industry is not neutral in terms of environmental
impact. In regards of the Climate change, the literature suggest that the pharmaceutical industry is
contributing between 3% and 33%, with a most likely value around 15% of the Greenhouse Gas
(GHG) emissions of the health care systems (Eckelman et al., 2018; Lenzen et al., 2020; NHS, 2022;
The Shift Project, 2021). But the environmental footprint is not limited to the GHG emissions, and
pharmaceutical product do have environmental impacts in other aspects such as, non-exhaustively,
the resource consumption (Luu et al., 2021), the degradation of water (Wilkinson et al., 2022) or
even on the human-health (Souza et al., 2019).

This last element represents a high paradox of the pharmaceutical industry. By making
available medicines products, they are contributing to improve the health of population. But in the
other hands, by producing such products, they are polluting the environment. Therefore, take into
account the environment is a key factor for this sector, especially with the One Health concept
philosophy (Destoumieux-Garzon et al., 2018).

Nowadays, the pharmaceutical perform Environmental Risk Assessment (ERA), to determine
the environmental fate of their Active Pharmaceutical Ingredient (API) (Manuilova, 2003). Since
decades, they also adopted the Green chemistry approach, in order to reduce the environmental
burden of their manufacturing processes (Anastas and Williamson, 1996; Diorazio et al., 2021).
However, these approaches are lacking holistic perspective, both in terms of environmental footprint
and lifecycle understanding.

The community of Design engineering is working since the 1990s on Design for Sustainability
approaches (Ceschin and Gaziulusoy, 2016). The Eco-design approach is one of them and focus on
the environmental dimension of the Sustainability. By integrating the holistic environmental
footprint, in a lifecycle perspective, into the design of product or service (EEA, 2001), the Eco-design
is one approach to decrease their environmental burden. However, this mindset is not yet well
implemented within the pharmaceutical sector.

To address these challenges, this doctoral thesis involves transdisciplinary expertise, with a
partnership between Sanofi and the Product Design and Innovation Laboratory (Laboratoire
Conception de Produits et Innovation, LCPI, EA 3927), part of the Arts et Métiers Institute of
Technology.
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In this context, the research aimed to support the pharmaceutical industry in the Eco-design
journey. Through the state of the art performed on several topics such as the engineering science, the
Eco-design, and the pharmaceutical industry, success factors and barriers to Eco-design products
were identified. This allowed us to structure our research with the problematic: “How to foster the
Eco-design practices into the New Product Development of medicines in a systemic way? ”.

Two hypotheses are formalized to structure our research.

The first one is based on an organizational perspective. The literature mentions the integration
of environmental aspects into decision making of the development process as one key success factor
of an Eco-design journey. The second hypothesis is built around an operational view. Eco-design
tools are available in the literature and the adaptation of them could favorize the Eco-design
appropriation of the pharmaceutical industry.

The work performed during the doctoral thesis are presented in this manuscript in four phases.
e Phase 1: Context presentation, stakes of the work and state of the art

e Phase 2: Formalization of the problematic, linked to the findings of the state of the art,
and hypothesis of resolution

e Phase 3: Description of the work performed during the PhD who aimed to feed the
hypothesis

e Phase 4. Summary of contributions, limits, conclusions, and perspectives

Those four phases are structured in nine chapters, which aim to describe the way of thinking
all along this research.

Chapter I: Context of the work (Phase 1)

The first chapter aim to present the overall context of the research. The context linked to the
international community, the pharmaceutical industry, the scientific, and the laboratory are
presented. This chapter set the position of this research within each of these dimensions.

Chapter |1: State of the art (Phase 1)

The second chapter set the state of the art on key related topics of this research. Main concepts
of Design science and engineering, the Design for Sustainability, Technical aspects of Medicines,
and Environmental perspectives of pharmaceutical products are exposed. Those elements constitute
the scientific foundation of this research.

Chapter I11: Problematic and hypothesis (Phase 2)

The observations drawn from the state of the art are synthesized in chapter three to lead to the
formalization of the research problem guiding this doctoral thesis. The methodological approach
aimed at resolving this is then presented and leads to the emergence of the two hypotheses structuring
this research work.

Chapter 1V: Stakeholders management (Phase 3)

The consideration of external stakeholders is identified as a success factor to implement an
Eco-design approach. The first experimentation of this research aimed to identify a framework of
external stakeholders of the pharmaceutical industry, to consider in Eco-design approach.

This work was based on both literature review and workshop with experts of the
pharmaceutical industry, in close contact with their external stakeholders. A first theoretical
framework is proposed and another one based on experimentation was set. The experimental one
was structured based on the Geels framework of stakeholders to considers when innovating (Geels,
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2006). A prioritization of these stakeholders was set during the experimentation. This work emphasis
the evolving considerations of these stakeholders, linked to both societal pressure and level of
external stakeholders understanding of environmental issues of medicines. This last aspect highlights
the need of the pharmaceutical companies to consider the holistic environmental footprint of their
products, in a lifecycle perspective.

Chapter V: Pharmaceutical design process (Phase 3)

The chapter five focus on the long journey of developing a pharmaceutical product. It
highlights the sequential process, which is regulatory driven, to ensure the safety of the patient.

Eco-design approaches should be set to the phase of the process. To identify relevant Eco-
design levers within this process, two experimentations were performed. A first one, based on
interviews of Research and Development (R&D) practitioners and a qualitative assessment was
performed in parallel. The results were then merged to define convergence points and set an overall
framework regarding the Eco-design potential levers within the pharmaceutical design process.

This approach is the first step in order to be able to reach a systemic approach of Eco-design.

Chapter VI: Eco-design maturity model (Phase 3)

Despite the numerous tools available in the literature, the pharmaceutical industry struggle to
implement in a systemic manner Eco-design approaches. After we proposed our mapping of Eco-
design potential within the development process, it appeared to us that R&D practitioners needed
support to be able to implement the Eco-design mindset within their activities.

This chapter aimed to present the development of an Eco-design maturity model tool,
dedicated to the pharmaceutical industry: the Drug Eco-designed integration meter (DEimeter). The
development was based on the Design Research Methodology (DRM). The aim of this tool is to track
and guide the Eco-design practices within R&D. It is structured through two dimensions, the
organizational and the operational one. The first dimension, the organizational, aimed to track from
a management perspective the practices aligned with an Eco-design approach. The operational
dimension proposes tools to use, adapted to the phase of the development.

Chapter VII: Monoclonal Antibody LCA guidance (Phase 3)

Life Cycle Assessment (LCA) is currently considered as one of the best tools to assess
holistically the environmental footprint of products and services, from a lifecycle perspective. The
application of the methodology behind this tool is not mature within the pharmaceutical sector and
is time-consuming.

The aim of this chapter is to provide guidance when performing an LCA for monoclonal
antibodies (mAbs). After presenting generic and technical aspects of mAbs, recommendation to
perform LCA for such products are made, based on a study done during the research. Such
recommendations could be the first elements to build a Product Category Rule (PCR) for mAbs, and
therefore foster the capacity to assess this family of product.

Chapter VIII: Contributions and limits (Phase 4)

Chapter seven highlights the contributions made during this research. Both description and
limits are presented to set an overall picture of the work of this research.

Chapter 1X: Conclusion and perspectives (Phase 4)

The chapter nine summarizes the work presented in this manuscript and recontextualizes it to
bring out the contributions and the perspectives that they underlie. A set of questions remaining to
be solved is finally raised to feed the pursuit of scientific reflections on the integration of Eco-design
within the pharmaceutical industry.
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The figure below summarizes the links between the four phases and the nive chapters.
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Figure 1 - Summary of the nine chapters of this manuscript within the four phases
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Phase 1

Chapter |

Context of the work

« Une croissance indéfinie est impossible, nous n'avons qu'une seule Terre, mais une civilisation du
bonheur est possible »

Dumont, R., 1974. La campagne de René Dumont et du mouvement écologique: Naissance de

[’écologie politique. Déclarations, interviews, tracts, manifestes, articles, rapports, sondages,
récits et nombreux autres textes. FeniXX.

“Infinite growth is impossible, we only have one Earth, but a civilization of happiness is possible”
Dumont, R., 1974. La campagne de René Dumont et du mouvement écologique: Naissance de
[’écologie politique. Déclarations, interviews, tracts, manifestes, articles, rapports, sondages,

récits et nombreux autres textes. FeniXX.
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Chapter 1 — Context of the work

I Context of the work

This chapter aim to present the context of this work, by presenting succinctly General
elements, linked to the international community, the Industrial context, with some historical facts
and current trends, the Scientific context, the Research laboratory one to then expose main stakes of
the work.

|. Context of the work

Figure 2 - Context of the work structure

1.1 General context

In 2019, the population on Earth was evaluated around 7.7 billion. The forecast of the United
Nations (UN) is expecting for 2050 around 9.7 billion and 11 billion living souls for 2100 (UN,
2019). The same year, a global study highlighted that 369 diseases and 87 risk factors were identified
within 204 countries (Vos et al., 2020).

Meanwhile, we are living on a planet with limited resources. In 2021, the Earth Overshoot
Day, also known as the evaluated date, when the Human activities consume more than what the Earth
can regenerate in one year, was determined on July 29" (Global Footprint Network, 2021).
Furthermore, there is now a consensus within the scientific community to say that Human activities
has warmed the climate with a peak during the last 2000 years (IPCC, 2021).

Embraced by the International community since 2015, the Environment protection is part of
the Sustainable Development Goals (SDGs). 17 goals were settled in 2015 with the aim to cover all
aspects of sustainability all around the world (Fleming et al., 2017).

Table 1 - List of the Sustainable Development Goals (SDGs) of the United Nations (UN)
Title Description
1iom No poverty End poverty in all its forms everywhere

Zero hunger End hunger, achieve food security and improved nutrition and
promote sustainable agriculture

Good health and well Ensure healthy lives and promote well-being for all at all ages
being

Quality education Ensure inclusive and equitable quality education and promote
lifelong learning opportunities for all
Gender equality Achieve gender equality and empower all women and girls

Clean water and Ensure availability and sustainable management of water and
sanitation sanitation for all
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Affordable and clean Ensure access to affordable, reliable, sustainable and modern
energy energy for all

Decent work and Promote sustained, inclusive and sustainable economic growth,

economic growth full and productive employment and decent work for all
- Industry, innovation Build resilient infrastructure, promote inclusive and sustainable
& and infrastructure industrialization and foster innovation

Reduced inequalities  Reduce inequality within and among countries

Sustainable cities and Make cities and human settlements inclusive, safe, resilient and
communities sustainable

Responsible Ensure sustainable consumption and production patterns

consumption and

production

Climate action Take urgent action to combat climate change and its impacts

Life below water Conserve and sustainably use the oceans, seas and marine
resources for sustainable development

Life on land Protect, restore and promote sustainable use of terrestrial

ecosystems, sustainably manage forests, combat desertification,

and halt and reverse land degradation and halt biodiversity loss
Peace, justice and Promote peaceful and inclusive societies for sustainable
strong institutions development, provide access to justice for all and build

effective, accountable and inclusive institutions at all levels
Partnerships for the Strengthen the means of implementation and revitalize the
goals global partnership for sustainable development

Generally, the sustainability topic is part of the Corporate Social Responsibility (CSR) of an
industrial. The concept of Triple Bottom Line of Elkington (TBL) (Elkington, 1998) is sometimes
considered as the origin of the modern CSR. Latapi Agudelo et al. described a history and evolution
of the CSR and found older trace of this concept in 1953 (Latapi Agudelo et al., 2019).

The TBL, with the People, Planet & Profit framework, can be considered as a link between
the sustainability field and the CSR (Oliwa, 2021). The SDGs of the UN can be placed into the TBL
framework as below.

e People: SDG 2; 3;4; 5
e Planet: SDG 13; 14; 15
e Profit: SDGS; 9; 11

It is also possible to identify some SDGs on the crossroad of two pillars of the TBL.:
e People/Planet: SDG 6

e People/ Profit: SDG 1; 10
e Planet/ Profit: SDG 7; 12

Finally, the SDG 16 and 17 can be understood as transversal goals, which are not directly
contributing to the TBL, but are required to be able to foster them.
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Figure 3 - The SDGs of the UN within the Triple Bottom Line framework

This diversity of goals highlights a well-known challenge within the Environmental ethic topic
between the Anthropocentric, the Biocentric and the Ecocentric philosophies. Indeed, it raise the
guestion of what is morally acceptable in terms of Environmental burden VS Societal contribution
for the Humankind. The Anthropocentric way of thinking can be defined as “the belief that there is
a clear and morally relevant dividing line between humankind and the rest of nature, that humankind
is the only principal source of value or meaning in the world” (Purser et al., 1995). In this
perspective, “nature has moral consideration because degrading or preserving nature can in turn
harm or benefit humans” (Kortenkamp and Moore, 2001). While Biocentrism is identified as the
“ethics that sees inherent value to all living things”, Ecocentrism go further by considering also
“environmental systems as wholes, and their abiotic aspects” (Kopnina et al., 2017).

For a designer and more broadly the Society, the answer to the question “Is my product
Sustainable?” will differ depending on his Environmental ethic. Some examples in part 1.2 let us
think that we are still in an Anthropocentric world, even if the Ecocentrism philosophy seems to be
growing within the Society.

The purpose of this thesis is not to focus or neither discuss about the environmental ethics and
philosophies. We will not initiate this important debate, closely linked to our topic, and will focus
more on how the pharmaceutical sector can embrace the Environmental sustainability of its products
and activities, in a holistic perspective, to contribute to the environmental journey of the Humankind.

.2 Industrial context

The pharmaceutical industry is closely linked to the history and evolution of medicine. In this
part, I aim to present a quick overview of the genesis & current trends, the societal duty, and high-
level environmental aspects of this industry.
Genesis of pharmaceutical industry to current trends, a quick history

The history of products to heal or cure patient come alongside with the humankind. 5000 years
(Kelly, 2010) ago, the Sumerian clay slab from Nagpur were already suggesting use of medicinal

plants. Authors suggest that China, 2500 before Christ, already had 365 drugs (Petrovska, 2012) and
many examples can illustrate the use of plants to heal patients. But those approaches are far from an
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industrial way of production and the modern pharmaceutical industry is linked to the European
history of medicine.

The history of the western pharmaceutical industry can be identified in four phases: 1870 —
1930; 1930 — 60; 1960 — 80; 1980 — present.

o 1870-1930

The birth of the pharmaceutical industry is usually identified in the nineteenth century
(Malerba and Orsenigo, 2015). This industry is considered as the merge of the apothecaries, who
went from small production in a broader one, and of chemical companies. Usual medicines used in
1800s include opium, morphine, phenacetin and acetanilide as painkillers. Opium was also used for
diarrhea and cough (Memon, 2022). Cocaine was used for oral pains and toothache as illustrated in
the figure 4. Other medicines were discovered, such as the insulin in the 1920s (Sims et al., 2021).

e DL e s

COCAINE
TOOTHACHE DROPS

Instantaneous Cure!

PRICHENLS CGHIDNSESS
Prepared by the

- LLOYD MANUFACTURING CO.

219 HUDSON AVE., ALBANY, N. Y.

For sale by all Druggists.

Figure 4 - Advertisement for Cocalne Toothache Drops in US, 1885 (NIH, 1885)

The table 2 is summarizing a list of apothecaries, their estimated year & country of creation
and their relationship with current pharmaceutical companies.

Table 2 - Non exhaustive list of apothecaries with their relationship with current big pharma

Apothecary Country Current
pharmaceutical
company

Merck 1668 Germany Merck Germany

Hoffmann-La Roche 1896 Switzerland Roche

Burroughs 1880 England GSK

Wellcome

Midy 1778 France Sanofi

Etienne Poulenc 1900 France Sanofi

Abbott 1888 uUS Abbott

Smith Kline 1830 uUsS GlaxoSmithKline

Upjohn 1886 us Viatris

o 1930-60
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This period is identified as the “Golden age” of the pharmaceutical industry (Malerba and
Orsenigo, 2015). Alongside with the discovers related to medicine, the field of chemistry saw a
growth of development. Synthetic vitamins, sulfonamides, antibiotics, hormones (thyroxine,
oxytocin, corticosteroids, and others), psychotropics, antihistamines, and new vaccines were
developed at that time.

Table 3 - Example of medicine products discovered between 1930 and 1960

Medicine Therapeutic area Year of discover
Sulfamidochrysoidin Streptococcal infection 1931
Sulfonamide Bacterial infection 1935
Equilenin Sex hormones 1939
Penicillin Bacterial infection 1939
Cortisone Anti-inflammatory 1949
Enovid Contraceptive pill 1956
o 1960 -80

During this era, the cost increase of new drugs leads to a change of paradigm and strategies.
Alongside with this parameter, the progress in different fields, such as pharmacology, biology,
physiology or enzymology, led to a new range of possibilities for drugs development. The birth of
the biotechnology is usually identified with the Genentech company in 1976 (Lucier, 2019). But
some evidence seems to set Cetus as the first biotechnology company in 1971 (Bains, 2020). Main
innovations were brought around cardiovascular drugs; tranquilizers, antidepressants, and
antihistamines with fewer side effects; nonsteroidal anti-inflammatory drugs; oral contraceptives;
cancer therapies; and means of controlling the symptoms of Parkinson's disease and asthma attacks.

Table 4 - Example of medicine products discovered between 1960 and 1980

Medicine Therapeutic area Year of discover
Ibuprofen Pain killer 1962
Ketamine Anesthetics 1962
Triamterene Blood disorder (pressure) 1964
Amiloride Blood disorder (pressure) 1967
Diclofenac Pain killer, anti-inflammatory 1973
Tramadol Opioid pain Killer 1977

o 1980 — present

As in the past, the increase of knowledge in other scientific fields allowed the pharmaceutical
industry to break through new type of medicines. Medicines to treat cancer, such as angiogenesis
inhibitors and drugs targeted to molecular features of cancer cells, and to fight HIV/AIDS, such as
reverse transcriptase inhibitors and protease inhibitors, were discovered.

Modelization and databases helped to speed up the development process of New Molecular
Entity (NME) candidates.

Table 5 - Example of medicine products discovered between 1960 and 1980

Type of Family type Therapeutic area Year of discovery
medicine

Sumatriptan Triptans Headache 1984

Ketoprofen Propionic acid Nonsteroidal anti-inflammatory 1993

drugs
Parecoxib Prodrug of Anti-inflammatory 1995
valdecoxib
Lopinavir Protease inhibitors HIV infection 1996
Ropivacaine Amino amide Local anesthetic 1998

Doctoral thesis — Duc-Nam LUU 25



Dupilumab Monoclonal Atopic dermatitis asthma, nasal 2016
antibody polyps, eosinophilic esophagitis
and prurigo nodularis

A trend seems to appear within the big pharma where “large molecules” are more and more
developed. In other words, a switch from the historical chemical-type of medicine and primary care
focused, for more profitable specialty care drugs (Gautam and Pan, 2016) is observable.

Moreover, strategies of R&D in the pharmaceutical industry are changing, in order to inverse
the decline of NME discovery. Schuhmacher et al. mentioned the “outsourcing of non-core
activities ”, the “externalization of research activities to biotech companies” Who are more agile, the
“open innovation”, the “vitualization of R&D”, or “public-private partnerships” as approaches that
the pharmaceutical industry is currently adopting (Schuhmacher et al., 2021).

The pharmaceutical industry, a societal actor

Intrinsically part of its Societal duty, the Pharmaceutical sector is one of the key actors to
ensure the availability (Gateaux and Heitz, 2008) and the affordability (Nussbaum, 2009) of
treatments. It is therefore one of the key players to contribute to the Sustainable Development Goal
(SDG) number 3 “Ensure healthy lives and promote well-being for all at all ages”. But like any
Human activity, the manufacture of medicine products induces environmental impacts. Therefore,
the Pharmaceutical sector is facing the ethic complexity to provide efficient healthcare product by
non-degrading the environment (Luu et al., 2021).

Even if Environmental issues are more and more visible and considered as critical within the
International community, especially the Climate change (IPCC, 2021), few examples shows that we
are currently still in an Anthropocentric mindset. It is particularly explicit within the pharmaceutical
sector. For instance, a declaration of the European Medicines Agency (EMA) mention that “In any
event this [potential environmental] impact should not constitute a criterion for refusal of a
marketing authorisation” (EMA, 2006). A concrete example of this statement is the case of the
COVID-19 vaccines. Despite the complex cold supply chain, and by extension a high energy
consumption, the deployment of such products was adapted to face the pandemic crisis. The Carbon
emissions equivalent of the vaccines were evaluated around 5.13 x 10*2 gCO.eq for 1.56 x 10%
vaccine doses (Klemes et al., 2021). To illustrate a bit more, if we consider the distance by roads
between Paris and Dakar at 6,882 km (Himmera, 2021) and based on the Environmental Protection
Agency (EPA) calculation tool (OAR US EPA, 2015), the Carbon emissions equivalent of the
vaccines may represent around 3 million Paris-Dakar in an average vehicle.

Another environmental concern, specific to the pharmaceutical products, can be mentioned.
The eco-toxicity is one of the critical issues of the pharmaceutical sector. The chapter 11.5.4 is
describing this aspect.

A group of Pharmaceutical associations joined themselves to publish during the UN Climate
Change conference COP26 a joint statement who declare that member of those associations are
mitigating the Environmental impact of their activities who are contribution to climate change (ABPI
et al., 2021). As example of the change of paradigm from stakeholders of the pharmaceutical
industry, in France, the Union of Hospitals for Purchasing (UniHA) had organized a webconference
to talk about how to limit the environmental footprint of hospitals, from a market point of view
(UniHA, 2021).

1.3  Scientific context
Environmental dimension
From a scientific point of view, the Planetary boundaries are setting a framework of “nine

processes that regulate the stability and resilience of the Earth system” (Rockstrém et al., 2009). A
recent update proposed a quantification of the Novel entities (NE) boundary which was performed
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not so far (Persson et al., 2022). Like any Human activity, the pharmaceutical industry is a contributor
in the degradation of each Planetary boundary.

Challenges mentioned previously are part of multiples areas of expertise, which goes from the
fields of Environment sciences, Formal sciences, to the Human and Social ones. The work presented
is this manuscript is included in the research field of Eco-design, as defined by the international
community (ISO, 2020). It is at the interface between the Engineering design and the Environmental
sciences.

Design science and engineering

Ralph & Wand identified 33 definitions of “design”. They proposed a list of 19 concepts linked
to those definitions. Main ones are considering “design” as: “process”; “Creation”; “planning”;
“physical activity”; “system”; “being deliberate or having a purpose, goal or objective”; “activity”
or “occurring in an environment” (Ralph and Wand, 2009).

In Design Research Methodology, Blessing & Chakrabarti states that “design” include:

“Activities that generate and develop a product from a need, product idea or technology to
the full documentation needed to realize the product and to fulfil the perceived needs of the user and
other stakeholders. The perceived need may be social (e.g., transportation means) as much as
economic (e.g., manufacturing systems for mass production). The impulse to start such a process can
come from: the market, such as needs of customers and competing products; internal needs of
product development enterprises, such as new developments, cost reduction, production automation
and diversification goals; and from other sources, such as research results, legislation, environment,
society and politics ” (Blessing and Chakrabarti, 2009).

Within engineering sciences, the field of “design” covers the theories, methodologies,
methods, and tools guiding the practice of design. Its purpose is to guide designers in their steps by
formalizing approaches allowing them on the one hand to correctly apprehend a problem, and on the
other hand to solve it. Four main areas can be distinguished within the engineering sciences of design
(Hubka and Eder, 1982):

Table 6 - The four main areas of the engineering sciences of design, based on Hubka (Hubka and Eder, 1982

Description
Theory of technical Focuses on understanding artifacts (artificial systems) by modeling their
systems mechanical properties, their structure, their operation, their cost, their

social context, etc. This domain contains all “knowledge about the
object targeted by the design process”

Theory of the design Focuses on the action of the designer. It brings together a set of

process processes, methods and technical tools used by the designer. This
domain contains the formalization of the designer's knowledge and
know-how.

Theories from the Focuses on the functioning of design teams and more particularly on the

human and social generation and transfer of information, and therefore of knowledge, in

sciences all its forms.

Design methodologies Focuses on design methods with the aim of leaving design by intuition
and entering structured design. Models to guide the designer at each
stage of the design process are explored. Research in this field aims to
consider new factors making it possible to anticipate parameters such as
risk, quality, etc. as far upstream as possible

Within this context, our work is positioned at the intersection between theory of technical
systems (environmental impact modelization), theory of the design process (adaptation of tools and
processes), theories from the human sciences (communication and transfer of information within
interdisciplinary teams), and theory of the design methodologies (practice of eco-design).

Doctoral thesis — Duc-Nam LUU 27



Theory of
technical
systems

Design
methodologies

Figure 5 - Scope of the PhD within the design science framework of Hubka

Design for Sustainability

Scope of the PhD

To comprehend the Design for Sustainability, we first need to understand what is behind the
terminology of “sustainability” as the term “design” in science and engineering was described above.

Sustainability

The concept of sustainability can be defined as the intersection of the three dimensions:
environmental, social, and economic performance, as described by the triple bottom line (Elkington,

1998).

In the literature review of Arena et al., the authors highlighted that the academic perspective
of the sustainability is including several sub-dimensions, within each dimension, as shown in the
table 7 (Arena et al., 2009).

Table 7 - Sub-dimensions of the sustainability, adapted from (Arena et al., 2009).

' Dimension
Sub-
dimension

Environmental

e Materials

e Energy

o Water

¢ Biodiversity

e Emissions

o Waste

e Product and services

S E

¢ Work practices and
adequate working
conditions

e Diversity and equal
opportunities

e Relations with the
community

e Social policy
compliance

e Consumer health and
safety

e Human rights

Economic

e Economic performance

e Market presence

e Indirect economic
impacts

Design for Sustainability
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Rocha et al. are defining the Design for Sustainability (DfS) as “a holistic design approach
that enables to integrate and assess the sustainability dimensions in different stages of the product
or product-service development process towards the required scale of incremental and/or radical
innovations” (Rocha et al., 2019).

The field of DfS appeared in the first half of the 1990s from the integration of environmental
aspects in a material and component centric approach, to a more global one with socio-technical
system perspective (Ceschin and Gaziulusoy, 2019). Alongside with those two levels, Procut level,
Product-Service System level and the Spatio-Social level are defining the overall framework of DfS.
Several approaches exist today to work on these different levels.

Eco-design

The eco-design is a concept part of the DfS. In this part, we aim to expose several definitions,
set the one used in this manuscript and propose a quick history of the approach.

Definition
The concept of “eco-design” is defined by the ISO 14006:2020 norm as below (ISO, 2020):

“Systematic approach that considers environmental aspects in design and development with
the aim to reduce adverse environmental impacts throughout the life cycle of a product”

The definition from the European commission is quite similar (European Commission, 2009):

“Ecodesign” means the integration of environmental aspects into product design with the aim
of improving the environmental performance of the product throughout its whole life cycle

In the United States, the Environmental Protection Agency do not use the term “eco-design”
but “green engineering”. The concept present similarity with “eco-design” and is defined as (OCSPP
US EPA, 2015):

“Green engineering is the design, commercialization, and use of processes and products in a
way that reduces pollution, promotes sustainability, and minimizes risk to human health and the
environment without sacrificing economic viability and efficiency.

Green engineering embraces the concept that decisions to protect human health and the
environment can have the greatest impact and cost-effectiveness when applied early, in the design
and development phase of a process or product.”

In the scientific literature, several authors are defining “eco-design” with the integration of
environmental aspects into the design process. Table 8 presents a non-exhaustive list of them.

Table 8 - Definition of eco-design in the scientific literature with the environmental aspect
Definition Reference

“Design which addresses all environmental impacts of a product (Dewberry and
throughout the complete life cycle of the product, without unduly Goggin, 1995)
compromising other criteria like function, quality, cost and appearance”

“EcoDesign focuses on the integration of environmental considerations (Karlsson and
in product development” Luttropp, 2006)
“Lowering environmental impact focusing on the whole life-cycle of (Ceschin and
products from extraction of raw materials to final disposal”’ Gaziulusoy, 2016)
“Ecodesign is an approach to include environmental requirements into (Schéfer and Lower,
the product development process” 2021)

Doctoral thesis — Duc-Nam LUU 29



More recently, authors included in the concept of “eco-design” the broader aspect of
Sustainability. Table 9 presents a hon-exhaustive list of them.

Table 9 - Definition of eco-design in the scientific literature with the sustainability aspect
Definition Reference

“Development of new and more environmental-friendly products that (Maccioni et al,,
have the potential to result in innovative solutions with an enhanced 2019)

sustainability performance”

“Eco-design is used as a tool in the product and service sectors with the (Varzinskas et al.,
aim to increase sustainability and reduce negative environmental impact 2020)

on the product design stage”

“The concept of eco-design is a strategies system that goal for balancing (Mohammed et al.,
and integrating of economic, environmental, and social aspects during its  2021)

whole life cycle in product design phase”

In this manuscript, the author is defining “eco-design” as:

“Integration of the holistic environmental aspects into product or service design with the aim
of improving the environmental performance of the product throughout its whole life cycle; without
unduly compromising other criteria like function, quality, cost and safety”

1.4 Research laboratory context

The Product Design and Innovation Laboratory (Laboratoire Conception de Produits et
Innovation, LCPI, EA 3927) is a research laboratory of Arts et Métiers Institute of Technology, who
is working in the field of Industrial Engineering. It was founded in 1978 by the Professor Robert
Duchamp. The three missions of LCPI (Teaching, Research and Industrial Valorization) are closely
integrated and feed a single and unifying theme: the optimization of the Design and Innovation
Process. The research activities benefit from both of academic roots and the industry. The LCPI team
is multidisciplinary, like the stakeholders involved during the design process: its composition draws
mainly on the Engineering Sciences, and the Human & Social Sciences.

e Laboratory position

The LCPI is structured around two themes of Research. The Design engineering for the first
one, and the Management & Support systems as the second. From those two, axes from skills
perspective and processes ones are defined. Finally, six platforms of competences are formalized in
order to support the overall activity of the laboratory, as shown in the figure below.
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OPTIMISATION OF THE DESIGN AND INNOVATION PROCESSES

THEME 2:
MANAGEMENT &
SUPPORT SYSTEMS

6 PLATEFORMS OF COMPETENCE

ADDITIVE

MANUFACTURING EMOTIONAL AND INNOVATION USAGE ECO-DESIGN PLATEFORM
SENSORIAL PROSPECTIVE ANALYSIS SUSTAINABLE A
VIRTUAL AND ENGINEERING CREATIVITY DESIGN

AUGMENTED REALITY

Figure 6 - Overall Research positions of the LCPI

This PhD is related to the “Eco-innovation”, “Knowledge management” and “Product
Lifecycle management” axis of the laboratory, alongside with the “Eco-design Sustainable design”
platform of competence.

o LCPI legacy

Research in the field of “Eco innovation” can be found since 2000 in the digital archive of the
LCPI, with the work of Marc JANIN (Janin, 2000). Since then, 22 studies related to this skill axe
were performed, including the one described in this manuscript. The “Knowledge management” is
also a topic well explored with around 22 PhDs with a topic related to this process axe. Last axe
relevant to this manuscript, the “System thinking & Product Lifecycle management” is fed with 46
PhDs since 2000.

The work described in this manuscript came these previous studies performed by other
researchers of the laboratory. The figure 7 is presenting a framework of some of them and the
appendix 1 present all the PhDs that can be found in the digital archives.
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Figure 7 - Framework of the PhDs performed in the LCPI with the same skills & processes axis of the research
in this manuscript

The LCPI had various collaboration with the health-care sector, and three of PhDs were
focused on medical devices plus one specifically on drug acceptability.

1.5 Stakes of the work

Through the different prisms contextualizing our work, it is possible to highlight three main
dimensions of this work.

e Societal dimension, the environmental crisis

The Humankind is facing a global environmental crisis. The changes of ecosystems will lead
to the modifications of the way of living and the place of the Human being inside the environmental
whole.

The stake of this work is to contribute to foster innovation with the holistic vision of
environment, with the aim to minimize the environmental burden of the Human activity.

¢ Scientific dimension, understand the levers of the pharmaceutical sector

Approaches to integrate the environment into design practices is not a new topic. However,
levers to improve the environmental footprint of the pharmaceutical sector is still a topic to explore.

The stake of this work is to contribute to the identification of the environmental levers of the
pharmaceutical sector.

e Industrial dimension, the integration of Eco-design practices within the pharmaceutical
sector

The pharmaceutical sector has the intrinsic duty to make available treatment for population to
ensure the well-being of the Humankind. However, the environmental footprint of their products is
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not neutral. By extension, those products may damage the environment, making at risk future
populations. Therefore, an ethical question can be raised “should we treat the current population and
put in the danger the future generation?”. To avoid this eternal and endless debate, the pharmaceutical
sector needs to ensure a proper development of its products. The integration of Eco-design into its
practices appear key.

The stake of this work is to contribute to foster Eco-design in a systemic manner within the
pharmaceutical sector, with the aim to minimize the environmental burden of its activity.

1.6 Summary of the work context

Through the presentation of the context linked to this doctoral thesis, the general framework
of this work is established.

This framework relies on scientific, academic, industrial, and societal criteria, criteria that will
guide the structuring of the reasoning formalized throughout this thesis. It also represents both a
continuity and a novelty of the research performed by the LCPI. A continuity with the legacy of the
previous works regarding “Eco-innovation”, “Knowledge management” and “Product Lifecycle
management” and the research in the health-care sector. It is also a novelty with the merge of the
knowledge of the laboratory regarding these research axes and the health-care industry, by
integrating the environmental perspective into the development of medicine products, which were
not only not explored in the laboratory but is also an emergent topic in the pharmaceutical sector.

In the next chapter, the state of the art will be presented in order to establish the scientific
foundations of the research presented in this manuscript. This will then lead to the formulation of a
problem and hypothesis, who aims to feed the stakes formalized previously.
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Phase 1

Chapter 11

State of the art

« Diagnostiquer, c’est littéralement « voir a travers » (dia gnosis), établir une connaissance qui
dépasse celle du sens commun, créer une lucidité nouvelle sur la réalité quotidienne. »

Frangoise PIOTET, Renaud SAINSAULIEU, « Méthodes pour une sociologie de l’entreprise »,
1994

“To diagnose is literally to “see through” (dia gnosis), to establish a knowledge that goes beyond
that of common sense, to create a new lucidity on daily reality.”
Francoise PIOTET, Renaud SAINSAULIEU, « Méthodes pour une sociologie de [’entreprise »,

1994
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Chapter 2 — State of the art

Il State of the art

All state of the art begins with a literature review. The literature review can be defined as a
process to “identify the theories and previous research which have influenced [the] choice of
research topic and the methodology fo adopt” (Ridley, 2008). This chapter aims to describe these
elements, in order to have a diagnosis and identify the approach of this thesis.

11.1 Structure of the state of the art

As described briefly previously, this work is a legacy of different fields. The heart of this thesis
is around the Eco-design within the pharmaceutical industry. The position of the work suggested in
the chapter one invite us to have a look on different scientific fields.

The design science and engineering are one of the entry points of the thesis (chapter 11.2). The
description of the main associated frameworks, theories, and processes appear as the first key of
scientific understanding for a formalization of an Eco-design approach within the pharmaceutical
sector.

Secondly, the Design for Sustainability (chapter 11.3) is introduced with the aim to explicit the
main concepts. As a main topic of this research, a dedicated focus on Eco-design is proposed.

Afterwards, consideration regarding medicine products is proposed (chapter 11.4). Specificities
of such products are mentioned. Finally, current links between medicine products and environment
are explained (chapter 11.5), from a lifecycle perspective and the actual environmental approaches
within the pharmaceutical sector.

Il. State of the art

Figure 8 - State of the art chapter structure
1.2 Design science and engineering

The purpose of this part is not to present an exhaustive list of product design methodologies.
The literature abounds of reviews that describe different practices (Schmidt et al., 2009), key of
success (Cooper, 2019) and even tool to choose the right methodology (Lahonde et al., 2010). The
aim of this part is to reflect the diversity of methodologies related to the plurality of needs.

e Systematic Design

As described by Lahonde, Pahl and Beitz influenced many designers with their methodology,

based from the German design science (Lahonde, 2010). They structured their method around four
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phases, Clarification of the task, Conceptual design, Embodiment design, and Detailed design. Those
includes several steps as shown in the figure below.
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Figure 9 - Systemic design approach, from Lahonde (2010)
e Axiomatic Design

Developed by the Professor Suh Nam Pyo (Suh, 1990), the Axiomatic design is a methodology
based on 4 principles who aims to systemize the assessment of the user needs & design parameters
to translate them, respectively, in functional requirements & process variable.

Table 10 - The four principles of the Axiomatic Design
Principle Description
1°t: Domains Definition of 4 domains:
e Customer: customer needs
Functional: define Functional Requirements
Design: define Design Parameters
Process: define Process Variable
2nd: From a FR, a DP is defined. From this Design Parameters, some sub
Hierarchies Functional Requirements are defined and so on
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Iterative process between all domains
4™ Axioms 1. Independence: Functions (constraints and principal) must be

independent of each other
2. Information: Minimize system complexity and product design
information

e TRIZ

Basically, TRIZ is a Russian methodology to solve problems. It was developed by Genrich
Saoulovitch Altshuller (Cavallucci, 2016). It is a systematic approach for finding solutions to
technical problems (llevbare et al., 2013).

The approach consists in a four steps process as describe in the figure below.

Step 2 Step 3

Figure 10 - The four steps of the TRIZ methodology, adapted from Moehrle (Moehrle, 2005)

The literature shows some positive sides of TRIZ (llevbare et al., 2013). such as the approach
to problems, the volume of idea generation, the rapidity and the teamworking approach.

Some limits were also identified (llevbare et al., 2013)., like the rigidity and lack of agility of
the method, the difficulty in acquisition and application of TRIZ knowledge, the cultural issues,
organizational and the lack of standard

e C-Ktheory

The C-K theory is a design approach using two interdependent spaces between Concepts (C)
and knowledge (K) (Hatchuel and Weil, 2009). Hatchuel defined his methodology as follows
(Hatchuel and Weil, 2003):

“assuming a space of concepts C and a space of knowledge K, we define Design as the process by
which a concept generates other concepts or is transformed into knowledge, i.e. propositions in K.”

‘ C Concept Space K Knowledge Space
Disjunction
(Co e ‘

Partition

Conjunction

‘(Cq;i '\Cﬂ\_/

Figure 11 - Asymmetric structure of spaces C and K from Hatchuel, (Hatchuel and Weil, 2009)

e New Product Design
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The New Product Design is an approach of the Professor Aoussat. It is a holistic methodology
of design, based on four stages (Aoussat et al., 2000).

New Product Development Phases

Stage 1: Translation Stage 2: Interpretation of Stage 3: Definition Stage 4: Validation of
of requirement requirement by the company of requirements requirements

Industrial
development

Figure 12 - New Product Design methodology, adapted from Aoussat
e Stage gate ® & Agile Stage Gate ®

The Stage Gate® is a holistic methodology set by Cooper who split the development of product
into 6 stages and 5-gates. The stages are similar to the New Product Design previously presented. It
includes the Idea generation, the ldea scoping, the Business case, the Development, the Tests &
Validation and finally the Launch of product (Vedsmand et al., 2016).

The Agile Stage Gate® associate the Agile project management into the previous approach
(Vedsmand et al., 2016). The main purpose of it is to increase the performance results by providing
a framework to work with uncertainties and by more interaction between project team and both users
& consumers.

Idea Screen Go to Business Goto Goto Go to Launch Post-Launch
Case

Development Test Review
Business Develop- X
m Concept Caca pil Testing Launch
Generate Ideas: Concept Build Business D
* Technical Development & Case: Create the Field Trails, Start Production &
* Marketing Scoping: * Technical Product: Customer Tests, Selling:
* Others * Technical * Marketing * Technical Trial Operations:  « Technical (RD&E)
* Marketing * Production (RD&E) + Technical (RD&E) « Production
* Production * Production * Production * Marketing/Sales
* Marketing * Marketing/Sales
i, =0 Post Launch: Product,
) b} production &

. 74 marketing/sales
improvements
aN®

VoC & VoC & VoC & C /User C /User C /User
Customer/User Customer/User Customer/User Iterations & Iteration & Adoption & Use
Feedback Feedback Feedback Feedback Feedback

Figure 13 - The integrated Agile-stage-gate hybrid model — a typical 6-stage 5-gate Stage-gate idea-to launch
system, with Agile built into each of the stages (Cooper, 2018)

e Generic stages of a product’s life cycle

As mentioned by Jamnia even if no standard definition can fit all process, she proposed a
simplistic product life cycle with generalized steps (Jamnia and Atua, 2019). She described this
process in three phases, the New Product Development (NPD) Phase, the Product Sustaining Phase,
and the End of Life Phase.

Even if the business case and concept selection are not in the same order, we can find
similarities between the NPD proposed here, the one of Aoussat and with the Stage Gate®.

This framework put the launch and industrialization as the Sustaining step of the product,
where the product reaches its maturity and stability. The last piece describes the step of the life cycle
where the product is no longer profitable.
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Figure 14 - Typical stages of a product’s life cycle from Jamnia 2019 (Jamnia and Atua, 2019)

e Summary

With the different example of methodologies, we can understand that some methodologies are
focused on specific problems, such as TRIZ & C-K and some of them have a more holistic approach
in terms of life cycle of the product. The table 11 tries to summarize a non-exhaustive list of aspects

of the methodologies seen above.

Table 11 - Non exhaustive list of Design methodology with their target, some advantages and limits

Methodolog

Systemic design (Pahl et
al., 2007

Axiomatic design (Felicia
Veronica and Draghici,
2003)

TRIZ (llevbare et al.,
2013)

Target
Holistic approach

C-K theory (Choulier et
al., 2011)

New Product Design
(Shepherd and Ahmed,
2000)

Holistic approach

Agile Stage Gate ®
(Cooper, 2018)

Holistic approach

Generic stages of a
product’s life cycle
Jamnia and Atua, 2019

Holistic approach
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Focus on user needs

Problem resolution

Problem resolution

Advantages

Can apply to most
of products

Idea generation
Reduce random
search process

Idea generation
Rapidity
Teamworking

Map Concept &
Knowledge
Practical

Transversal
approach
Reduce
development cost
Better time to
market
Flexibility
Productivity
Team coordination

Can apply to most
of products

Limits
Lack of specificities

Application
difficulty

Require knowledge
Lack of standard
Application
difficulty

Rigidity

Restricted theory

Bureaucratic
Tighter controls
Cross  functional
changes

Resource allocation
Proliferation of
meetings
Bureaucratic

Lack of specificities
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1.3 Design for Sustainability

11.3.1 Overall framework

The field of Design for Sustainability (DfS) emerged in the 90°s with a focus on environmental
aspects of individual products, through the Green design approach (Burall and Council, 1991;
Mackenzie et al., 1997). DfS approaches evolved within the years to broader the environmental,
social, and economical perspectives. These approaches can be defined in different levels as defined
by Ceschin (Ceschin and Gaziulusoy, 2019). The figure below presents a framework of the

approaches of DfS within the different levels.
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Figure 15 - Evolution of the DfS field, from Ceschin (Ceschin and Gaziulusoy, 2019)
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Table 12 presents a definition of the DfS approaches, with their related sustainability

dimensions.
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Table 12 - DfS approaches definitions with their Sustainabili
Approach

dimensions
Description

Sustainability

Reference

and the product

dimension
Green design ~ Lowering environmental impact through Environmental (Ceschin and
redesigning individual qualities of Economic Gaziulusoy,
individual products 2016;  Dowie,
1994)
Emotionally Strengthening and extending in time the Environmental (Ceschin and
durable design emotional attachment between the user Economic Gaziulusoy,

2016; Chapman,
2005)

generations

Eco-design Lowering environmental impact focusing Environmental (Ceschin and
on the whole life-cycle of products from Economic Gaziulusoy,
extraction of raw materials to final 2016;  Schafer
disposal and Lower,

2021)

Cradle-to- Emphasis on a regenerative approach by Environmental (Braungart and

cradle design  the industry and closing the loops; focus Economic McDonough,
on non-human species and future 2009;  Ceschin

and Gaziulusoy,
2016)

Biomimicry - Mimicking nature in design of forms, Environmental (Ceschin and
products and systems by using nature as Economic Gaziulusoy,
model, measure and mentor. 2016; Fayemi et
- Learning from living beings in order to al., 2017; Graeff,
design in a more sustainable way 2020)

Design for Making people to adopt a desired Environmental (Ceschin and

sustainable sustainable behaviour and abandon an Social Gaziulusoy,

behaviour unwanted unsustainable behaviour Economic 2016; De
Medeiros et al.,
2018)

Product- Go to the root of the sustainability Environmental (Ceschin and

service system problem by delivering functions instead of ~ Social Gaziulusoy,

design for products or services with a focus on both  Economic 2016)

sustainability  environmental and economic dimensions

Design for Innovations aiming to solve social Environmental (Ceschin and

social problems such as poverty, access to safe Social Gaziulusoy,

innovation drinking water or those targeting Economic 2016)
behavioral change and social well-being

Design for the Improving the lives of people who live at Environmental (Boradkar and

base of the the base of the pyramid through market- Social Kulkarni, 2010;

pyramid based solutions through 12 principles Economic Ceschin and

Gaziulusoy,
2016)

Systemic Implement sustainable productive systems Environmental (Ceschin and

design in which material and energy flows are Economic Gaziulusoy,
designed so that waste from one 2016)
productive process becomes inputs to
other processes.

Prevent waste from being released into
the environment.
Result in new, locally-based, value
chains.
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innovations

Design for Transform  socio-technical  systems Environmental (Ceschin and
sustainability  through technological, social, Social Gaziulusoy,
transitions organizational and institutional Economic 2016)

Despite the plurality of methods, Sherwin described a lack of implementation of DfS practices
within the development of products and services in industry (Sherwin, 2004). This observation was
reinforced by Faludi et al., where the authors defined a roadmap to foster the integration of
Sustainability within the design research community (Faludi et al., 2020). They proposed short-,
medium-, and long-term tasks, for both academics and industries. The figure below highlights the
contribution to foster the integration of Sustainability within the industry.

Theme Short Term Tasks Medium Term Tasks Long Term T

Consolidate existing research Develop drivers for SDMT Define and disseminate best

I‘n: lementin. implementing SDMT in integration in product practices to drive industry
otgpanh s organizations development scaling of SDMT
R R R H .
a9 fran ) Vision:
2 : ‘ Demonstrate business cases  Define and disseminate best Allindustry product &
I‘n.f:e niivis tool g:gﬂ;:g:sec?g:'}g:géeg{cn for integrating SDMT in practice business cases for service development
adoption (RQ4) product development integrating SDMT uses SDMTs because
(RQ4) (RQ4) researchers
i isti understand
_ Consolidate existing research  n o drivers for SOMT Define and disseminate best . i
4.3: on external systemic effects . & § 3 implementation in
2 g integration through external  practices to drive external AR
External on SDMT ]mplementchon systemic faclars systemic factors organizations,
systemic aids  (e.g., policy, market, culture) (RQ4) (RQ4) demonstrate
(RQ4) business cases,
4.4: Consolidate existing research  Test best practices for training " ) aid with external
Knowledge on fraining industry industry on SDMT for lasting D?::c:??: Lscsz::n?':z‘ie"syf factors, provide
dissemination  professionals on SDMT, for integration; include digital & ::I!—froinin o SDMgT training & best
& industry lasting integration self-training (RQ4 nozg); practices, and
Walning (RQ4) (RQ4, RQ2) collaborate directly
45 Test, define, & disseminate Design, implement, and test between i”dUS"‘( &
E;il;c e Partner students using SDMTs  best practices for students feedback loop to academia.
industry with companies using SDMT with company continuously update best
SR (RQ4) partners practices
(RQ4) (RQ4)

Figure 16 - Short-, medium-, long-term tasks identified to foster the Sustainability within the industry, from
Faludi (Faludi et al., 2020)

11.3.2 Eco-design
As mentioned in the table 12, Eco-design can be defined as below:

“Lowering environmental impact focusing on the whole life-cycle of products from extraction
of raw materials to final disposal” (Schéfer and Lower, 2021).

A similar definition is proposed by the ISO norm 14006: “integration of environmental
aspects into product design and development, with the aim of reducing adverse environmental
impacts throughout a product's life cycle” (1SO, 2020)

The European commission defines Eco-design as: “The integration of environmental aspects
into the product development process, by balancing ecological and economic requirements. Eco-
design considers environmental aspects at all stages of the product development process, striving
for products which make the lowest possible environmental impact throughout the product life
cycle.” (EEA, 2001). They have published on 30 March 2022 a proposal for a new Ecodesign for
Sustainable Products Regulation (European Commission, 2022). In this proposal, a framework is
proposed to structure a range of requirements which include the aspects stated below:
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1994
1995
1996

product durability, reliability, reusability, upgradability, reparability, ease of
maintenance and refurbishment.

restrictions on the presence of substances that inhibit the circularity of products and
materials.

energy use or energy efficiency of products.

resource use or resource efficiency of products.

minimum recycled content in products.

ease of disassembly, remanufacturing and recycling of products and materials.
life-cycle environmental impact of products, including their carbon and environmental
footprints.

preventing and reducing waste, including packaging waste.

But this recent element is one step of a long journey who started decades ago. Trace of first
Eco-design mindset can be found around 1971 (Papanek, 1971). In their review, Schéfer and Lower
showed that the Eco-design topic was formalized within the scientific community in the 90’s (Schéfer
and Lower, 2021).
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Figure 17 - Number and publication year of references that were retrieved and analyzed in the review of Schéfer
and Lower (Schéfer and Lower, 2021)

By typing “Eco-design” in the research bar of Google Scholar, it is possible to see 15 900
items from 2019 and 2023, showing the interest of this field nowadays.

Eco-design integration framework

Brones and Monteira de Carvalho assessed 52 models to integrate Eco-design, with a first
framework established in 1993 (Brones and Monteiro de Carvalho, 2015). They formalized a
harmonized model to foster the integration of Eco-design practices with two dimensions of
integration with one sub-divided in three levels, as shown in the figure 18.
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Vertical integration Transversal integration
Systemic levels “Soft side”

Change management cultural
* Strategic part
M a Cro e E.G: Strategy and corporate objectives and human factors

* Tactical part

* E.G:Integration of environmental
requirements in NPD and quantitative
environmental life cycle indicators

¢ Operational part
e E.G: Tools and project management

Figure 18 - Eco-design integration model of Brones and Monteira de Carvalho (Brones and Monteiro de
Carvalho, 2015)

In this model, the levels of the vertical integration have interconnections and are defined as
below.

Vertical integration

o Macro level: this level is related to the strategy and global objectives. For a company, it
means that they should have quantified environmental sustainability targets with a
temporality (e.g.: all new products are Eco-designed by 2030). Those objectives allow to
diffuse Eco-design internally within business units and activities. These objectives can
also be promoted to external stakeholders (e.g.: shareholders, payers, deciders, users).

e Meso level: this level is related to the integration of environmental requirement into the
development process of products or services. Companies should have identified key
milestones in the development process which are relevant in the decision making and set
of the environmental footprint.

¢ Micro level: this level is related to the tools used by teams who support the development
of products or services. They aim to guide the decision making by providing either
quantitative or semi-quantitative figures, and qualitative approaches. This piece will be
developed later in this part.

The transversal integration is related to the “Soft side”, in other words, the change
management such as the cultural changes & the human factors. The field of change management
abounds of literature (Al-Ali et al., 2017; Belias and Koustelios, 2014; Eti-Tofinga et al., 2018;
Kavanagh and Ashkanasy, 2006) and is not in the scope of the manuscript. Some literature review
can be noted (Jayatilleke and Lai, 2018; Stouten et al., 2018), and the integration of sustainability in
the field of change management seems to be explored (Universidad Rey Juan Carlos et al., 2021;
Verhulst et al., 2007).

e Eco-design tools

The literature abounds of Eco-design tools and literature review around them. Several authors
proposed families and segmentation of tools. The table 13 is summarizing the point of view of eight
papers.

Table 13 - Eco-design tools families, based on eight papers

References Eco-design tools segmentation
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(Baumann et al.,

Frameworks

Analytical tools

2002) Checklists, guidelines Software and expert systems
Rating and ranking approaches Organizing methods
(Knight and Guidelines Analytical tools

Jenkins, 2009)

Checklists

(Devanathan et Tools based on LCA Tools based on QFD

al., 2010) Tools based on checklists

(Poulikidou, Frameworks, guidelines and Matrix methods

2012) manuals for eco-design Analytical Methods and tools for
Checklists and indices ED
Radar graphs and other Software and computer-based
schematic tools tools for ED

(Birch et al, Abridged (Simplified) LCA Material selection

2012) Full LCA Educational resources

Prioritization

Guidelines

(Pigosso et al.,

Product and services

Managerial integration

2015) CAD tools Development, selection and
EOL methods implementation of tools
Evaluation of environmental Simplified guidelines and
performance checklists
Material selection Policy and standardization
design for production Support for SMEs
optimization Extending lifetime and
System approach modularization
R&D and product dvt integration Robustness
Information and knowledge Green marketing
management Supply chain involvement
Conceptual design, selection and Ideation tools
trade-offs Decision support systems
KPIs Monetization of envtl impacts
Strategic considerations Portfolio management
Life cycle costing Use-oriented design
Customers and stakeholders’ Territorial resources
requirements

(Rossi et al., LCA tools Methods for supporting the

2016) CAD integrated tools and company's ED implementation

methodology

Diagram tools

Checklists and guidelines
Design for X approaches

and generation of eco-innovation
Methods for implementing the
entire life cycle and user
centered design for sustainability
Methods for integrating different
existing tools
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(Ahmad et al., Simple and generic tools 4 categories
2018) e quantitative/time-consuming guidelines/standards

tools checklists
e preliminary qualitative analysis e comparative tools

analytical methods

In this manuscript, two main dimensions of the Eco-design tools will be considered: the
Analytical tools and the Guidance ones. Then, as displayed in the table 14, tools can be segmented
in sub-categories.

Table 14 - Eco-design tools categories used in this manuscript
' Tool category Sub-category Example |

Guidance Guidelines UNEP Eco-design manual,
The Eco-design Navigator
Checklists EcoDesign Checklist, Eco-
design Strategy list
Innovation TRIZ, C-K
Stakeholders’ management Value mapping
Analytical Qualitative Material selection tool, MET
Matrix
Semi-quantitative LDfX tool
Quantitative LCA, MECO Matrix

e Eco-design factor of success

The factors of success of an Eco-design approach can be segmented through several
dimensions. Boks for instance proposed two dimensions (Boks, 2006): Dissemination of information
among stakeholders and Application of ecodesign principles in final product. Five Success factors
split the two dimensions, with respectively Customization, Organization, Commitment for the
Dissemination dimension, and Integration in business & Customization for the Application
dimension. Schéafer and Léwer have identified two dimensions: the Practitioner perspective and the
Research and Education one (Schéfer and Lower, 2021).

In this manuscript, the author decided to adopt a mix between the segmentation which is close
to the proposition of Boks, and subdivision proposed by Schéfer: the practitioners’ dimension and
the external stakeholders’ one.

Practitioners’ team dimension:

' Success factor Description Reference
Strategy and  eProduct requirement at operation level (Schéfer
management «Be flexible regarding the technological and societal aL’?.d

: Bwer
evolution ’
2021)

eImplement ecodesign into management practices

e Coordinate product development teams through training
and by using

o Gatekeepers

o Set the direction for ecodesign efforts, define goals, and
allocate resources

¢ Adjust organizational structures and routines
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o Match eco-designed products with viable business models
eNominate an environmental champion
e Differentiate between process and product innovation

Collaboration and  eFoster collaboration between different departments within ~ (Schéfer
communication a company and with external stakeholders and

eExtend collaboration along the supply chain Iz‘gzvl(;r'

eImplement information management systems

e Share the knowledge with the right people
Product eProvide training, tools, and methods (Schafer
development and  4Change product development culture and processes and
design e Separate the integration of environmental aspects into Iz_ggvsr,

product development, and the integration of product
development into the management system of a company"

o Address environmental issues at the early stages of the
product development process

¢ Address the complete product life cycle

eCircular economy

e Make long-lasting, intensively used product

eFocus on the customer

o Customers want greener products, but won’t pay more for
them

o Try out more radical solutions

eEngage in systems thinking

eUse life cycle assessment (LCA) to quantify the
environmental impact of products

Stakeholders’ dimension:

When we focus on the criteria to be considered from the perspective of external stakeholders,
MacDonald and She formalized seven cognitive concepts to manage in order to promote eco-design
(MacDonald and She, 2015), as shown in figure 19.
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Cognitive Concepts Design Recommendations

Responsibility R1: Instill a sense of control with active customer
participation

decision making R3: Design with interaction incentives & feedback

Complex > R2: Simplify decisions w/industry standards

R4: Address customers’ environmental concerns
Decision heuristics RS: Design with simple educational messages
R6: Identify and use perceptual product cues

R7: Offer only triumphs, downplay altruism
R8: Apply design for upgradability or adaptability
with caution

Trost R9: Design trust into the form
R10: Design trust into the product'’s interactions

R11: Avoid making customers feel guilty

R12: Design product experience incentives
R13: Consider purchase incentives

R14: Design for ease of use

R15: Employ social norms to change behavior

Motivation

LEGEND

:} To Be Enhanced To Be Reduced

Figure 19 - Eco-design recommendations derived from the seven cognitive concepts, from MacDonald
(MacDonald and She, 2015)

e Summary of Eco-design

Basically, the Eco-design approach could be defined as an iterative approach who consist of
the assessment of the environmental footprint of a product or a service possibility, the identification
and the deployment of environmental improvement. The iterative loop appears with the re-
assessment of the new options.

lterative approach

Environmental Hot spots Levers &
assessment P actions

Figure 20 - Basic Eco-design approach

To perform a relevant Eco-design approach, the quantification of the holistic environmental
footprint with a Life Cycle perspective and the identification of the main contributor of the
environmental footprint should be supported by quantitative tools (e.g.: LCA) or semi-quantitative
ones.
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The identification & implementation of solutions to improve the environmental performance
of the product or service can be supported by quantitative, semi-quantitative and qualitative tools
(e.g.: innovation methods to foster creativity).

During this process, transversal teams need to be involved. Proper tools need to be deployed
in regard of the teams involved and related culture / way of working.

1.4 Medicine product

As any products manufactured, medicines products can be Eco-designed. The point of this part
is not to make an exhaustive view of them but to highlight their key aspects.

11.4.1 General overview
e Product aspects
In terms of design, a medicine product is usually composed of one or several Active
Pharmaceutical Ingredients (API) and excipients. The mixture of the two represents the semi-finished

product. This is then packaged in a container called primary then secondary packaging. The table 15
summarizes the definitions of each of the previously mentioned elements.

Table 15 - Main definitions linked to a medicine product

Definition Example
AW\l Substance of chemical or natural origin characterized by a Paracetamol,
el s specific curative or preventive mechanism of action in the body — aspirin,
o) =TTl or allowing to establish a medical diagnosis or to act on the ibuprofen
physiological functions
= o][Flg18 Substances of chemical or natural origin which facilitate the Saccharose,
use of the drug but do not have a curative or preventive effect lactose,
magnesium
stearate
Product resulting from all the operations preceding the Paste, tablet,
slgelelf[e8] packaging of a production liquid
eEIChleNjolgnl State in which the constituent elements of a medicinal product  Ointment,
are combined. Is both a system of presentation, sometimes cream,
storage of the drug and provision of the active substance to the  tablet, syrup,
patient's body. Is an essential element of patient acceptability gels, etc
(compliance), efficacy, proper use and safety of use of the drug
(possible dose adjustment)”
dlyk1g’s Packaging in direct contact with the drug. It has a protective Blister,

e e[l role (humidity, light, air, biological contamination, etc.), functional  bottle,
(facilitating use, increasing safety, etc.), identification and syringe
information (batch number, trade name, etc.)

SieeploEIaVs Packaging protecting the primary packaging and not in contact  Carton,

e e[l with the drug. Can also have a protective, functional, blister

identification and informational role

Through the previous elements, it is possible to understand that there is a typological diversity
of forms of drugs. The primary role of this type of product is to treat (heal, cure or diagnosis) patients.
Two drugs, with different APIs and in different forms can treat the same disease. We are thus faced
with a problem of drug classification that must both integrate the notions of therapeutic areas as well
as those of product design.

To meet these two challenges, there are two main classifications of drugs, complementary and
internationally recognized, the Anatomical Therapeutic Chemical (ATC) and the European
Pharmaceutical Marketing Research Association (EphMRA) classification. The following table
summarizes the main features:
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Table 16 - Medicine classifications

Classification ATC EphMRA (EPhMRA, 2019)
name
Sl AT el e World Health Organization European Pharmaceutical
of the Marketing Research Association
classification
Structure 5 levels: 3 levels:
1. Target organs or systems 1. Systemic and topical effect,
2. Therapeutic subgroups route of administration, long
3. Pharmacological subgroups and ordinary forms
4. Chemical groups 2. Galenic form
5. Chemical substances 3. Subdivision of the dosage
form
(OIS [e=10]) B L etters and numbers: Three letters:
format e.g., NO2BEO1 = Paracetamol e.g., BCA = Oral; Solid; Delayed
effect capsules
Education, clinical trials, health Marketing, marketing research
organizations and government
Substance classification Product classification

e Lifecycle perspective

The lifecycle of a medicine includes steps from the raw material required to the production, to
the end-of-life of the product after patient consumption, including all the supply chain around the
product. Figure 21 is presenting a generic overview of such lifecycle, with example of stakeholders.

Legend
Active Other bulk Packaai d
pharmaceutical chemicals (e.g., o CI?}:HQ - — Flow of product [l Manufacturing
ingredients binders, o -» Payments I Distribution

(APIs) colorants) Selle s Negofiati
egotiation/ [ Benefits/Payment

Interaction - Demand

Manufacturer and market authorization holder
(formulation, packaging, labeling)

____________ Negotiation on net
price and ease of
access to drugs

1
1
Rebates |
1

" Manufactu 1 . WAC]
anu rer price [c ) Rebate net of
Rrig . PBM sh d
Distributor/Wholesaler Negotiated Ph i e
ingredient price plus armacy . o
" Retail acquisition price dispensing fee but benefit Drug costs
: nefofeopoy 2D NENHRRESN
Retail Pharmacy
(PBM) o
Benefit design; Y
i . . ) Pharmacy- PBM may be !
) Patient ! Re‘fad or copay price, initicted | Formulery design and internal to !
services and | minus coupons or itch d ilizat ;
supports  other ascistnce swi esd an utilization management payer !
! advice
1
decisions

NOTES: c. = circa; DIR = direct and indirect remuneration; WAC = wholesale acquisition cost. Arrows denote
relationships involving the flow of product (black arrows), information or negotiation (yellow arrows), and payments
(green dashed arrows).

Figure 21 - Generic supply chain for brand-name drugs dispensed through retail pharmacies, from Mulcahy and
Kareddy (Mulcahy and Kareddy, 2021)
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11.4.2 Active Pharmaceutical Ingredient (API)

The APl is the most important constituent of a medicine product. It can be obtained chemically,
or through biologics, which includes microbiological or cell culture as well as by extraction from
plant or animal tissue. An active ingredient derived from a microbiological culture or from plant or
animal tissues can, after extraction, be combined with chemical syntheses.

The steps per type of API synthesis processes differ depending on the product. For example,
to produce a chemical molecule, it is possible to have different synthesis pathways, generating
several heating steps, mixtures, or even different consumption of reagents.

Historically, chemistry was the base of traditional medicine. However, biologics represent
much more potential for the treatment of cancer, autoimmune diseases, and inheritable diseases (Ngo
and Garneau-Tsodikova, 2018). The terminology biology includes a range of categories.

The Food and Drug Administration (FDA) defines a biological product as “a diverse category
of products and are generally large, complex molecules. These products may be produced through
biotechnology in a living system, such as a microorganism, plant cell, or animal cell, and are often
more difficult to characterize than small molecule drugs” (FDA, 2022). They are including products
such as “vaccines, blood and blood components, allergenics, somatic cells, gene therapy, tissues,
and recombinant therapeutic proteins” (Center for Biologics Evaluation and Research, 2019).

The European Medicines Agency (EMA) proposes the definition of biological medicinal
product below: “product that contains a biological substance. A biological substance is a substance
that is produced by or extracted from a biological source and that needs for its characterization and
the determination of its quality a combination of physico-chemical-biological testing together with
the production process and its control”. They are considering “recombinant proteins, monoclonal
antibodies, medicinal products derived from human blood and human plasma, immunological
medicinal products and advanced therapy medicinal products” as such (EMA, 2019).

In fact, several other categories could fit to the generic definition of biological APl proposed
by both the FDA and the EMA. The table 17 is the author suggestion of biological API.

Table 17 - List of biological API

Category Description Reference
Blood “any therapeutic substance derived from human blood, (Starr, 2012; WHO,
derivatives including whole blood and other blood components for 2022)

transfusion, and plasma-derived medicinal products”
Cellular “transfer of autologous or allogeneic cellular material (El-Kadiry et al.,
therapy into a patient for medical purposes” 2021)
Monoclonal “laboratory-produced molecules engineered to serve as (Bayer, 2019)
antibodies substitute antibodies that can restore, enhance, or mimic

the immune system's attack on cancer cells”
Conjugated “highly targeted biopharmaceutical drugs that combine (ADC, 2019)
monoclonal monoclonal antibodies specific to surface antigens
antibodies present on particular tumor cells with highly potent anti-

cancer agents linked via a chemical linker”
Interferons “proteins that belong to the group of signaling molecules (Khanna and

Growth factors

Peptides

known as cytokines involved in the upregulation of the
immune response”’

“biologically active molecule that can affect the growth
of cells and molecules that promote or inhibit mitosis or
affect cellular differentiation”

“molecule that contains two or more amino acids (the
molecules that join together to form proteins)”

Gerriets, 2022)
(Stone et al., 2022)
(NCI, 2011,

Wieland and
Bodanszky, 2012)
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Gene therapy

RNA therapy

Whole
pathogen  or
live attenuated
vaccines

Inactivated
vaccines

MRNA
vaccines

Subunit,
recombinant,
polysaccharide,
and conjugate
vaccines

Toxoid vaccine

“Biological medicinal product which fulfils the
following two characteristics: (a) it contains an active
substance which contains or consists of a recombinant
nucleic acid used in or administered to human beings
with a view to regulating, repairing, replacing, adding or
deleting a genetic sequence; (b) its therapeutic,
prophylactic or diagnostic effect relates directly to the
recombinant nucleic acid sequence it contains, or to the
product of genetic expression of this sequence”

“use of RNA-based molecules to modulate biological
pathways to cure a specific condition”

“pathogens that have been weakened, altered or selected
to be less virulent than their wild-type counterparts. In
their altered form, they cannot cause the actual disease
or only mimic the disease in a very mild way.

[These] vaccines are generally produced from viruses
rather than bacteria because viruses contain fewer genes
and attenuation can be obtained and controlled more
reliably”

“[Inactivated] preparations of whole pathogens by heat,
radiation, or chemicals such as formalin or
formaldehyde. Inactivation destroys the pathogen’s
ability to replicate and cause the disease but maintains
its immunogenicity, so that the immune system can still
recognize the targeted pathogen”

“mRNA is the intermediate step between the translation
of protein-encoding DNA and the production of proteins
by ribosomes in the cytoplasm. Two major types of RNA
are currently studied as vaccines: non-replicating mRNA
and virally derived, self-amplifying RNA. Conventional
MRNA-based vaccines encode the antigen of interest
and contain 5’ and 3’ untranslated regions (UTRs),
whereas self-amplifying RNAs encode not only the
antigen but also the viral replication machinery that
enables intracellular RNA amplification and abundant
protein expression”

“Subunit, recombinant, polysaccharide, and conjugate
vaccines use specific pieces of the germ—Ilike its
protein, sugar, or capsid (a casing around the germ).

Because these vaccines use only specific pieces of the
germ, they give a very strong immune response that’s
targeted to key parts of the germ. They can also be used
on almost everyone who needs them, including people
with weakened immune systems and long-term health
problems.

One limitation of these vaccines is that you may need
booster shots to get ongoing protection against
diseases.”

“Toxoid vaccines use a toxin (harmful product) made by
the germ that causes a disease. They create immunity to
the parts of the germ that cause a disease instead of the

(Wirth et al., 2013)

(Kim, 2022)

(Vetter et al., 2018)

(Vetter et al., 2018)

(Pardi et al., 2018)

(U.S. Department
of Health & Human

Services, 2021)

(U.S. Department
of Health & Human

Services, 2021)
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germ itself. That means the immune response is targeted

to the toxin instead of the whole germ.”

Wl BVl “Viral vector vaccines use a modified version of a (U.S. Department
vaccines different virus as a vector to deliver protection. Several of Health & Human
different viruses have been used as vectors, including Services, 2021)
influenza, vesicular stomatitis virus (VSV), measles

virus, and adenovirus, which causes the common cold.”

The complexity of APl manufacturing will imply technologies depending on myriads of
factors. Even if it is not possible to set generalities, the table below gives an overview of technologies
/ process related to examples for organic chemistry and cell culture-based APIs. The table do not
provide an exhaustive list, it aims to highlight the complexity of API production. For instance, for
flow chemistry, purification steps could be required. This necessity of purity increase will imply a
range of purification types, which themselves will call for different technologies. In the Eco-design
mindset, each of such technology will have their own environmental profile, which remain to be
determined from an LCA perspective.

Table 18 - Non exhaustive examples of potential technologies, related to process / step of specific API family

Family of Process /step Potential technologies Reference
API
Organic e Flow chemistry e Heating / cooling systems (Baumann et al., 2020;
chemistry e Pumps Fanellietal., 2017; Guidi et
e Distillation columns al., 2020; Porta et al., 2016)

o Microreactor
e Thermal or photoreactor
o Micromixer
o Pressure regulator
e Process stacks
¢ Robotic arm
e Tubing reels
e In-line evaporation
o Purification
e Purification e lon-exchange resins (Tzschucke et al., 2002)
¢ Selective cleavage
¢ Dialysis
o Ultrafiltration
o Size-exclusion
chromatography
o Precipitation/filtration
e Liquid-phase separation
Cell culture e Fermentation e Pumps (Conner et al., 2014; Luu et
o Fermenter al., 2022)
e Bioreactor
o Automation systems
o In-process analysis instruments
¢ Single Use Assemblies

e Bioreactor e Pumps (BioPharm International
¢ 10,000L bioreactor Editors, 2022; Luu et al.,
« Single Use Assemblies 2022)
e Harvesting and e Pumps (Haupt et al., 2012;
isolation e Centrifugation Najafpour, 2007)

e Cellulose based filter media
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o Microfiltration
o Single Use Assemblies

e Purification, e Pumps (Conner et al., 2014)
Virus removal / e Filtration
inactivation e Chromatographic columns

¢ Tangential flow filtration
¢ Single Use Assemblies

11.4.3 Galenic forms & packaging

As previously, it is interesting to have a look on the different typology of the galenic forms
and, as there are intrinsically linked, to the different primary packaging.

The exploitation of a data extraction from French organizations names the High Authority of
Health (HAS), the National Agency for the Safety of Medicines (ANSM) and the Health Insurance
(AM), makes it possible to have a visibility on 15 045 referenced products (ANSM et al., 2020). The
following figure summarizes the distribution of the majority dosage forms. The term "other" includes
all routes of administration accounting for 1% or less of the products referenced.

m Tablet = Liquid = Capsule Powder = Suspension
m Eye drops = Cream m Gel m Granules = Other

Figure 22 - Repartition of the galenic formulation available in France, based on 15 045 references in 2020

The EPhMRA classification propose seven main categories of galenic forms with in total 22
sub forms. The table 19 summarize them.

Table 19 - EPhMRA second letter classification regarding the galenic form

Family Second letter Category \
Solid forms A Tablets
Solid forms B Coated Tablets
Solid forms C Capsules
Solid forms D Solid Special Forms
Solid forms E Powders/Granules
Gases F Gases
Liquids G Liquids
Liquids H Pressurized Aerosols
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Liquids J Bath Preparations
Liquids K Teas
Suppositories L Suppositories
Injections M Ampoules
Injections N Pre-filled Syringe
Injections P Vials
Injections Q Infusions
Injections R Cartridges/Pens
Ointments S Ointments
Ointments T Creams
Ointments \ Gels and Sols
Others W Medicated Dressings
Others Y Other Special Forms
Others z Medical Aids

Despite the philosophy of the classification to provide with the second letter galenic
formulation, we can see that for the injection form, most of the proposition are linked to the primary
packaging. It is also possible to merge the “ointments” category with the “suppositories” one, which
are usually considered as “semi-solid” in the pharmaceutical industry.

The different tables summarize non exhaustive list of them, related to high level steps of each
of the four main galenic form family described previously (Collectif, 2016).

Table 20 - Potential technolog
Powder

preparation
¢ Weighting
technology e Grinding

Potential

/process e Sieving

process related to the steps of a solid form of medicine

Mix process

e Compound for direct
compression

¢ Dry granulation

¢ Wet granulation in
mixer

e Fluidized bed
granulation

¢ Drying

e hot melt extrusion

e Calibration

¢ Spheroid

e Atomization /
Instantization / Prilling

e Sparkling mix

e Final mix: lubrication -
homogenization

e Confinement

Galenic
formulation

e Transfer

e Compression

e Filling capsules

¢ Coating

¢ Microencapsulation

product

Packaging

e Thermoformed
blister

e Cold formed
blister

e Bag

o Strip-Seal

o Glass pill box

o Plastic pill box

o Aluminum pill
box

e Box

e Roll

e Bulk

e Glass bottle

e Plastic bottle

Packaging

Table 21 - Potential technology & process related to the steps of a semi-solid form of medicine product
Galenic formulation

preparation

Packaging

Potential technology e Lip or water-soluble e Unpacking e Aluminum tube
/ process preservative ¢ Blowing e Plastic tubing
¢ Oily or aqueous ¢ Washing e Glass or plastic jar
phase e Drying * Suppository
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¢ Active ingredient
o Perfume / aroma
e gelling agent

¢ Solution

e Charge

o Sterilization -
container

o Filtering - content

o Filling

e [nerting

e Corking

e Screwing

e Crimping

e Folding

e Sealing

¢ Coding

o Sterilization

¢ 100% integrity check

* Mirage

e Continuous weight

control
e Labeling

e Patch
e Gauze
e Blister

Table 22 - Potential technology & process related to the steps of a liquid form of medicine product

Galenic formulation

Packaging

Packaging

Potential technology e Filling

/ process e Mix
¢ Dispersion
¢ Homogenization
e Filtration
e In-line

homogenization

e Storage

preparation

e Unpacking

¢ Blowing

¢ \Washing

¢ Drying

o Sterilization -
container

o Filtering - content

o Filling

e Inerting

e Corking

e lidding

e Screwing

e Crimping

e Sealing

¢ Coding

o Sterilization

e Integrity check on
containers

¢ Mirage

o Labeling

e Aluminum tube

e Plastic tubing

e Glass or plastic jar
e Suppository

e Patch

e Gauze

o Blister

Table 23 - Potential technology & process related to the steps of an injectable form of medicine product

Water (purified or Galenic
formulation

Packaging

Packaging

for injection)

Potential e Reverse 0smosis e Filling e Depacker
technology /e lon exchange resins e Mix o Washer
process e Distillation by e Dispersion
multiple effects e Homogenization
o Filtration tunnel

preparation

¢ Glass bottle
e Plastic bottle

o Sterilization and e Pen
depyrogenization e Plastic bulb
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e Thermocompression e In-line o Filler ¢ Bulb glass
distillation homogenization e Freeze dryer bottle
e Membrane e Storage o Sterilizer e Pre-filled
techniques e Freezing e Corker syringe
(ultrafiltration) e Sublimation or e Mirage * Soft pocket
¢ Loop concept primary e Capper e Infusion glass
e Storage desiccation e Labeler bottle
¢ Secondary e Plastic
desiccation infusion
bottle
e 2-point
injectable
ampoule
e Carpules

I11.4.4 Distribution, use and end-of-life

Distribution

The supply chain represents a significant element in the product life cycle. Air transport will
thus significantly increase the carbon footprint of the product compared to sea freight, train or road
transportation. In the same way, the storage conditions in order to guarantee the integrity of the drug
will come to add a weight on the environmental footprint of this one. Usually, medicines production
plants feed wholesalers who supply then either hospitals or pharmacies. In some cases,
pharmaceutical factories can directly send products to hospitals or pharmacies. The figure below
summarizes the flows mentioned with transportation who might be used in France. The percentage
are the one related to the specific flow, for instance, 20,3% of the volume from the pharmaceutical
factory supply directly hospitals. It can be by boat, plane, train, or truck.

BB 20,3%

Pharmaceutical
factory

(=N

\—%ﬁg— 16,3%

(B o
i —“?f— 63,4% -}A
d e a1

Hospital

Wholesaler
I—j B 63% }%?
Pharmacy

xx% Flow repartion of drugs in France

Transportation mode possible (truck)

Transportation mode possible (boat, plane, train, or truck)

Figure 23 — French repgftition of drug distribution circuit with the potential transportation mode (Turan-Pelletier

and Zeggar, 2014)

Use and end-of-life

Depending on the typology of medicine, patient can either go to hospital, get a prescription
from a physician before get medicine in pharmacy, or buy directly Over the Counter (OTC) drugs.
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Usually, the application, administration, or consumption can either be done in hospital, at the
pharmacy (e.g., vaccines in France) or in a private place such as patient homeplace. As described in
the figure below, patient can either use motorized transportation like car, two wheels vehicle or public
transportation, bike, or even walk.

o o Ht:spital
| I —_— )
W —am fie}

Patient Physician Home Drug intake by
patient
3%%’ t

Pharmacy
Mode of transportation possible

ANy Car % Two wheels motorized vehicle
% Bike &» Walk % Public transportation

Figure 24 — Main potential patient circuit to get access to a drug

Even if some countries could have specificities regarding the end of life, when a patient intake
a medicine, metabolites can be expected in secretions. Either in the sweat, which will be wash-off in
shower, or in feces or urines.
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I l_l | l_l_i
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= Wastewater Incineration Landfill
treatment

Figure 25 - Use and End of life phases, based on Siegert (M. Siegert et al., 2020)

I1.5 Environment and pharmaceutical products

Like any Human activity, the production and the consumption of medicine products do impact
the environment. In this part, description of current knowledge regarding the environmental impacts
of such products is described.

11.5.1 Pharmaceutical products contribution in the environmental health-care system
footprint

Lenzen et al. performed in 2020 a study to assess the overall environmental footprint of the
health-care system. They “evaluated the contribution of health-care sectors in driving environmental
damage that in turn puts human health at risk. Using a global supply-chain database containing
detailed information on health-care sectors, [they] quantified the direct and indirect supply-chain
environmental damage driven by the demand for health care. [they] focused on seven environmental
stressors with known adverse feedback cycles: greenhouse gas emissions, particulate matter, air
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pollutants (nitrogen oxides and sulfur dioxide), malaria risk, reactive nitrogen in water, and scarce
water use.” (Lenzen et al., 2020). They highlighted that health-care system is contributing between
1% and 5% of total global impacts, depending on the indicator, as shown in the figure below.

Greenhouse gases
2:4GtCO.e

Scarce water
73TL 6%

Particulate matter
34 Mt

Nitrogen
1-4 Mt

Malaria risk 7

0-8 million people 2
illion peop! ; so,

61Mt
Figure 26 - Contribution of the health-care system in several environmental indicators .The impact is shown as
a percentage of total impact, for the world (segments) and selected countries (spokes), in terms of greenhouse
gas emissions (global total=54.4 Gt CO2e), particulate matter (12.2 Mt), NOx (161.9 Mt) and SO2 (167.3 Mt)
emissions, malaria risk (113.1 million people), nitrogen to water (79.0 Mt), and scarce water use (483.9 TL).
Spokes represent data for the USA (U), Japan (J), the UK (G), Brazil (B), China (C), and India (1). Direct (lightest
shade), first-order (middle shade), and supply-chain (darkest shade) refer to impacts caused by health care
directly, by health care’s immediate suppliers, and the remainder, respectively. From Lenzen et al (Lenzen et al.,
2020)

In the same study, the authors presented the breakdown of the health-care system carbon
emissions, displayed in the figure 27. By including the items “medicaments” (3.6 Mt CO2-eq),
“Medical and pharmaceutical products” (23.9 Mt CO2-eq), “Pharmaceutical companies” (6.1 Mt
CO2-eq), and “Drugs” (2.6 Mt CO2-eq), the overall contribution of the pharmaceutical sector in
2015 was around 36.5 Mt CO2-eq, representing 15% of the footprint of the health-care system.
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Figure 27 - Breakdown of the health-care system carbon emissions, in megatons of carbon dioxide equivalent,
from Lenzen et al (Lenzen et al., 2020)

Eckelman et al. conducted a similar study but with another approach, with a focus on Canada,
assessing the health-care system carbon emission between 2009 and 2015 (Eckelman et al., 2018).
They were able to demonstrate that GHGs of the health-care system were stable and around 4.5% of
the overall GHGs of Canada, as illustrated in the table 24.

Table 24 - GHG emissions of Canada and contribution of its health-care system

2009 2010 2011 2012 2013 2014 2015
Total GHGs 29.6 31.2 314 315 314 32 33
(MtCO2-eq)
Health-care 682 694 700 707 716 716 714
GHGs
(MtCO2-eq)
%  Health- 43% 45% 4.5% 4.4% 4.5% 4.5% 4.6%
care GHGs

However, the profile of the breakdown is not similar. In the authors study, the pharmaceutical
industry is contributing at 3% of the Canadian health-care system emissions. But as the
methodologies are not the same, it is not possible to compare the relatives’ figures from each study.
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Figure 28 - Breakdown of the GHGs contributors of the Canadian health-care system, from Eckelman et al.
(Eckelman et al., 2018)

The National Health Service (NHS) of the United Kingdom (UK) launched July 1st, 2022, a
roadmap to decarbonate the health-care system of the UK. In a report (NHS, 2022), they estimated
for 2020 a decrease of 62% of their carbon footprint, regarding the emissions of 1990, as illustrated
in the figure below.

NHS Carbon Footprint
(MtCO2e)

18
16 ®
14
12
10

o N B O ®

1985 1990 1995 2000 2005 2010 2015 2020 2025
Figure 29 - NHS emissions from 1990 to 2020, adapted from NHS (NHS, 2022)

In the same study, the NHS highlighted the breakdown of the GHG contributors of the UK
health-care system, illustrated in the figure 30. Based on their methodology of calculation, they
estimated that “medicines & chemicals” coming as a second contributor, at 20% of the health-care
system footprint, behind what they identified as “other supply chain”.
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Figure 30 - Breakdown of the GHGs contributors of the UK health-care system, from Eckelman (NHS, 2022)

In France, a similar study was released on November 25", 2021. It was conducted by the Shift
project, a French think tank who aim to foster the decarbonation of the French activities. They
estimated that the contribution of the pharmaceutical industry (included in the category “purchase of
drugs”) contributed to 33% of the health-care system GHG emissions, as illustrated in the figure 31
(The Shift Project, 2021).
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Figure 31 - Breakdown of the GHGs contributors of the French health-care system, adapted from the Shift project
(The Shift Project, 2021)

However, it can be noted that no representative of the pharmaceutical industry was included
in this assessment which was based on an economic assumption. Indeed, they based the calculation
with an emission factor (EF) from the French agency ADEME, which considers for medicine an EF
around 0.5403 kgCO2-¢eq / €.

Table 25 summarizes the estimations exposed previously.

Table 25 - Contribution of the pharmaceutical industry within the GHG emissions of health-care systems, by
geographic scope

Geographic scope Year Contribution of Methodological Reference
the approach
pharmaceutical

industry in the
GHG emissions

World 2015 15% Multiregional  input- (Lenzen et al.,
output analysis 2020)
Canada 2015 3% Input-output + LCA (Eckelman et al.,
(IMPACT2002+) 2018)
UK 2020 20% Economic allocation (NHS, 2022)
France 2019 33% Economic allocation (The Shift
Project, 2021)

Even if the ranges of values are interesting to compare, as the approaches of the different
authors are not the same, results are not comparable. It remains an information to get a high-level
understanding of the contribution of the pharmaceutical industry within the GHGs emissions of the
health-care systems under the studies.
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11.5.2 Pharmaceutical products environmental specific concerns

Medicine products are made with compounds with an activity for humans or animals. Those
compounds are called Active Pharmaceutical Ingredient (API) and, as product with a potential
release & toxicity for the environment (Taylor and Senac, 2014), can be consider as New Entities in
the Planetary Boundaries framework (Persson et al., 2022; Rockstrom et al., 2009).

Some trace of consideration of API of medicine and related metabolites as pollution for the
environment can be found around 1970 (Hignite and Azarnoff, 1977) and are nowadays raised as a
major concern to the environment (Wilkinson et al., 2022) from such products. In the Eco-design
approach, those elements are only a part of the environmental impact of such product. For instance,
in the COVID-19 vaccines case, Klemes et al. are integrating in their environmental assessment not
only the energy consumption of the production of the products, but also the one related to all activities
(e.g.: energy of vaccination center, disinfectant used) required to administrate the doses to the
patients (Klemes et al., 2021). In other words, the point is to integrate a Lifecycle mindset into the
NPD process of medicine side by side with the holistic view of the environmental impacts of the
product and related activities. Souza et al. have described in their paper links between the
environmental issues related to medicine and the SDGs, as illustrated in the figure below (Souza et
al., 2021).

3 il I:'V' Pharmaceutical have been detected in Medicines incineration, if not properly
M /‘ ?@ drinking water and bacterial resistance is done, may result in more residues and
a current global issue carbon emission
CLEAN WATER
AND SANITATION EE?S_) Pharmaceutical are being found Ecotoxicological studies using marine
T everywhere, and in relatively high organisms already reported concern levels
concentrations in developing countries of ecotoxicity

Ecotoxicological studies using terrestrial
organisms already reported concern levels
of ecotoxicity

People are spending more money on
drugs than before

Figure 32 — Example of environmental issues of medicine linked to SDGs, adapted from Souza (Souza et al.,
2021)

The pharmaceutical industry is mainly focused on safety and effectiveness of drugs, but it does
not make an exception on the sustainability topic. This mindset seems not to be widely spread in this
sector and the New Product Development (NPD) of medicine products should embrace this Eco-
design journey.

11.5.3 Pharmaceutical products Life Cycle Assessment
e Overview of the studies available in the literature
LCA is not a new approach in the pharmaceutical sector. However, it is not well embraced. 63

papers related to LCA and the pharmaceutical industry were identified, as illustrated in the
chronology of the figure 33.
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Figure 33 - Distribution of the papers related to LCA and the pharmaceutical sector assessed, between 2002 and
2022

Within these papers, 48 were identified as LCA studies per se, with comparative assessment
or multiple products in the same paper. Witness of the maturity of this approach in the pharmaceutical
sector, none of these papers were describing the function of the product or service under study. Only
one paper is mentioning a Reference flow and 46 did not formalized the Functional Unit (FU). The
table 26 is presenting the “families” of FU defined in the different papers and the description of them.

Table 26 - Repartition of FU families used in the different studies of the papers assessed

FU families Description Number of
assessments
with the FU

None No FU formalized 49

Batch oriented FU defined to fit the production of a batch (e.g.: API 34

required to produce one hundred thousand paracetamol
tablets)

Function FU defined to suit the function of the product or service 8

oriented (e.g.: treatment of an adult in Germany with the purpose of

pain relief for 4 days)
API oriented FU defined to focus on API production (e.g.: production of 7
1 kg sildenafil citrate)
Product FU defined to fit the technical characteristics of the product 6
oriented or service (e.g.: set of operations required to Fill and Finish
(F&F) a 20 ml vial, stoppered, and capered which contains
608.8 mg of freeze-dried infliximab powder (including
excipients)).

Patient FU defined to suit the use, from a patient perspective (e.g.: 4

oriented delivery of 1 dose of inhaled medicine)

The appendix 2 is presenting the list with the scope of each study. We can observe that for
67% of them, a cradle-to-gate perspective and 18% gate-to-gate as shown in figure 34 was used.
These scopes might explain the preponderance of the FUs with a batch-oriented approach.
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Figure 34 - Repartition of the scope of the LCAs under the assessment

The literature present mainly LCAs regarding “APIs” (56%). The 25% for the “Process” can
be explain by the fact that one study was displaying a detailed breakdown of its results, with several
steps of a tablet galenic formulation. If we consider this as only one study, there are in fact only two
studies for the “Process”. The “Device” was studied in 8% of the papers where 4% were focused on
“Packaging”. Finally, 7% of the studies had waste at manufacturing levels (e.g.: solvent), or at end
of life of the product (e.g.: wastewater treatment plant, incineration of medicine), which are included
in “Waste or end of life”.

Within the APIs studies, 78% of them were focused on chemicals-based one, 13% on enzyme,
7% on monoclonal antibody and only one on conjugated protein, as shown in the figure 35.

4%
7%

78%

— ~ ® Chemical Enzyme

= AP . ® Process ) ® Monoclonal antibody B Conjugated protein
u Device Waste or end of life
m Packaging

Figure 35 - Repartition of the LCAs focus, with the details for the APIs ones
e Overview of the results for the IPCC GWP 100a (kg CO2 eq) indicator

As described by Emara, discrepancy can be found regarding the Life Cycle Impact Assessment
(LCIA) used within the different studies (Emara et al., 2018). However, one constant is observable
for most of them, the use of the IPCC GWP 100a (kg CO2 eq) indicator.

Even if the focus on Climate change is only one part of the overall environmental picture, it is
possible to set ranges of kg CO2 eq of families of APIs, from the papers assessed as illustrated in the
table 27. The appendix 3 is presenting all the kg CO2 eq results values for each focus who are presents
in the papers.
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Table 27 - Ranges of emissions in kg CO2-eq / kg per API famil
API family Minimum (kg Maximum (kg Average (kg Standard  Number

CO2eq/kg) CO2eq/ kg) CO2eq/kg) deviation of values

Chemical 2.06 3006 386.7 744.5 32
Enzyme 1 25 11 9.3 8
Monoclonal 20000 276600 97506 111442 5
antibody

11.5.4 Current environmental practices in the pharmaceutical industry

Despite the fact that the pharmaceutical industry does not seems to have embraced fully the
Eco-design journey, they do integrate environmental aspects into their activity. This chapter aims to
describe some key approaches deployed by this sector.

e  Green chemistry

It will be unfair to talk about the environmental sustainability approaches of the
pharmaceutical sector without talking about Green chemistry. Anastas consider the birth of the Green
chemistry in close relation with the Pollution Prevention Act of 1990, which aimed to prevent the
environmental issues in the United States soil (Anastas and Williamson, 1996). The Green chemistry
is based on 12 key principles which are listed in the table 28:

Table 28 - The 12

principles of Green chemistry, based on Anastas (Anastas and Williamson, 1996

Principle Title Main philosophy

1 Prevent waste It is better to prevent waste than to treat or clean up
waste after it is formed

2 Atom economy Synthetic methods should be designed to maximize

the incorporation of all materials used in the process
into the final product

3 Less hazardous synthesis ~ Wherever practicable, synthetic methodologies should
be designed to use and generate substances that
process little or no toxicity to human health and the
environment

4 Design benign chemicals ~ Chemical products should be designed to preserve
efficacy of function while reducing toxicity
5 Benign solvents & The use of auxiliary substances (e.g.: solvents,
auxiliaries separation agents) should be made unnecessary
wherever possible and innocuous when used
6 Design for energy Energy requirements should be recognized for their
efficiency environmental and economic impacts and should be

minimized. Synthetic methods should be conducted at
ambient temperature and pressure

7 Use of renewable A raw material of feedstock should be renewable

feedstocks rather than depleting wherever technically and
economically practicable

8 Reduce derivatives Unnecessary derivatization (e.g.: blocking group,

protection/deprotection, temporary modification of
physical/chemical processes) should be avoided
whenever possible
9 Catalysis (vs Catalytic reagents (as selective as possible) are
stoichiometric) superior to stoichiometric reagents
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10 Design for degradation

Chemical products should be designed so that at the
end of their function they do not persist in the
environment and break down into innocuous
degradation products

11 Real-time analysis for
pollution prevention

Analytical methodologies need to be further
developed to allow for real-time, in-process
monitoring and control prior to the formation of
hazardous substances

12 Inherently
chemistry for
prevention

benign
accident

Substances and the form of a substance used in a
chemical process should be chosen so as to minimize
the potential for chemical accidents, including
releases, explosions, and fires

Based on those principles, the American Chemistry Society (ACS) made available several
tools to the community. The table 29 is presenting them.

Table 29 — Green chemistry tools made available by the ACS
Title Type of tool Description Reference

Reagent Guidance -
guides guideline

Guideline with qualitative (Bryan et al., 2013)
guidance to advice chemist in what

is considered as environmentally

sustainable reaction conditions

Biocatalysis Guidance

Guideline with qualitative (Sheldon and Woodley,

selection tool  guideline

guide guideline guidance to advice chemistinwhat 2018; Turner and
is considered as environmentally O’Reilly, 2013)
sustainable biocatalyst

Solvent Guidance  — Originally developed by (Diorazio et al.,, 2016;

AstraZeneca, this tool score Pratetal., 2014)
solvents, based on the Principal
Component  Analysis  (e.g.:

physical properties, functional
groups)
Solvent Guidance  — Guideline developed based on (Alder et al., 2016)
selection guideline Health, Safety, and Environmental
guide criteria of solvents
Process Mass Analytical — Analytical tool with a gate-to-gate (Borovika et al., 2019)
Intensity semi- perspective. It allows the
(PMI) quantitative calculation of PMI  and
prediction comparisons with historical data
calculator available
PMI Analytical - Quantitative tool which aims to (Diorazio et al., 2021)
calculator Quantitative determine the PMI value by

accounting for the raw material
inputs based on the bulk API

output

Convergent Analytical
PMI Quantitative
calculator

Quantitative tool which aims to (Diorazio et al., 2021)
determine the PMI, but allows

multiple branches for single step

or convergent synthesis

MedChem Guidance
Tips and checklist
Tricks

Qualitative checklist covering (ACS, 2016)
purification, solvent selection,
reagents, energy, and resources
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Innovation Analytical — Semi-quantitative tool using a (Roschangar et al., 2018)

Scorecard semi- statistical analysis of 64 bulk
Calculator quantitative active pharmaceutical
manufacturing processes

encompassing 703 steps across 12
companies to provide a relative
process greenness score

Despite the effort to develop tools and guidance to integrate environment, one limit of the
Green chemistry approach is the lack of Lifecycle perspective. It usually considers the gate-to-gate
perspective. We can also mention the lack of deepness of some tools. For instance, the PMI indicator
is based on the weight of waste, it does not consider neither the treatment nor the composition. In
other words, with this indicator, 1 kg of mercury will contribute the same than 1 kg of wastewater in
the PMI perspective.

¢ International Society for Pharmaceutical Engineering (ISPE) sustainability
perspective

The ISPE is defining itself as a “nonprofit association serving its members by leading
scientific, technical, and regulatory advancement throughout the entire pharmaceutical lifecycle”.
They are providing guidelines in several topics, based on working groups of the pharmaceutical
industry stakeholders, to share the best practices and knowledge in place.

In 2015, the ISPE has published a Sustainability handbook (ISPE, 2015). Even if LCA is
mentioned several times in the handbook, it is built around the aspects below:

Energy

Process development and Bulk Drug Products Manufacture

Formulation and Packaged Drug Products Manufacture (non-exhaustively)
Formulation and Packaged Drug Product Manufacture and Logistics (non-exhaustively)
Pharmaceutical and Biopharmaceutical Manufacturing Supply Chain

Site and Facility Design Considerations

Heat Ventilation Air Conditioning (HVAC) systems

Electricity

Utilities

Waste management

O O 0O O O 0 O O 0 O

From those aspects, we can understand that this handbook is focused on a gate-to-gate
perspective, with recommendation for processes and infrastructure.

e Environmental Risk Assessment (ERA)

The Environmental Risk Assessment (ERA) can be define as “process for evaluating how
likely it is that the environment may be impacted as a result of exposure to one or more environmental
stressors, such as chemicals, disease, invasive species, and climate change.” (Mclntosh and Pontius,
2017). However, in the pharmaceutical context, the ERA refer to a specific assessment related to the
eco-toxicity of the APIs. The European Medicines Agency (EMA) and the Food and Drug
Administration (FDA) for the US are preconizing methods to perform such studies.

o European ERA

A guideline to perform ERA was made available by the European Commission in 2006
(EMEA, 2006). The methodology recommended is in four phases, as described in the figure 36.
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1. Hazard
Identification

2. Dose-response
Assessment

Hazard
Assessment

3. Exposure
Assessment

4, Risk
Characterization

1. The adverse effects that a chemical has
an inherent capacity to cause are
indicated

2. The relationship between dose or level
of exposure of the substance and the
severity of an effect are estimated

3. The estimation of the concentration to
which environmental compartments are
or may be exposed. The sources, emission
routes and degradation pathways of the
chemical are also determined

4. The estimation of the incidence and
severity of the effectslikelihood to occur
in an environmental compartment due to
actual or predicted exposure to a
chemical. Risk Characterization Ratio
(RCR) is calculated by PEC/ PNEC, i.e.
Predicted Environmental Concentration
versus Predicted No-Effect Concentration
for environmental compartments

Figure 36 - Steps of an European ERA, adapted from Manuilova (Manuilova, 2003)

As stated by Manuilova (Manuilova, 2003), the main philosophy of this assessment is to
evaluate the Predicted Environmental Concentration (PEC) / Predicted No-Effect Concentration
(PNEC) ratio. The tests aimed to identify also other environmental parameters such as the potential
bioaccumulation, the persistence in the environment. They can take the form on experimentations on

zebrafish or daphnids. A principal limit is the fact that these tests are only focused on the API.

o US Environmental Assessment (EA)

In the US, the EA is based on three steps, Problem formulation, Analysis, and Risk

characterization, as illustrated with the figure 37.
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Figure 37 - The three steps of US EA, from Manuilova (Manuilova, 2003)

Like the European ERA, EA is determining PEC/PNEC ratio.

This table 30 is presenting a comparison of main aspects of the ERA and EA systems.

Table 30 - Comparison between EA (US) and ERA (EU), from Manuilova (Manuilova, 2003

EA (US) ERA (EV)
Scope 1. The methodology is broad in scope, considers 1. The EU method is only
chemical and non-chemical stressors. intended for the assessment of

2. For predictive and retrospective assessments.  chemicals.

3. The methodology is not prescriptive due to 2. Is intended for predictive
its generality. The US method includes the EU  studies.

method. However, the scope of the method is 3. Methodology is prescriptive
not unlimited. It does not discuss accidentally due to its specificity (for
or deliberately introduced species, or example, more than 60
genetically modified organisms.
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equations are given in the

guidance).
Data 1. No minimum data set is defined in the 1. Minimum data requirement
requirements guidance. for exposure analysis:

2. The credibility of the decisions is directly producers and importers are
proportional to the quantity of representative required to submit a specified

data used in the analysis. data set, the so-called base-set.
Type of data 1. Collection and use of site-specific data is 1. Use of standardized/default
encouraged. values as a first approach is

preferred. This can lead to
overly conservative estimates.
The default values represent a
worst-case  scenario.  Site
specific data is needed to
replace the default values.
Iteration 1. A new iteration is only required if previous 1. lteration is based on the
iteration could not define the risk in a way to result of the PEC/PNEC ratio.
support the management decision. If the ratio is more than one,
then iteration is recommended.
2. There is no recommendation
to iterate if the ratio is less than
1.
3. The guidance gives
elaborate testing strategies to
implement if PEC/PNEC ratio
is more than one.

Risk 1. Risk(s) can be estimated and described by 1. Risk is described and
description one or a combination of the following methods: presented as the PEC/PNEC
and e Single-point estimate: quotient method, ratio, which is the same as the
presentation o siressor-response relationship curve, U.S.EPA single-point method.

This clearly limits the risk
assessor to one simple method
even if other methods would

e Estimates incorporating variability in
exposure or effects,

e Process models. have been more appropriate.
Common 1. Data gathering is the responsibility of chemical producers and importers.
points 2. Both support tiered approach to the risk assessment.
e Summary

All these approaches are going in the direction of the Environmental burden reduction of
medicines. However, it can be noted that they are all lacking both holistic perspective in terms of
environmental indicators and Lifecycle perspective in terms of scope.

1.6 Summary of the state of the art

To support the development of new products or service, the design science and engineering
provide methods and tools since decades (Aoussat et al., 2000; Cooper, 2019; Lahonde et al., 2010;
Pahl et al., 2007). In regards of the sustainability issues, the field of Design for Sustainability grow
since 1990 (Ceschin and Gaziulusoy, 2016).

The Eco-design approach is one of them and focus on the Environmental sustainability, by
integrating the environmental aspects into the design of product and service, in both holistic
environmental perspective and lifecycle mindset. Methods and tools to implement such approach
have been developed by the scientific community since 1990 (Schafer and Lower, 2021).

Doctoral thesis — Duc-Nam LUU 72



The pharmaceutical sector does not avoid the paradigm of each Human activity to generate
pollutions. This sector has embraced some of these issues through the study of the eco-toxicity
(Hignite and Azarnoff, 1977) of the APIs, the footprint of their own facilities (ISPE, 2015), and their
processes (Anastas and Williamson, 1996).

However, the literature let us think that the pharmaceutical industry does not consider yet the
environmental issues, both with holistic environmental indicators and lifecycle perspective, as in the
figure 38.
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Figure 38 - Generic lifecycle of a product, with recycling loops, adapted from Keoleian (Keoleian and Menerey,
1994)

These observations allowed us to propose the problematic and the hypothesis linked to this
research, which are described in the next chapter.
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7

Phase 2

Chapter 111

Problematic and hypothesis

« Savoir s’étonner a propos est le premier mouvement de I’esprit vers la découverte »
Pasteur, décembre 1983, Conférence de la société chimique de Paris
France culture, n.d. Pasteur, savant national

"Knowing how to wonder about is the first movement of the mind towards discovery"
Pasteur, December 1983, Paris Chemical Society Conference
France culture, n.d. Pasteur, savant national
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Chapter 3 — Problematic and hypothesis

11 Problematic and hypothesis

Based on the context & related stakes of the work presented in chapter I, and in regard of the
elements exposed in the chapter I, this chapter will present the research problem and the solution
hypothesis.

I11.1 Problematic statement

As mentioned in the chapters one & two, the Humanity is facing an environmental crisis which
is linked to its way of living. The modern society needs to change its paradigm of production and
consumption to decrease its environmental burden. This first observation led the scientific
community to develop design approaches, which includes environmental perspectives in a holistic
manner: the Eco-design. However, the industry seems to struggle to integrate the environmental
sustainability into their decision making.

Methodologies and tools were made available by researchers to support the Eco-design
approach. However, this mindset is not yet implemented in each industrial sector in a systemic way.
It is particularly true within the pharmaceutical sector. Despite its effort to assess several
environmental parameters of its products, such as the eco-toxicity, a lack of Eco-design approach is
perceivable in the development process of medicine products.

The development process of a pharmaceutical product is a long journey where the efficacy and
the safety for the patient are evaluated. The average time of this process is around 10 years and R&D
practitioners are nowadays challenged to reduce this time. The environmental assessment can be
time-consuming and, for an LCA, requires data which might not be available depending on the phase
of the development process. Currently, environmental assessment through a holistic environmental
view and lifecycle perspective is not performed during the medicine NPD. The third observation led
us think that today, Eco-design levers are not clear within this NPD.

With these observations in mind and in order to foster the Eco-design practices, the works
presented in this doctoral thesis manuscript are structured around the problematic below:

How to foster the Eco-design practices into the New Product Development of medicines in
a systemic way?

This problematic can be decomposed to have a better understanding of the underlying concepts
behind it.

The notion of “foster” refers to the fact that currently, environmental parameters are already
studied. However, the lack of holistic environmental view and lifecycle perspective do not allow the
pharmaceutical industry to state that they are Eco-designing products.

A second part is around “Eco-design practices”. 1t refers to the need identified in the literature
to provide development teams with tools and methods to be able to face this Eco-design journey.

The third part of the problematic, “into the New Product Development of medicines” refers
to the process engaged to develop a new drug. The possibility to structure an Eco-design approach
within the current NPD process is emphasized.

Finally, the notion of “systemic way”. This notion highlights the necessity to structure the
organization in order to be able to integrate environmental aspects into each layer of the decision
making of the development of a medicine product.

I11.2 Hypothesis identification

To answer this problematic, two axis of resolution who are complementary are adressed. They
are based on the integration model of Brones, which was the spine of the work. The organizational
axe and the operational one. The Macro level is intrinsically in the hand of the upper management of
a company. Therefore, effort to build the research around the Meso, Micro, and Soft side levels, was
made.
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111.2.1 First hypothesis, organizational axe

As described in the literature, the identification of phases with decision making impacting the
environmental footprint is key to ensure the success of an Eco-designed approach. Therefore, a first
hypothesis, which is linked to both Meso and Soft side levels, can be formalized:

H.1: “An Eco-design approach can be structured within the current NPD of medicines
product”

This first hypothesis can be addressed with sub-hypothesis.

The literature suggest that one of the key factor to a successful Eco-design integration is the
inclusion of the stakeholders expectations in the development (Domingo et al., 2015; Keivanpour et
al., 2014; Kota et al., 2013). The pharmaceutical industry is usually known to have a specific way of
working, linked to ethic issues. For instance, this industry is not allowed to have direct contact with
patients to not influence them with products that directly affect their health conditions. The
complexity of the intrinsic functions of medicine products makes also singular the potential
expectations of the users. Indeed, we can easily imagine that patient with a cancer will not consider
the same way medicine that can cure them than healthy patient with a headache that want to relief
their pain. It represents therefore a challenge that can be explored around the sub-hypothesis below.

H1.1: “It is possible to integrate the current environmental expectations of external
stakeholders”. This sub-hypothesis is questioning the identification of such stakeholders and their
influence into the decision making of the medicine development. It contributes to the questions
“who?” and “what?” to consider in the Eco-design journey; from the external stakeholder
perspective.

Second key parameter highlighted to succeed the Eco-design journey in the literature, the
necessity to integrate environmental aspects into the development process. Even if the
pharmaceutical industry does integrate several environmental aspects during the development, both
clear lifecycle perspective and holistic environmental footprint are missing. One strength of this
industry is the regulation, which describe well the NPD process and the deliverable required for each
step. However, research around the management of the pharmaceutical NPD process is not a
recurrent topic in the literature (Romasanta et al., 2020). To study this topic, appear therefore
relevant, especially to implement environmental aspects and the following sub-hypothesis is
proposed: H1.2: “It is possible to identify Eco-design levers all along the current NPD process, as
well as Eco-designers”. As the medicine NPD process is a long journey, this sub-hypothesis is
questioning “where?” and “when? ” to focus efforts in order to Eco-designed medicines products.

111.2.2 Second hypothesis, operational axe

The literature highlights the need to make available tools and methods to support the teams
with the Eco-design approach, from an operational perspective. However, the pharmaceutical
companies seem to struggle to implement this mindset into their practices. A second hypothesis can
therefore be formalized to feed the Micro level.

H.2: “The adaptation of Eco-design tools can optimize the appropriation of the Eco-
design approach in the pharmaceutical sector”

Like the first hypothesis, the second one can be segmented with sub-hypothesis:

Eco-design maturity model are available in the literature. However, the implementation of
such concepts is not yet done within the industry. Faludi et al. emphasis the necessity to adapt the
academic concepts to the industry in order to foster the Sustainable design (Faludi et al., 2020). The
NPD process of medicine product is regulatory driven and Eco-design parameters are not part of its
scope. Therefore, a first sub-hypothesis to the second main one is proposed: H2.1: “It is possible to
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formalize an Eco-design maturity model for the pharmaceutical sector”. The evolution of Eco-
design practices should be tracked and supported. The formalization of such maturity model
represents a tool who contributes to the questions “when?” and “how? ”. By being at the frontier of
the Meso level and the Micro one, this sub-hypothesis contributes to explore the interconnection of
those two levels.

The environmental assessments are a key step to Eco-design. LCAs are considered today as
one of the most relevant ways to perform environmental assessment in a holistic perspective.
However, and as described by Emara, the appropriation of such tool is not yet well done by the
pharmaceutical companies. One challenge is the complexity of its products, such as the complex raw
materials, the heavy infrastructures to support the manufacturing, and the wide supply chain. The
Product Category Rules (PCR) are important document that can help to structure the LCAs of
products. Nowadays, no PCR are covering the complexities of all medicine products. In order to
explore the development feasibility of such documentation, the following sub-hypothesis is
proposed: H2.2: “It is possible to set LCAs guidance for specific pharmaceutical product types”.
This hypothesis feed the question “how? ” of the global Eco-design journey.

111.3 Structure and methodological approach

As described by Brones, the Meso and Micro levels are interconnected. The Soft side is
transversal and therefore, intervene in all layers of the Eco-design integration. The hypotheses are
going in those directions and the sub-hypotheses are contributing to answer the related hypotheses.

It appears key for us to be able to answer several basic questions such as “who?”, “what?”,
“where?”, “when?”, or “how?”, to foster the Eco-design integration. The figure 39 formalizes the
hypotheses within the adapted framework of Brones.

Soft Side

Figure 39 - Summary of the relation between the hypotheses / sub-hypotheses and the model of Brones (Brones
and Monteiro de Carvalho, 2015)

To support the hypothesis formalized, each sub-hypothesis was considered as a piece to

explore itself. The next chapters are structured with this mindset, by describing each independent
experimentation with results who contributes to feed the research for the respective aspect explored.
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I11.4 Summary of chapter 3

From the observations of the state of the art presented in chapter two and the general context
of chapter one, the problematic and the hypothesis conducted during this research were formalized.

The work focus on “How to foster the Eco-design practices into the New Product
Development of medicines in a systemic way?”.

The manuscript addresses this broad question by addressing the problematic from an
organizational perspective, by emphasizing that “an Eco-design approach can be structured
within the current NPD of medicines product” (hypothesis one). A second dimension proposed
around an operational perspective was formalized with “the adaptation of Eco-design tools can
optimize the appropriation of the Eco-design approach in the pharmaceutical sector”
(hypothesis two).

Through the sub-hypothesis, arguments that provide answers regarding these hypotheses were
proposed. The next chapters are structured in order to highlight the approaches performed during the
research to feed each sub-hypothesis. In that sense, the chapter four will present the work regarding
the stakeholders’ management, contributing to the H1.1. The chapter five focus on the
pharmaceutical design process, identifying Eco-design potential within it (H1.2). An Eco-design
maturity model, adapted for the pharmaceutical industry is described in chapter six, build on the
Design Research Methodology (H2.1). Chapter seven present guidance to perform a Life Cycle
Assessment for a monoclonal antibody, based on studies performed during the research (H2.2).

This manuscript will then end by chapters eight and nine, respectively the contribution &
limits, and the conclusion & perspectives of the overall work.
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Phase 3

Chapter IV

Soft side approach — Stakeholders management
40N

« Les médecins administrent des médicaments dont ils savent trés peu, a des malades dont ils
savent moins, pour guérir des maladies dont ils ne savent rien »
Voltaire

“Physicians administrate drugs of which they know very little, to patients of whom they know less,
to cure diseases of which they know nothing”
Voltaire
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IV Stakeholders’ management

When it comes to the implementation of Eco-design, one of the key aspects is to have a
comprehension of both the stakeholders needs and level of environmental understanding (Domingo
et al., 2015). In this chapter, a focus on the external stakeholders of the pharmaceutical industry will
be done. A first part will describe the context of the topic to then expose our approach with the
method, the results and a discussion. The purpose of this part is to identify the external stakeholders
of the pharmaceutical industry, relevant for an eco-design approach. It is structured as presented in
the figure 40.

Figure 40 - Stakeholders management chapter structure

1V.1 Context

In this part, an introduction of the eco-design stakeholder’s topic with general aspects, to then
talk about the pharmaceutical ones, is proposed.

IV.1.1 General aspects

In his book, Freeman defined a stakeholder as “any group or individual who can affect
or is affected by the achievement of the organization’s objectives” (Freeman, 1984). The
literature abounds of definitions and classification of it. For instance, Friedman and Miles
have identified 75 definitions of stakeholders in their book . For those authors, they can be
defined as “groups of people with a distinguishable relationship with corporations”. They
have split them into two categories, the strategic ones, and the normative.
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Figure 41 - Representation of strategic and normative dimensions of the stakeholders, from Friedman and Miles

(Friedman and Miles, 2006)
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To illustrate more the diversity of stakeholders’ framework, | had a look on seven ones,
available on the literature treating diverse topics (Domegan et al., 2019; Freeman, 2004; Ginige et
al., 2018; Hall and Martin, 2005; Maj, 2015; Tcvetkov, 2022; Wheeler and Sillanpad, 1998). The
point was not to propose an exhaustive view of stakeholders to consider, but rather to highlight the
similar aspects between each framework. Table 31 summarize the harmonized stakeholders of the
different papers assessed. The complete list of the original names of stakeholders and the
correspondence with the harmonized list is presented in appendix 4.

Table 31 - List of the harmonized stakeholders proposed by the authors, based on the seven papers assessed

Harmonized
Stakeholder
Academia

Community

Consumers
Customer
Financial

Industry

Investor

Media

NGO
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Description

Universities, or research organizations,
engaged in research

Individuals and groups that has direct
interest in diverse topics which can put
pressure

Individuals and groups who uses goods
and / or services

Individuals and groups who purchases
goods and / or services

Individuals or groups engaged in
financial flow

Private organization who is providing
goods and / or services through the
processing of raw material and
manufacturing

Individuals or groups providing money
in an entity with the expectation to make
profit

Organization who is providing mass
communication

Non-Governmental Organizations that
are engaged in diverse topics which can
put pressure
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Public Public organizations that are involved in

authority policy making, regulations, laws and
rules

Societal Groups that are engaged in diverse topics

group which can put pressure

In the innovation management field, Geels has proposed a representation of social groups
which he consider as relevant in the “modern western societies” (Geels, 2006). We can observe that
the harmonized stakeholders identified above can feed the six families of stakeholders proposed by
Geels as illustrated in the figure 42.
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Figure 42 - Relevant social groups framework for the management of innovation, from Geels (Geels, 2006)
A similar framework was proposed by Brezet and Van Hemel and adapted by Tyl et al for the

eco-design field, as shown in the figure below. The original authors proposed a framework based on
stakeholders either internal to the company, in the value chain or in the extended value chain.
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Figure 43 - Stakeholders in eco-design adapted from Brezet and VVan Hemel, by Tyl et al (Tyl et al., 2015)

Tyl et al. have described in the eco-innovation topic that the inclusion of stakeholders may
lead to tensions (Tyl et al., 2015). Nevertheless, the integration of their needs and expectations are
keys in eco-design (Ferron Vilchez et al., 2017; Torelli et al., 2019). Liu et al. have shown the positive
influence of regulations, stakeholders’ norms, and managerial mindset in the environmental
considerations by firms (Liu et al., 2015).

Despite these facts, the identification of stakeholders and the considerations of their needs in
terms of environmental dimensions remains a topic to explore (Egenhofer et al., 2018; Uribe et al.,
2018).

IV.1.2 Eco-design stakeholders’ management

A semi-systematic review (Snyder, 2019) was performed, including Eco-design,
environmental practices, and related fields, in order to have an overview of the current trends of Eco-
design stakeholders’ framework. Through this approach, main stakeholders’ groups in the Eco-
design and environmental practices fields are highlighted.

Eight frameworks (Azapagic, 2003; Delmas and Toffel, 2004; Ferrén Vilchez et al., 2017;
Jakhar et al., 2020; Salvioni and Almici, 2020; Silva et al., 2019; Tyl et al., 2015; Vallet et al., 2014)
were assessed in this part and the table 32 summarize the harmonized stakeholders that can be
identified. The complete list of the original names of the stakeholders and the correspondence with
the harmonized list is presented in appendix 4.

Table 32 - List of the harmonized Eco-design stakeholders proposed by the authors, based on the eight papers
assessed

Harmonized Description

Stakeholder

Academia Universities, or research organizations,
engaged in research

Community Individuals and groups that has direct
interest in diverse topics which can put
pressure
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Consumers
Customer
Financial

Industry

Investor

Media

NGO

Public
authority
R&D
Societal
group
Supplier

Trade
association

1V.2 Methods
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Individuals and groups who uses goods
and / or services

Individuals and groups who purchases
goods and / or services

Individuals or groups engaged in financial
flow

Private organization who is providing
goods and / or services through the
processing of raw material and
manufacturing

Individuals or groups providing money in
an entity with the expectation to make
profit

Organization who is providing mass
communication

Non-Governmental Organizations that are
engaged in diverse topics which can put
pressure

Public organizations that are involved in
policy making, regulations, laws and rules
Individual researcher or research group
Groups that are engaged in diverse topics
which can put pressure

Organization or organization that provides
goods or services to an industrial

Groups of industries with a common
interest that foster specific topics

IV.1.3 Summary of the theoretical background

Table 33 - Main pro & cons of the theoretical framework and the experimental one
Approach
Theoretical
framework

Pros Cons
¢ Based on literature ¢ Basic knowledge
e Comparison with required
frameworks of other e Rely on
fields understanding of a
e “Neutral” appr()ach pharma external
stakeholder non
expert
e Theoretical
framework

The stakeholders management is a topic looked in many fields of research (Friedman and
Miles, 2006; McGrath and Whitty, 2017; Savage et al., 1991; Uribe et al., 2018). It can be assumed
that details of each framework will depend on both the topic & the scope investigated. Nevertheless,
main families of stakeholders between generic models and Eco-design ones are similar, fitting also
the framework proposed by Geels (2006).

To address the research question of this chapter, an approach in two steps is proposed. The
first is based on a theoretical approach and the second one an experiment with internal stakeholders
of an international pharmaceutical company. Two of them are described in this part and main pros &
cons are summarized in the table 33.
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Experimental ¢ Based on e Basic knowledge

framework stakeholders’ experts required
e Space for e Rely on
participants to understanding of
intervene non-Eco-design
e Dynamic experts

e Language barriers
e Preparation time
consuming

The theoretical approach is based on a literature review. The experimentation was involving
experts of the pharmaceutical stakeholders, but with no environmental knowledge. In that sense, it
represents a complementary approach to be able to confirm the convergence point.

1V.2.1 Pharmaceutical stakeholders’ management and theoretical framework

The pharmaceutical industry is a complex sector, which can be explained by the technicity of
its products (Luu et al., 2021), but also with the wide range of therapeutical and development
possibilities (Kelly, 2010; Magner and Kim, 2017; Malerba and Orsenigo, 2015). As mentioned
above, a generic assumption can be made with the fact that specific stakeholders could be identified.
For instance, each therapeutical areas will probably have their own stakeholders. Nevertheless, this
part aim to highlight main families, as shown previously, to set an overall framework as a baseline
for an Eco-design stakeholders’ framework for the pharmaceutical sector.

A semi-systematic literature review was performed to get an overall understanding of the
pharmaceutical stakeholders’ and their key interactions. An overall framework is proposed, based on
the seven papers assessed. These papers were chosen to cover diverse countries or continent. Table
34 is summarizing the scope of the different papers within the assessment.

Table 34 - List of the papers in the scope of the assessment with their related geographic perimeter

Country / Continent Reference
Africa (Kamau et al., 2021)
Australia (Ryan et al., 2021)
China (Shao et al., 2015)
Europe (Van Ginneken, 2010)
France (Saesen et al., 2020)
Europe (AVISE, 2019)
us (Niles, 2011)

1VV.2.2 Pharmaceutical stakeholders’ current trends

The environmental consideration of medicine products, from stakeholders is not a new topic.
Trace of papers evaluating the environmental impact of some Active Pharmaceutical Ingredient can
be found in 1977 (Hignite and Azarnoff, 1977) and are still a topic of concern (Wilkinson et al.,
2022).

An integrative review as defined by Snyder (2019) was performed to generate qualitative
insights regarding the current trends of the pharmaceutical stakeholders’ and their environmental
considerations.

1V.2.3 Framework based on experiment
As a complementary approach, an experiment with internal stakeholders of an international

pharmaceutical company was performed in parallel. The purpose of this approach was to identify the
external stakeholders, to consider in an Eco-design approach, from the point of view of internal
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stakeholders of a pharmaceutical company. A preliminary step of this experimentation was to
identify what can be considered as relevant expert to involve to then launch the experimentation.
Both steps are described below.

1VV.2.4 Internal stakeholders’ identification

As the aim was to define an Eco-design external stakeholder’s framework, which are not
linked directly with the manufacturing nor distribution, of the pharmaceutical sector, a preliminary
step of internal stakeholders’ identification, the ones who are in close contact with the main external
stakeholders in their daily activities, was done. This step was based on both an integrative review
and knowledge of the authors.

Internal stakeholders may include transversal ones such as the Health, Safety & Environment
(HSE), the quality, the supply chain, or continuous improvement services (also called LEAN). Those
stakeholders are usually supporting the manufacturing activity of a pharmaceutical company. The
R&D can be composed of Regulatory Affairs, Clinical development, Sites management, the
Chemistry, Manufacturing, and Controls (CMC), or Data sciences functions. A group can be
identified with the specific aim to manage the relation with external stakeholders, such as CSR,
Public affairs or Communication. Another group who manages a complementary side of the
stakeholders is the Market Access. Global pricing, and Horizon scanning & early insights are usually
part of this group. Some companies build transversal teams around a same therapeutic area. It is
therefore possible to find all the functions mentioned above, regrouped to focus on rare blood
disorders for instance.

As the aim was to identify external stakeholders, which are not linked directly with the
manufacturing nor distribution, and their priority, the internal stakeholders relevant for the approach
as follow were considered: CSR, Public affairs, Communication, Global pricing, and Horizon
scanning & early insights.

IV.2.5 Experimentation

The experimentation took the form of a workshop organized and animated by three
environmental experts. Main aspects of their profiles are presented in table 35.

Table 35 - List of the animators of the experimentation

Animator Position Expertise Country Scope of missions

number

1 Environmental 16 years in France International
toxicology pharmaceutical
manager industry

2 Eco-design Seven France International
expert years in

pharmaceutical
industry including 3
years on Eco-design
related projects
3 PhD student eEight years in France International
Eco-design pharmaceutical

industry, including
three years as PhD
student in  Eco-
design & one year as
chemical technician
in R&D

e License degree in
pharmaceutical
development
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The session took place July 10th, 2022, for one hour and half. The main content is described
in the figure 44.

Fee e Identification Prioritization
sensibiliza%ion of the of the Restitution
stakeholders stakeholders

25 minutes 55 minutes 10 minutes

Figure 44 - Logic flow of the one hour and half session with internal stakeholders

Eco-design sensibilization: during this step, key definitions and concepts were displayed such
as the definition of Eco-design (EEA, 2001), the Life Cycle Assessment approach (LCA) (EEA,
2017), or the Planetary boundaries framework(Persson et al., 2022; Rockstrém et al., 2009; Wang-
Erlandsson et al., 2022). A LCA game was then proposed to go deeper in the sensibilization of the
environmental aspects of a medicine product.

Through a digital board, participants had to consider what were the product Life Cycle stage
when assessing the environmental impacts of a chemical-based medicine in tablet. Then, they had to
estimate the environmental footprint contribution of each step, through three impact categories
(Global warming, water scarcity footprint, and ecotoxicity, freshwater).

Then, the environmental targets of the companies were displayed, with a focus on the Eco-
design ones. Ongoing actions of the company in terms of Eco-design were presented, alongside with
a benchmark to finally end with some current trends.

Identification of stakeholders: based on the Geels framework, participants were invited to
propose any external stakeholders that should be consulted or involved in an Eco-design approach.

Prioritization of stakeholders: the figure 45 is presenting the framework used for the
prioritization of the stakeholders. Participants had to put the stakeholders identified regarding both
their level of interest and power.

KEEP SATISFIED ENGAGE CLOSELY
(KEEP COMPLETELY INFORMED)  (MANAGE MOST THOROUGHLY)
o
]
=
4
MONITOR KEEP INFORMED
(REGULAR MINIMAL CONTACT) (ANTICIPATE AND MEET NEEDS)
-— INTEREST +

Figure 45 — Framework used for the prioritization

Restitution: ten minutes were kept at the end to summarize the overall results, get their
feedbacks, and answer the remaining questions.

The participants were all employees of the same international pharmaceutical company, also
the same than animator number one and two. They were chosen due to their position and the
interaction with external stakeholders in their daily activity. Main characteristics of their profiles are
described in the table 36.
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Table 36 - List of participants of the experimentations with their main characteristics

Participant Position Expertise Country Scope of
missions
1 Global 12 years in the France International
Pricing pharmaceutical

Analytics & industry, related to
Innovation  market access

2 Public Nine  years in France International
Policy, regulatory  policy,
Regulatory  including three years
Policy in the
pharmaceutical
industry
3 Consumer 23 years in France International
Experiences consumer insight,
& Insight including seven
years in the
pharmaceutical
industry
4 Rare Eight years in the France International
Disease pharmaceutical
Product industry
Manager
5 CSR Nine years in media France International
manager relations, including

five years in the
pharmaceutical
industry

1VV.3 Results

Qualitative results are described for both the theoretical framework and the one based on the
experiment to then engage a discussion regarding limits, highlights, and convergence points.

IV.3.1 Pharmaceutical stakeholders’ management and theoretical framework

To understand the stakeholders of the pharmaceutical industry, it is first needed to have a
comprehension of the different interactions which are around a medicine product. As any
manufactured product, drugs do not make an exception to the Life Cycle steps from raw material
extraction / production, manufacturing, distribution (to wholesaler or pharmacy), use, to end-of-life
(Luu et al., 2021). But before to be sold, product must be validated by the public authority of the
country targeted.

Each country has their own specificities, especially regarding consumer and customer levels.
Results of the literature review will be exposed here, by highlighting aspects for some countries to
then set an overall theoretical framework. For prescribed drugs, it’s usually healthcare professionals
that will make the decision to choose a medicine from another, no matter the country. Additionally,
the payment could be shared between insurance / patient / mutual, depending on the countries. The
figure below illustrates the supply chain for brand-name drugs, dispensed through retail pharmacies
(Mulcahy and Kareddy, 2021).
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Figure 46 - supply chain for brand-name drugs, dispensed through retail pharmacies, from Mulcahy and Kareddy
(2021)

e France

In France, the National agency of medicine safety (ANSM) give the market authorization. If
the medicine does not require a reimbursement, it is directly commercialized. In the other case, the
Health high authority (HAS) will evaluate both the medical benefit (SMR) and the improvement of
the SMR (ASMR). This evaluation leads either to a negotiation of the price with the Economical
committee of health products (CEPS) or to a final decision of a rate of reimbursement by the National
union of insurance group (UNCAM). And just before the commercialization, a publication in the

official journal is done.
Price )

No
reimbursement

Market
authorization

ANSM

negotiation

. Evaluation of Publication in the
Relmbursement SMR and ASMR official journal

- Entity who validate the step
@D vaiidation step of reimbursement
I Medicine financial modality

Legend

Final decision of a rate

Figure 47 - French administrative process between the Market authorization to the commercialization with key
entities involved, free translation from Safon and Suhard (2021)

A French association proposed in 2019 a mapping of health stakeholders for its national
territory. The figure 48 is presenting this framework.
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Figure 48 - Mapping of French health stakeholders, free translation from AVISE (AVISE, 2019)

e Europe

In their paper, Saesen et al. identified six groups of stakeholders: academic clinicians, patient
organization, regulators, health technology assessment agency, payer, and pharmaceutical industry
(Saesen et al., 2020).

More broadly, interconnection between the European Union and the member states cans be
identified (Van Ginneken, 2010).
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Figure 49 - Stakeholders in the European pharmaceutical market: functions and policy objectives from Van
Ginneken (2010)

e US

In their research report, Mulcahy and Kareddy described families of stakeholders within
circles. The main one includes Healthcare consumers and Health care providers. The second circle
is defined with Healthcare facilities & Allied Health professionals, Pharmaceutical companies,
Federal and State / Local health & Medicaid Medicare, and Diagnostic laboratories. The final circle
is composed of Medica / Training facilities, Research associations, Professional associations &
American medical association, and Accreditation organizations & the Joint commission (Mulcahy
and Kareddy, 2021).

e Australia

Through a Delphi study, Ryan et al. identified a mapping of main stakeholders for diabetes
prevention (Ryan et al., 2021). They segmented them in six groups, Policy makers & Politicians,
Purchasers & Payers, Principal Investigators, Health Care Providers, Product Makers, and Patients
& the public.
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Figure 50 - Stakeholders mapping for diabetes prevention in Australia, from Ryan et al. (2021)
e China

A study performed by Shao et al. proposed a framework of stakeholders for essential drugs in
China (Shao et al., 2015). Those products are defined par the World Health Organization (WHO) as
drugs “that satisfy the priority health care needs of a population. They are selected with due regard
to disease prevalence and public health relevance, evidence of efficacy and safety and comparative
cost-effectiveness. They are intended to be always available in functioning health systems, in
appropriate dosage forms, of assured quality and at prices individuals and health systems can afford.”
(WHO, 2021).

By using the Delphi method, they were able to identify the Central government, the Provincial
governments, the local governments, the Medical institutions, the Pharmaceutical manufacturers, the
Delivery enterprises, the Patients, the Medical insurance institutions, the Mass media, the
Community, and the Drug stores as relevant stakeholders.

e Africa continent
Another form of circle representation, Kamau et al. have defined five levels of stakeholders.

The individual, the Interpersonal, the Organizational, the Community, and the Public policy
(Wilkinson et al., 2022).
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Figure 51 - The five levels of stakeholders in Africa continent, from Kamau et al. (2021)

Overall view

With all the lists above, a stakeholder harmonized family list is proposed. The table 37
proposes a summary of it, based on the literature described above and the type of stakeholders who
can fit within these families. The complete list of stakeholders identified with the related harmonized
family is presented in appendix 4.

Table 37 - Numbers of type of stakeholders within each harmonized families per country or continent, based on

the papers assessed

Reference

Health care
professional
Patient & the
public
Pharmaceuti
cal industry
Public
authorities
Purchasers &
Payers
Research

Societal
groups
Supplier

(O’Riorda
n and
Fairbrass,
2008)
Internation
al

None
formalized

1
1
1

None
formalized

(Kamau
et al.,
2021)

Africa

4

4

None
formalized
3

2

1
2

None
formalized

(Ryan et
al., 2021)

Australia

8

6

3

None
formalized

None
formalized

(Shao et
al., 2015)
China

2

1

1

3

1

None
formalized

2

1

(Van
Ginneke
n, 2010)
Europe

2

1

3

7

None

formalized
1

1

1

(Saesen
et al.,
2020)

Europe

None
formalized

1
1
1
2

1

None
formalized

None
formalized

(AVISE,
2019)

France

None
formalized

None
formalized

None
formalized

8
1

3
31

None
formalized

(Niles,
2011)
us

6

1
2

None
formalized

For the purpose of the thesis, the definition as below of the different families of stakeholders
will be considered:

Health care professional: basically, a healthcare professional (HCP), also known as

healthcare provider, is a “licensed person or organization that provides healthcare services” (NIH,
2011). Various HCP can be identified. For instance, the National Institute of Health (NIH) is listing

HCPs around Primary care, Nursing care, Drug therapy, and Specialty care (NIH, 2020).

Patient & public: patient include individual which is receiving healthcare product or service.

The public can be defined as individuals in relation with the patients, without requiring any

healthcare.
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Pharmaceutical industry: private organization who is providing medicine products through
the processing of raw material and manufacturing

Public authorities: public organizations that are involved in policy making, regulations, laws,
and rules.

Purchasers & Payers: Organizations who are involved in financial and who contribute to the
accessibility of medicine to patients

Research: individual researcher or research group involved in the development of new
knowledge

Societal groups: Groups that are engaged in diverse topics which can put pressure and
influence organizations

Supplier: Organization that provides goods or services to an industrial

The figure 52 presents the overall families of the healthcare products stakeholder’s framework,
with non-exhaustive examples.
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Trade
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Big association
pharma Ccmo
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Industrial work

Hospital Raw material
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Government
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Policy
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. group Drug Economy
Community agency minister,
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authorities

Figure 52 — Theoretical Eco-designed healthcare products stakeholders' framework
1V.3.2 Pharmaceutical stakeholders’ current trends

In this part, examples who are showing trends regarding the environmental perception between
the medicine products & environment from some stakeholders will be focused.

o Healthcare professionals (HCP)

The primary objective of HCP is to provide healthcare to the patient. The prevention of
pollution was not a main element. Nevertheless, Dupont and Faure showed a switch of Mindset. The
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study illustrates the willingness to include more environmental aspects into prescription by French
interns.

.

2%

Probably mUnlikely = Absolutely

Figure 53 - Willingness to modify prescriptions with equivalent tolerance and efficacy, based on 117 French
Medical interns, adapted from Dupont and Faure (2020)

Another output of the study showed that 85% of the survey participants are interested to be
trained in the understanding of the ecological impact of drugs.

1% 3%

11%

37%

m Note 1/5 Note 2/5 = Note 3/5 = Note 4/5 =Note 5/5

Figure 54 - Interest in training on the ecological impact of drugs, based on 117 French Medical interns, adapted
from Dupont and Faure (2020)

Those figures highlight the lack of knowledge from HCP regarding environmental issues and
the interest they have to be provided with proper information.

e Pharmaceutical industry

In this manuscript, the “pharmaceutical industry” as entities or organization who aim to
provide medicine products will be considered.

The integration of environmental aspects into the pharmaceutical industry is not a new topic
(Anastas and Williamson, 1996; Hignite and Azarnoff, 1977) but was mainly focused on a Cradle-
to-gate perspective (Azuma et al., 2016; Carlsson et al., 2009; Larsson et al., 2007). Nevertheless,
we can observe a change of paradigm, by the integration of the Life cycle perspective (Budzinski et
al., 2022; Emara et al., 2018; Klemes et al., 2021; Whitford et al., 2019). | performed in 2021 an
assessment of public statement of 20 pharmaceutical companies. D data available in internet such as
web page, 2020 annual report were used. The list of companies in the scope and the details of the
assessment are presented in appendix 5. As a summary, three companies had specific eco-design
targets for the whole products & in a life cycle perspective. Four of them had on packaging and 11
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claimed to, either work in a life cycle perspective or to have performed LCA. Finally, 11 companies
did not have any eco-design targets.

In other words, the pharmaceutical sector did not embrace at that time the eco-design at a
global level. Moreover, some companies were mentioning working on “sustainability” but were in
fact deploying green chemistry principles.

Demir and Min performed an assessment of Corporate Social Responsibility (CSR) reports of
pharmaceutical companies (Demir and Min, 2019). They highlighted the level of maturity in terms
of communication of the companies but also the weakness of some topics such as the supply chain.

All these elements show that the pharmaceutical industry is willing to embrace the
environmental journey but is not yet including it in a full life cycle perspective.

e Public authorities

A first example of public authority can be from the National Health Service (NHS) of England.
On July 1st, 2022, the NHS has published its “Delivering a Net Zero National Health Service” report
(NHS, 2022). Focused on GHG emissions, the purpose of this report is to set strategy to reach what
they define as “Net zero” direct emissions by 2040 and 2045 for indirect ones. The figure below
illustrates what the NHS is including it its scope, showing the level of maturity of its carbon emission
footprint.
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Figure 55 - Greenhouse Gas Protocol scopes of the NHS (NHS, 2022)

As shown in the figure above, medicines products, metered dose inhalers and other medical
medical devices are included in the scope of their work.

The 11th of December 2019, the European Commission presented the European Green Deal
(European Commission, 2019). It consists of a roadmap for the European Union to reach a
sustainable economy. A mention of the pharmaceutical industry is made on the pilar “a zero-pollution
ambition for a toxic-free environment” pilar, illustrated in the figure below.
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Figure 56 - lllustration of the European Green Deal, from the European Commission (European Commission,
2019)

On November 25th, 2020, the Pharmaceutical Strategy for Europe was adopted, in line with
the European Green Deal (European Commission, 2020a).

Still linked to the European Green Deal, the Platform on Sustainable Finance made a call for
feedback to build recommendations for technical screening criteria for the EU taxonomy the 3rd of
August 2021 (Platform on Sustainable Finance, 2022). This taxonomy aims to support the European
Green Deal by defining a “classification system for sustainable economic activities” (Platform on
Sustainable Finance, 2021a). In the Annex, a chapter is dedicated to the manufacture of basic
pharmaceutical products and another one for basic pharmaceutical preparations (Platform on
Sustainable Finance, 2021b).

A more global approach was proposed by the European commission to push the integration of
environmental aspects into design. The Eco-design for Sustainable Products Regulation aim to ensure
that companies develop eco-designed products by 2030, with both a sustainable and circular mindset.
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Figure 57 - Overview of initiatives in the Circular Economy package, from European commission (European
Commission, 2022)

e Societal groups

In France, a think tank organized to foster an economy without carbon generate guidance,
specific to activities for their decarbonation (The Shift Project, 2022). In November 2021, they
published a report by proposing figures and guidance for the decarbonization of the French healthcare
system (The Shift Project, 2021). In their calculation, they have estimated the purchase of medicine
as the main contributor to the carbon emission (33%), and at the second place, the purchase of
medical devices (21%).

International Non-governmental organization (NGO) which is present in several countries,
“Health Care Without Arm” is defining itself as an organization who helps to “Transform health care
worldwide so that it reduces its environmental footprint, becomes a community anchor for
sustainability and a leader in the global movement for environmental health and justice” (Health Care
Without Harm, 2013a). They are structured around six programs, to support the health systems in the
environmental journey: Global green and healthy hospitals, Climate change and health, Sustainable
procurement, Health care waste, Mercury in health care, and Safer chemicals (Health Care Without
Harm, 2013b).

A similar organization called “Practice Greenhealth” is proposing for the United States a
network to foster “sustainable health care, - by - delivering environmental solutions to hospitals and
health systems” (Practice Greenhealth, 2022a). They are proposing guidance around 12 topics:
Buildings, Chemicals, Energy, Food, Sustainable Procurement, Transportation, Waste, Water,
Climate & Health, Engaged Leadership, Greening The Operating Room, and Sustainability Program
Fundamentals (Practice Greenhealth, 2022Db).
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The non-exhaustive elements presented above shows that, despite the singular role of medicine
products to contribute to a healthcare system, stakeholders with power of influence are willing to
integrate more the environmental aspects, related to those products, in their daily activities.

I1VV.3.3 Framework based on experiment

During the stakeholder identification phase, 25 different stakeholders were identified. Some
of them were tagged in different families (e.g.: UN groups, identified within the Public authorities,

the Societal groups, and the Users groups).
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Wholesalers

Financial network
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EU Parliament  Pricing & Remboursement institutions

Figure 58 - List of stakeholders identified during the experimentation within Geels' framework

During the phase of prioritization, discrepancies appeared between participants and will be

discussed in part 1V.4.2.
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Figure 59 - Prioritization of stakeholders identified during the experimentation
IV.4 Discussion

In this part, major’s highlights, convergence points and main limits are exposed.
IV.4.1 Framework based on theory

The theoretical framework proposed is constituted of eight families: the healthcare
professionals, the patient & the public, the pharmaceutical industry, the public authorities, the
purchasers & payers, the research, the societal groups, and the supplier. Similarities with generic
frameworks can be highlighted, such as the need to consider legislators, government, consumer /
patient, or NGOs.

Discrepancy can be noted regarding the media, which is usually present in generic frameworks
but absent in the one for the pharmaceutical sector. It may represent a room of improvement,
especially to foster the integration of Eco-design, by integrating the communication, with for instance
the “influencers”.

1V.4.2 Framework based on experiment

The focus of the experimentation was to identify external stakeholders, which are not linked
directly with the manufacturing nor distribution, relevant to consider in the Eco-design journey.

Experts from a private multinational pharmaceutical company were involved to both identify
and prioritize them. They were chosen linked to their daily activities, in relation with external
stakeholders of the pharmaceutical sector.

General agreement within all participants was set to identify the stakeholders in the figure 58.
However, discussion appeared to mention that specific ones could be defined in regards of
therapeutic areas and geographic perimeters. Indeed, participants were mentioning for instance that,
diabetes patient associations may not have the same perception of environment than other, especially
due to the medicines available (e.g.: disposable insulin pens). The geographic scope was also
mentioned as a key parameter, especially due to the different regulations, but also cultures.

Discrepancies between participants appeared during the prioritization, which can be explained
by the difference of the scope of their missions. Some of the participants are working on Over the
Counter (OTC) medicine, in other words nonprescriptive drugs, while some others are focused on
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prescribed ones. This difference of scope leads to different considerations in the mapping of figure
59. For instance, as patient choose the medicine, patient associations have a strong influence and
potentially high interest for OTC drugs. Meanwhile, an oncologic medicine is usually not decided
by patient and has not the same benefit to the health condition of the patient. Therefore, patient
associations should have both less power and interest on environmental aspects.

Main limit of the list is linked to the knowledge of the experts involved. Despite their
background and the international scope of their missions, we can observe that many proposition are
Europe centric. Another limit is the fact that experts of only one pharmaceutical company was
involved. Even if they were representing different branch of this company, a bias from the culture
and practices may be present.

IVV.4.3 Major highlights and convergence points

Through the theorical approach, eight stakeholders’ families relevant for healthcare products
were identified. Some stakeholders were similar to generic frameworks (e.g.: public authorities)
while some other were not part of it (e.g.: media).

The experimentation confirmed the theoretical framework and added a prioritization of
stakeholders to consider. However, one of the qualitative outputs of this approach is the fact that
frameworks could gain in deepness by adapting them regarding both therapeutic areas and
geographic scopes, especially at national level.

IV.5 Summary of chapter 4

Drugs are nowadays considered as key products to ensure the wellness and well-being of
populations, by preventing disease, cure them, attenuate symptoms or even diagnosis. But this
societal contribution shall not blind the fact that medicine products present environmental impacts.
By integrating the Environmental aspects into the design, Eco-design is an approach which can
support industries to consider them. Even if some trace of Environmental approaches integrated into
design can be found around 1960, the field of Eco-design Research seems to be formalized in the
1990’s. Despite the effort of the pharmaceutical industry to consider Environment aspects (e.g.:
Green chemistry), the literature suggest that this sector seems to struggle when it comes to have a
holistic approach of Eco-design.

A proper stakeholders management is described in the literature as one of the key factors to
implement Eco-design. The paper aimed to identify relevant external stakeholders of the
pharmaceutical industry to include, for the success of an Eco-design journey. To do so, an approach
in two steps was performed. A first framework was build based on a semi-systematic literature
review. In parallel, current trends of some of those stakeholders, regarding how they consider
environmental aspects of medicine, were described. Then, a framework was built with experts from
a multinational pharmaceutical company. A prioritization of stakeholders to consider was also
generated.

Some specific stakeholders, due to the healthcare aspect, can be found (e.g.: healthcare
professionals as customer, patients as consumer) and some stakeholders are less present (e.g.: media)
than generic sectors. However, results show that main families of stakeholders of the pharmaceutical
sector are similar to generic ones.

The experimentation confirmed the first theoretical approach and went deeper. Indeed,
participants agreed on the identification of stakeholders. However, discrepancies appeared during the
prioritization. Participants highlighted that first, differences should be made between OTC drugs and
prescribed ones. Then, specific stakeholders could be identified regarding both geographic
perimeters and therapeutic class areas. Even if stakeholders’ families are similar, this segmentation
may lead to different prioritization of external stakeholders.
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After this exploration within the Soft side of Eco-design through the stakeholders’
management, the next chapter will focus on the Meso level, and more specifically on the
pharmaceutical design process.
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Phase 3

Chapter V

Meso approach — pharmaceutical design process
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« Blamez le processus, pas les gens »
W. Edwards Deming

“Blame the process, not the people.”
W. Edwards Deming
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Chapter 4 — First experiment

V Pharmaceutical design process

In the Eco-design perspective, it is key to support teams and activities who contribute, in their
decision-making process, in the environmental footprint of the product. This chapter aim to
understand where in the New Product Development (NPD) process of a pharmaceutical product Eco-
design should be implemented; with the perspective to feed the hypothesis H.1.2: “It is possible to
identify Eco-design levers all along the current NPD process, as well as Eco-designers”. The
Context of this part will be presented in V.1, with the material & methods of this research in V.2.
Results, Discussion, and Conclusion of our research are then presented respectively in part V.3, V.4,
and V.5. It is structured as presented in the figure 60.

Figure 60 - Pharmaceutical design process chapter structure

V.1 Context

The International Council for Harmonization of technical requirements for pharmaceuticals
for human use (ICH) described the pharmaceutical lifecycle of a medicine through four steps (Fig.
59), the pharmaceutical development, the technology transfer, the commercial manufacturing, and
the product discontinuation (ICH, 2008).

Even if Ramnarine et al. (Ramnarine et al., 2017) described the process as linear, usually, the
technology transfer is included within the pharmaceutical development. The beginning of this phase
starts when the medicine shows positive results (efficacy and safety for patients) in the early
development phase. The technology transfer can start somewhere between the clinical phases 2a and
2b, as shown in Fig. 2, to optimize the time. During commercial manufacturing, the production of a
medicine can be transferred from one site to another. A process of technology transfer is then
initiated.

Duration 10— 15 years ! 2-3years ; 15+ years i 1-2years
| 1 ST
St Pharmaceutical i Technology ! Commercial i Product
ep Development . Transfer Manufacturing ! Discontinuation

Figure 61 - Ramnarine Lifecycle steps of medicine, based on ICH guideline (ICH, 2008)

As the aim was to set a framework of eco-designers within the NPD of medicine product, the
rest of the manuscript is focused on the sub-steps of the pharmaceutical development which can be
identified within four parts: research, early development, late development, and market as shown in
Fig. 60.

The purpose of target identification is to understand the origin of a disease and the potential
targets for intervention. In terms of product development, it allows the project team to have a better
vision of potential markets and related therapeutical products. During the lead discovery, researchers
aim to screen and filter molecules with a therapeutical interest.
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The Active Pharmaceutical Ingredients (API) are investigated in preclinical trials to evaluate
preliminary effects. The preclinical trials are performed in the laboratory with cells (in vitro), animals
(in vivo), and through informatic models (in silico). In terms of design, teams are asked here to
provide products quickly. The challenge in this step is to make as much API as needed for all
necessary tests.

In clinical phase 1 the first tests in humans are performed. The objective is to identify the
kinetic profile of the APl and to assess the metabolism. In other words, researchers are looking for
the way on how the API is reacting and what are the metabolites, resulting of the reaction. The panel
is constituted of healthy probands. Regarding the design of the medicine product, a first galenic form
of the drug product is set but will usually not be the same as the final approved product.

If results are relevant, the phase 2a is initiated. The purpose is to determine the therapeutic
dose which will have efficacy and minimal side effects. Generally, the galenic form of the product
tested is similar to the final approved product. Indeed, the tests must reflect the effect of the final
product who will be available to the patient to identify and prevent potential side effects.

The goal of phase2b is the same as of phase2a but with a larger panel of patients. The efficacy
of the new medicine is then determined during phase 3.

When all stages are performed and have yielded good results, an application for authorization
is sent to the authority related to the country targeted for the market. Each country has specific
regulations, and the documentation must be adapted to fulfil country requirements.

After the first launch, the life of the product continues, often referred to as phase4. In phase4,
after market authorization, the new medicine is still tracked but in real conditions to ensure safety of
patients and discovery and documentation of rare effects.

These steps explain the specific timeframe of the pharmaceutical NPD. This process is
necessary to ensure patient safety from the R &D activities to the availability of the medicine product.

It is important to notice that the Lifecycle Management (LCM) within the pharmaceutical
sector differs from the generic one. In this sector, LCM can be defined as “Optimizing lifetime
performance of pharmaceutical prescription brands, every time, within the context of the company’s
overall business, product, and project portfolio.” (Ellery, 2012). Therefore, it starts after the first
launches of products, also defined as “commercial manufacturing” by the ICH (as shown in Fig. 59).
This paper does not cover this stage or the product discontinuation one. For the rest of the paper, the
terms “pharmaceutical development” and “pharmaceutical NPD” are considered as synonyms. They
include all the sub-steps described in Fig. 60 except the LCM.

*Life Cycle Management

2. Early development 3. Late development 4. Market

1.1 Target 1.2 Lead 23 4.1 First 4.2
Identification Discovery Phase 2a launches LCM*

10 000 molecules i 10 candidates
molecules

0 » 5years » 10 years

Figure 62 - Sub-steps of the pharmaceutical development of medicines to the LCM

Regarding the academia perspective of the pharmaceutical R&D process, it is possible to
identify five main research topics of interest to practitioners: research productivity, technology
transfer, process management, clinical development, and healthcare marketing (Romasanta et al.,
2020). None of these areas include environmental aspects or similar expression in their key words,
showing a lack of integration of such aspects.

Emara, who performed a review of Life Cycle Assessment of this sector, available in the
literature can be also mentioned. Less than 30 have been published in peer-reviewed journals, mainly
with a cradle-to-gate scope (Emara et al., 2018).

When we are talking about eco-design within the pharmaceutical sector, it seems unfair to not
talk about the Green Chemistry. The ACS Green Chemistry Institute described the first main
milestone of this philosophy in 1962, with the scientific book “Silent Spring” of Rachel Carson
(American Chemical Society, 2021). The Pollution Prevention Act of 1990 in the US had a key role
in the development of this concept (Anastas and Williamson, 1996). The definition of this field has

Doctoral thesis — Duc-Nam LUU 105



evolved through the decades, but the community seems nowadays to agree on 12 principles who set
the approach (Anastas and Eghbali, 2010). As part of small molecules-based medicines, the
chemistry within the pharmaceutical sector does not make an exception. Literature shows that
companies such as Pfizer (Alfonsi et al., 2008; Tucker, 2006), GSK (Alder et al., 2016), Bristol-
Myers Squibb, AstraZeneca, Takeda, Novartis (Borovika et al., 2019), Sanofi (Prat et al., 2014), and
others have integrated these principles in their activities. For instance, as described by Ang, Circular
economy seems to have a momentum in the pharmaceutical sector since the publication of a white
paper in 2016 by the European Federation of Pharmaceutical Industries and Association (Ang et al.,
2021). But those publications are mainly turned in alternative chemistry and few of them consider
processes. Moreover, the chemistry represents only the small molecule piece of the broader picture
of the pharmaceutical sector as described by the ICH (ICH, 2012). The holistic approach proposed
by the eco-design seems therefore relevant to implement within this industry.

V.2 Material & method

This chapter includes two experimentations. The first one was based on semi-structured
interviews of R&D practitioners, involved during the product development. The second
experimentation was built with a qualitative assessment method.

The two approaches have pros & cons. Main ones are summarized in the table 38, based on
literature for the semi-structured interview, and on our perception for the assessment method.

Table 38 - Main pros & cons of the semi-structured interview and the qualitative assessment method approaches

Approach Pro Con
o Versatile & flexible o Basic knowledge required
o Reciprocity between o Time consuming (e.g.:
Semi-structured interviewer & participant preparation, conduction,
interview (Doody o Space for participants’ transcription, analysis)
and Noonan, 2013; individual verbal expressions . Language barriers
Kallio et al., 2016) . Interviewee can ask for . Potential bias (e.g.:
clarification nonverbal expression can
. Enable complex questions  influence interviewee)
o Evaluation and resultsare o Values are based on
- based on objective methods knowledge and subjective
Qualitative . . . .
o Results are rationalized perspective of expert involved

assessment method - .
o Easy to use J Potential inflation of score

with a conservative approach

The semi-structured interviews rely mainly on both knowledge and understanding of the topic
of interviewer and interviewees. Results should be taken carefully due to these potential biases.

These results were balanced by assessing the potential environmental impacts of the
deliverables from the R&D process. This second study was launched in parallel to confront the results
to the ones of the semi-structured interviews. In that sense, it represents a complementary approach
to be able to confirm the convergence point.

V.2.1 Practitioners’ interviews

The first experiment consisted of semi-structured interviews with ten practitioners of the one
multinational pharmaceutical company. The purpose was to identify through them the main steps of
the medicine NPD who could feed an eco-design approach. Aspect of the expertise of interviewees
and environmental knowledge are summarized in table 39. They were selected due to their
pharmaceutical R&D and, or medicine product expertise and to be as much as possible
complementary to cover most of process development. 60 % of the participants claimed to not have
specific knowledge in environment. Topics raised during the interviews are summarized in the
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appendix 6 and goes from the product portfolio scope, the NPD triggers, competencies for designers,
indicators, or environmental data generation.

Data were processed by the eco-design expert involved as the interviewer. Then, a review was
performed to correct the misinterpretation of the interviewer, which was not an expert of the
pharmaceutical industry.

Table 39 - Main characteristic summary of the interviewees

Partic Related
inant Position, Expertise years of  Country Environmental knowledge
P expertise
R&D, Environment, Health, United
P1 Safety 14 States Regulatory based
P2 R&D, Chemistry 24 France  Green Chemistry
P3 R&D, Biotechnology 14 France No
P4 R&D, Biotechnology 12 France No
P5 R&D, Outsourcing 30 France No
. . Germa .
P6 R&D, Medical devices 19 ny Contributed to a LCA study
P7 Industrial, Packaging 25 France  Contributed to a LCA study
P8 R&D, Vaccines 35 Canada No
Pg Market insights, Over the 7 France NO
Counter
P10  Procurement, Medical devices 20 France  No

The interviews were performed between January 12, and January 21, 2021. It lasted 45 minutes
to one hour and a half, with an average of one hour.

To avoid biases linked to pharmaceutical knowledge-perception, the interviews were
supported by an independent interviewer, holding a PhD in eco-design. He was selected due to his
six years expertise in eco-design within several industries in France and the lack of familiarity with
pharmaceutical products.

V.2.2 Environmental aspects root cause within R&D decision making

The second experiment was based on a qualitative evaluation. Results of a Life Cycle
Assessment (LCA) of an existing medicine were made available to an environmental expert of
Sanofi. He was part of Sanofi for 32 years, with responsibilities around climate risk management and
previous experience regarding LCA coordination, environmental reporting & energy, facility
management in R&D.

As it is not the purpose of this paper, the details of the LCA results will not be displayed. They
were used as raw data, to identify the decision steps, during the R&D process, that may have led to
the environmental impacts assessed. The main characteristics of the LCA used are summarized in
the following table.

Table 40 - Main characteristics of the LCAs used for the study
Characteristic  Description

Year of the | 2020

LCA

LCA method Product Environmental Footprint (PEF)

Function Treat symptoms

Functional One gram dosage per drug intake for one adult (equivalent of the dosage of Active
Unit Pharmaceutical Ingredient into one tablet)
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Reference flow | One tablet

API Chemical based

Galenic form Tablet

Packaging Blister PVC / Aluminum

System Cradle-to-Grave (Raw material; API synthesis; formulation; packaging; distribution; use
boundary & end of life)

The list of the deliverables and key design decisions during the R&D process was made
available to the same expert. This list was composed of 263 deliverables. The necessity to identify
the main therapeutic use, the New Drug Application (NDA), the stability of the product or the
industrialization choices with related technologies can be mentioned.

From these two elements, a first assessment was conducted through the list of all deliverables
within the four stages of the pharmaceutical development process (as described in figure 63). The
purpose of this step was to identify the deliverables with “eco-design potential”. This notion was
defined as a deliverable who may have a direct / indirect impact on either the product specifications
(e.g.: storage condition), the industrialization (e.g.: supplier selection), the supply chain (e.g.: type
of transport), the use & end of life (e.g.: metabolism rate) or other data generation (e.g.:
pharmacological profile) useful to assess the environmental profile of the product.

A score of the potential environmental impact of the related deliverable, based on the LCA
results and on four indicators of the PEF (global warming, freshwater eutrophication, freshwater
ecotoxicity, water scarcity footprint), was then set between one (low) to four (high impact). As each
step of the lifecycle may contribute differently to each indicator, this approach was performed to
each deliverable, per lifecycle step (the raw materials are included within API; formulation and
packaging) for the four indicators. An example of the calculation is provided in appendix 7.

V.3 Results

Qualitative results are described for both the R&D practitioners’ interviews and for the second
experiment regarding R&D decision making to then engage a discussion regarding limits, highlights,
and convergence points.

V.3.1 Practitioners’ interviews

Three additional macro design steps were identified, discovery, clinical manufacturing, and
industrialization. The discovery takes place during the research phase. The clinical manufacturing is
between the preclinical trials and phase 3. Finally, the industrialization takes place at the end of the
preclinical trials until the LCM and usually includes the technology transfer mentioned in figure 63.

Clinical manufacturing
Industrialization

Figure 63 - The three macro design steps within the Pharmaceutical Development process

During interviews, all participants with no environmental knowledge were at first focused on
their own activities and understanding of the potential environmental impacts (e.g.: “We use a lot of
paper, we could reduce our impact with the digitalization ). Results of the discussions are described
below.
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e Discovery

During discovery, APIs are synthesized by all means in order to eliminate ones without
therapeutical potential. Synthesis routes are therefore at laboratory scale, with a high margin of error
in terms of environmental assessment as both attrition rate and uncertainties are high.

Data regarding raw materials are linked to the APIs manufactured at the laboratory scale and
does not represent at all the ones for the marketed medicine. The same goes for the energy of
processes, the localization of manufacturing, wastes, emissions and transportation.

Choices made during this step will impact indirectly the lifecycle of the product. For instance,
monoclonal antibodies are today expected to degrade to small peptides and individual amino acids.
In other words, not harmful for the environment, which is not the case for most of small molecules
based on usual chemistry. As the level of uncertainty is high at this stage, qualitative eco-design
guidance could be interesting to implement.

e Clinical manufacturing

At this step, first production scale up appears to launch trials. It takes place at pilot scale, and
specifications of the product are explored. The API, formulation (final form of the product taken by
the patient. e.g.: tablet, ointment, liquid injectable), packaging begins to be set as the trials need to
be conducted on a form representative of the marketed one.

Estimation of energy required for the processes, waste generation and other emissions can be
performed. Transportation starts to be investigated, same as the usage (e.g.: administration route),
manufacturing plant, and preliminary eco-toxicity profile. An eco-designer could seize the
opportunity of the generation of such data to provide semi-quantitative insights, based on LCA
approach, to guide decision making.

e Industrialization

When the API shows positive results, industrialization is launched to manufacture the product
with the same pharmacological properties studied during trials.

Accurate data regarding raw materials, energy consumption, localization of manufacturing
plant, waste generation and other emissions, transportation, usage and end of life are available or
being to be. As data begin to be more accurate, the eco-designer could support the development
process by giving quantitative through LCA.

V.3.2 Environmental aspects root cause within R&D decision making

A first assessment was conducted through the list of all deliverables within the pharmaceutical
development process. The purpose of this step was to identify the deliverables with an “eco-design
potential” as defined in chapter 3.2. Results are summarized in the table 41 and showed an average
of 36% of deliverables with an “eco-design potential”, up to 43% in the research phase.

Table 41 - Number of deliverables and potential eco-design ones per sub steps of the pharmaceutical
development

Number of Deliverables with eco- !

NPD step deliverables design potential ‘|

1. Research 49 21 43%
2. Early 84 29 35%
development

3 Late 109 21 19%
development

4. Market 72 23 32%
Total 263 94 36%

After this first assessment, a score between one (low environmental impact) and four (high
environmental impact) was performed for each deliverable. Data in figure 64 represents the
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breakdown by lifecycle stage of the level of influence of the deliverables and example of calculation
is provided in appendix 7. In every step, the early development is the most impactful (between 37%
and 40%). Less significantly, the late development contributes secondly (between 22% and 28%) to
the climate change impact profile. Then, depending on the lifecycle step, research and market are
sharing the third and last places (between 15% and 23%).

Global warming

40%
39% ’ , 39%
37% 37%

7% 8%
A
2% 22% 0 2% . 23% 0 3%
20% 19% 0% 19%
I I 16%  16% I 15% I 16%
|

AP Formulation Packaging Distribution Use & End of life

Il Research [ Early development B Late development B Market
Figure 64 — Breakdown by lifecycle stage of the level of influence (%) of the deliverables of the medicine NPD,

for the global warming impact per lifecycle steps (API, formulation, packaging, distribution and use & end of
life), based on 263 deliverables assessed

A similar profile can be observed for the water scarcity footprint. But the ones for freshwater
ecotoxicity and freshwater eutrophication differ. Even if for all the indicators, the early development
seems to be the major contributor (between 31% and 40%), for both freshwater ecotoxicity and
freshwater eutrophication, the research stage contributes in second position to the API, formulation,
and use & end of life steps (between 27% and 29%). The late development comes then for these
lifecycle steps (around 21%). Still for freshwater ecotoxicity and freshwater eutrophication, the late
development seems to come in second place of contributor for packaging and distribution (between
28% and 31%) and the market at the third one (between 19% and 21%). The figures are provided in
appendix 8. The table 42 propose a global view with a breakdown of eco-design potential with an

aggregation of the lifecycle steps.

Table 42 - Breakdown of eco-design potential within the pharmaceutical NPD for the global warming impact
with the aggregation of the lifecycle steps (AP, formulation, packaging, distribution and use & end of life)

Earl
Research y Late development Market
development
sgs & 23 = 2 2 2z B2 6
== Q2 (D, D D Q [ o S o k<
zg 2 @ £ 2 2 2 g 3 5
o @ = = ) N w S 3
g. < 8 V) o =

0
6% 13% 15% I* 23% 21% 3% 10% 4% S

*Anomaly due to no clear deliverable in the list provided to the expert

V.4 Discussion

In this part, major’s highlights, convergence points and main limits are described.
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V.5 Practitioners’ interviews

This first study allowed to see that eco-designers could be set mainly between phase 2a and
2b. Qualitative or quantitative approaches could be performed all along the NPD and should be
adapted, to both available data and the environmental levers, within each step.

Despite the effort to have experts knowledgeable of the medicine NPD, two limitations linked
to this panel can be mentioned. First, even if the regulation requires some harmonized steps within
the pharmaceutical sector, each company may have their own way to integrate these requirements.
The experts involved were only part of one multinational company.

Secondly, medicines are complex products. It is therefore always possible to find experts with
a targeted activity and related expertise within a sub-step of the pharmaceutical development. Our
approach was to interview people with both an overview of the process and operational knowledge.
Therefore, the interviews could gain in deepness by adding other complementary expertise within
the pharmaceutical NPD.

The data available for an eco-design approach was explored during the interview but due to
the complexity of the product, deep levels of granularity were not defined.

V.6 Environmental aspects root cause within R&D decision making

Like the previous approach, the purpose of the experiment was not to catch all the specificities
of medicines. Additionally, in terms of development, the deliverables are most likely different due
to the different processes and specifications of such products. In this approach, the inclusion of those
kinds of complexities was not done.

In figure 65, the profile of the curve seems to tend to a gaussian form. “anomalies” can be
noted for the phases 1 and 3. For phase 1, no significant deliverables were identified. For the second
one, as the product is still in trials during phase 3, modification of medicine should be still feasible
or at least have a higher potential than the approval phase where everything is frozen for the market
authorization. A misunderstanding of the steps and related eco-design potential may explain the
results here.

One of the limitations of the approach is linked to the expert involved. Despite the
documentations made available (list of deliverables within the R&D process and LCA results),
results may differ depending on the level of understanding of both the R&D processes and
environmental aspects of the expert part of the experiment.

Another bias who could be mentioned is the level of uncertainty and the attrition rate linked
to the advancement of the project. Indeed, both are usually high at the beginning and the more a
project is going through the different stages, the more accurate the environmental aspects can be
assessed but less environmental levers appear. This bias was indirectly considered in the approach
with the number and the type of deliverables of each stage.

Nevertheless, our experiment led us to the potential contribution of the NPD stages of
medicine, to the environmental aspects per lifecycle step profiles; and the eco-design potential levers
of product in figure 65.

V.7 Conclusion

For R&D practitioners, a lack of understanding of eco-design approach was perceivable. Even
if all interviewees are aware of the environmental issues that the Humanity is facing and are
convinced of the necessity to integrate environmental aspects into their activities, a lack of holistic
perspective is perceivable.

Despite the three macro design steps described in chapter 4.1, major highlights and
convergence points through the four main stages as it is commonly used in the pharmaceutical sector
are presented.
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e Research

Result show that, at this stage, the objective is to identify a molecule with a possible
therapeutic target and its role in the disease. Other product aspects (such as the galenic form or the
packaging) are usually not studied. Nevertheless, some decisions may have some indirect impact on
the rest of the lifecycle steps. For instance, for the same disease, either if the API is based on biologic
or small molecule, the specifications will most likely not be similar and imply different possibilities,
such as the administration mode (e.g.: one API is only stable in solution and the other in powder,
who allow to have oral forms like tablets). In this case, it will impact indirectly the galenic form of
the product, related excipients and by extension, the supply chain required to manufacture the
product.

Depending on the type of the API, the ecotoxicity profile of it may vary and lead to different
environmental impacts. Nevertheless, key decisions choices for APIs begin at this stage to reduce
the number of candidates. It could be an explanation of the contribution for freshwater ecotoxicity
and freshwater eutrophication profiles.

The level of uncertainty remains high and does not allow for a quantitative assessment. Some
examples can be mentioned who are explaining this aspect: the high number of API candidates
screened, the laboratory scale of production (which is not representative of the industrialized), the
final marketed form is neither studied nor even defined yet. Nevertheless, APl decision remains key
for the ecotoxicity impact, and this stage should not be excluded. Therefore, a qualitative approach
seems appropriate.

e Early development

The results show that the “eco-design potential” levers are mainly within this stage, when trials
are conducted (clinical trials, phase 1 & 2a). During the clinical trials, the galenic form used to
perform studies is not representative of the marketed product. If the molecule shows preliminary
efficacy, other forms are developed for phase 1 & 2a, who are closer to the marketed product. Indeed,
studies to set the specifications and to ensure safety for patients must be conducted on the final form.
The packaging is not defined during this stage. As one of the main roles of the primary packaging
aim to ensure the safety of patients by keeping the product stable and secure, choices of API, galenic
form or even administrative route will imply ranges of packaging. As an example, liquids for
injectables will not have blisters as primary packaging, unlike tablets for oral use. And on the other
hand, tablets for oral will most likely not be in pre-filled syringe. With the same way of thinking,
those decisions will have indirect impacts on the distribution (e.g.: storage conditions of the product,
who may differ in the choice of packaging). Therefore, decisions during this stage will define most
of the environmental aspects of the product.

As the validation of processes takes time, when the medicine shows some positive results in
trials, industrialization steps may begin (e.g.: Scale up of processes). Therefore, evaluation of
industrialization pathways may begin after the preclinical trials.

In other words, we can understand that data regarding the final marketed product begin to be
generated and environmental improvements remain possible since decision making is still on going.
These non-exhaustive elements may explain the importance of the early development in the decision
making in terms of eco-design.

e Late development

During this stage, our study shows that the purpose of phase 2b is to study the product with a
form close to the marketed one, major modifications around API or the galenic forms are usually not
expected. The specifications of the product are usually frozen after phase 2b.

The industrialization choices continue to be explored (e.g.: technology for production) and
some options start to be assessed (e.g.: packaging, distribution mode). At the end of this stage, every
aspect of the product is defined and frozen due to regulatory constraints.

It means that in terms of eco-design, all data should be available to assess the environmental
profile of the product. Nevertheless, major modification of the product cannot be performed at this
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stage or require another round of trials or years of studies. For instance, modification of the galenic
form of a tablet to a liquid, may imply changes of the excipients. Depending on the interaction
between each compound and the processes to manufacture the drug product, the physical property of
the product may change (e.g.: condition of stability) and need to be assessed. Therefore, both product
aspects and related activities (e.g.: industrialization, distribution), should be optimized at the end of
this stage.

e Market

Right before the first launches, the results show that decision making regarding secondary and
tertiary packaging may occur. Main parameters are usually fixed and due to the regulatory
constraints, modifications are complex as mentioned previously.

At this stage, we can understand that, even if the level of understanding of the product is high,
the levers to improve the product are small. It seems possible to fine tune some aspects, but most of
the effort should be deployed in other stages.

The figure below summarizes the eco-design recommended approaches to adapt with every
sub-step of the pharmaceutical NPD.

23%
21%

Phase 1

Prec!-lnical {No clear 23 4.1 First 4.2 LCM*
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Figure 65 - Eco-design approach recommendation with the potential levers of product (average of each step of
the lifecycle) per sub-step of the pharmaceutical development, for the global warming indicator

V.8 Summary of chapter 5

One of the main societal duties of the pharmaceutical sector is to provide medicines. As
defined by the SDG three, they need to make them available and affordable in order to grant good
health, despite the inequities all around the world. But this responsibility does not allow the
pharmaceutical industry to avoid the environmental concerns related to its activities and products.
Nowadays, environmental risk assessments are performed. Nevertheless, this approach does not
provide a holistic view of the environmental impact of the product and is not based on a lifecycle
perspective. Eco-design is an approach which can support industries to consider them. Trace of
environmental approaches integrated into design can be found around 1960, but the field of eco-
design research seems to be formalized in the 1990’s Despite the effort of the pharmaceutical industry
to consider environment aspects), the literature suggests that this sector seems to struggle when it
comes to have a holistic approach of eco-design into the medicine NPD process.

A focus on the Meso level of the integration of eco-design as described by Brones was done.
Two experimentations in order to understand where Eco-design potential levers appears in the
medicine NPD process were performed. Information are available at each stage of the R&D process
that could support eco-design activities, but quantitative environmental assessments would only be
possible in the later stages due to high uncertainty in the data available during the research and early
development stages.
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The first experimentation consisted of semi-directive interviews of 10 practitioners of the
pharmaceutical R&D. The second one was an investigation performed with both LCA results of an
existing medicine and R&D process & related deliverables. The aim was to identify eco-design
potential levers & decision-making during medicine NPD process. This last one was not yet explored
in the literature, and a first case within the pharmaceutical sector was proposed.

Results show that, even if unknowns and uncertainties regarding the specificities of the product
remain in the research phase, the environmental levers are high, and an eco-design approach should
not be excluded. At the early development, characteristics of the product and industrialization start
to be investigated. Therefore, a focus on eco-design seems to be appropriate. At the beginning of late
development, eco-design levers still are relevant but seem to decrease exponentially until the market.
The key focus of eco-design within the pharmaceutical R&D seems to appear between the early
development and the late one. In other words, between clinical phases 2a and 2b.

Even if eco-designers can be identified during the whole pharmaceutical development, the
level of understanding of the final form marketed is not the same at each phase. It is therefore not
possible and does not seem relevant to have a quantitative environmental assessment at each phase.
The possibility to engage eco-design qualitative or quantitative approaches, all along the NPD is
therefore possible. Due to the lack of data during research, quantitative approach cannot be initiated.
Nevertheless, linked to the environmental potential levers, qualitative approaches are strongly
recommended to support the medicine NPD as the decision making will have indirect impact in the
rest of the development (e.g.: administration route will impact the galenic form). The quantitative
approach should start at the beginning of the early development until the market. The maximum eco-
design potential seems to be between phase 2a and 2b.

In this chapter, a focus on the understanding of the pharmaceutical NPD was made, to highlight
the potential levers within it. The next chapter will present research between the Meso and the Micro
level, the development of a tool which aim to support and track the Eco-design practices within the
pharmaceutical NPD.
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Phase 3

Chapter VI

Meso approach — Eco-design maturity model

« Vous n'avez le droit d'éviter un effort qu'au nom d'un autre effort, car vous devez grandir »
Antoine de Saint-Exupéry, « Citadelle », 1948

“You only have the right to avoid an effort in the name of another effort, because you have to
grow”
Antoine de Saint-Exupéry, « Citadelle », 1948
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VI Eco-design maturity model, DEimeter (Drug Eco-designed integration
meter)

This chapter focus on the development of an Eco-design tool who aim to support the Eco-
design practices integration within the pharmaceutical sector. It contributes to the hypothesis H2.1:
“It is possible to formalize an Eco-design maturity model for the pharmaceutical sector”. The part
V1.1 will present the context of this part. Material & methods will be presented in part VI1.2. Results,
Discussion and a Conclusion will be described respectively in part V1.3, V1.4, & VI.5. It is structured
as shown in the figure 66.

VI. Eco-design maturity model
DEimeter

Figure 66 — Eco-design maturity model, Deimeter chapter structure

V1.1 Context

Nowadays, environmental aspects of products and services are more and more considered in
their design. As described previously, the pharmaceutical sector has a singular NPD process, due to
ensure the safety of patient, but do not make an exception. However, the integration of Eco-design
is not fully embedded yet in this sector. The framework of Brones provides the main blocks to work
on.

V1.2 Material & method

The work presented was structured with the Design Research Methodology (DRM) approach
(Blessing and Chakrabarti, 2009). Each step identified in this paper can be related to the DRM
framework stages and are summarized in the table 43 with related pros & cons.

Table 43 — Step of the Deimeter development correlated with the DRM framework
DRM stage Step of Approach and
(Blessing Deimeter goal
and development
Chakrabarti,
2009)

Unstructured e Let interviewee ¢ Qualitative
Research Qlalitative interview to introduce topics results _
clarification [T understand relevant for them  Represent point

overall industrial e More agility to of view of

needs and define explore topics interviewee
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goals (Doody and
Noonan, 2013)
Semi-systematic
literature review
to explore current

e Overview of
research area
¢ Can be qualitative

e Time-consuming

¢ Quality depends
on the execution
¢ Not exhaustive

Descriptive  EE|EET(E works available ot

study | review works aval or_qua_ntltatlve .
in scientific e Historical
community overview
Snyder, 2019

First prototype

Online ¢ Openness and e Qualitative &
guestionnaire to flexibility semi-quantitative
R&D managers e Increase results

to understand geographic scope e Lack of depth of
their perception possibilities data

Survey regarding Eco- e Time constraints
design & how it of respondents
could be
implemented

Prescriptive (Braun et al.,

study 2021)
Structured e Easy process o Expert required
interview and e Put interviewees at e Require
questionnaire the same level interviewees to
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Final version

VI1.2.1 Qualitative interview

The qualitative interview was set to feed the Research clarification. A master research student
in design performed an unstructured interview (Doody and Noonan, 2013) with a senior R&D
practitioner with 20 years’ experience with diverse position in different phases of development. An
interview in two part was made March 11" and 17", 2022, for one hour each. Both list of topics
raised, and main characteristics of the interviewee are presented in respectively Appendix 9 and
Appendix 10.

The purpose of this step was mainly to understand the high-level needs of R&D managers in
a qualitative manner.
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V1.2.2 Literature review

The literature review was considered as the Descriptive study | of the DRM framework. It was
included in the overall approach to understand the academic perspective of the Eco-design integration
and maturity models topics.

A semi-systematic literature review as defined by Snyder (Snyder, 2019), was performed. The
purpose was to identify main existing Eco-design tools, especially the ones regarding the integration
of Eco-design. In that sense, a specific focus was done on Eco-design maturity models and generic
ones. A comparison between them was done to identify the potential needs in an academic
perspective and the relevance for the pharmaceutical R&D. The criteria below were defined to assess
them with scores between one and three.

Table 44 — List of criteria used to assess the different maturity models

Criteria Description Score: 1 Score: 2 Score: 3
Precision Refers to the scientific Broad Provide Provide deep
background of the model and information intermediate  insights
the quality level of the outputs. information
Simplicity Refers to the structure of the Complex, Medium, Simple, do not
model and the easiness of use  require guidance require
detailed might be guidance
guidance required  for
several
functionalities
For Refers to the targeted audience For  expert For non- Open for
everyone of the model only expert  with neophyte
sensibilization
O[5 Refers to the length of time to  Time- Require a Not time-
fill the model consuming medium consuming
amount of
time
OV Refers to the specificities to a  Specific  to Cover several Generic
sector of the model one sector sectors

V1.2.3 R&D project managers survey

An online survey was conducted to R&D practitioners of the same multinational
pharmaceutical company. The aim was to gather qualitative insights, with a significant number of
respondents, of the environmental perception of R&D project managers, “if” & “how” they are
currently integrating environmental aspects in their activities and “how” the integration could be
fostered. The survey was conducted through Microsoft Forms between May 9", 2022, and June 10%,
2022, the list of questions is available in Appendix 11. To make everybody at the same level of
understanding, a definition of Eco-design was displayed after asking them to define it.

In 2022, the pharmaceutical company studied had 207 projects in its pipeline. If we consider
that 15 managers are assigned to one project, the estimation for the targeted panel considered could
be around 3 105 people. To be as relevant as possible, two formulas to calculate the size of the
sample, considering the targeted panel were used. Table 45 summarizes the formulas and calculations
performed.

Table 45 — Calculation of the sample size for the survey with a sampling error considered at 10%
Result Reference
96,04 (Cochran, 1977)

Formula
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z2xp(1 - p)/ 93,16 (Israel, 1992)
eZ

n=
L (FXPATPY L

n = sample size

z = 1,96 (with a confidence level of 95 %

e = 0,1 (acceptable sampling error of 10%)

p = 0,5 (standard deviation, population of a proportion with a desired attribute)
N = population size (3 105)

As a 10% sampling error allow us to have reliable results for the interpretation, this level of
acceptable sampling error was decided. The formula of Cochran does not consider the population
size and lead to a more conservative result. Nevertheless, result from Israel formula is close to the
previous one. In this manuscript, the conservative figure by considering an acceptable sample size
with 96 answers was considered.

V1.2.4 Eco-design expert feedbacks

With the outputs of the approaches above, a first model was proposed. To be as much as
relevant as possible, this model was challenged with Eco-design practitioners. This step is considered
as Prescriptive study. The panel of Eco-design experts was chosen with the idea in mind to have
internal experts of the pharmaceutical industry studied and external one, with no specific
pharmaceutical knowledge. The table 46 summarize the main characteristics of the experts involved.

Table 46 — Main characteristics of the Eco-design Eanel experts
Expert  Affiliation Background Country Scope of

n missions

Academic e Eco-design lecturer — 1 year France  International
o Eco-design related project — 8 years
¢ PhD in Eco-design

Academic e Eco-design lecturer — 10 years France  International
¢ PhD in Eco-design
Academic 2" year PhD student in Eco-design France France
Academic 3¢ year PhD student in Management, Italy France / Italy
Production, and Design
Pharmaceutical 6 years in pharmaceutical industry France International
industry including 3 years on Eco-design related
projects
Pharmaceutical 8 years in pharmaceutical industry, France  International
industry including 3 years as PhD student in Eco-
design & one year as chemical technician
in R&D

e 3 year PhD student in Eco-design
elicense degree in pharmaceutical
development

The feedbacks were collected through a questionnaire that experts had to fill after an interview
who were led by a master research student in design. The interviews lasted one hour and took place
between May 4", 2022 and May 23", 2022. Qualitative feedbacks were collected and were structured
through nine key points: Utility, Consistence, Completeness, Broadness, Precision, Clarity,
Obijectivity, Coherence and Forecast.

With the feedbacks of the different experts, a 2" version of DEimeter was proposed.
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V1.2.5 User tests

This phase is considered as the Descriptive study Il of the DRM framework. A panel of 17
R&D experts of the same pharmaceutical company was identified and seven of them engaged in the
tests. They were selected due to their background and related function & knowledge regarding the
medicine NPD process. Main aspects of their profiles are presented in Appendix 12.

The tests took place between June 27", 2022, and July 5%,2022. They consisted of a one to
one, with each member of the panel, for one hour. The first half hour was focused on generic
presentation of what Eco-design is, the related strategy that their company was engaged for, and a
presentation of the 2" prototype of DEimeter. The second half hour was dedicated to the test and at
the end, a usability questionnaire was performed to collect their feedbacks. The figure 67 summarizes
the overall protocol of the tests.

2.Generic 3.Deimeter
1.Introduction 5.Questionnaire
presentation presentation

Figure 67 — Protocol steps of the tests with related durations

Participants were asked to put a score between one (strongly disagree) to seven (fully agree)
through 17 statements, based on Lewis (1995), regarding DEimeter to understand how they feel to
use the tool. They are listed in Appendix 13.

V1.2.6 Summary of methods

As mentioned at the beginning of this chapter, the DRM framework to structure the approach
was used. Each method used within the Research clarification, the Descriptive study I, the
Prescriptive study, and the Descriptive study Il is presented. The aim was to ensure the quality and
relevancy of outputs related to each step which is considered complementary.

V1.3 Results

In this part, the aim is to present the overall results of each step of DEimeter development, to
demonstrate the relevancy of its development and to finally have a specific focus on the final version
proposed.

V1.3.1 Qualitative interview

Through the semi-structured interview, qualitative results were identified and can be organized
around six aspects. The results presented below reflect the point of view of the interviewee.

Overall organization of R&D

For the interviewee, there are two ways to classify R&D projects and therefore to organize the
R&D. The first is to consider the steps of the development. It includes four big steps, Research, Early
development, Late development, and Market. The table 47 presents the main steps and related sub-
steps of the development process.

The second way is to identify the different therapeutical areas. For instance, a focus on a
specific disease can be the driver to structure teams. It presents the scientific interest to address a
transversal team (e.g.: physician, pharmacist, chemist, biochemist) specialized in this specific
disease.

R&D process
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Regardless the choice on how a company organize their teams, in term of NPD process,
medicines are driven by the regulations. As mentioned above, four big steps can be identified with
sub-steps. Table 47 describes the main purpose of them.

Table 47 — Main steps of the medicine NPD process

Step Sub-step Main purpose
Research Target Understand origin of disease and potential targets
identification
Lead discovery Screen and filter molecules of interest
Early Preclinical trials Test with cells, animals or informatic models
development Phase 1 Identify kinetic profile of API
Phase 2a Define therapeutic dose with efficacy
Late Phase 2b Confirm with a larger panel
development Phase 3 Determine efficacy
Approval Send market authorization to local authorities
Market First launches Produce commercialize batches
Lifecycle Ensure the availability and continuous documentation of
management the medicine side effects

Each pharmaceutical company follow this NPD, but they may have their own way to structure
themselves to address all the regulatory requirements.

A specific point regarding the Research phase can be highlighted. Depending on the strategy
of the pharmaceutical company, the Research phase can be outsourced before a purchase. This may
lead to discrepancy in terms of company culture and require adaptation for the entity purchased to fit
the standard of the entity purchasing.

Process iterations

The attrition rate of medicine development is high. Iterations within the NPD process exist but
are limited in terms of “moving backwards”. As the project development relies on many validation
points before moving on the next phase, it seems key for the interviewee to identify the most
important phases to assess the Eco-design maturity level to not put additional burden with no clear
value, as shown in Appendix 16.

Stakeholders

The development of a medicine relies on a multidisciplinary expertise. The range of
stakeholders includes project management, Chemistry Manufacturing and Controls (CMC), quality,
safety, medical, value access, regulatory, clinical service operation, clinical strategy, clinical supply
chain, and translational medicine. With the same philosophy of putting Eco-design effort in key
phases, the CMC seems to be one of the most important roles within the R&D development processes
for the interviewee.

Project governance & management

To ensure the coordination of a new medicine development, project governance is usually set.
It includes control milestones and decisional points across different functions and team managers. A
centralized global governance for the project and a decentralized one, more local managers, for each
function coexist to ensure that every decision is based on relevant assessment at the right time. For
the interviewee, Eco-design parameters could be added in the current governance process.

R&D sites
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For a multinational company, it is not uncommon to have R&D sites across the world. It
implies specificities such as regulations linked to the country site or even things human centric like
the culture, and therefore the way of working. In the pharmaceutical sector, an additional specificity
could be mentioned around “modalities”. A “modality” is defined as an expertise dedicated to the
development. For instance, the galenic formulation is a modality, same for the cell therapy. One site
can have several modalities and focus on them.

Summary of qualitative interview result

From this interview, we can understand the importance of the medicine NPD, regulatory
driven. We can see that a pharmaceutical company organize itself with the aim to set transversal
teams. Both centralization of project and local point of contact coexist to ensure a flow of decision
and be agile regarding local specificities as mentioned at R&D site level.

The development of an Eco-design maturity model, adapted to the pharmaceutical sector
should consider therefore those aspects.

V1.3.2 Literature review

Kohlegger defines maturity models as “phases of increasing quantitative or qualitative
capability changes of a maturing element in order to assess its advances with respect to defined focus
areas” (Kohlegger et al., 2009). They are defined with requirements to achieve and number of levels
may depends on the organization’s needs (Klimkd, 2001).

As the purpose of this work was to propose a way to support the integration of Eco-design to
the pharmaceutical R&D, a focus on maturity models and Eco-design ones was performed. The list
below does not represent an exhaustive one regarding them. They are part of our semi-systematic
review and the assessment of Eco-design maturity models identified constitute one base of the
Deimeter development process. The figure 68 presents the maturity models included in this thesis
with their temporalities of creation.

GPSST

Generic model Grille de positionnement en
CMMI santé et sécurité au travail
Capability Maturity Model Integration (Rassignolet al,, 2018) Envi Matu:‘rylr Sﬂmd for t
{CMMI Product Team, 2002) nvironmenta’ Managemen
(zhanget al, 2013) (Camposet al., 2020)
<0,.30, <o ‘ <o ) <o
%% %> Yo o
Ecodesign Maturity Meter
OPM3 i i
— . Ecodgswgn Maturity Model (Boucher et al.,, 2018)
Organization Project (Pigosso et al., 2013)
Management Maturity Model
(Pennypackerand Grant, 2003) - . Eco-Innovation
Maturity Grid Maturity Model
Assessment tool (Xavier et al., 2020)

(Moultrie et al., 2016)

Figure 68 — Chronology of the maturity models included in this paper
Generic models

A first look on generic models was performed to understand how maturity models were
generally built. As mentioned in the figure 68, “Capability Maturity Model Integration” (CMMI)
(CMMI Product Team, 2002), “Organization Project Management Maturity Model” (OPM3)
(Pennypacker and Grant, 2003) and “Grille de positionnement en santé et sécurité au travail”
(GPSST) (Rossignol et al., 2016), which could be translated by Occupational Health and Safety
Positioning Grid were studied.

Those maturity models are divided into various levels, usually from one to five, but sometimes
more or less. Each level is characterized by certain requirements that have to be met (Klimkd, 2001).
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The levels are also ordered sequentially from an initial (level zero or one) to an end level (level four,
up to six).

In addition to these various levels, categorization is set. For instance, OPM3 propose five
project management process groups: Initiating, Planning, Executing, Controlling, Closing. The
GPSST is an online tool (INRS, 2022) proposed by the French National Institution of Research and
Safety (INRS). They are proposing several themes to assess Training, Workplace design, Activity,
Management, Communication, Assessment, and Work accident & Professional disease. The CMMI
is commonly known as a framework of improvement within different applications. The CMMI for
Development, the CMMI for Acquisition and the CMMI for Services can be mentioned. All of them
arel23rocesss model who are aiming to support respectively software development, products &
services acquisition and services deployment & management (Linstedt and Olschimke, 2016).

In 2012, Wendler performed a systematic review of 237 maturity models with 20 domains
(Wendler, 2012). In this part, the aim was not to have such holistic understanding. With the look of
the three frameworks quickly presented, it was possible to identify a pattern with splits with relevant
topics and four to six levels.

Eco-design models

In the work mentioned previously, Wendler identified at that time only three models dealing
with sustainability from 1993 to 2010. In this thesis, six maturity models regarding environment,
published between 2013 and 2020 was assessed. Even though we did not perform a systematic
literature review as Wendler, it can be assumed that there is a growing interest regarding the
environmental maturity models.

Some criteria to assess the Eco-design maturity models was set and explored. The figure 69
presents the overall results on the left and a comparison of the two top ranked models.

Results of the Maturity Models Assessment Comparison of the top ranked

models
14

Precision
3

I I 2
. For_an\{ Simplicity
organization

EcoM2 EcoMi EDMMeter MGAT MGEM Convergence

-
o

=R A ]

Quicknes: For everyone
W Precision Simplicity Foreveryone ™ Quickness M Forany organization ECONi emmmmEDMMeter

Figure 69 - Results of the Eco-design maturity models assessment & the comparison of the top

two models

As an overall comment, except the MGAT model, all of them are generic ones. In other words,
while MGAT is focusing on medical device products, the other models are built to not be specific to
an industrial sector. We can see through the comparison of the two top ranked models that they do
not share the same strengths and weaknesses. While Eco-Mi seems to be a precise model with
scientific information but time consuming and cannot be filled by anyone; EDMMeter is quite the
opposite by proposing a model quick to use but with results less quality than Eco-Mi.

Summary of literature review

When it comes to maturity model, the literature shows that they are supporting the evolution
of a specific topic within organizations. They are usually built with levels, up to six, and with
different topics considered as relevant by the users or the community.

The Eco-design field abounds of maturity models. Nevertheless, none of them are specific to
the pharmaceutical industry. Additionally, our assessment is showing that there is potential room to
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a proposition who could combine the strengths of Eco-Mi and EDMMeter, by proposing a model
who can be filled by non-expert and who will keep relevant results.

V1.3.3 First prototype proposition

The first prototype of Deimeter was build based on the qualitative interview and the literature
review. The integration model of Brones (Brones and Monteiro de Carvalho, 2015) was took into
consideration by proposing to track the Meso level through the Leadership & tactical integration, the
Eco-design training & resources, and finally the Collaboration & communication. The micro level is
tracked with the use of Eco-design tools identified and relevant for the R&D practitioners. The figure
70 shows the overall flow and categories of Deimeter.

Eco-design training & resources

Trainin Monitoring &
€ Control
Eco-design tools
Collaboration & communication
Leadership & Tactical integration Collaboration Communication
Monitoring &

Integration Control

A 0

\ - Global Eco-design —
maturity level

Figure 70 — Overall flow of DEimeter with the meso and micro levels of Brones

The meso part of the maturity model was established with the practices from the models of the
literature review. They were identified and analyzed with the aim of outlining which ones were the
most suited to the pharmaceutical NPD process. In parallel, practices were compared to avoid
redundancies.

Then, the selected practices from those different maturity models were combined with the
purpose of establishing a limited list of Eco-design management practices that fits into the assessment
of R&D process management maturity. Finally, a total of 27 practices were identified and distributed
among the categories. The list of practices is displayed in Appendix 14.

The number of practices to be evaluated by managers had to be significantly reduced to limit
the time required for the use of the model. The constraint of time is a key aspect for any models in
terms of use. R&D practitioners are challenged to speed up the development of product. The use of
maturity models may appear as an extra burden which could lead to the non-integration of
environmental aspects (Luttropp and Wadin, 2006). It can be explained by the fact that the model if
for R&D practitioners with no specific knowledge in Eco-design. However, the model proposed in
this thesis aims to be as precise and quick as possible, to be at the border of the scientific relevancy
and industrial needs, without requiring Eco-design knowledge (Faludi et al., 2020).

The micro part is related to the use of Eco-design tools during the phases of the process. This
part of the manuscript do not aim to make an exhaustive list of existing Eco-design tools as the
literature abounds of it and also papers to describe them (Ahmad et al., 2018; Bovea and Pérez-Belis,
2012; Faludi et al., 2020; Lindahl and Ekermann, 2013; Pigosso et al., 2015; Poulikidou, 2012; Rossi
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et al., 2020, 2016; Rousseaux et al., 2017; Schafer and Lower, 2021; Singh and Sarkar, 2019; Vallet
etal., 2013, 2013). A way to categorize tools is to define them as quantitative, semi-quantitative, or
qualitative. The correlation between the type of tools and the phases of the pharmaceutical NPD
process emphasized the fact that all the tools are not always relevant for each phase. For instance,
guantitative tools (e.g., LCA) cannot be used during the early stage of the process due to the lack of
available data. One of the biggest aspects of our model aim to help project stakeholders in the
identification of the most suited Eco-design tools regarding their function and the concerned project
phase.

V1.3.4 Survey

The survey took place in the same pharmaceutical company, with 129 participants. It exceeds
the sample size targeted of 96 answers and results can be considered as exploitable. In this paper, a
focus was done on key outputs of the survey. Information regarding characteristics of respondents is
presented in Appendix 15. 92% of the respondents claims to be familiar with the overall R&D
process. In terms of Eco-design understanding, the figure 69 shows that 29% of participants gave a
wrong definition and 18% declared to have no idea. To be considered as “perfect”, respondents must
have written in their answer notions of “lifecycle perspective”, “holistic environmental impact” and
“reduction of the environmental impact”, with same or similar wording. The classification “aware”
is considered when they do not have included all those aspects.

Perfect

0,
Wrong 7%

definition

Aware

No idea

Figure 71 — Repartition of understanding of the Eco-design concept among R&D managers

Despite the lack of Eco-design understanding of 47% of participants, 99,2% of them consider
this approach important and 98,5% as the future of designing products. Despite this common view,
apprehension is perceivable where 41,9% of respondents answered that Eco-design will complicate
the process as shown in figure 72. Additional verbatims regarding their perceptions of which choices
during the project phases have impacts on the environmental profile of the final product are presented
in Appendix 16.
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Important 38% 61,2%
The future of designing products | 29,5% 69%

A better way to develop drugs 4,71 46,5% 48, 1%

Complicating the process 37.2% 488% 9,3%
Something you would like to know more about I 55% 40,3%

100% 0% 100%

M Strongly Disagree M Agree
M Disaaree W Strongly Agree

Figure 72 — Eco-design perception of R&D managers

To the question of the implementation of Eco-design, 74% of respondents consider that it is
not part of the current way of working. The figure 73 is showing the constraints that R&D managers
are facing. The “other” pilar include “not enough information”, “lack of awareness” and “budget /
cost”. Verbatim is proposed in Appendix 17 to the “other” option.

Other
We do not have the resources

We do not have the tools

I did not know this has to be a part of our
projects

20 40 60 80 100
Figure 73 — List of constraints that R&D managers are facing to implement Eco-design

o

We can understand that the information is key for R&D managers. To the integration within
governance committees, 33% of respondents consider that it should be in Development Strategy
Governance, as illustrated by the figure 74.

Early Commercialization Strategic Sourcing
and Access Governance Committee

Specific ED
Advisory Board

Development Strategy
Governance
Other

Figure 74 — Committees where Eco-design information could be integrated

Summary of the survey
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Despite a lack of knowledge of Eco-design, R&D managers seem to be willing to integrate
this approach in their way of working. A level of apprehension is perceivable through this survey,
especially with extra workload expected from some of the respondents. A support is clearly identified
as needed, with trainings, tools, communication, and additional resources.

V1.3.5 Eco-design expert feedbacks

As mentioned in part 3.4, experts were asked to assess the prototype through nine aspects

% Ge % ¢ % e

between “unsatisfactory”, “needs improvement”, “satisfactory”, “very satisfactory”. The results are
displayed in the figure 75, by considering “unsatisfactory” & “needs improvement” as negative and
“satisfactory” & “very satisfactory” as positive in the breakdown.

100%

80%

60%

40% I I
&-c\

20%
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-20% N\
-40%

-60%
W Unsatisfactory Needs improvement Satisfactory m Very satisfactory

Figure 75 — Breakdown of the expert feedbacks regarding the first prototype of DEimeter

We can observe that, for the consistence, the broadness and the coherence, the propositions do
not present issues. The completeness, the precision, the clarity, and the objectivity seem to be
improvable. Even if none of the experts considered “unsatisfactory” the propositions, a specific focus
could be identified for the utility and the forecast parameters of the tool.

In addition of the assessment presented in 4.5, qualitative feedbacks were also provided. A
shared comment is around the potential addition workload to fill the tool, which will not be spend on
action plans.

V1.3.6 Second prototype proposition

Based on the feedbacks of the experts, a second proposition was made to satisfy the issues
regarding utility and forecast. As such, an additional matrix in five levels was proposed, to define
the organizational and operational dimensions. The Appendix 18 is summarizing the main aspects of
the levels.

V1.3.7 User tests
A first part of the tests aimed to assess the usability of DEimeter. A second aspect was explored
around the organizational dimension, to see how the users managed the practices proposed. It is

indeed key in design to include future users to design systems who fulfil their needs (Gulliksen et
al., 2003).
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The overall feedbacks show that the tool answer the expectations of R&D managers. With the
sum of all notations of the 17 statements by the seven participants, an 81% level of satisfaction can
be identified. The overall scorings and calculations are available in Appendix 19. For users all
practices are currently not relevant for each function of the medicine NPD.

V1.3.8 Summary of results

To develop DEimeter, the maturity model for the pharmaceutical sector, complementary
approaches were performed, structured through the DRM framework. Despite the singularities of the
pharmaceutical development, their practitioners and managers are facing similar blocking points that
are described in the literature regarding Eco-design implementation. It is also key for them to adopt
this approach for the future of pharmaceutical R&D. The development of DEimeter considered their
insights but also the ones of Eco-design experts.

V1.4 Discussion

In this part, the aim was to take a step back regarding results exposed previously and propose
discussions regarding some aspects. Major’s highlights and limitations of the overall approach will
then be described.

V1.4.1 Qualitative interview

The unstructured interview performed highlighted the complexity of the medicine NPD
process. The overall framework is well known, especially due to the regulation. The way of how
companies are managing it is however discreet, probably due to keep competitivity against peers.
Despite that assumption, it can be assumed that the description made by the interviewee can fit the
organization of several pharmaceutical companies. Indeed, even if each company has its own culture,
the porosity in terms of human resources, due to the high turnover (Sharma et al., 2021), may lead to
a harmonization in terms of overall way of working. The diversity of stakeholders is also contributing
to this complexity. Transversal teams are working to develop drugs, with knowledge discrepancies
and especially in terms of environmental aspects.

The main limitation of this part is linked to the approach itself. As any unstructured interview,
qualitative results are available. And as they represent the interviewee point of view, they should be
taken carefully.

V1.4.2 Survey

The sample size of 129 respondents exceeds the threshold value of 96 to have a 10% margin
of error. Therefore, results can be considered as exploitable. Almost all R&D managers are currently
convinced of the necessity to include the environmental parameters into their design process. It shows
a clear change of paradigm, where previously the environmental aspects were not an element strongly
integrated. For instance, in 2006, the European Medicines Agency stated in one of its guidelines
regarding ERA, that “in any event this impact should not constitute a criterion for refusal of a
marketing authorization” (EMEA, 2006). The change of paradigm is also perceivable at the European
level, like through the proposed taxonomy where environmental aspects are defined for medicine
products (Platform on Sustainable Finance, 2021b).

Even if approaches to include environmental aspects into medicine products, such as Green
chemistry or ERA, exist since years, majority of respondents considered that Eco-design approach
are not embedded yet. It can be explained by the fact that those approaches do not usually consider
neither a lifecycle perspective nor the holistic environmental aspects.

It is also interesting to see that usual constraints regarding Eco-design implementation are
identified, such as trainings, resources, or the apprehension regarding the additional workload and
complexity (Rossi et al., 2016).

Doctoral thesis — Duc-Nam LUU 128



V1.4.3 Eco-design expert feedbacks

The feedbacks gathered were based on a first prototype. Therefore, some aspects of the tool
were incomplete in terms of development, such as the interface. It could have been a bias, especially
regarding the workload / easiness of DEimeter.

Two participants provided qualitative feedbacks but did not fully fill the questionnaire. The
nine aspects in 4.5 is therefore incomplete in the sense of they did not want to position themselves
without of a use case for DEimeter.

V1.4.4 User tests

In this part, a focus on how users managed the tool, with both the navigation and the content
inside it was done. The lower scorings (four on a scale up to seven), are related to the information.
Especially the ones displayed, the readability and easiness to find them. It can be explained by the
novelty of DEimeter which, like any new tool, require a time of adaptation. Nevertheless, based on
the scorings of the different users, it can be assumed that the current proposition of the functionalities
and how DEimeter display results could fit most of the needs of R&D practitioners and managers.
As mentioned in the results, participants claimed that practices are not relevant to each function. In
other words, a work to adapt practices to function is required. It can be explained by the fact that
each function does not have, both the same goals and ways of working.

V1.4.5 DEimeter final version

The final version of DEimeter proposes to track the integration of the organizational dimension
of Eco-design through 22 practices, split into three categories: Leadership & tactical integration, Eco-
design training & resources, and Collaboration & communication.

The second aspect is regarding the operational dimension, which is tracked with the use of
relevant tools in accordance with each step of the development process. Within DEimeter, it is
possible to navigate inside each step of the medicine NPD (e.g., research, preclinical trials, phase 1)
to then select a function (e.g., CMC, regulatory). A mapping of relevant families of Eco-design tools
is displayed, specific to the step and think regarding key functions. The figure 76 presents the
dynamic workflow of DEimeter operational dimension.

Phsf:cc:;;he Sub phase Function Tool framework
Project management Tool #1
cMC Tool #1 ; #2 ; #5
Early development
Phase 2a

Figure 76 — Example of dynamic workflow of DEimeter operational dimension from Early development,
including phase 2a to tools framework for Project management and CMC

It is therefore possible through these two dimensions to set a level of integration, from an
organizational perspective, but also operational one. Even if the potential of Eco-design of each
stakeholder was identified, in terms of phases, the main potential is between phase 2a and 2b.
Therefore, a specific focus was performed during these phases and to functions identified as key by
the interviewee during the unstructured interview.
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V1.5 Conclusion

In parallel of making medicine available, the pharmaceutical has the societal duty to prevent
the environmental burden of its activities. Nowadays, pollution of rivers with drugs or related
products is at alarming levels. Additionally, the pollution of the pharmaceutical need to be consider
from a lifecycle perspective and with a holistic perspective in terms of environmental impacts. Even
if the integration of environment is not new in this industry, the Eco-design perspective is not a well
embraced in mindsets.

The Design Research Methodology framework structured the development of a tool, which
feed the hypothesis “Eco-design maturity model can be adapted for the pharmaceutical
development”.

Through an unstructured interview, a semi-systematic literature review, a survey to R&D
project managers, with Eco-design expert feedbacks and some user tests, the Drug Eco-designed
integration meter tool was proposed. The DEimeter tool is an Eco-design maturity model, split in
two dimensions, organizational & operational, with five levels each. The two dimensions are
addressing the Meso level and the Micro one of the frameworks of Brones. The levels are set to
support the evolution of practices. For the organizational dimension, 27 practices are identified. The
operational dimension is defined adequately to each step of the medicine NPD and stakeholders. By
using practices and tools identified in DEimeter, managers can track the level of integration of Eco-
design within each step of development.

Early development Late development

Starting polnt of the sub step |\ Assessment of the step with DEimeter
Intermediate assessment with DEimeter ¢ Assessment of the project with DEimeter

Figure 77 — Medicine NPD process with the proposed use of DEimeter
V1.6 Summary of chapter 6

The integration of Eco-design into companies’ practices is a key challenge to Eco-designed
products.

In this chapter, the Meso level of the integration of eco-design as described by Brones was in
focus. An Eco-design maturity model was developed, adapted for the pharmaceutical industry so
their practitioners can take ownership of the Eco-design approach, the Drug Eco-designed integration
meter (DEimeter).

The development of the tool was structured with the DRM methodology. Qualitative
interview, to set an overall understanding of the R&D process, a literature review, a survey to R&D
practitioners, feedback from Eco-design experts regarding the beta version of the tool, and users tests
were performed.

Results from the survey showed that R&D practitioners are not familiar with the concepts of
Eco-design, but they estimate this approach as necessary and are willing to integrate it more in their
practices. They highlighted a lack of trainings and tools regarding Eco-design. Some fear regarding
the additional workload was also mentioned during the survey.

The tool developed aim to track and support the integration of Eco-designed into practices. In

other words, the focus of the mean obligation, as the performance obligations can be assessed with
analytical tools who are quantitative (e.g.: LCAs). DEimeter is structured in two dimensions, the
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organizational and the operational one. The first dimension aims to support the managerial practices
while the second one is providing tools depending on the step of the R&D process.

The first version of DEimeter can be improved by adapting it more to either specific
stakeholder of the R&D process (e.g.: galenic formulation team, chemist, analytics) or to specific
medicine families (e.g.: monoclonal antibody, chemical, mMRNA).

After this proposition of an Eco-design tool to support its practices within the pharmaceutical
NPD, the next chapter will focus on another side of the Micro dimension, guidance to assess the
environmental impacts of medicine products.
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Phase 3

Chapter VII

Micro approach — Monoclonal Antibody Product
Category rules proposition for LCA

« Si vous ne pouvez pas le mesurer, vous ne pouvez pas I’améliorer »
William THOMSON, Lord KELVIN

“If you can’t measure it, you can’t improve it”
William THOMSON, Lord KELVIN
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Chapter 5 — Second experiment

VIl Monoclonal Antibody LCA guidance

In this chapter, the Micro part explored during the PhD will be exposed, the proposition of
main aspects to take into account when performing an LCA, with a focus on monoclonal antibodies
(mAbs), through a Life Cycle Assessment (LCA) performed. This chapter propose a description of
technical aspects of Mabs products before to deep dive in the experimentation. A presentation of the
mADs is suggested in part VII.1 to then focus on the LCAs performed for such products in part VI1I.2.
Results, Discussion, and Conclusion of our research are then presented respectively in part VII.3,
VI1.4, and VI1I1.5. The figure below presents the overall flow of this chapter.

VIl. Monoclonal Antibody LCA guidance

Figure 78 — Monoclonal antibody LCA guidance chapter structure
VI1.1 Monoclonal antibodies
VII1.1.1 Definition
First monoclonal Antibody (mAb) was discovered in 1975 by Kohler and Milstein (Nissim
and Chernajovsky, 2008) and the first one licensed in 1986 (Liu, 2014), Orthoclone OKT3

(muromonab-CD3). Several definitions can be found for the mAbs:

United States
e National Institute of Health, National cancer institute

“A type of protein that is made in the laboratory and can bind to certain targets in the body,
such as antigens on the surface of cancer cells. There are many kinds of monoclonal antibodies, and
each monoclonal antibody is made so that it binds to only one antigen. Monoclonal antibodies are

being used in the diagnosis and treatment of many diseases, including some types of cancer. They
can be used alone or to carry drugs, toxins, or radioactive substances directly to cancer cells.”

e FDA

“Monoclonal antibodies are laboratory-made proteins that mimic the immune system’s ability
to fight off harmful antigens such as viruses” (Commissioner, 2020)

“Monoclonal antibodies are immunoglobulin molecules secreted from a population of

identical cells (i.e., cloned cells)” (FDA, 2011)

Europe
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e EMA

“Monoclonal antibodies are immunoglobulins (Ig) with a defined specificity derived from a
monoclonal cell line. Their biological activities are characterized by a specific binding characteristic
to a ligand (commonly known as antigen) and may be dependent on immune effector function such
as antibody dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC).

Monoclonal antibodies may be generated by recombinant DNA (rDNA) technology,
hybridoma technology, B lymphocyte immortalization or other technologies (e.g., display
technology, genetically engineered animals).” (EMA, 2016)

Literature

“Special molecules in our blood and tissue fluids that help us fight infection. There are a
variety of antibody molecules of different shapes and sizes, although the basic structure is essentially
“Y” shaped, with the two tips designed to recognize and bind foreign agents (for example, bacteria),

foreign substances, or harmful cells.” (Nelson et al., 2000)

“Monoclonal antibodies are therapeutic protein molecules used to bind specific antigens in
the body.” (Kannan et al., 2019)

“Laboratory-produced molecules engineered to serve as substitute antibodies that can
restore, enhance, or mimic the immune system's attack on cancer cells” (Bayer, 2019)

For the rest of the manuscript, mAb will be define as:

“Monoclonal antibodies are therapeutic protein molecules, laboratory made, engineered to
serve as substitute antibodies that can restore, enhance, or mimic the immune system's ”

Such products can be classified in four categories: murine, chimeric, humanized, and human
(Bayer, 2019). The table 48 present the description of those categories.

Table 48 - mAbs categories, based on Bayer (Bayer, 2019
Category Description

Murine e Uses harvested B lymphocytes from mice that are fused with an immortal
myeloma cell line lacking the hypoxanthine-guanine-phosphoribosyl transferase
gene.

e Allergic reactions are common in humans, with potential limited benefit because
of a short half-life
e Ends in -omab

Chimeric e Approximately 65% human derived, 35% murine derived, uses murine antigen-
specific variable region, and heavy and light chains of human.
e Demonstrate extended half-life in human with reduced immunogenicity; still able
to induce antidrug antibodies
e Ends in -ximab

Humanized e Murine hypervariable regions of the light and heavy chains are fused onto a
human antibody framework; approximately 95% human.
¢ Has decreased production of anti-drug antibodies; limitations because the
process to create is difficult
e Ends in -zumab
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Human o Fully human monoclonal antibodies.
o Less antigenic and better tolerated; appear to have the longest half-life in humans
¢ Ends in -umab

More basically, mAbs can be used to treat various diseases (e.g.: breast cancer, leukemia,
asthma, macular generation, arthritis, Crohn’s disease), but also for diagnosis purpose (e.g.:
pregnancy, menopause, heart attack), and even to help routine hospitals practices (e.g.: blood
transfusion, organ transplantation) (Quinteros et al., 2017).

VI1.1.2 Authorized by the FDA and EMA

In this part, an overview of the mAbs authorized in the US and in Europe is proposed. Two
databases mentioned in the table 49 was explored, with related documentations available.

Table 49 - database used to gather information related to authorized mAbs
Region Entity Documents used Link
responsible

us FDA Label https://www.accessdata.fda.gov/scripts/cder/daf/
Europe EMA EPAR — Product https://www.ema.europa.eu/en/medicines
information
EPAR — All
authorized
presentations

In 2021, the FDA had in its database 126 mAbs authorized. For Europe, the EMA had 111
ones. Some of the mADs included were only marketed in Europe or US, and some of them were both.
153 different brands of mAbs for both US and Europe can be identified. The current authorized mAbs
were made available in the markets between 1994 and 2021 has shown in the figure below.
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Figure 79 - Repartition of the number of mAbs assessed regarding the year of their authorization
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It is possible to identify the companies who are holding the mAbs in quartiles. With 11 mAbs
in its portfolio, Roche seems to be the leader in this field, followed by Amgen, Jannsen, Novartis and
Pfizer. They are constituting a first quartile. The other ones are listed in the table below.

Table 50 - Quartiles of companies holding authorized mAbs in Europe & US
Quartile Number of mAbs in Companies

the portfolio

Q1 9to 11 Roche, Amgen, Janssen, Novartis, Pfizer

Q2 5t08 Genentech, Samsung Bioepis, Sanofi, Celltrion Healthcare,
Astrazeneca, Eli Lily, GSK, Sandoz

Q3 2t04 Bristol-Myers  Squibb, Merck Sharp and Dohme,

Regeneron, Takeda, Teva B.V., Abbvie, Alexion, Biogen,
Boehringer-Ingelheim, EUSA Pharma, Kyowa Kirin,
Merck KGaA, UCB Pharma

Q4 1 Accord Healthcare S.L.U, Astellas, Ceft Biopharma,
Curium, Cytogen, Daiichi Sankyo, Elusys Therapeutics,
Fresenius Kabi Deutschland GmbH, Gilead Sciences,
Horizon Therapeutics, Leo Pharma, Lundbeck Seattle
Biopharmaceuticals, MacroGenics, MorphoSys,
Novimmune, Ridgeback Biotherapeutics, SFL Pharma,
Stada Arzneimittel AG, Theratechnologies, United
Therapeutics, Valeant Pharmaceuticals Luxembourg,
Viatris, Viatris , Viela Bio, Y-mAbs Therapeutics, Zoetis

In 2015, mAbs market value was estimated at US$115,2 billion and forecast for 2025 is
predicting and growth at $300 billion as described by Lu (Lu et al., 2020).
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Figure 80 - Timeline from 1975 showing the successful development of therapeutic antibodies and their

applications from Lu (Lu et al., 2020).
VI11.2 Monoclonal antibodies LCA

In this part, the work performed around the LCA of mAbs will be presented. A literature
review is proposed, and a second part focus on the life cycle steps of a mAbs. Then, a third part
present the LCA performed to then conclude about the overall aspects.

VI11.2.1 Literature review

In this chapter, the review regarding generic guidance to perform LCA or similar for medicine
products and the LCA of mAbs available in the literature is presented.

Generic guidance to perform LCA or similar for medicine

The Product Category Rules (PCR) are key documentation who guide the analyst to perform
LCAs and enable the external communication possibilities through the Environmental Product
Declaration (EPD). Several platforms who are making available existing PCR were explored and
currently, only one official PCR can be found. This product category rule cover “Blood and blood
derived products for therapeutic or prohylactic uses”, as shown with the System boundaries form
this PCR in figure 81. It was developed in 2016 by INDACO2, a consulting firm who support
companies in the environmental assessment and communication. The PCR was updated the 14th
march of 2022 (INDACO2 SRL, 2022).
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Figure 81 - System boundaries from the PCR of INDACO2 (INDACO2 SRL, 2022)

Earlier, in 2012, the consulting company ERM had developed for the NHS a guide to perform
GHG emission assessment (Allison et al., 2012). They involved pharmaceutical companies such as
AstraZeneca, Baxter, GSK, Johnson&Johnson, Novo Nordisk, and Pfizer. In this guideline, they
have considered different type of API, the synthetic organic chemicals, the cell culture, the egg-based
cultivation, the conjugates vaccines, the plant-based extraction, and the animal & human derived
based medicines. In parallel, they have set guidance for several galenic forms such as the solid dose,
the liquid dose, the creams and ointments, the patches, the gases, and the administering devices. This
guideline proposes qualitative guidance to perform a GHG emission assessment. It is structured
around an example of process map for each type of API, such as in the figure 82, elements to include

in the process and the one to exclude.
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Figure 82 - example of process map for cell culture API (Allison et al., 2012)

Not available anymore, a PCR on “Vaccines for human or veterinary medicine, whether or
not put up as medicaments” was developed in 2013, for the purpose of a pig vaccine LCA (Moraes
et al., 2013) communication through an Environmental Product Declaration (EPD) (Pfizer, 2012).

Finally, the TU Berlin worked on a development of a PCR for pharmaceutical product and
processes (Siegert et al., 2019). Even if they did not publish this document in official PCR platforms,
they made their document available. Unlike the other documentation described above, the authors
are providing ways to fill some data gaps (e.g.: formulas or default data). However, two main
limitations can be highlighted, the German centric solutions to fill data gaps and the chemical-API
focus. Despite those limits, the PCR remain a first relevant base to be able to perform LCA.

mADbs LCA in the literature

As described in the state of the art (chapter 11.5.3), the scientific literature does not abound of
pharmaceutical LCAs. Four papers are describing LCAs for monoclonal antibodies and one other for
injectable vial glass (Belboom et al., 2011), which is usually used for mAbs. Even if the Functional
units were different, it is possible to identify five values of kg CO2-eq / kg of API within three
studies. The study of Pietrzykowski et al. focused on a comparative assessment and they did not
display any quantitative results (Pietrzykowski et al., 2013).

Table 51 - Comparison of LCA results of available papers, for the climate change indicator (IPCC GWP 100a

kg CO2-eq / kg of API Reference
mAb A 31000 (Renteria Gamiz et al., 2019a)
mAb B 20000 (Renteria Gamiz et al., 2019a)
mAb D 22700 (Budzinski et al., 2022)
mADb E 276600 (Amasawa et al., 2021)
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| mAb F 137230 (Amasawa et al., 2021) |

Even if the values are high, the range of differences (between a factor 12 and 14) seems to be
lower than compared to what can be found for chemical products (see chapter 11.5.3, table 26). It can
be explained by the fact that the process to produce mAb is similar to a mAb from another.

VI1.2.2 Life cycle of a monoclonal antibody

In this part, the terminology “life cycle” is considered as it is defined in the LCA community
and not the one in the LCM one. The ISO 14001 defines a “life cycle” as below (1SO, 2015):

“Consecutive and interlinked stages of a product (or service) system, from raw material
acquisition or generation from natural resources to final disposal. Life cycle stages include
acquisition of raw materials, design, production, transportation/delivery, use, end-of-life treatment,
and final disposal.”

To understand the different life cycle steps of the mAbs, an understanding of the different
format possible available in the market is required. In the previous chapter, 153 brands of mAbs were
identified. For those brands, 239 marketed forms available were identified. For instance, one same
brand can be sold in a pre-filled syringe, a pen, or a vial. Finally, the pre-filled syringe can be packed
in a carton containing two devices and another one three. This additional layer leads to 548 marketed
products. The figure below lists the different pharmaceutical forms available for the mAbs. More
than 86% of the products are in liquid form, either for injection (71%) or infusion (16%) within the
548 marketed products is perceivable.

3; 0%
|

387; 71%

m Kit for radiopharmaceutical preparation = Powder

= Solution for infusion m Solution for injection

Figure 83 - Repartition of the pharmaceutical forms of the 548 marketed products available

Regarding the primary packaging, four types were identified within the 548 marketed products
available: the vial (44%), pre-filled syringe (33%), pre-filled pen (22%), and cartridge (0,4%).
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Figure 84 - Repartition of primary packaging of the 548 marketed products available

These different pharmaceutical forms and packaging may lead to different inputs and outputs
at each step of the life cycle. An overview on them is proposed below.

Raw material
In this part of the chapter, some considerations regarding the raw materials required to produce
mADbs are suggested, as illustrated in the figure 85.

Engineered &
specialty materials

Bulk processing

Raw material

acquisition

= Fugitive and untreated residuals

== Aijrborne, waterborne, and solid residuals

—— Transfer of materials between stages for Product; includes transportation and packaging (distribution)
Material, energy, labor inputs for Process and Management

—-— Closed-loop recycling

----- » Open-loop recycling into another product system

Figure 85 - Considerations to include in mAb LCA, for the raw material step
API

Closely linked to the process of production, the manufacturing of API requires families of raw
materials and consumables that can be summarized in the table below.
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Table 52 - Non exhaustive list of raw materials required to manufacture a mAb API
Type Family / role Example Reference

Raw material Chromatography resin ~ Protein A

Feed / Media Cystein (Alietal., 2019)

Glucose / glutamate / (Papathanasiou etal.,
arginine / aspartate / 2017)

asparagine
Amino acids / pyruvic (Saldanha et al.,
acid / pyridoxine 2022)

Media additive DMSO (Jain and Kumar,
Potassium acetate 2008)
Rapamycin

Sodium butyrate
Dissolved oxygen

Buffer Citrate (Zheng and Janis,
Tartrate 2006)
Succinate
Phosphate
Histidine (Saurabh et al., 2022)
pH adjustment Hydrochloric acid (Harbour et al,
Sodium hydroxide 1989)
Water Water for injection (Pietrzykowski et al.,
2013)
Consumable Single use assembly ~ Bag chamber (Luu et al., 2022)
Cable ties
Tubes
Sensors

Excipients

The assessment allowed us to determine 61 different excipients used in the mAbs. Linked to
the preponderant liquid form, 79% of the 239 of the marketed forms contain water for injection. The
other main ones include the polysorbate 80 (64%), the L-Histidine (46%), the sucrose (39%) and
then the L-Histidine hydrochloride monohydrate (34%). The exhaustive list of excipients is presented
in the Appendix 20.

Primary packaging

In this part, a non-exhaustive list of each primary packaging available for the mAbs is
suggested. The aim of this part is to highlight main aspects of them. Despite the assessment
performed, the literature suggests two other devices possible, especially for mAbs: the needle safety
device and the auto-injector (Shire, 2015). The absence of them during the assessment can be
explained by the fact that the EMA and the FDA consider the needle safety device as a PFS and the
auto-injector as a pen injector.

Table 53 - Main primary packaging available for mAbs
Picture Picture reference  Repartition within
the marketed

products
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Vial = (Aptar, 2022a) 45%

Pre-filled syringe k/ (IBSA, 2021) 33%
Pre-filled pen (MIMS, 2022) 22%
Cartridge (Aptar, 2022b) 0,4%

Auto-injector (Roy et al., 2021) /

Needle safety , (BD  worldwide, /
device 2022)

e Vial

Vials are composed of a main body, a cap, and a stopper. Usually, the main body is in glass
type 1, the cap in aluminum or HDPE, and the stopper in an elastomer material (Belboom et al.,
2011). Some variation can be found with borosilicate glass or plastic for the main body. But for the
mADbs, only glass is used. The table below present main materials possible for the various parts of
the vial.

Table 54 — List of materials possible for the vial parts
Part Main body Cap Stopper |

Material Glass Type | Aluminum Synthetic rubber
Plastic HDPE Bromobutyl
Silicone Chlorobutyl
Silicone
Reference (Hibler and Gieseler, (Belboom etal., 2011) (Sandle, 2012)
2010; Mercedes
Scientific, 2019)

o Pre-filled syringe (PFS)

A basic pre-filled syringe is defined as a device with a needle, a barrel, a plunger, and
sometimes both syringe cap & needle protector (Ingle and Agarwal, 2014).
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Figure 86 - Design of pre-filled syringe, from Ingle et al. (Ingle and Agarwal, 2014)

The list of materials possible related to each part of the PFS is presented below.

Table 55 — List of materials possible for the PFS parts

Needle Barrel Plunger Plunger Needle Cap
rod protector
Material Stainless Glasstype | Rubber Polypropyl Natural or Elastomeri
steel Cyclic ene (PP) synthetic ¢ material
olefin rubber
copolymer
(COC)
Cyclo-
olefin-
polymer
(CoP)
Polypropyl
ene (PP)
Polyethyle
ne (PE)
Reference  (Craig, (Ishak et (Kiang, (European  (Sacha et (Badkar et
2018) al., 2018; 2011) Commissio al., 2010) al., 2011)
Sachaetal., n, 2020b;
2010) Sachaetal.,
2010)

e Pre-filled pen

Pre-filled pen, also known as pen injectors, are mainly used for insulin. They can be in a single-
use format, disposable or reusable (FDA, 2013; Masierek et al., 2022; Thompson and Lange, 2013;
Veasey et al., 2021) format. The figure below is an example of the insulin pen SoloStar®

components.
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Figure 87 - Exploded view of a pre-filled pen, SoloStar® Pen example, adapted from Mc Arthur (McArthur,
2017)

The list of materials possible related to each part of the pre-filled pen is presented below.

Table 56 - List of materials possible for the pre-filled pen parts
Part Material

Cap Polypropylene (PP)

Cartridge holder Polypropylene (PP)

Insert Polycarbonate (PC)

Dial grip Polycarbonate (PC)

Bearing Polyoxymethylene (POM)

Lead screw Polybutylene Terephthalate (PBT)
Drive sleeve Polyoxymethylene (POM)

Metal spring Stainless steel

Clutch Polyoxymethylene (POM)
Number sleeve Polybutylene Terephthalate (PBT)
Body Polypropylene (PP)

Dosage button Polybutylene Terephthalate (PBT)

e Cartridges

Cartridges are very close to vials. They are composed of a main body, a cap, a stopper.
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Figure 88 - Example of cartridges from Stevanato Group (Stevanato Group, 2022a)

The table below present main materials possible for the different parts of the cartridges.

Table 57 - List of materials possible for the cartridge parts

Cap/ lined ca Stopper / plunger

Material Glass Type | Aluminum Synthetic rubber

Plastic HDPE Bromobutyl

Silicone Rubber Chlorobutyl

Silicone

Reference (Hibler and Gieseler, (Belboom et al., 2011; (Sandle, 2012;

2010; Mercedes Stevanato Group, Stevanato Group,

Scientific, 2019; 2022a) 2022a)

Stevanato Group,

2022a)

e Auto-injector

Auto-injector are devices that allows patient to self-inject products (Lageat et al., 2021). They
are composed of a main body, a pre-filled syringe, and a cap.

o1/

Figure 89 - Example of an autoinjector, patent US2013310746A1 (Latham, n.d., p. 1)

The table below present main materials possible for the different parts of the autoinjector.
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Table 58 - List of materials possible for the cartridge parts
Part Material / component

Cap Polypropylene (PP)

Needle Stainless steel

Pre-filled syringe See PFS part

Body Polycarbonate (PC)
Polyoxymethylene (POM)
Polybutylene Terephthalate (PBT)
Polypropylene (PP)
Stainless steel (springs)

o Needle safety device

A needle safety device can have various forms (Trim, 2004). The one described below is
composed of a syringe body, a viewing window, a finger grip, a plunger rod, a needle, a needle shield,
and a needle cap. After use, the needle retracts to prevent any accidents. It reuses basically the
component of PFS, by adding a mechanism to ensure the safety of the patient.

Before Use After Use

Plunger Plunger
Rod Rod
Finger C _ P
Grip = ' :
Viewin
Windm%r Needle

— gggnge MNeedle

Y Shield

Needle

Needle
Cap
Figure 90 - Parts of a needle safety device, based on Dupixent® (EMA, 2021)

The list of main materials related to each part of the needle safety device is presented below.

Table 59 — List of materials possible for the needle safety device parts
Part Material Reference |

Needle cap Natural or synthetic rubber (Sacha et al., 2010)
Needle Stainless steel (Craig, 2018)
Syringe body Glass type | (Dierick et al., 2017; Ishak et
Cyclic olefin copolymer (COC) al., 2018; Sacha et al., 2015)
Cyclo-olefin-polymer (COP)
Polypropylene (PP)
Polyethylene (PE)
Viewing window Polymethyl methacrylate Assumption of LCA expert
Finger grip Polycarbonate (PC) (Stevanato Group, 2022b)
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Polypropylene (PP)
Plunger rod Polystyrene (PS) (European Commission,
Polypropylene (PP) 2020b; Sacha et al., 2015;
Stevanato Group, 2022b)
Label Polypropylene (PP) (Van Noort, 2020)
Polyethylene (PE)
Polyethylene terephthalate (PET)
Needle shield Stainless steel Assumption of the authors
Manufacturing

In this part, focus on manufacturing steps who are usually in the perimeter of control of the
producer of finished products is done. The API production, and the filling steps, as shown in the
figure 91, are presented; from a process perspective.

Manufacture
& assembly

mmmp- Fugitive and untreated residuals

==> Airborne, waterborne, and solid residuals

— Transfer of materials between stages for Product; includes transportation and packaging (distribution)
Material, energy, labor inputs for Process and Management

— - — Closed-loop recycling

----- > Open-loop recycling into another product system

Figure 91 - Considerations to include in mAb LCA, for the manufacture & assembly step
API

The production of Monoclonal Antibody (mADb) is a well-known process, described in the
literature (Gronemeyer et al., 2014; Kelley, 2009; Pietrzykowski et al., 2013). It can be segmented
with the upstream production and the downstream. The figure 92 present a generic flowchart of mAbs
production. The upstream part includes all steps from the cell bank vial to the harvest and
centrifugation (Gronemeyer et al., 2014). The downstream include all the remaining steps, the Protein
A chromatography, the Anion-exchange chromatography, the Cation-exchange chromatography, the
Virus Retentive Filtration, and the UF/DF.
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Inoculum train Production Culture

Cell bank vial Seed train

Centrifuge Harvest

Upstream

Downstream

Cation-exchange
Chromatography

Anion-exchange Protein A
Chromatography Chromatography

Virus Retentive
Filtration

Figure 92 - Generic process flow of mAbs production adapted from Kelley (Kelley, 2009)

If no data related to the energy of the process itself are available, modelization through design
process software like Aspen plus ® or SuperPro Designer® can help to fill this gap. The SuperPro
Designer® software is providing a template of mAb process that can provide estimation of its energy
consumption, which can be adapted to the specific process of the mAb assessed.

The process is not the only contributor in the energy consumption. Due to the regulations and
the need to preserve the quality of the rooms, the HVAC systems need to be considered during an
LCA of mAb. Depending on if the infrastructure is based on stainless steel or Single Use Technology
(SUT), Cleaning In Place (CIP) / Sterilization In Place (SIP) might have an impact within both gases
and water consumption (Barbaroux et al., 2020; Budzinski et al., 2022; Pietrzykowski et al., 2013;
Rogge et al., 2015). If the process is using SUT, more solid waste than in stainless steel equipment
is expected and should be assessed (Budzinski et al., 2022; Ding and Martin, 2010; Jornitz et al.,
2012).

The use optimization of chromatography columns and their regeneration are key parameters
in mAbs manufacturing (Feidl et al., 2020; Zhou et al., 2019). The regeneration of these columns is
therefore relevant to consider in the LCA of such process (e.g.: CIP).

Water for injection (WFI) is used all along the process, to be included in the product but also
to clean. The process to generate such water is not neutral and should therefore be included. If no
data available, proxies based on the literature can be performed (Cataldo et al., 2020; Pietrzykowski
etal., 2013)

(054, » 4T 1, +k)
Lf?

Sp =

Q = heat transfer coefficient (btu*in/ft"2*hr*F)
SA, = surface area of the vessel (ft"2)

AT = temperature difference (F)

t,, = operation time per batch (hr)

k = insulation thickness (in)

L, = latent heat of steam (btu/lb)

Figure 93 - Equation and parameters used to estimate the amount of steam required to generate WFI and maintain
a temperature of 80 degrees Celsius by Pietrzykowski (Pietrzykowski et al., 2013)

Filling step

Monoclonal antibodies are medicine products that can only be administrated to patient by
injection. As described in figure 83, the galenic forms possible include mainly solution (for infusion
or injection) and powder (which are putted then in solution). A filling step is required to put the semi-
finished product into its primary packaging.

During the filling step, buffers might be used (Kollar et al., 2020) and are usually composed

with the excipient list of the final product. Single Use Assembly can be used during the process to
be able to add those buffers (Luu et al., 2022).
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Belboom et al. described that the vials in glass need to be “cleaned and sterilized using steam
generated from deionized water before filling. Vial bodies are first washed with deionized water and
sent to tunnel oven before being filled with injectable drugs. Then they are closed with vial stopper
previously sterilized with steam produced from deionized water and cap is added”. For vials in
polymer, those are “already sterile and cleaned. Filling is realized with a needle passing through
the cork followed by laser re-sealing and capping” (Belboom et al., 2011). In other words, the
authors described a consumption of electricity for both systems, with in addition gas and deionized
water for the glass vials, and isopropanol, H-O,, and sodium hypochlorite for the polymer vials. The
cartridges in glass follow the same approach than the glass vials. The sterility of them needs also to
be ensured and therefore, cleaning and sterilization might be present during the process. Some
guidance were made to set these best practices in the pharmaceutical industry (PDA, 2021, 2013).

Additionally, to that, and like for the API manufacturing, the infrastructure needs to be
considered, such as the HVAC systems who guarantee the grade of the production rooms. As the
mADbs have usually a range of temperature stability between 2 and 8°C, refrigerated rooms are present
to store the production. But this storage might vary with specific products that could be stored at
room temperature for a determined range of time.

Freeze-dry

In some cases, mADbs are freeze-dried and putted in a vial. An LCA regarding this process for
a monoclonal antibody is available in the literature (Renteria Gamiz et al., 2019b). The authors
described this process with several steps, the Loading, the Freezing, the Primary and Secondary
Drying, the Stoppering & unloading, the Defrosting, the CIP & SIP, and the Cooling & Drying of
the freeze drying, as shown in the figure 94. The authors considered elements such as the steam, the
cooling water, the chilling water, the WFI, the deionized water, the superheated water, the
compressed air, and the electricity as inputs.

Natural Natural Natural Natural Natural
resources resources resources resources resources y system boundary (industry)

. Primar .
Chemicals & Packag"{g Off-site Supporting
Nutrients Matorisle Processes
production 2
production
B system boundary (plant)
-1 Operational B'-2 Conditioning Supporting
Supporting Pr Pr s (Pro pecifi
__ (Process-specific) S 0d non 3pecilc)
l a system boundary (process)
Fill and Finish
For processes including Freeze Drying
a-2 Vials/
@-10 Cleaning-
Syringes & — 0-11 Cooling 8L, | & sterilization €—— o0
stoppers prep! drying of the FD TPl Defrosting “
Natutal 2 £

Capped
API a1 :

resources : . a-3 Filling & : 0-6 Primary __y, a-7 Secondary,_y, o-8 Stoppering Ly 0-12  viaUSyringe
=71 > Production _"°°"‘,\Fﬂ’;‘l’€:‘"9’ P (pre) stoppering | [P 0% Loading P a5 Freezing = " Gy drying & unloading Capping

Figure 94 - Basic representation of part of the supply chain of a biopharmaceutical manufacturing plant from
Renteria (Renteria Gamiz et al., 2019b)

Distribution

In this part, the distribution step who are usually not fully in the perimeter of control of the
producer of finished products is focused. As described in the state of the art (chapter 11.4.4), after
manufacturing, medicine products are usually sent to a wholesaler, which redistribute then to
pharmacies or hospitals. In some cases, the manufacturing site is directly sending shipment to
pharmacies or hospitals (chapter 11.4.4, figure 23). The mAbs are following the same pathways.

Linked to the stability conditions, mAbs need to be stored at temperature between 2°C and

8°C. It requires a cold supply chain, which is strongly regulated and might be specific for each
country (Arrighi et al., 2011; European Commission, 2015; PDA, 2019).
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In the cold supply chain, it is possible to distinguish three main types of temperature-controlled
transportation (Muspratt, 2018).

Refrigerated vehicles: vehicles that have thermostatically controlled cargo compartments,
enabling the temperature range to be maintained

Passive shipping container: storage containers that utilize a combination of insulating
materials and electronics to maintain a temperature range.

Active shipping system: large thermostatically controlled cargo containers. On air freight, they
are typically powered via internal batteries or an external electrical source and maintain power via
large cooling fans and heating mechanisms. Meanwhile, sea freight active shipping systems are
generally powered by the ships onboard power supply.

Use

The use of the product will differ regarding the form of the product. The uses in hospitals,
through healthcare professionals, and the ones through the patient directly can be identified.

Use &
service

=P Fugitive and untreated residuals

==} Airborne, waterborne, and solid residuals

— Transfer of materials between stages for Product; includes transportation and packaging (distribution)
Material, energy, labor inputs for Process and Management

—-— Closed-loop recycling

----- + Open-loop recycling into another product system

Figure 95 - Considerations to include in mAb LCA, for the use step

When used at hospital, a preparation phase might appear, especially for product in vials.
Usually, consumables like syringe, alcohol pad, sharps container, gloves, water for injection are used
(Doyle and McCutcheon, 2015; U.S. National Library of Medicine, 2022). These should be
considered when assessing the environmental footprint of products. Each mAb in syringe or
autoinjector present recommendation of use in their market authorization. In those documents, usage
of alcohol pad, and sharps container are recommended.

The transportation of the patient to get their medicines, and the nurse in case of healthcare
provided at the patient’s home, should be also considered as part of the use phase. The mode of
transportation depends on the region and should be adapted accordingly.

End-of-life

For the end of life, pharmaceutical industry considers the API as harmless. As the monoclonal
antibodies are proteins, such compounds are usually easily degraded in the environment (Rathore

Doctoral thesis — Duc-Nam LUU 151



and Bansal, 2019). However, metabolites might be relevant to study, especially for antibody drug
conjugates and their potential of toxicity (Masters et al., 2018; Su and Zhang, 2021).

N/ [CA
(L9
End of life

wmmp Fugitive and untreated residuals

== Airborne, waterborne, and solid residuals

—— Transfer of materials between stages for Product; includes transportation and packaging (distribution)
Material, energy, labor inputs for Process and Management

— - — Closed-loop recycling

————— » Open-loop recycling into another product system

Figure 96 - Considerations to include in mAb LCA, for the end-of-life step

The end of life of the primary, and secondary packaging should be assessed, accordingly to
the waste treatment habits of the market considered. If no specific waste stream for unused medicines
is in place (e.g.: Cyclamed in France), the common waste stream could be used if no specific data
are available (e.g.: OECD reports).

VI11.2.3 LCA performed during the PhD

In this part, the detailed Life cycle inventory and the results of the assessment will not be
displayed. They are confidential data from the pharmaceutical industry partner of this doctoral thesis.
The aim of this part is to describe the methodology who structured the approach.

e Goal and scope

To set the goal and scope, the EPAR documentation available in the EMA database was used.
Official information in this documentation was gathered to prepare a preliminary report which was
used during the kick-off meeting of the LCA project within the pharmaceutical industry partner of
the study. With this, the Function, the Functional unit, and the Reference flow (DDD based) of the
product assessed was set. As the product might have multiple therapeutic area, the focus on the main
indication was made.

However, after the kickoff meeting of the project, the scope of the study was defined as Cradle-
to-gate. Adaptation of the project was done by changing these parameters with both API and product
focus. The temporality of the assessment was defined as one year of production, in 2021. Despite the
COVID-19 situation, the production remained as usual and was therefore representative.

e Life cycle inventory (LCI)
During the inventory, primary data were gathered at the production site levels. For both API

manufacturing and filling of the product, energy & water consumptions, and emissions (e.g.: waste,
wastewater) were collected directly by the production sites. Bill of Materials (BoM) were provided
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by Product Life Cycle Managers and production volumes by sites mediator. Those one was either
HSE manager, Product portfolio manager or even Supply chain one. To be able to support the data
collection, the key success factors were their knowledge regarding the process and their network
related to it.

Sample of single use assembly was disassembled at the LCPI. Each part was weighted to be
able to address proper weight during the modelization. An amino acid proxy to model the feeds, as
the supplier did not provide relevant data to modelize it properly, was used. Exclusion of the Protein
A was done, as no reliable data could be found. These examples showed us the complexity to get
information from suppliers for complex compounds.

o Life cycle impact assessment (LCIA)

As no consensus was made within the pharmaceutical sector, both the Environmental Footprint
(EF) and Impact world + were used as LCIA. The first one is recommended by the European
commission and, as a French major player of the pharmaceutical industry, this LCIA method was
used to suit the European context of the industrial partner. In parallel, Impact world + was chosen,
with the perspective in mind to be able to regionalize the assessment.

e Interpretation

The interpretation phase was carried out all along the LCA, mainly with an internal LCA
expert. Other actors were involved (e.g.: HSE, energy engineer), especially during the LCI, when
allocation rules were determined to be able to make proper repartition (e.g.: energy allocation rules).

VI11.3 Results

In this part, the establishment of a Product Category Rule (PCR) for mAbs or medicine
products were not the aim. However, we aimed to suggest guidance to perform medicines LCA. This
part is therefore structured based on the four steps of the LCA methodology.

VI11.3.1 Goal and scope
e Function, Functional unit, and Reference flow
As described in the state of the art, the notions of Function and Reference flow are not well
embraced in the pharmaceutical LCAs available in the literature. Based on the research, the followed
guidance is suggested.
Function: the function should describe the main purpose of the product or service, linked to

the scope of the study. For Cradle-to-grave assessment, it is strongly recommended to fit the
Anatomical Therapeutic Chemical classification (ATC) of the WHO.

Table 60 - Recommendation to set the Function during a pharmaceutical LCA

Function type Function example
Cradle-to-gate "o Produce an API ¢ Paracetamol production

¢ Formulate a product ¢ Freeze-dry production process

e Produce a product e Tablet of Doliprane® production
Cradle-to- e Treat symptoms e Relief headache
grave e Heal e Heal a wound

e Cure o Cure Hepatitis C

¢ Prevent ¢ Protect against flu
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¢ Diagnose o |dentify tumor

Functional unit: the functional unit should quantify the function, depending on the scope of
the study. For Cradle-to-grave assessment, it is recommended to use the Defined Daily Dose (DDD)
of the WHO, when they are defined.

Table 61 - Recommendation to set the Functional unit during a pharmaceutical LCA
Scope Functional Example Pro Cons
unit type

Cradle-  API focus 1 kg produced Easy to presents Comparability with
to-gate results other APIs with the same
therapeutic area not easy
Cradle- Product o One batch Easy to presents Comparability with
to-gate focus produced results other products with the
« 100,000 unit same therapeutic area

not easy

produced

Cradle-  Product One tablet of e Easytouse Comparison with other
to-grave  focus product o Comparison product  with  same

between galenic therapeutic area difficult

forms possible

Cradle- Dose focus e One dose of Representative of Difficult to compare
to-grave product the use with chronic treatments
o One average dose
per intake
Cradle- Duration To protect one Relevant for Difficult to measure if
to-grave  focus person against a chronic treatment  the treatment duration is
disease for one year inferior to the fixed
duration
Cradle-  Function e Treat symptoms e Closest to the Difficult to measure for a
to-grave  focus o Heal a patient intrinsic chronic treatment
e Cure a patient function of
e Protect a patient medicine
e Diagnose a o Comparability
patient with other
products
feasible

Reference flow: the reference flow should quantify the amount of product or service required
to fulfill the functional unit.

Table 62 - Recommendation to set the Reference flow during a pharmaceutical LCA
Functional unit Reference flow type Reference

example
Cradle-to-gate Produce 1 kg of Manufacturing X% of the capacity
API capacity production  of  the

manufacturing site
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Cradle-to-gate 100,000 units Manufacturing X% of the capacity

produced capacity production  of  the
manufacturing site
Cradle-to-grave To protect one Product/dose focus One vaccine

person against a
disease for one year

e System boundaries

Depending on the perimeter of control of the pharmaceutical entity performing the LCA,
inclusion of manufacturing steps, such as APl manufacturing, can be considered as raw material or
manufacturing. The mention of such aspect should be done to avoid any confusion and a flowchart
should be generated to clarify it.

material
. Drug Syringe
Distribution Wholesaler Hospitals
Privat
place
End of life Landfill

Figure 97 - Example of flowchart presenting the system boundary with elements within each life cycle step

VI1.3.2 Life cycle inventory

The Life cycle inventory (LCI) is representing the most time-consuming part of an LCA.
Based on the learning experience of this research, a set of guidance in order to optimize the collect
of primary data is provided. From a generic perspective, the table 63 is presenting examples of LCI
aspects to consider in a pharmaceutical product LCA.

Table 63 — Examples of LCI in a pharmaceutical LCA

Lifecyclestep ~ Example of data Potential location of Potential function to
required data involve
Raw material o List and quantities ¢ Bill of Materials ¢ Quality
of raw materials e ERP systems e Procurement
e Origin of supplier o Quality e Supply chain
and mode of documentation e Product Life Cycle
transportation Managers
Manufacturing e Energy consumption e ERP systems e Technic
of the site ¢ Reporting tools e HSE
o Energy mix used e Supply chain
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o Water consumption
o Release of the site
(waste, air emission

¢ Quality
e Product Life Cycle
Managers

— list & quantities)

e Manufacturing to
Distribution site

e Countries
destination & ways
of transportation

¢ Wholesaler

e Pharmacy &
hospital destination

o Storage condition

o Filling rate of truck /
plane / boat / train

o Administration of
medicine

¢ Habits of patients

Distribution e ERP systems

¢ Quality
documentation

o Supply chain
¢ Product Life Cycle
Managers

Use Marketing

Product stewardship

e Technical datasheets
e EMA of FDA
documentation

End of life HSE

Product stewardship

e Scientific literature

e EMA of FDA
documentation

e OCDE database

o Metabolism rate

o Unused medicine
management of the
country

o Treatment of patient
effluent

If no primary data are available, proxies can be used or generated in order to fill the gaps. The
PCR proposed by Siegert (Siegert et al., 2019) identified secondary data required and ways to handle
the gaps. The possibility to use software like Aspen plus® or SuperPro Designer®, who might help
when identifying the energy contribution of the processes is recommended.

The chapter VI1.2.2 is presenting aspects of mAbs to consider when performing LCA for such
family of products.

VI11.3.3 Life cycle impact assessment

As described by Jolliet, the application of the Life cycle impact assessment (LCIA) is quite
“trivial” and consists of “multiplying emissions by predefined characterization factors” (Jolliet et
al., 2015). The development of such LCIA methods is in the other hands complex.

From a LCA practitioners’ point of view, and especially for the pharmaceutical industry one,
no consensus of LCIA method is nowadays made. Therefore, the choice of LCIA method should be
done accordingly to the scope of the study and the intended applications of the results. In addition,
the choice of indicators should also be done accordingly to those aspects. It can be noted that the use
of Midpoint indicators is considered as the most relevant when it comes to display the environmental
footprint. However, the communication of such indicators is complex. By using Area of protection,
such as illustrated in the figure 98 with the Impact World+ framework, it is possible to ease the
communication. But this increases the uncertainty of the results due to the aggregation of indicators.
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Figure 98 - LCIA method Impact World+ framework, from (Bulle et al., 2019)
VI11.3.4 Interpretation

Iterative approach, the interpretation phase appears all along the LCA study. In this part, a
summary of main recommendation to optimize this phase is displayed.

Table 64 - Main recommendation for the interpretation, per LCA stage

' LCA stage Interpretation examples Potential function to involve |
Goal & scope e Market relevant to include in the Marketing
perimeter (e.g.: from a business Product Life Cycle Managers
perspective)

e Steps to exclude (e.g.: identical step
in the case of comparative

assessment)
Life cycle inventory e Proxy of raw material (e.g.: e Technical department
production process to model) e HSE
e Allocation rules (e.g.: energy used for e Supply chain
HVAC, process) e Quality
e Uncertainty determination (e.g.: e Product Life Cycle
pedigree matrix) Managers

Doctoral thesis — Duc-Nam LUU 157



Life cycle impact e Non representative inputs Cut off e Technical department
assessment e Uncertainty calculation (e.g.: Monte- e HSE
Carlo simulation) e Supply chain
¢ Quality
¢ Product Life Cycle
Managers

V1.4 Discussion

During the doctoral thesis, several LCAs were done and specific ones for monoclonal
antibodies were performed. During those LCAs, primary data were gathered at manufacturing sites
level. However, the usual paradigm of gap of information and the difficulty to identify relevant
proxies for several raw materials and consumables appeared. For instance, the Protein A, which is
an unavoidable material in the production process of mAb was excluded of the LCA due to the lack
of information. Indeed, despite the effort to perform a literature review, the production and the
composition of such material was not enough clear to be able to model a proxy. Other elements such
as the feeds, were modelized through amino acids. In fact, they are composed with other compounds
(e.g.: minerals) but the pharmaceutical industry is facing the difficulty that the suppliers of such
materials do not provide their exact composition.

In this chapter, the aim was not to present specific results of the LCA performed. However,
recommendations, based on the learning experiences of both LCAs tracked and performed, was
proposed. Both specific aspects to deep dive when performing mAbs LCA (chapter VI1.2.2) and
generic ones (chapter VI1.3) were highlighted. The recommendations in chapter VI1.3 were based on
LCAs performed in parallel of the doctoral thesis. Key points of the LCA, datasets available do not
fulfill the needs regarding pharmaceutical products.

The work conducted led us to state that even if LCA guidance can be set, the role / actor of
LCA expert should be implemented within the organization. The role of such position should be to
guarantee the deployment of the LCA methodology, supervise the datasets construction, and support
the evolution of LCA knowledge within the company.

V1.5 Conclusion

Life Cycle Assessment (LCA) is an analytical tool, which the pharmaceutical sector is not yet
familiar with. This chapter aimed to set guidance when performing monoclonal antibody LCA, with
the target that the pharmaceutical industry can take more ownership of this tool. Through LCAs
supervised and performed, guidance was made. Specific for mAbs and more generic ones when
conducting medicines product LCA.

As the LCA method is a complex approach, which rely on data availability, the need of both
involvement of transversal team and the adoption of a new position within the pharmaceutical
organization, the LCA expert are recommended.

VI11.6 Summary of chapter 7

The environmental assessment and its knowledge management are key success factors to Eco-
designed products.

In this chapter, the Micro level of the integration of eco-design as described by Brones was in
the focus. Guidance when performing LCAs, for mAbs and for generic ones was proposed. Those
recommendation were built based on LCA performed during the doctoral thesis.

The LCA is not yet mature in the pharmaceutical industry and databases like Ecoinvent are

lacking relevant datasets to be able to assess properly the medicine products. With the lack of LCA
methodology appropriation from the pharmaceutical industry, this research work led us think that a
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new actor is required in the pharmaceutical development: the LCA expert. Indeed, despite the
guidance made, the assessment of the environmental footprint remain a complex approach, which
required a transversal team not yet familiar with the Eco-design concepts. The LCA expert will be at
the interface of each function, to support the environmental assessment and diffuse the LCA mindset
across the organization.
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Chapter VIl

Contributions and limits

« La science ne connait qu'une loi : la contribution scientifique »
Bertolt Brech, « La vie de Galilée », 1938

“Science knows only one law: the scientific contribution”
Bertolt Brech, “The Life of Galileo”, 1938
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Chapter 6 — Contributions and limits

VIl Contributions and limits

The contributions of this research are focusing on making the bridges between academical
concepts and the industry. In that sense, both Meso and Micro levels of the Eco-design integration
were explored for the pharmaceutical sector to set an Eco-design qualitative framework. This
framework aims to be the base of the integration of Eco-design practices for the pharmaceutical
sector. Each part of this chapter describes contributions linked to this research which aimed to answer
the research question below.

How to foster the Eco-design practices into the New Product Development of medicines in
a systemic way?

Part VIII.1.1 focuses on the Eco-design stakeholders’ framework for the pharmaceutical
industry to manage in order to foster Eco-design practices that is proposed in this research. In part
VII1.1.2, a mapping of key steps of the pharmaceutical NPD process to integrate Eco-design is
described. From an operational perspective, tools are highlighted in part VV111.2.1 and V111.2.2, with
respectively DEimeter and LCA guidance. The first one aim to track and support the evolution of
Eco-design practices within the NPD process while the second tool aim to support environmental
assessment through LCA for mAbs.

The contributions summarized in this chapter represents key aspects that the pharmaceutical
industry should consider when implementing Eco-design in a systemic way. Limits related to each
contribution are presented alongside with them.

VIII.1 Meso level, Eco-design organizational framework for the pharmaceutical
industry

The research took its roots with the integration model of Brones. The organizational
perspective developed here aimed to explore both the Soft side and the Meso dimensions of his
model. The first hypothesis H.1: “An Eco-design approach can be structured within the current
NPD of medicines product” was explored through the stakeholders’ management and the NPD
process of medicines.

V111.1.1 Stakeholders’ management

Based on the first hypothesis, a sub-one was identified: H1.1: “It is possible to integrate the
current environmental expectations of external stakeholders”. Literature suggests that such
elements are key to succeed in the Eco-design journey (Domingo et al., 2015; Keivanpour et al.,
2014; Kota et al., 2013).

Medicines products are complex items with a diversity of stakeholders. Through this research,
a framework of the stakeholders of medicine products (chapter 1V.3.1, figure 52) was settled. In
parallel, current trends of the external stakeholders of the pharmaceutical industry regarding their
environmental considerations were highlighted (chapter 1V.3.2). A framework of the pharmaceutical
industry external stakeholders to consider when Eco-design products was defined (chapter 1V.3.3,
figure 58). A priority mapping of them (chapter 1V.3.3, figure 59) was identify in order to support
the management of such actors.

Through the research, the hypothesis was not fully validated. Indeed, even if both framework
and priority mapping of external stakeholders were made, it was not possible to explore the
integration of their current environmental expectations into the development of medicines. However,
the contributions presented in this manuscript represent the firsts milestones of this topic.

The adaptation of the pharmaceutical industry to answer the demands of each of its external
stakeholders is a key factor of success in the Eco-design perspective. Limits regarding the approach
can be summarized as below:

o Despite the effort to include experts with an international perimeter of work, all of

them were working in France.
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o Even if the experts were not part of the same teams or business unit, they were part
of the same pharmaceutical company.

e The framework of stakeholders and its prioritization are intrinsically linked to the
type of medicine. An Over the Counter (OTC) medicine can have a business model
closer to the cosmetic. In other work, the brand image has a strong influence, and the
patient can choose its own medicine. At the opposite, oncology medicine is usually
prescribed by physicians and patients do not have strong influence on this decision
making. In other words, the prioritization between an OTC and an oncology drug
will most likely differ.

e The framework of stakeholders is defined at global level. Specificities of countries
were not included. With the National Healthcare Authorities, discrepancies can be
expected between territories.

The two last points represent critical aspects that need to be mitigated in future research.
Mapping and both evaluation of the level of environmental understanding & expectations of external
stakeholders could be fostered. For specific territories (e.g.: Continent / Countries / Regions, types
of medicines).

VI111.1.2 Eco-design levers within the pharmaceutical development process

A second sub-hypothesis was formulated: H1.2: “It is possible to identify Eco-design levers
all along the current NPD process, as well as Eco-designers”. Even if the literature abound of
papers from the pharmaceutical R&D, the study of its process itself is not well explored (Romasanta
et al., 2020). The pharmaceutical NPD process is strongly regulated in order to ensure the safety of
patients. However, environmental considerations are not made from neither from a lifecycle
perspective nor an environmental holistic view.

The development of a medicine product is a long journey with an average around 10 years.
Multiple teams intervene during this process and turnover of teams may also represent a challenge.
The identification of phases to focus Eco-design effort is therefore key to succeed its implementation.

The research to identify potential Eco-design levers during the development process of
medicine products allowed us to make two contributions. The first one is regarding the methodology
performed to be able to set the framework proposed in this research. The approach consisted of a
gualitative assessment, done by an internal expert of the pharmaceutical industry, with both an LCA
result and the detailed list of deliverables during the pharmaceutical NPD process. The methodology
is described in the chapter V.2.2. The results of this assessments were compared to the results after
practitioners’ interviews, in order to highlight the convergence points.

Both qualitative and quantitative approaches of Eco-design can be identified all along the
development process of medicines. However, the research emphasis the phases 2a and 2b as the ones
with the main Eco-design levers (chapter V.7, figure 65). But it does not mean that Eco-design
practices should be avoided at early stage. The research showed that those practices should be
adapted in regards of the type of information available. In that sense, the hypothesis H1.2 was
validated.

Even if a mapping of Eco-design approaches and potential levers were made,
recommendations can be fostered, linked to the limits summarized below.

e The assessment was performed with the NPD process of one specific pharmaceutical
company. Even if this process is designed to answer regulatory constraints with
defined phases, the “how” companies can handle those might differ.

e The assessment was performed based on a chemical API based medicine and the
NPD process of a small molecule drug. Large molecules, such as monoclonal
antibody, do not have either the same technologies or the same deliverables within
its NPD. Even if Eco-design levers may appear at the same phases, they should not

be the same.
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Based on the limits identified, future research could foster the identification of Eco-design
levers within the NPD process of medicine, in order to optimize the Eco-design appropriation by this
sector.

VII1.2 Micro level, Eco-design tools for the pharmaceutical industry

Alongside with the organizational perspective explored previously, the operational aspect of
Eco-design was studied in order to validate the overall model of Brones for the pharmaceutical
industry. The second hypothesis H.2: “The adaptation of Eco-design tools can optimize the
appropriation of the Eco-design approach in the pharmaceutical sector” was proposed. During
this research, a tool to track the Eco-design practices into the NPD process was developed (the Drug
Eco-designed integration meter, DEimeter) and LCAs of mAbs were performed to then set overall
guidance when conduction such assessment for this family of products.

VI11.2.1 DEimeter, an Eco-design maturity model for the pharmaceutical industry

The NPD process of medicines are in average around 10 years. During this period, multiple
teams and actors are part of the development and turn-over might appear. In the previous part, Eco-
design levers within this NPD process were highlighted. To support the integration of Eco-design
practices, a sub-hypothesis was proposed: H2.1: “It is possible to formalize an Eco-desigh maturity
model for the pharmaceutical sector”. This sub-hypothesis was explored through the development
of an Eco-design maturity tool, specific for the pharmaceutical sector.

Big pharmaceutical companies are complex organizations. An Eco-design maturity model for
this sector, the Drug Eco-designed integration meter, which aim to track and support the evolution
of the Eco-design practices of the teams was developed.

During this work, two main contributions were made. The first one is to identify the current
level of Eco-design understanding and trends of R&D practitioners through a survey. Results showed
that most of the pharmaceutical R&D practitioners do not have a clear idea of the concept of Eco-
design (chapter V1.3.4, figure 69). However, they consider it as key for the future development
(chapter VI1.3.4, figure 72). The survey highlighted common constraints already present in the
literature such as the lack of resources, trainings, or tools to be able to Eco-design (chapter V1.3.4,
figure 73). Potential governance committees were identified in order to set decision making instance
where Eco-design should be added (chapter V1.3.4, figure 74).

The second contribution is DEimeter, the tool itself. The overall tool aims to support the
“mean” deployed to Eco-design. In that sense, an Eco-design maturity model around two dimensions
(the organizational and the operational) was developed (chapter V1.3.3, figure 70). The first
dimension aims to support project manager by tracking the practices used during specific phase and
by providing guidance to support the practices evolution. The operational dimension focuses on tools,
and propose lists of relevant ones, depending on the phase of the development. For instance,
Guidance qualitative tools are recommended during the Research phase, while analytical quantitative
and semi-quantitative tools appear in the Early development (chapter V.7, figure 65). With this work,
the sub-hypothesis H2.1: “It is possible to formalize an Eco-design maturity model for the
pharmaceutical sector” is therefore validated.

Despite the efforts to develop a tool that suit the development phases of the pharmaceutical
sector, limits can be highlighted as below:

o Participants of the survey were all part of the same pharmaceutical industry.

e The tool is an Excel file. To be able to track each project of a multinational, another
format could be more relevant

e The tool was developed and tested with users. However, it was not used with a real
case project.

e The tool was developed to support the generic phases of the pharmaceutical sector
(the ones regulatory based). Even if they are common regardless the type of
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medicine, details of deliverable might differ and the “how” to handle the
development too.

e The user tests highlighted the potential need to address more specific guidance (both
organizational dimension and operational) related to functions (e.g.: analytical
teams, galenic formulation teams, chemist).

These limits represent opportunities of further research, to confirm the usefulness of DEimeter
with real cases and optimize it to maintain its relevancy in the time.

VI111.2.2 Monoclonal antibody LCA guidance

The environmental assessment represents usually the first step of an Eco-design approach. The
diversity of products and processes, the international supply chain, raw materials from both chemistry
and biotechnology are example that led to a high complexity when it comes to the environmental
assessment of medicine products. A second sub-hypothesis H2.2: “It is possible to set LCAs
guidance for specific pharmaceutical products” was proposed.

During this research, Life Cycle Assessments of monoclonal antibodies (mAbs) were
performed. The contribution is not the results themselves, but rather the learning experience and a
set of guidance to support the next mAbs LCAs that the pharmaceutical industry will perform.

Guidance was made in regards of the LCA methodology and with a Product Category Rule
approach. A screening of all the mAbs authorized by the European Medicines Agency (EMA) in
Europe and the Food and Drug Administration in the United States was done. The identification of
trends regarding technical aspects of them to highlight key aspects to consider when performing a
mAb LCA was done.

As the LCA knowledge of the pharmaceutical industry is not high, experts are required to
support LCA methodology, datasets construction, and help to diffuse and evolve the related LCA
knowledge within the pharmaceutical organization. The sub-hypothesis H2.2: “It is possible to set
LCAs guidance for specific pharmaceutical products” was therefore validated with an additional
perspective, the identification a new role key for the Eco-design journey of the pharmaceutical
industry: the LCA expert

Linked to the literature available and the LCA that was performed during this, limits of the
work are listed below:

¢ Relations between pharmaceutical industry and suppliers (e.g.: materials,
consumables) are complex. Primary data from suppliers were not gathered.

o Database, such as Ecoinvent, do not provide relevant datasets for all materials and
consumables (e.g.: protein A).

o No agreement is defined within the pharmaceutical sector to perform Life Cycle

Assessment.

These limits are representing key aspects that should be addressed in future research in order
to harmonize the environmental assessment of pharmaceutical products and have a relevant start of
the Eco-design journey in the pharmaceutical industry.

VII1.3 Summary of the contributions

In order to offer a holistic view of the contributions, they are structured based on the Eco-
design integration model of Brones (Brones and Monteiro de Carvalho, 2015), which was one of the
spine of the research around the following problematic: How to foster the Eco-design practices into
the New Product Development of medicines in a systemic way?

It highlights how the contributions of this research allow to provide answers regarding the
problematic formalized (chapter I11.1). The first hypothesis H.1: “An Eco-design approach can be
structured within the current NPD of medicines product” was not fully validated as the sub-
hypothesis H1.1: “It is possible to integrate the current environmental expectations of external
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stakeholders” was not explored enough. However, the second sub-hypothesis H1.2: “It is possible
to identify Eco-design levers all along the current NPD process, as well as Eco-designers” was
validated and a methodology to be able to identify such levers was suggested.

From an operational perspective, this research explored the hypothesis H.2: “The adaptation
of Eco-design tools can optimize the appropriation of the Eco-design approach in the
pharmaceutical sector”. The two approaches developed validated this hypothesis. Indeed, through
DEimeter, the sub-hypothesis H2.1: “It is possible to formalize an Eco-design maturity model for
the pharmaceutical sector” was not only validated, but a tool was proposed to the R&D practitioners
of the pharmaceutical industry in order to track and support the evolution of their Eco-design
practices. The second aspect explored through this research was the appropriation of the
pharmaceutical industry of the LCAs. As such assessment are complex, the sub-hypothesis H2.2: “It
is possible to set LCAs guidance for specific pharmaceutical products” was made. Even if the
pharmaceutical industry has a wide range of products, leading to multiple processes and technologies,
some families of medicine products do have the same way of manufacturing. It is the case for the
monoclonal Antibodies. LCAs were performed during the research and led us to set overall guidance
to perform environmental assessment for such products. Product Category Rules are not yet available
for all medicine products, but this guidance show that it is possible to build specific elements that
will contribute to the overall picture. The sub-hypothesis H2.2 is therefore validated. Moreover, due
to the lack of datasets available, the work done emphasis the need of the LCA expert within the
pharmaceutical industry. Such expert is strongly recommended to support the development of
datasets & the data collection, modelize in software like SimaPro, and interpret results.

Moreover, an update of the model of Brones is proposed. Based on my observations, the Macro
level and the Micro level do also have interactions that need to be considered. Indeed, for instance,
the strategical choice to target a country market regarding another will impact the way to perform an
LCA. From an operational point of view with the datasets used but also from a methodological
perspective where the LCIA choice must be relevant for the market targeted. In that sense, a
proposition to add two arrows which links the Macro and Micro level, as shown in the figure 97 is
set.
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Chapter IX

Conclusion and perspectives

&

« Tout ce que je sais, C'est que je ne sais rien »
Socrate, Platon, « Ménon »

“All I know is that | know nothing”
Socrate, Platon, « Ménon »
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Chapter 7 — Conclusion and perspectives

IX Conclusion and perspectives

This chapter aims to present an overview of the research presented in this manuscript. A first
part will present a conclusion, by exposing the structure of the research and presenting the results of
each contribution related to the hypothesis. Finally, perspectives will be displayed to open the ways
of future research directions, linked to the doctoral thesis.

IX.1 Conclusion

In this part, the structure of the research will be reminded to then conclude about the
contributions in regards of the related hypotheses.

Through the state of the art presented in chapter I, current environmental considerations of
the pharmaceutical industry were exposed with main limits and constraints. The lack of Eco-design
appropriation with the holistic perspective was perceivable.

e Problematic

The problematic formalized in this doctoral thesis target the implementation of the Eco-design
approach in the pharmaceutical R&D and was therefore formalized as such:

“How to foster the Eco-design practices into the New Product Development of medicines in
a systemic way?”

The formalization of the hypotheses took their essences based on the observations below:
e Current environmental aspects of medicines are based on a Cradle-to-gate mindset

¢ No holistic environmental aspects are studied during the development of medicines
e Eco-design mindset and approaches are not implemented in the pharmaceutical sector

Those observations led us to define two hypotheses, one based on the organizational axe and
another one on the operational axe.

e Hypothesis 1

Based on the observations from the state of the art, “an Eco-design approach can be
structured within the current NPD of medicines product” was built as the first hypothesis to focus
on the organizational perspective.

To ensure a proper integration of Eco-design, the interest of external stakeholders regarding
such approach was questioned. The experimentation presented in chapter 1V showed both mapping
of the external stakeholders and the trends of their current interest. The mapping of the prioritization
by internal experts of a pharmaceutical company partially validated the hypothesis H1.1 “it is
possible to integrate the current environmental expectations of external stakeholders” . Indeed, this
framework emphasis the fact that the environmental considerations of such stakeholders need to be
included, but the identification of the mechanism to be able to integrate them was not explored.

As the development of medicine is a long journey, the prioritization of when concentrate effort
to Eco-design medicine products seemed key. The second sub-hypothesis H1.2 “it is possible to

identify Eco-design levers all along the current NPD process, as well as Eco-designers” was
fulfilled with the experimentation presented in chapter V.

¢ Hypothesis 2
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The operational perspective was treated in this doctoral thesis around the second hypothesis
“The adaptation of Eco-design tools can optimize the appropriation of the Eco-design approach
in the pharmaceutical sector”.

Linked to the Eco-design levers identified during the NPD process and described in the chapter
V, the sub-hypothesis H2.1: “It is possible to formalize an Eco-design maturity model for the
pharmaceutical sector”. was proposed. The development of DEimeter validated this hypothesis and
the process of development allowed us to emphasis the need of trainings, tools and resources of R&D
practitioners to enable a systemic approach of Eco-design.

Key factor of an Eco-design approach, the capacity of teams to assess the environmental
footprint of their products or service is essential. The last sub-hypothesis was built with this in mind:
H2.2: “It is possible to set LCAs guidance for specific pharmaceutical products”. The work
performed allowed the partial validation of this statement. Indeed, through guidance for mAbs, it is
possible to set guidance for this family of products. However, mAbs presents the specificity to have
a production process quite similar from one to another. Therefore, guidance to perform LCA are
relevant to set for such family. It does not mean that it could not be the case for the other families of
medicines, but it is not representative of the complexity that will require the development of other
guides. Additionally, to that, this research emphasis the need of a new actor within the development
of medicine: the LCA expert. The role of such position should be to guarantee the deployment of the
LCA methodology, supervise the datasets construction, and support the evolution of LCA knowledge
within the company.

Even if the sub-hypotheses H1.1 and H2.2 were partially validated, this research was able to
demonstrate that, to be able to reach a systemic approach of Eco-design, the pharmaceutical industry
should focus on both organization and operational axes, by supporting the integration of Eco-design
in relevant phases of development with proper tools & methods.

IX.2 Perspectives
As any research, the work presents limits highlighted in chapter VIII. These limits open
research perspectives to foster aspects that were not possible to explore, and other fields of research

will be exposed to broaden the scope of the work.

e Own contributions perspectives

Table 65 - Summary of perspectives linked to the contributions of this doctoral thesis
Contribution Perspectives

External e Set framework adapted to specific geographic scope (Continent /
stakeholders’ country / region)
framework PECAPI e :
e Set framework and prioritization adapted to specific therapeutic
families

e Sensibilize / train external stakeholders regarding environmental
footprint of medicines

e Explore the mechanism to switch from Environmental expectations
of external stakeholders to requirements of development

Eco-design levers o Explore the Eco-design potential levers framework for large
within _ the molecules process
pharmaceutical Foster the mapping with other big pharma
development process . . .
e Foster the mapping with smaller companies
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DEimeter e Adapt the tool to specific functions
e Adapt the tool to specific medicines
e Test the tool in real cases

Pharmaceutical LCA e Explore the other Lifecycle aspects of the mAbs (e.g.: vial
guidance packaging)
e Set Product Category Rules adapted to the pharmaceutical products
(e.g.: per family of API, formulation technologies)
o Develop datasets relevant for the pharmaceutical sector (e.g.: raw
material such as Protein A; processes)

e Eco-design integration model perspectives

In the part VI and through DEimeter, levels of Eco-design maturity are suggested. They are
implicitly considering the Meso level and the Micro one. In order to foster the integration of Eco-
design, levels could be formalized for each dimension, including the Macro and the Soft side. The
perspectives identified in table 65 are summarized in a suggested Eco-design framework integration
model with different levels in the figure below where, for each dimension, darkest colors are
representing the highest level (5) and clearer colors are representing the lowest level (1).

asign levers within the
reutical development process

Figure 100 - Eco-design integration model suggested for further research with the perspectives linked to this
thesis

The definition of the different levels of each dimension is a perspective of research that could
be fostered with a sectorial approach. Indeed, by considering the level 5 as the highest, specificities
to consider will most likely appear such as the optimization modules for targeted products in the
Micro level. For the Macro level, questions regarding how to implement the environmental aspects
into the business model of the different sectors could be raised at level 5. Appendix 21 presents
suggestions of the levels, for each dimension, that could be formalized in further research.

¢ Environmental sustainability of the pharmaceutical industry perspectives

In this part, several questions raised during this doctoral thesis are summarized and are
structured through different axes.

o Axe 1: Eco-design strategy
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The Eco-design strategy, or the Macro level in the Brones model, was not directly in the scope.
However, this level is closely linked to the Meso one. By working on the Meso level, questions
around the Macro one was raised and several perspectives appeared.

How to structure a global Eco-design strategy in line with the different Business Units of a
multinational company?

How to deploy a global Eco-design strategy within all the management layers of a
multinational company?

How the Eco-design Macro level interact with the Micro level?

How relevant stakeholders of the value chain of the medicine products can collaborate to
foster Eco-design such products?

o Axe 2: LCA & pharmaceutical industry

As demonstrated in this doctoral thesis, the pharmaceutical industry is lacking maturity
regarding the LCA approach. Several questions and perspectives can be raised to increase its
maturity, and surprisingly, the pharmaceutical industry could also contribute to the LCA
methodology in a global perspective.

Develop raw material and processes datasets for medicines products.

How to foster the LCA metrics within the stakeholders of healthcare products?

How the methodologies to determine the eco-toxicity of medicines could improve the models
based on USETOX, usually used in the LCA?

o Axe 3: Environmental burden and societal contribution of medicines

Medicines products provide treatments to heal, cure, protect or diagnosis diseases. There are
few doubts regarding the societal roles of such products. However, ethical paradox appears when
such products are factually polluting but savings lives at the same time. As previously, those thoughts
led us to the questions below:

Could a balance societal benefit vs environmental burden could be set for medicine products?
How a responsible consumption of medicine could be fostered?

o Axe 4: Circular economy & pharmaceutical industry

The Circular Economy (CE) is facing a growing interest both in the scientific literature and
the societal communities. Since decades, the pharmaceutical industry already performed CE
approaches, especially at site manufacturing (e.g.: solvent reusage / recycling). However, and unlike
other industries, the notion of CE for the product itself is singular for a medicine product. It raises
several questions as listed below:

What do we consider when we talk about CE of pharmaceutical products?
Which close and open loops could be fostered in the pharmaceutical sector?
How can the Eco-design approach foster the CE in the pharmaceutical sector?

o Axe 5: Design for Sustainability & Healthcare

The Eco-design is not the only approach when it comes to Design for Sustainability (DfS),
even when we focus only on the environmental perspective of the Sustainability. The intrinsic role
of medicine product is to maintain the well-being and health of population. When we think about
these intrinsic functions and try to have a step back with the DfS framework of Ceschin, opportunities
might appear through the Product-service system, the Spatio-social, and the Socio-technical system
levels approaches, by thinking more broadly with the Healthcare systems.
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How can the DfS approaches reshape the Healthcare systems?

e Perspectives temporality

All the perspectives mentioned above do not have the same impact, neither workload. An
overall temporality of them can be set and is proposed below.

Table 66 - Summary of the

External
stakeholder’s
framework

Eco-design levers
within the
pharmaceutical
development
process

DEimeter

Pharmaceutical
LCA guidance

Eco-design
integration model

perspectives with their temporalities

Short term
Perspectives directl

o Set framework
adapted to specific
geographic scope
(Continent / country /
region)

o Set framework and
prioritization adapted
to specific therapeutic
families

e Sensibilize / train
external stakeholders
regarding
environmental
footprint of medicines

e Explore the Eco-
design potential levers
framework for large
molecules process

e Test the tool in real
case

e Explore the other
Lifecycle aspects of
the Mabs (e.qg.: vial
packaging, use and
end of life)

e Formalize interaction
between Micro and
Macro level

Mid-term

related to the contributions

e Explore the
mechanism to
switch from
Environmental
expectations of
external
stakeholders to
requirements of
development

e Foster the Eco-
design partnerships
with actors of the
whole value chain
of medicine

¢ Foster the mapping
with other big
pharma

¢ Foster the mapping
with smaller
companies

¢ Adapt the tool for
specific functions

¢ Adapt the tool for
specific medicines

o Make available
simplified LCA tool
for non-experts

¢ Develop datasets
specific for the
pharmaceutical
sector

e Explore and
formalize the levels
of each dimension

Long term

e Include external
stakeholders in the
Eco-design process

¢ Add regulatory
Eco-design
deliverable in the
pharmaceutical
NPD process

¢ Add a module to
optimize resource
allocation during
project

e Develop a PCR for
all medicine
products

e Foster the model for
the other sectors
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Axe 1: strategy

e Explore link between
global strategy to
Business unit

e Explore the
mechanism to
diffuse global
strategy within all
management layers

e Explore the
mechanism to foster
collaboration with
relevant external
stakeholders

Axe 2: LCA e Explore the manner to e Develop datasets e Improve LCA
diffuse and reinforce specific for the ecotoxicity
the appropriation of pharmaceutical calculation, based
the LCA sector on learning
experience and
approaches from
pharma
Axe 3: e Foster the proper use e Develop unused e Develop an
Environmental of medicine practices =~ medicine program environmental
and societal to mitigate end of burden / societal
balance

Axe 4: Circular

e Formalize the circular

life

e Foster the

benefit balance

e Explore the role of

economy economy concept for partnerships with Eco-design in the
the pharmaceutical stakeholders of the pharmaceutical
sector value chain circular economy
e Set a circular
economy transition
model for the
pharmaceutical
industry
Axe 5: DfS & e Include social e Diffuse other DfS e Explore the
healthcare perspective in the approaches in the mechanism to

development of
products

development
process

1X.3 Publications linked to the doctoral thesis

reshape healthcare
through DfS
approaches

The results of the research presented in this manuscript allowed the scientific publications and
communications listed below.

e International journal
Luu, D.-N., Gachet, H., Maier, C.-J., Maranzana, N., Aoussat, A., 2022. Eco-design and
medicine: Opportunities to implement eco-design in the pharmaceutical R&D process. Journal of
Cleaner Production 132785.

e International conference
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Luu, D.-N., Maier, C.-J., Gachet, H., Maranzana, N., Aoussat, A., 2021. Integration of
environmental aspects into NPD process: a framework for the Pharmaceutical industry. Presented at
the IFIP 18th International Conference on Product Lifecycle Management, p. 14.

e National conference

Luu, D.-N., Gachet, H., Maranzana, N., Kozderka, M., Aoussat, A., 2020. Eco-conception et
médicament : Quel périmétre pour un développement méthodologique. Presented at the e CONFERE
2020 - 27éme colloque des Sciences de la conception et de I’innovation.

Luu, D.-N., Maier, C.-J., Maranzana, N., Aoussat, A., 2021. Ecodesign & medicine products:
the pharmaceutical sector complexity. Presented at the 17e Colloque National S-mart, pp. 71-76.

e Other presentation

Luu, D.-N., Maier, C.-J., 2022. Sustainability in companies (Sanofi) & Eco-design. MolBio
Symposium, Sustainability in Science. Heidelberg University, Germany.

In addition of the publications and communications mentioned above, two papers are already
written and ready for submission:

Luu, D.-N., Journel, R., Maier, C.-J., Maranzana, N., Aoussat, A., 2023. Eco-Design and
medicine: a stakeholders’ framework to foster eco-designed drugs.
o Journal targeted: Corporate Social Responsibility and Environmental Management

Luu, D.-N., Massot, S., Maier, C.-J., Maranzana, N., Aoussat, A., 2023. DEimeter: a
proposition of an Eco-design maturity model to foster Eco-design integration in the Pharmaceutical
R&D.

o Journal targeted: International Journal of Sustainable Engineering

Doctoral thesis — Duc-Nam LUU 174



References

References

ABPI, EFPIA, Farmindustria, IMC, IFPMA, JPMA, LEEM, PhRMA, vfa, 2021. Joint Industry
Statement: ABPI, EFPIA, Farmindustria, IMC, IFPMA, JPMA, LEEM, PhRMA, vfa - UN
Climate Change Conference (COP26): Biopharmaceutical Industry Actions to Tackle
Climate Change.

ACS, 2016. MedChem Tips and Tricks [WWW Document]. Am. Chem. Soc. URL
https://www.acs.org/content/acs/en/greenchemistry/research-innovation/tools-for-green-
chemistry/medchem-tips-and-tricks.html (accessed 11.23.22).

ADC, 2019. What are Antibody-drug  Conjugates?» ADC  Review. URL
https://www.adcreview.com/the-review/antibody-drug-conjugates/what-are-antibody-drug-
conjugates/,  https://www.adcreview.com/the-review/antibody-drug-conjugates/what-are-
antibody-drug-conjugates/ (accessed 8.14.22).

Ahmad, S., Wong, K.Y., Tseng, M.L., Wong, W.P., 2018. Sustainable product design and
development: A review of tools, applications and research prospects. Resour. Conserv.
Recycl. 132, 49-61. https://doi.org/10.1016/j.resconrec.2018.01.020

Al-Ali, AA., Singh, S.K., Al-Nahyan, M., Sohal, A.S., 2017. Change management through
leadership: the mediating role of organizational culture. Int. J. Organ. Anal. 25, 723-739.
https://doi.org/10.1108/1JOA-01-2017-1117

Alder, C., Hayler, J., Henderson, R., Redman, A., shukla, lena, Shuster, L., Sneddon, H., 2016.
Updating and Further Expanding GSK’s Solvent Sustainability Guide. Green Chem 18.
https://doi.org/10.1039/C6GC00611F

Alfonsi, K., Colberg, J., J. Dunn, P., Fevig, T., Jennings, S., A. Johnson, T., Peter Kleine, H., Knight,
C., A. Nagy, M., A. Perry, D., Stefaniak, M., 2008. Green chemistry tools to influence a
medicinal chemistry and research chemistry based organisation. Green Chem. 10, 31-36.
https://doi.org/10.1039/B711717E

Ali, AS., Raju, R., Kshirsagar, R., Ivanov, A.R., Gilbert, A., Zang, L., Karger, B.L., 2019. Multi-
Omics Study on the Impact of Cysteine Feed Level on Cell Viability and mAb Production
in a CHO Bioprocess. Biotechnol. J. 14, 1800352. https://doi.org/10.1002/biot.201800352

Allison, C., Collins, M., Fisher, K., Penny, T., 2012. Greenhouse Gas Accounting Sector Guidance
for Pharmaceutical Products and Medical Devices.

Amasawa, E., Kuroda, H., Okamura, K., Badr, S., Sugiyama, H., 2021. Cost-Benefit Analysis of
Monoclonal Antibody Cultivation Scenarios in Terms of Life Cycle Environmental Impact
and  Operating Cost. ACS  Sustain. Chem. Eng. 9, 14012-14021.
https://doi.org/10.1021/acssuschemeng.1¢01435

American Chemical Society, 2021. Green Chemistry History [WWW Document]. Am. Chem. Soc.
URL https://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/history-
of-green-chemistry.html (accessed 7.13.21).

Anastas, P., Eghbali, N., 2010. Green Chemistry: Principles and Practice. Chem. Soc. Rev. 39, 301-
312. https://doi.org/10.1039/B918763B

Anastas, P.T., Williamson, T.C., 1996. Green Chemistry: An Overview, in: Green Chemistry, ACS
Symposium Series. American Chemical Society, pp. 1-17. https://doi.org/10.1021/bk-1996-
0626.ch001

Ang, K.L., Saw, E.T., He, W., Dong, X., Ramakrishna, S., 2021. Sustainability framework for
pharmaceutical manufacturing (PM): A review of research landscape and implementation
barriers for circular economy transition. J. Clean. Prod. 280, 124264.
https://doi.org/10.1016/j.jclepro.2020.124264

ANSM, HAS, Assurance maladie, 2020. Téléchargement - Base de données publique des
médicaments [Www Document]. URL http://base-donnees-
publique.medicaments.gouv.fr/telechargement.php (accessed 1.15.21).

Aoussat, A., Christofol, H., Le Coq, H., 2000. The new product design — a transverse approach. J
ENG Des. 399-417.

Aptar, 2022a. Injectables [Www Document]. Aptar. URL
https://www.aptar.com/pharmaceutical/delivery-routes/injectables/ (accessed 8.28.22).

Doctoral thesis — Duc-Nam LUU 175



Aptar, 2022b. Cartridge Plungers [Www Document]. Aptar. URL
https://www.aptar.com/products/pharmaceutical/cartridge-components/ (accessed 8.28.22).

Arena, M., Duque Ciceri, N., Terzi, S., Bengo, I., Azzone, G., Garetti, M., 2009. A state-of-the-art
of industrial sustainability: Definitions, tools and metrics. Int. J. Prod. Lifecycle Manag. 4.
https://doi.org/10.1504/1JPLM.2009.031674

Arrighi, L., Emond, D.J.-P., Glauser, G., Harber, P., Haycocks, N., Lee, B., Martinez, E.,
McMenamin, M., Mustafa, N., Oliver, J., Oliver, K., Rijpkema, D., Saxton, B., Schnipper,
T.N., Seeley, J., Spendley, W., Susla, C., Venturi, B., Vezina, J., Wallin, B., Wingate, G.,
Wrigley, G., 2011. ISPE Good Practice Guide: Cold Chain Management. North Bethesda,
us.

AVISE, 2019. Cartographie des acteurs de la santé | Avise.org [WWW Document]. URL
https://www.avise.org/articles/cartographie-des-acteurs-de-la-sante (accessed 8.30.22).

Azapagic, A., 2003. Systems Approach to Corporate Sustainability: A General Management
Framework. Process Saf. Environ. Prot., Sustainable Development and Technology 81, 303—
316. https://doi.org/10.1205/095758203770224342

Azuma, T., Arima, N., Tsukada, A., Hirami, S., Matsuoka, R., Moriwake, R., Ishiuchi, H., Inoyama,
T., Teranishi, Y., Yamaoka, M., Mino, Y., Hayashi, T., Fujita, Y., Masada, M., 2016.
Detection of pharmaceuticals and phytochemicals together with their metabolites in hospital
effluents in Japan, and their contribution to sewage treatment plant influents. Sci. Total
Environ. 548-549, 189-197. https://doi.org/10.1016/j.scitotenv.2015.12.157

Badkar, A., Wolf, A., Bohack, L., Kolhe, P., 2011. Development of Biotechnology Products in Pre-
filled Syringes: Technical Considerations and Approaches. AAPS PharmSciTech 12, 564—
572. https://doi.org/10.1208/s12249-011-9617-y

Bains, W., 2020. Genentech was not the first biotech company. Nature 577, 622-622.
https://doi.org/10.1038/d41586-020-00187-1

Barbaroux, M., Horowski, B., Mokuolu, S., Petrich, M.A., Whitford, W.G., BPSA, Flanagan, B.,
2020. The Green Imperative Part One: Life-Cycle Assessment and Sustainability for Single-
Use Technologies in the Biopharmaceutical Industry. BioProcess Int. URL
https://bioprocessintl.com/manufacturing/single-use/the-green-imperative-part-one-life-
cycle-assessment-postuse-processing-and-sustainability-for-single-use-technologies-in-the-
biopharmaceutical-industry/ (accessed 11.14.22).

Baumann, H., Boons, F., Bragd, A., 2002. Mapping the green product development field:
engineering, policy and business perspectives. J. Clean. Prod., Integrating greener product
development perspectives 10, 409-425. https://doi.org/10.1016/S0959-6526(02)00015-X

Baumann, M., Moody, T.S., Smyth, M., Wharry, S., 2020. A Perspective on Continuous Flow
Chemistry in the Pharmaceutical Industry. Org. Process Res. Dev. 24, 1802-1813.
https://doi.org/10.1021/acs.oprd.9b00524

Bayer, V., 2019. An Overview of Monoclonal Antibodies. Semin. Oncol. Nurs., Immunotherapy in
Oncology 35, 150927. https://doi.org/10.1016/j.soncn.2019.08.006

BD worldwide, 2022. BD UltraSafe Passive™ needle guard [WWW Document]. URL
https://drugdeliverysystems.bd.com/products/safety-and-shielding-systems/ultrasafe-
passive-needle-guard (accessed 8.30.22).

Belboom, S., Renzoni, R., Verjans, B., Léonard, A., Germain, A., 2011. A life cycle assessment of
injectable drug primary packaging: comparing the traditional process in glass vials with the
closed vial technology (polymer vials). Int. J. Life Cycle Assess. 16, 159-167.
https://doi.org/10.1007/s11367-011-0248-z

Belias, D., Koustelios, A., 2014. THE IMPACT OF LEADERSHIP AND CHANGE
MANAGEMENT STRATEGY ON ORGANIZATIONAL CULTURE. European Scientific
Journal ESJ 10, 21.

Bhugra, D., 2014. All medicine is social. J. R. Soc. Med. 107, 183-186.
https://doi.org/10.1177/0141076814525069

BioPharm International Editors, 2022. Thermo Fisher Scientific Launches Large-Scale Cell Culture
Harvesting Solution. BioPharm Int., BioPharm International, November 2022 1, 20-21.

Birch, A., Hon, K.K.B., Short, T., 2012. Structure and output mechanisms in Design for Environment
(DfE) tools. J. Clean. Prod. 35, 50-58. https://doi.org/10.1016/j.jclepro.2012.05.029

Doctoral thesis — Duc-Nam LUU 176



Blessing, L.T.M., Chakrabarti, A., 2009. DRM, a Design Research Methodology. Springer Science
& Business Media.

Boks, C., 2006. The soft side of ecodesign. J. Clean. Prod. - J CLEAN PROD 14, 1346-1356.
https://doi.org/10.1016/j.jclepro.2005.11.015

Boradkar, P., Kulkarni, U., 2010. Design tools for base of the pyramid strategies. Interactions 17,
41-46. https://doi.org/10.1145/1865245.1865255

Borovika, A., Albrecht, J., Li, J., Wells, A, Briddell, C., Dillon, B., Diorazio, L., Gage, J., Gallou,
F., Koenig, S., Kopach, M., Leahy, D., Martinez, 1., Olbrich, M., Piper, J., Roschangar, F.,
Sherer, E., Eastgate, M., 2019. The PMI Predictor app to enable green-by-design chemical
synthesis. Nat. Sustain. 2. https://doi.org/10.1038/s41893-019-0400-5

Bovea, M.D., Pérez-Belis, V., 2012. A taxonomy of ecodesign tools for integrating environmental
requirements into the product design process. J. Clean. Prod. 20, 61-71.
https://doi.org/10.1016/j.jclepro.2011.07.012

Braun, V., Clarke, V., Boulton, E., Davey, L., McEvoy, C., 2021. The online survey as a qualitative
research tool. Int. J. Soc. Res. Methodol. 24, 641-654.
https://doi.org/10.1080/13645579.2020.1805550

Braungart, M., McDonough, W., 2009. Cradle to Cradle. Random House.

Brones, F., Monteiro de Carvalho, M., 2015. From 50 to 1: integrating literature toward a systemic
ecodesign model. J. Clean. Prod., Integrating Cleaner Production into Sustainability
Strategies 96, 44-57. https://doi.org/10.1016/j.jclepro.2014.07.036

Brunet, R., Guillén-Goséalbez, G., Jiménez, L., 2014. Combined simulation—optimization
methodology to reduce the environmental impact of pharmaceutical processes: application
to the production of Penicillin V. J. Clean. Prod. 76, 55-63.
https://doi.org/10.1016/j.jclepro.2014.02.012

Bryan, M.C., Dillon, B., Hamann, L.G., Hughes, G.J., Kopach, M.E., Peterson, E.A., Pourashraf, M.,
Raheem, 1., Richardson, P., Richter, D., Sneddon, H.F., 2013. Sustainable Practices in
Medicinal Chemistry: Current State and Future Directions. J. Med. Chem. 56, 6007—6021.
https://doi.org/10.1021/jm400250p

Budzinski, K., Constable, D., D’Aquila, D., Smith, P., Madabhushi, S.R., Whiting, A., Costelloe, T.,
Collins, M., 2022. Streamlined life cycle assessment of single use technologies in
biopharmaceutical manufacture. New Biotechnol. 68, 28-36.
https://doi.org/10.1016/j.nbt.2022.01.002

Bulle, C., Margni, M., Patouillard, L., Boulay, A.-M., Bourgault, G., De Bruille, V., Cao, V.,
Hauschild, M., Henderson, A., Humbert, S., Kashef-Haghighi, S., Kounina, A., Laurent, A.,
Levasseur, A., Liard, G., Rosenbaum, R.K., Roy, P.-O., Shaked, S., Fantke, P., Jolliet, O.,
2019. IMPACT World+: a globally regionalized life cycle impact assessment method. Int. J.
Life Cycle Assess. 24, 1653-1674. https://doi.org/10.1007/s11367-019-01583-0

Burall, P., Council, D., 1991. Green design. London Design Council.

Carlsson, G., Orn, S., Larsson, D.G.J., 2009. Effluent from bulk drug production is toxic to aquatic
vertebrates. Environ. Toxicol. Chem. 28, 2656-2662. https://doi.org/10.1897/08-524.1

Cataldo, A.L., Sissolak, B., Metzger, K., Budzinski, K., Shirokizawa, O., Luchner, M., Jungbauer,
A., Satzer, P., 2020. Water related impact of energy: Cost and carbon footprint analysis of
water for biopharmaceuticals from tap to waste. Chem. Eng. Sci. X 8, 100083.
https://doi.org/10.1016/j.cesx.2020.100083

Cavallucci, D., 2016. XXVIII. Genrich Altshuller. Théoriser I’acte inventif pour mieux 1’enseigner,
Les Grands Auteurs en Management de I’innovation et de la créativité. EMS Editions.

Center for Biologics Evaluation and Research, 2019. What Are “Biologics” Questions and Answers.
FDA.

Ceschin, F., Gaziulusoy, I.,2019. Design for Sustainability. https://doi.org/10.4324/9780429456510

Ceschin, F., Gaziulusoy, 1., 2016. Evolution of design for sustainability: From product design to
design for system innovations and transitions. Des. Stud. 47, 118-163.
https://doi.org/10.1016/j.destud.2016.09.002

Chapman, J., 2005. Emotionally Durable Design: Objects, Experiences and Empathy. Routledge,
London. https://doi.org/10.4324/9781849771092

Doctoral thesis — Duc-Nam LUU 177



Choulier, D., Coatane’a, E., Forest, J., 2011. The Engineering Design CK Theory: Contributions and
Limits. Presented at the ASME 2010 International Design Engineering Technical
Conferences and Computers and Information in Engineering Conference, American Society
of Mechanical Engineers Digital Collection, pp. 83-92. https://doi.org/10.1115/DETC2010-

28523
CMMI Product Team, 2002. Capability Maturity Model® Integration (CMMI), Version 1.1--
Continuous Representation (report). Carnegie Mellon University.

https://doi.org/10.1184/R1/6572141.v1

Cochran, W.G., 1977. Sampling Techniques 3e, 3rd Edition. ed. John Wiley & Sons, New York.

Collectif, 2016. Pharmacotechnie industrielle, 3éme. ed. IMT, Paris.

Commissioner, O. of the, 2020. Coronavirus (COVID-19) Update: FDA Authorizes Monoclonal
Antibody for Treatment of COVID-19 [WWW Document]. FDA. URL
https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-
authorizes-monoclonal-antibody-treatment-covid-19 (accessed 8.14.22).

Conner, J., Wuchterl, D., Lopez, M., Minshall, B., Prusti, R., Boclair, D., Peterson, J., Allen, C.,
2014. Chapter 26 - The Biomanufacturing of Biotechnology Products, in: Shimasaki, C.
(Ed.), Biotechnology Entrepreneurship. Academic Press, Boston, pp. 351-385.
https://doi.org/10.1016/B978-0-12-404730-3.00026-9

Cooper, R., 2018. Agile-Stage-Gate Hybrids: Combining the Best of Both Systems for Accelerated
New-Product Development.

Cooper, R.G., 2019. The drivers of success in new-product development. Ind. Mark. Manag. 76, 36—
47. https://doi.org/10.1016/j.indmarman.2018.07.005

Craig, R., 2018. A history of syringes and needles. Univ. Qld. - Fac. Med. URL
https://medicine.uqg.edu.au/blog/2018/12/history-syringes-and-needles (accessed 8.28.22).

De Medeiros, J.F., Da Rocha, C.G., Ribeiro, J.L.D., 2018. Design for sustainable behavior (DfSB):
Analysis of existing frameworks of behavior change strategies, experts’ assessment and
proposal for a decision support diagram. J. Clean. Prod. 188, 402-415.
https://doi.org/10.1016/j.jclepro.2018.03.272

Delmas, M., Toffel, M.W., 2004. Stakeholders and environmental management practices: an
institutional framework. Bus. Strategy Environ. 13, 209-222.
https://doi.org/10.1002/bse.409

Demir, M., Min, M., 2019. Consistencies and discrepancies in corporate social responsibility
reporting in the pharmaceutical industry. Sustain. Account. Manag. Policy J. 10, 333-364.
https://doi.org/10.1108/SAMPJ-03-2018-0094

Destoumieux-Garzon, D., Mavingui, P., Boetsch, G., Boissier, J., Darriet, F., Duboz, P., Fritsch, C.,
Giraudoux, P., Le Roux, F., Morand, S., Paillard, C., Pontier, D., Sueur, C., Voituron, Y.,
2018. The One Health Concept: 10 Years Old and a Long Road Ahead. Front. Vet. Sci. 5.

Devanathan, S., Ramanujan, D., Bernstein, W.Z., Zhao, F., Ramani, K., 2010. Integration of
Sustainability Into Early Design Through the Function Impact Matrix. J. Mech. Des. 132.
https://doi.org/10.1115/1.4001890

Dewberry, E., Goggin, P., 1995. EcoDesign and beyond: steps towards sustainability. Presented at
the 1st International Conference of the European Academy of Design, Salford University.

Dierick, W., Dugand, P., Tisserand, A., 2017. Terumo’s plajex™ and nemera’s safe’n’sound®: A
collaboration that says you’re in safe hands 2017, 5-14.

Ding, W., Martin, J., 2010. Implementation of single-use technology in biopharmaceutical
manufacturing: An approach to extractables and leachables studies, part three - Single-use
systems. BioProcess Int. 8, 52-61.

Diorazio, L.J., Hose, D.R.J., Adlington, N.K., 2016. Toward a More Holistic Framework for Solvent
Selection. Org. Process Res. Dev. 20, 760—773. https://doi.org/10.1021/acs.oprd.6b00015

Diorazio, L.J., Richardson, P., Sneddon, H.F., Moores, A., Briddell, C., Martinez, I., 2021. Making
Sustainability Assessment Accessible: Tools Developed by the ACS Green Chemistry
Institute Pharmaceutical Roundtable. ACS Sustain. Chem. Eng. 9, 16862-16864.
https://doi.org/10.1021/acssuschemeng.1c07651

Doctoral thesis — Duc-Nam LUU 178



Domegan, C., McHugh, P., Flaherty, T., Duane, S., 2019. A Dynamic Stakeholders’ Framework in
a Marketing Systems Setting. J. Macromarketing 39, 136-150.
https://doi.org/10.1177/0276146719835287

Domingo, L., Buckingham, M., Dekoninck, E., Cornwell, H., 2015. The importance of understanding
the business context when planning eco-design activities. J. Ind. Prod. Eng. 32, 3-11.
https://doi.org/10.1080/21681015.2014.1000398

Doody, O., Noonan, M., 2013. Preparing and conducting interviews to collect data. Nurse Res 20,
28-32. https://doi.org/10.7748/nr2013.05.20.5.28.e327

Dowie, T., 1994,  Green Design. World CI. Des. Manuf. 1, 32-38.
https://doi.org/10.1108/09642369210063045

Doyle, G.R., McCutcheon, J.A., 2015. 7.2 Parenteral Medications and Preparing Medications from
Ampules and Vials.

Dupont, B., Faure, S., 2020. Le hazard score, un outil pour réduire I’impact environnemental des
prescriptions. Actual. Pharm. 59, 27-32. https://doi.org/10.1016/j.actpha.2020.01.009

Eckelman, M.J., Sherman, J.D., MacNeill, A.J., 2018. Life cycle environmental emissions and health
damages from the Canadian healthcare system: An economic-environmental-
epidemiological analysis. PLOS Med. 15, e1002623.
https://doi.org/10.1371/journal.pmed.1002623

EEA, 2017. life cycle assessment — European Environment Agency [WWW Document]. URL

https://www.eea.europa.eu/help/glossary/eea-glossary/life-cycle-assessment (accessed
9.13.22).
EEA, 2001. eco-design — European Environment Agency [WWW Document]. URL

https://www.eea.europa.eu/help/glossary/eea-glossary/eco-design (accessed 9.13.22).

Egenhofer, C., Drabik, E., Alessi, M., Rizos, V., 2018. Stakeholders’ Views on the Ecodesign
Directive. CEPS. URL https://www.ceps.eu/ceps-publications/stakeholders-views-
ecodesign-directive/ (accessed 2.23.22).

El-Kadiry, A.E.-H., Rafei, M., Shammaa, R., 2021. Cell Therapy: Types, Regulation, and Clinical
Benefits. Front. Med. 8, 756029. https://doi.org/10.3389/fmed.2021.756029

Elkington, J., 1998. Accounting for the triple bottom line. Meas. Bus. Excell. 2, 18-22.
https://doi.org/10.1108/eb025539

Ellery, T., 2012. Pharmaceutical lifecycle management : making the most of each and every brand.
John Wiley &amp; Sons, Hoboken, N.J.

EMA, 2021. Dupixent : EPAR - Product Information.

EMA, 2019. European Medicines Agency procedural advice for users of the centralised procedure
for similar biological medicinal products applications.

EMA, 2016. Guideline on development, production, characterisation and specification for
monoclonal antibodies and related products 13.

Emara, Y., Siegert, M.-W., Lehmann, A., Finkbeiner, M., 2018. Life Cycle Management in the
Pharmaceutical Industry Using an Applicable and Robust LCA-Based Environmental
Sustainability Assessment Approach. Des. Sustain. Technol. Prod. Policies Sci. Innov. 79—
88. https://doi.org/10.1007/978-3-319-66981-6_9

EMEA, 2006. GUIDELINE ON THE ENVIRONMENTAL RISK ASSESSMENT OF
MEDICINAL PRODUCTS FOR HUMAN USE.

EPhMRA, 2019. Who we are. What we do.

Eti-Tofinga, B., Singh, G., Douglas, H., 2018. Facilitating cultural change in social enterprises. J.
Organ. Change Manag. 31, 619-636. https://doi.org/10.1108/JOCM-12-2016-0296
European Commission, 2022. COMMUNICATION FROM THE COMMISSION TO THE
EUROPEAN PARLIAMENT, THE COUNCIL, THE EUROPEAN ECONOMIC AND
SOCIAL COMMITTEE AND THE COMMITTEE OF THE REGIONS On making

sustainable products the norm.

European Commission, 2020a. A pharmaceutical strategy for Europe [WWW Document]. URL
https://health.ec.europa.eu/medicinal-products/pharmaceutical-strategy-europe_en
(accessed 8.31.22).

European Commission, 2020b. New plunger technology increases pre-filled syringe quality and
safety | miPLUNGER Project | Results in brief | H2020 | CORDIS | European Commission.

Doctoral thesis — Duc-Nam LUU 179



URL https://cordis.europa.eu/article/id/421455-new-plunger-technology-increases-pre-
filled-syringe-quality-and-safety (accessed 8.28.22).

European Commission, 2019. COMMUNICATION FROM THE COMMISSION TO THE
EUROPEAN PARLIAMENT, THE EUROPEAN COUNCIL, THE COUNCIL, THE
EUROPEAN ECONOMIC AND SOCIAL COMMITTEE AND THE COMMITTEE OF
THE REGIONS.

European Commission, 2015. Guidelines of 19 March 2015 on principles of Good Distribution
Practice of active substances for medicinal products for human use Text with EEA relevance.

European Commission, 2009. Directive 2009/125/EC of the European Parliament and of the Council
of 21 October 2009 establishing a framework for the setting of ecodesign requirements for
energy-related products (Text with EEA relevance), OJ L.

Faludi, J., Hoffenson, S., Kwok, S.Y., Saidani, M., Hallstedt, S.I., Telenko, C., Martinez, V., 2020.
A Research Roadmap for Sustainable Design Methods and Tools. Sustainability 12, 8174.
https://doi.org/10.3390/su12198174

Fanelli, F., Parisi, G., Degennaro, L., Luisi, R., 2017. Contribution of microreactor technology and
flow chemistry to the development of green and sustainable synthesis. Beilstein J. Org.
Chem. 13, 520-542. https://doi.org/10.3762/bjoc.13.51

Fayemi, P.E., Wanieck, K., Zollfrank, C., Maranzana, N., Aoussat, A., 2017. Biomimetics: process,
tools and practice. Bioinspir. Biomim. 12, 011002. https://doi.org/10.1088/1748-
3190/12/1/011002

FDA, 2022. Biological Product Definitions 2.

FDA, 2013. Technical Considerations for Pen, Jet, and Related Injectors Intended for Use With
Drugs and Biological Products 29.

FDA, 2011. Guidance for Industry: Monoclonal Antibodies Used as Reagents in Drug Manufacturing
11.

Feidl, F., Luna, M.F., Podobnik, M., VVogg, S., Angelo, J., Potter, K., Wiggin, E., Xu, X., Ghose, S.,
Li, Z.J., Morbidelli, M., Butté, A., 2020. Model based strategies towards protein A resin
lifetime optimization and supervision. J. Chromatogr. A 1625, 461261.
https://doi.org/10.1016/j.chroma.2020.461261

Felicia Veronica, B., Draghici, G., 2003. ABOUT AXIOMATIC DESIGN METHOD. Acad. J.
Manuf. Eng.,, ACADEMIC JOURNAL OF MANUFACTURING ENGINEERING 1, 6.
https://doi.org/10.13140/2.1.2276.8002

Ferrén Vilchez, V., Darnall, N., Aragon Correa, J.A., 2017. Stakeholder influences on the design of
firms’ environmental  practices. J. Clean. Prod. 142, 3370-3381.
https://doi.org/10.1016/j.jclepro.2016.10.129

Fleming, A., Wise, R.M., Hansen, H., Sams, L., 2017. The sustainable development goals: A case
study. Mar. Policy 86, 94-103. https://doi.org/10.1016/j.marpol.2017.09.019

Freeman, R.E., 2004. The Stakeholder Approach Revisited. Zfwu Z. Fur Wirtsch.-
Unternehmensethik 5, 228-241. https://doi.org/10.5771/1439-880X-2004-3-228

Freeman, R.E., 1984. Strategic Management: A Stakeholder Approach. Pitman.

Friedman, A.L., Miles, S., 2006. Stakeholders: Theory and Practice. OUP Oxford.

Gateaux, V., Heitz, J.-M., 2008. L’accés aux médicaments : un défi pour I’industrie pharmaceutique.
Humanisme Entrep. n° 286, 13-28.

Gautam, A., Pan, X., 2016. The changing model of big pharma: impact of key trends. Drug Discov.
Today 21, 379-384. https://doi.org/10.1016/j.drudis.2015.10.002

Geels, F., 2006. Multi-Level Perspective on System Innovation: Relevance for Industrial
Transformation, in: Understanding Industrial Transformation: Views from Different
Disciplines. pp. 163-186. https://doi.org/10.1007/1-4020-4418-6_9

Ginige, K., Amaratunga, D., Haigh, R., 2018. Mapping stakeholders associated with societal
challenges: A Methodological Framework. Procedia Eng., 7th International Conference on
Building Resilience: Using scientific knowledge to inform policy and practice in disaster
risk reduction 212, 1195-1202. https://doi.org/10.1016/j.proeng.2018.01.154

Global Footprint Network, 2022. French Overshoot Day 2022 - #MoveTheDate of Earth Overshoot
Day. Earth Overshoot Day. URL https://www.overshootday.org/newsroom/french-
overshoot-day-2022-en/ (accessed 10.13.22).

Doctoral thesis — Duc-Nam LUU 180



Global Footprint Network, 2021. Earth Overshoot Day 2021 Home - #MoveTheDate [WWW
Document]. Earth Overshoot Day. URL https://www.overshootday.org/ (accessed 9.15.21).

Graeff, E., 2020. innovation bio-inspirée : modélisation d’un processus interdisciplinaire de
conception biomimétique outillé et intégration d’un nouvel acteur, le Biomiméticien
(phdthesis). HESAM Université.

Gronemeyer, P., Ditz, R., Strube, J.,, 2014. Trends in Upstream and Downstream Process
Development  for  Antibody = Manufacturing.  Bioengineering 1, 188-212.
https://doi.org/10.3390/bioengineering1040188

Guidi, M., H. Seeberger, P., Gilmore, K., 2020. How to approach flow chemistry. Chem. Soc. Rev.
49, 8910-8932. https://doi.org/10.1039/C9CS00832B

Gulliksen, J., Géransson, B., Boivie, I., Blomkvist, S., Persson, J., Cajander, A., 2003. Key principles
for  user-centred systems design. Behav. Inf. Technol. 22, 397-409.
https://doi.org/10.1080/01449290310001624329

Hall, J.K., Martin, M.J.C., 2005. Disruptive technologies, stakeholders and the innovation value-
added chain: a framework for evaluating radical technology development. RD Manag. 35,
273-284. https://doi.org/10.1111/j.1467-9310.2005.00389.x

Hénsel, M., Bambach, T., Wachtel, H., 2019. Reduced Environmental Impact of the Reusable
Respimat® Soft Mist™ Inhaler Compared with Pressurised Metered-Dose Inhalers. Adv.
Ther. 36, 2487-2492. https://doi.org/10.1007/s12325-019-01028-y

Harbour, C., Low, K., Marquis, C., Barford, J., 1989. pH Control Options for Hybridoma Cultures.
Biotechnol. Tech. 3, 73-78. https://doi.org/10.1007/BF01875556

Hatchuel, A., Weil, B., 2009. C-K design theory: an advanced formulation. Res. Eng. Des. 19, 181—
192. https://doi.org/10.1007/s00163-008-0043-4

Hatchuel, A., Weil, B., 2003. A NEW APPROACH OF INNOVATIVE DESIGN: AN
INTRODUCTION TO C-K THEORY. 31 Proc. ICED 03 14th Int. Conf. Eng. Des. Stockh.
109-110 (exec.summ.), full paper no. DS31_1794FPC.

Haupt, S., Gritzner, J., Thier, M.-C., Kallweit, T., Rath, B.H., Laufenberg, I., Forgber, M., Eberhardt,
J., Edenhofer, F., Briistle, O., 2012. Automated selection and harvesting of pluripotent stem
cell colonies. Biotechnol. Appl. Biochem. 59, 77-87. https://doi.org/10.1002/bab.1014

Health Care Without Harm, 2013a. Mission and goals [WWW Document]. Health Care Harm. URL
https://noharm-global.org/content/global/mission-and-goals (accessed 9.13.22).

Health Care Without Harm, 2013b. Our Global Work [WWW Document]. Health Care Harm. URL
https://noharm-global.org/content/global/our-global-work (accessed 9.13.22).

Henderson, R.K., Jiménez-Gonzalez, C., Preston, C., Constable, D.J.C., Woodley, J.M., 2008. PEER
REVIEW ORIGINAL RESEARCH: EHS & LCA assessment for 7-ACA synthesis A case
study for comparing biocatalytic & chemical synthesis. Ind. Biotechnol. 4, 180-192.
https://doi.org/10.1089/ind.2008.4.180

Hibler, S., Gieseler, H., 2010. Primary packaging materials for pharmaceutical freeze-drying:
Moulded vs. serum tubing vials. Eur. Pharm. Rev.

Hignite, C., Azarnoff, D.L., 1977. Drugs and drug metabolites as environmental contaminants:
chlorophenoxyisobutyrate and salicyclic acid in sewage water effluent. Life Sci. 20, 337—
341. https://doi.org/10.1016/0024-3205(77)90329-0

Himmera, 2021. Distance Paris a Dakar km, durée, colts - Himmera distances [WWW Document].
URL http://fr.distances-routieres.himmera.com/distance-paris-dakar-voiture_km_itineraire-
23522.html (accessed 9.17.21).

Hindiyeh, M., Altalafha, T., Al-Naerat, M., Saidan, H., Al-Salaymeh, A., Sbeinati, L., Saidan, M.N.,
2018. Process Modification of Pharmaceutical Tablet Manufacturing Operations: An Eco-
Efficiency Approach. Processes 6, 15. https://doi.org/10.3390/pr6020015

Hubka, V., Eder, W., 1982. Principles of Engineering Design.

Hussain, Z., Mahase, E., 2022. COP27: What can we expect from this year’s climate change
conference? BMJ 379, 02391. https://doi.org/10.1136/bmj.02391

IBSA, 2021. Pre-filled syringes — CDMO - IBSA - Business Development. URL
https://www.businessdevelopment.ibsagroup.com/technologies/pre-filled-syringes/
(accessed 8.28.22).

Doctoral thesis — Duc-Nam LUU 181



ICH, 2012. Development and manufacture of drug substances (Chemical Entities and
Biotechnological/biological entities) Q11.

ICH, 2008. Pharmaceutical Quality System Q10.

llevbare, 1., Probert, D., Phaal, R., 2013. A review of TRIZ, and its benefits and challenges in
practice. Technovation 33, 30-37. https://doi.org/10.1016/j.technovation.2012.11.003

INDACO2 SRL, 2022. Blood and blood derived products for therapeutic or prohylactic uses -
Product category classification: UN CPC 35270.

Ingle, R.G., Agarwal, A.S., 2014. Pre-filled syringe — a ready-to-use drug delivery system: a review.
Expert Opin. Drug Deliv. 11, 1391-1399. https://doi.org/10.1517/17425247.2014.923400

INRS, 2022. Grille de positionnement de la santé et de la sécurité au travail dans 1’entreprise
(GPSST) - Publications et outils - INRS [WWW Document]. URL
https://www.inrs.fr/publications/outils/GPSST.html (accessed 2.2.22).

IPCC, 2021. Climate Change 2021: The Physical Science Basis. Contribution of Working Group |
to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change (No. 6th).

Ishak, M., Abu Talib, A.R., Harmin, M.Y., 2018. Material selection and design analysis of multi-
purpose disposable safety syringe. Int. J. Eng. Technol. 7, 214-220.
https://doi.org/10.14419/ijet.v7i4.13.21358

ISO, 2020. 1SO 14006:2020 Environmental management systems — Guidelines for incorporating
ecodesign.

ISO, 2015. 1SO14001:2015 Environmental management systems — Requirements with guidance for
use.

ISPE, 2015. ISPE Handbook: Sustainability. North Bethesda, US.

Israel, G.D., 1992. Determining Sample Size. University of Florida Cooperative Extension Service,
Institute of Food and Agriculture Sciences, EDIS.

Jain, E., Kumar, A., 2008. Upstream processes in antibody production: Evaluation of critical
parameters. Biotechnol. Adv. 26, 46-72. https://doi.org/10.1016/j.biotechadv.2007.09.004

Jakhar, S.K., Bhattacharya, A., Rathore, H., Mangla, S.K., 2020. Stakeholder pressure for
sustainability: Can ‘innovative capabilities’ explain the idiosyncratic response in the
manufacturing firms? Bus. Strategy Environ. 29, 2635-2653.
https://doi.org/10.1002/bse.2526

Jamnia, A., Atua, K., 2019. Executing Design for Reliability Within the Product Life Cycle, 1st ed.
CRC Press.

Janin, M., 2000. Démarche d’éco-conception en entreprise. Un enjeu: construire la cohérence entre
outils et processus.

Jayatilleke, S., Lai, R., 2018. A systematic review of requirements change management. Inf. Softw.
Technol. 93, 163-185. https://doi.org/10.1016/j.infsof.2017.09.004

Jeswani, H.K., Azapagic, A., 2019. Life cycle environmental impacts of inhalers. J. Clean. Prod. 237,
117733. https://doi.org/10.1016/j.jclepro.2019.117733

Jolliet, O., Saade-Sbeih, M., Shaked, S., Jolliet, A., Crettaz, P., 2015. Environmental Life Cycle
Assessment. CRC Press, Boca Raton. https://doi.org/10.1201/b19138

Jornitz, M., Peuker, T., Szarafinski, D., 2012. Single-use Technology: Opportunities in
Biopharmaceutical Processes. pp. 793-816.

Kallio, H., Pietild, A.-M., Johnson, M., Kangasniemi, M., 2016. Systematic methodological review:
developing a framework for a qualitative semi-structured interview guide. J. Adv. Nurs. 72,
2954-2965. https://doi.org/10.1111/jan.13031

Kamau, L., Gitau, E., Sela, E., 2021. The EU-Africa Personalised Medicine Stakeholder Mapping
Report | AUDA-NEPAD.

Kannan, A., Shieh, I.C., Fuller, G.G., 2019. Linking aggregation and interfacial properties in
monoclonal antibody-surfactant formulations. J. Colloid Interface Sci. 550, 128-138.
https://doi.org/10.1016/j.jcis.2019.04.060

Karlsson, R., Luttropp, C., 2006. EcoDesign: What’s happening? An overview of the subject area of
EcoDesign and of the papers in this special issue. J. Clean. Prod. 14, 1291-1298.
https://doi.org/10.1016/j.jclepro.2005.11.010

Doctoral thesis — Duc-Nam LUU 182



Kavanagh, M.H., Ashkanasy, N.M., 2006. The Impact of Leadership and Change Management
Strategy on Organizational Culture and Individual Acceptance of Change during a Merger.
Br. J. Manag. 17, S81-S103. https://doi.org/10.1111/j.1467-8551.2006.00480.x

Keivanpour, S., Kadi, D.A., Mascle, C., 2014. Toward a Decision Tool for Eco-Design Strategy
Selection of Aircraft Manufacturers Considering Stakeholders Value Network. SAE Int. J.
Mater. Manuf. 7, 73-83.

Kelley, B., 2009. Industrialization of mAb production technology: The bioprocessing industry at a
crossroads. mAbs 1, 443-452. https://doi.org/10.4161/mabs.1.5.9448

Kelly, K., 2010. The History of Medicine. Facts on File.

Keoleian, G.A., Menerey, D., 1994. Sustainable Development by Design: Review of Life Cycle
Design and Related Approaches. Air Waste 44, 645-668.
https://doi.org/10.1080/1073161X.1994.10467269

Khanna, N.R., Gerriets, V., 2022. Interferon, in: StatPearls. StatPearls Publishing, Treasure Island
(FL).

Kiang, P.H., 2011. Future Materials for Prefilled Syringe Components. URL
http://www.americanpharmaceuticalreview.com/Featured-Articles/37276-Future-
Materials-for-Prefilled-Syringe-Components/ (accessed 8.28.22).

Kim, S., Jiménez-Gonzélez, C., Dale, B.E., 2009. Enzymes for pharmaceutical applications—a
cradle-to-gate life cycle assessment. Int. J. Life Cycle Assess. 14, 392-400.
https://doi.org/10.1007/s11367-009-0081-9

Kim, Y.-K., 2022. RNA therapy: rich history, various applications and unlimited future prospects.
Exp. Mol. Med. 54, 455-465. https://doi.org/10.1038/s12276-022-00757-5

Klemes, J.J., Jiang, P., Fan, Y.V., Bokhari, A., Wang, X.-C., 2021. COVID-19 pandemics Stage Il —
Energy and environmental impacts of vaccination. Renew. Sustain. Energy Rev. 150,
111400. https://doi.org/10.1016/j.rser.2021.111400

Klimko, G., 2001. MANAGEMENT AND MATURITY MODELS: BUILDING COMMON
UNDERSTANDING. undefined.

Knight, P., Jenkins, J.O., 2009. Adopting and applying eco-design techniques: a practitioners
perspective. J. Clean. Prod. 17, 549-558. https://doi.org/10.1016/j.jclepro.2008.10.002

Kohlegger, M., Michael, Thalmann, S., Stefan, Maier, R., Ronald, 2009. Understanding Maturity
Models. Results of a Structured Content Analysis.

Kollar, E., Balazs, B., Tari, T., Sir6, 1., 2020. Development challenges of high concentration
monoclonal antibody formulations. Drug Discov. Today Technol. 37, 31-40.
https://doi.org/10.1016/j.ddtec.2020.08.005

Kopnina, H., Washington, H., Cryer, P., Taylor, B., Piccolo, J., 2017. Why ecocentrism is the key
pathway to sustainability. Ecol. Citiz. 1.

Kortenkamp, K.V., Moore, C.F., 2001. ECOCENTRISM AND ANTHROPOCENTRISM: MORAL
REASONING ABOUT ECOLOGICAL COMMONS DILEMMAS. J. Environ. Psychol. 21,
261-272. https://doi.org/10.1006/jevp.2001.0205

Kota, S., Brissaud, D., Zwolinski, P., 2013. Importance of User and Usage for Eco-Design, in:
Chakrabarti, A. (Ed.), CIRP Design 2012. Springer, London, pp. 367-376.
https://doi.org/10.1007/978-1-4471-4507-3_35

Lageat, C., Combedazou, A., Ramus, C., Guerrero, K., Frolet, C., Glezer, S., 2021. Formative and
Validation Human Factors studies of a new disposable autoinjector for subcutaneous
delivery of chronic disease therapies. Expert Opin. Drug Deliv. 18, 1761-1775.
https://doi.org/10.1080/17425247.2021.1954906

Lahonde, N., 2010. Optimisation du processus de conception : Proposition d’un mode¢le de sélection
des méthodes pour 1’aide a la décision (These de doctorat). Paris, ENSAM.

Lahonde, N., Omhover, J.-F., Aoussat, A., 2010. Proposition of a Methodology for Developing a
Database of Design Methods. https://doi.org/10.1007/978-3-642-15973-2-28

Larsson, D.G.J., de Pedro, C., Paxeus, N., 2007. Effluent from drug manufactures contains extremely
high  levels of pharmaceuticals. J. Hazard. Mater. 148,  751-755.
https://doi.org/10.1016/j.jhazmat.2007.07.008

Doctoral thesis — Duc-Nam LUU 183



Latapi Agudelo, M.A., J6hannsdéttir, L., Davidsdottir, B., 2019. A literature review of the history
and evolution of corporate social responsibility. Int. J. Corp. Soc. Responsib. 4, 1.
https://doi.org/10.1186/540991-018-0039-y

Latham, D., n.d. US2013310746A1 - Needle-free injectors - Filter (2211 patents).
US2013310746A1.

Lee, C.K,, Khoo, H.H., Tan, R.B.H., 2016. Life Cyle Assessment Based Environmental Performance
Comparison of Batch and Continuous Processing: A Case of 4-d-Erythronolactone
Synthesis. Org. Process Res. Dev. 20, 1937-1948. https://doi.org/10.1021/acs.oprd.6b00275

Lenzen, M., Malik, A., Li, M., Fry, J., Weisz, H., Pichler, P.-P., Chaves, L.S.M., Capon, A,
Pencheon, D., 2020. The environmental footprint of health care: a global assessment. Lancet
Planet. Health 4, e271-e279. https://doi.org/10.1016/52542-5196(20)30121-2

Lewis, J.R., 1995. IBM computer usability satisfaction questionnaires: Psychometric evaluation and
instructions  for  use. Int. J. Human-Computer  Interact. 7, 57-78.
https://doi.org/10.1080/10447319509526110

Lindahl, M., Ekermann, S., 2013. Structure for Categorization of EcoDesign Methods and Tools, in:
Nee, A.Y.C., Song, B., Ong, S.-K. (Eds.), Re-Engineering Manufacturing for Sustainability.
Springer, Singapore, pp. 117-122. https://doi.org/10.1007/978-981-4451-48-2_19

Linstedt, D., Olschimke, M., 2016. Chapter 3 - The Data Vault 2.0 Methodology, in: Linstedt, D.,
Olschimke, M. (Eds.), Building a Scalable Data Warehouse with Data Vault 2.0. Morgan
Kaufmann, Boston, pp. 33-88. https://doi.org/10.1016/B978-0-12-802510-9.00003-9

Liu, J.K.H., 2014. The history of monoclonal antibody development — Progress, remaining
challenges and  future  innovations. Ann. Med. Surg. 3, 113-116.
https://doi.org/10.1016/j.amsu.2014.09.001

Liu, Y., Guo, J., Chi, N., 2015. The Antecedents and Performance Consequences of Proactive
Environmental Strategy: A Meta-analytic Review of National Contingency. Manag. Organ.
Rev. 11, 521-557. https://doi.org/10.1017/mor.2015.17

Lu, R.-M., Hwang, Y.-C., Liu, I.-J., Lee, C.-C., Tsai, H.-Z., Li, H.-J., Wu, H.-C., 2020. Development
of therapeutic antibodies for the treatment of diseases. J. Biomed. Sci. 27, 1.
https://doi.org/10.1186/512929-019-0592-z

Lucier, P., 2019. Can marketplace science be trusted? Nature 574, 481-485.
https://doi.org/10.1038/d41586-019-03172-5

Luttropp, C., Wadin, J., 2006. EcoDesign and The Ten Golden Rules: Generic advice for merging
environmental aspects into product development. J. Clean. Prod. 14, 1396-1408.
https://doi.org/10.1016/j.jclepro.2005.11.022

Luu, D.-N., Barbaroux, M., Dorez, G., Mignot, K., Doger, E., Laurent, A., Brossard, J.-M., Maier,
C.-J., 2022. Recycling of Post-Use Bioprocessing Plastic Containers—Mechanical
Recycling Technical Feasibility. Sustainability 14, 15557.
https://doi.org/10.3390/su142315557

Luu, D.-N., Maier, C.-J., Maranzana, N., Aoussat, A., 2021. Ecodesign & medicine products: the
pharmaceutical sector complexity. Presented at the 17e Colloque National S-mart, pp. 71—
76.

Maccioni, L., Borgianni, Y., Pigosso, D.C.A., 2019. Can the choice of eco-design principles affect
products’ success? Des. Sci. 5. https://doi.org/10.1017/dsj.2019.24

MacDonald, E.F., She, J., 2015. Seven cognitive concepts for successful eco-design. J. Clean. Prod.
92, 23-36. https://doi.org/10.1016/j.jclepro.2014.12.096

Mackenzie, D., Moss, L., Engelhardt, J., Martin, R., 1997. Green Design: Design for the
Environment. L. King.

Magner, L.N., Kim, O., 2017. A History of Medicine, 3rd ed. CRC Press, Boca Raton.
https://doi.org/10.1201/9781315113814

Maj, J., 2015. Diversity management’s stakeholders and stakeholders management. Presented at the
9th INTERNATIONAL MANAGEMENT CONFERENCE, Bucharest.

Malerba, F., Orsenigo, L., 2015. The evolution of the pharmaceutical industry. Bus. Hist. 57, 664—
687. https://doi.org/10.1080/00076791.2014.975119

Manuilova, A., 2003. Methods and Tools for Assessment of Environmental Risk. EU Life-
Environment Program.

Doctoral thesis — Duc-Nam LUU 184



Masierek, M., Nabrdalik, K., Janota, O., Kwiendacz, H., Macherski, M., Gumprecht, J., 2022. The
Review of Insulin Pens—Past, Present, and Look to the Future. Front. Endocrinol. 13.

Masters, J.C., Nickens, D.J., Xuan, D., Shazer, R.L., Amantea, M., 2018. Clinical toxicity of antibody
drug conjugates: a meta-analysis of payloads. Invest. New Drugs 36, 121-135.
https://doi.org/10.1007/s10637-017-0520-6

McAlister, S., Ou, Y., Neff, E., Hapgood, K., Story, D., Mealey, P., McGain, F., 2016. The
Environmental footprint of morphine: a life cycle assessment from opium poppy farming to
the packaged drug. BMJ Open 6, e013302. https://doi.org/10.1136/bmjopen-2016-013302

McArthur, S.D. (Scott D., 2017. An investigation of glass cartridge siliconization processes for
improved device performance (Thesis). Massachusetts Institute of Technology.

McGrath, S., Whitty, J., 2017. Stakeholder defined. Int. J. Manag. Proj. Bus. 10, 00-00.
https://doi.org/10.1108/1JMPB-12-2016-0097

Mclntosh, A., Pontius, J., 2017. Chapter 1 - Tools and Skills, in: Mclntosh, A., Pontius, J. (Eds.),
Science and the Global Environment. Elsevier, Boston, pp. 1-112.
https://doi.org/10.1016/B978-0-12-801712-8.00001-9

Memon, N., 2022. What Medicines Were Used in the 1800s? [WWW Document]. MedicineNet.
URL https://www.medicinenet.com/what_medicines_were_used_in_the_1800s/article.htm
(accessed 10.12.22).

Mercedes Scientific, 2019. The Benefits & Applications of Different Vial Types [WWW Document].
URL https://www.mercedesscientific.com/types-of-vials (accessed 8.28.22).

MIMS, 2022. Image of lantus solostar pre-filled pen 100 iu-ml | MIMS Hongkong [WWW
Document]. URL https://www.mims.com/hongkong/image/info/lantus%20solostar%20pre-
filled%20pen%20100%20iu-ml/100%20iu-m1%20x%203%20mI1?id=6291d96b-ed68-
4152-b5f4-9fab010a2972 (accessed 8.28.22).

Moehrle, M.G., 2005. What is TRI1Z? From Conceptual Basics to a Framework for Research. Creat.
Innov. Manag. 14, 3-13. https://doi.org/10.1111/j.1476-8691.2005.00320.x

Mohammed, M., Romli, A., Mohamed, R., 2021. Eco-design based on ontology: Historical evolution
and research trends. AIP Conf. Proc. 2339, 020166. https://doi.org/10.1063/5.0045162

Moraes, P., Allison, J., Robinson, J., Baldo, G.L., Boeri, F., Borla, P., 2013. Life cycle assessment
(LCA) and environmental product declaration (EPD) of an immunological product for boar
taint control in male pigs. J. Environ. Assess. Policy Manag. 15, 1350001.
https://doi.org/10.1142/S1464333213500014

Mulcahy, A.W., Kareddy, V., 2021. Prescription Drug Supply Chains - An Overview of Stakeholders
and Relationships.

Muspratt, A., 2018. Guide to temperature controlled logistics [WWW Document]. Pharma Logist.
URL  https://www.pharmalogisticsig.com/packaging-shipping-systems/articles/guide-to-
temperature-controlled-logistics (accessed 11.29.22).

Najafpour, G.D., 2007. CHAPTER 7 - Downstream Processing, in: Najafpour, G.D. (Ed.),
Biochemical Engineering and Biotechnology. Elsevier, Amsterdam, pp. 170-198.
https://doi.org/10.1016/B978-044452845-2/50007-0

NCI, 2011. Definition of peptide - NCI Dictionary of Cancer Terms - NCI [WWW Document]. URL

https://www.cancer.gov/publications/dictionaries/cancer-terms/def/peptide (accessed
8.14.22).

Nelson, P.N., Reynolds, G.M., Waldron, E.E., Ward, E., Giannopoulos, K., Murray, P.G., 2000.
Demystified .... Monoclonal antibodies. = Mol.  Pathol. 53, 111-117.

https://doi.org/10.1136/mp.53.3.111

Ngo, H.X., Garneau-Tsodikova, S., 2018. What are the drugs of the future? MedChemComm 9, 757—
758. https://doi.org/10.1039/c8md90019a

NHS, 2022. Delivering a net zero National Health Service.

Nielsen, P., Oxenbgll, K., Wenzel, H., 2007. Cradle-to-gate environmental assessment of enzyme
products produced industrially in Denmark by Novozymes A/S. Int. J. Life Cycle Assess.
12, 432-438. https://doi.org/10.1065/1ca2006.08.265.1

NIH, 2020. Types of health care providers: MedlinePlus Medical Encyclopedia [WWW Document].
URL https://medlineplus.gov/ency/article/001933.htm (accessed 8.31.22).

Doctoral thesis — Duc-Nam LUU 185



NIH, 2011. Definition of health care provider - NCI Dictionary of Cancer Terms - NCI [WWW
Document]. URL https://www.cancer.gov/publications/dictionaries/cancer-
terms/def/health-care-provider (accessed 8.31.22).

NIH, 1885. Cocaine Toothache Drops - Digital Collections - National Library of Medicine [WWW
Document]. URL http://resource.nlm.nih.gov/101400866 (accessed 8.8.22).

Niles, N.J., 2011. Chapter 2 - Current Operations of the Healthcare System, in: Basics of the U.S.
Health Care System. Jones & Bartlett Learning, p. 50.

Nissim, A., Chernajovsky, Y., 2008. Historical Development of Monoclonal Antibody Therapeutics,
in: Chernajovsky, Yuti, Nissim, Ahuva (Eds.), Therapeutic Antibodies. Springer, Berlin,
Heidelberg, pp. 3-18. https://doi.org/10.1007/978-3-540-73259-4 1

Nussbaum, A. (Sascha) K., 2009. Ethical Corporate Social Responsibility (CSR) and the
Pharmaceutical Industry: A Happy Couple? J. Med. Mark. 9, 67-76.
https://doi.org/10.1057/jmm.2008.33

Oliwa, B., 2021. The Concept of the Triple Bottom Line as a Link Between Sustainability and CSR.
pp. 1-25. https://doi.org/10.4018/978-1-7998-6788-3.ch001

O’Riordan, L., Fairbrass, J., 2008. Corporate Social Responsibility (CSR): Models and Theories in
Stakeholder Dialogue. J. Bus. Ethics 83, 745-758. https://doi.org/10.1007/s10551-008-
9662-y

Ott, D., Kralisch, D., Denci¢, 1., Hessel, V., Laribi, Y., Perrichon, P.D., Berguerand, C., Kiwi-
Minsker, L., Loeb, P., 2014. Life Cycle Analysis within Pharmaceutical Process
Optimization and Intensification: Case Study of Active Pharmaceutical Ingredient
Production. ChemSusChem 7, 3521-3533. https://doi.org/10.1002/cssc.201402313

Pahl, G., Beitz, W., Feldhusen, J., Grote, K.-H., 2007. Engineering Design: A Systematic Approach,
3rd ed. Springer-Verlag, London. https://doi.org/10.1007/978-1-84628-319-2

Papanek, V., 1971. Design for the Real World. Human Ecology and Social Change. Academy
Chicago Publishers, Chicago, US.

Papathanasiou, M.M., Quiroga-Campano, A.L., Steinebach, F., Elviro, M., Mantalaris, A.,
Pistikopoulos, E.N., 2017. Advanced model-based control strategies for the intensification
of upstream and downstream processing in mAb production. Biotechnol. Prog. 33, 966-988.
https://doi.org/10.1002/btpr.2483

Pardi, N., Hogan, M.J., Porter, F.W., Weissman, D., 2018. mRNA vaccines — a new era in
vaccinology. Nat. Rev. Drug Discov. 17, 261-279. https://doi.org/10.1038/nrd.2017.243

Parvatker, A.G., Tunceroglu, H., Sherman, J.D., Coish, P., Anastas, P., Zimmerman, J.B., Eckelman,
M.J., 2019. Cradle-to-Gate Greenhouse Gas Emissions for Twenty Anesthetic Active
Pharmaceutical Ingredients Based on Process Scale-Up and Process Design Calculations.
ACS Sustain. Chem. Eng.

PDA, 2021. PDA Technical Report No. 87 (TR 87) Current Best Practices for Pharmaceutical Glass
Vial Handling and Processing (single user digital version).

PDA, 2019. Good Distribution Practice: A Handbook for Healthcare Manufacturers and Suppliers,
Volume 2.

PDA, 2013. PDA Technical Report No. 62 (TR 62) Recommended Practices for Manual Aseptic
Processes (single user digital version).

Pennypacker, J.S., Grant, K.P., 2003. Project Management Maturity: An Industry Benchmark. Proj.
Manag. J. 34, 4-11. https://doi.org/10.1177/875697280303400102

Persson, L., Carney Almroth, B.M., Collins, C.D., Cornell, S., de Wit, C.A., Diamond, M.L., Fantke,
P., Hassellov, M., MacLeod, M., Ryberg, M.W., Sggaard Jgrgensen, P., Villarrubia-Gomez,
P., Wang, Z., Hauschild, M.Z., 2022. Outside the Safe Operating Space of the Planetary
Boundary for Novel Entities. Environ. Sci. Technol. https://doi.org/10.1021/acs.est.1c04158

Petrovska, B.B., 2012. Historical review of medicinal plants’ usage. Pharmacogn. Rev. 6, 1-5.
https://doi.org/10.4103/0973-7847.95849

Pfizer, 2012. Environmental Product Declaration for IMPROVAC: EPD No.: S-P-00261. BUREAU
VERITAS Certification No. SE00250-1.

Pietrzykowski, M., Flanagan, W., Pizzi, V., Brown, A., Sinclair, A., Monge, M., 2013. An
environmental life cycle assessment comparison of single-use and conventional process

Doctoral thesis — Duc-Nam LUU 186



technology for the production of monoclonal antibodies. J. Clean. Prod. 41, 150-162.
https://doi.org/10.1016/j.jclepro.2012.09.048

Pigosso, D.C.A., McAloone, T.C., H, R., 2015. Characterization of the State-of-the-art and
Identification of Main Trends for Ecodesign Tools and Methods: Classifying Three Decades
of Research and Implementation. J. Indian Inst. Sci. 95, 405-428.

Platform on Sustainable Finance, 2022. Call for feedback by the Platform on Sustainable Finance on
preliminary recommendations for technical screening criteria for the EU taxonomy [WWW

Document]. URL https://finance.ec.europa.eu/publications/call-feedback-platform-
sustainable-finance-preliminary-recommendations-technical-screening-criteria_en
(accessed 8.31.22).

Platform on Sustainable Finance, 2021a. Draft report by the Platform on Sustainable Finance on
preliminary recommendations for technical screening criteria for the EU taxonomy.
Platform on Sustainable Finance, 2021b. Annex to the draft report by the Platform on Sustainable
Finance on preliminary recommendations for technical screening criteria for the EU

taxonomy.

Porta, R., Benaglia, M., Puglisi, A., 2016. Flow Chemistry: Recent Developments in the Synthesis
of  Pharmaceutical ~ Products.  Org.  Process Res. Dev. 20, 2-25.
https://doi.org/10.1021/acs.oprd.5b00325

Poulikidou, S., 2012. Methods and tools for environmentally friendly product design and
development.

Practice Greenhealth, 2022a. Homepage | Practice Greenhealth [WWW Document]. URL
https://practicegreenhealth.org/ (accessed 9.13.22).

Practice Greenhealth, 2022b. Topics | Practice Greenhealth [WWW Document]. URL
https://practicegreenhealth.org/topics (accessed 9.13.22).

Prat, D., Hayler, J., Wells, A., 2014. A survey of solvent selection guides. Green Chem. 16, 4546—
4551. https://doi.org/10.1039/C4GC01149]

Purser, R.E., Park, C., Montuori, A., 1995. Limits to Anthropocentrism: Toward an Ecocentric
Organization Paradigm? Acad. Manage. Rev. 20, 1053-1089.
https://doi.org/10.5465/amr.1995.9512280035

Quinteros, D.A., Bermidez, J.M., Ravetti, S., Cid, A., Allemandi, D.A., Palma, S.D., 2017.
Therapeutic use of monoclonal antibodies: general aspects and challenges for drug delivery.
Nanostructures Drug Deliv. 807-833. https://doi.org/10.1016/B978-0-323-46143-6.00025-
7

Raju, G., Sarkar, P., Singla, E., Singh, H., Sharma, R.K., 2016. Comparison of environmental
sustainability of pharmaceutical packaging. Perspect. Sci., Recent Trends in Engineering and
Material Sciences 8, 683-685. https://doi.org/10.1016/j.pisc.2016.06.058

Ralph, P., Wand, Y., 2009. A Proposal for a Formal Definition of the Design Concept, in: Design
Requirements Engineering: A Ten-Year Perspective. pp. 103-136.
https://doi.org/10.1007/978-3-540-92966-6_6

Rama, H.-O., Roberts, D., Tignor, M., Poloczanska, E.S., Mintenbeck, K., Alegria, A., Craig, M.,
Langsdorf, S., Loschke, S., Mdller, V., Okem, A., Rama, B., Ayanlade, S., 2022. Climate
Change 2022: Impacts, Adaptation and VVulnerability Working Group Il Contribution to the
Sixth Assessment Report of the Intergovernmental Panel on Climate Change.
https://doi.org/10.1017/9781009325844

Ramnarine, E., Busse, U., Colao, M., Edwards, J., O’Donnell, K., Jornitz, M., Munk, M., Seymour,
M., Simianu, M., Skeens, L., Vinther, A., 2017. PDA Points to Consider: Technical Product
Lifecycle Management. Pharmaceutical Quality System Effectiveness for Managing Post-
approval Changes. PDA I Pharm. Sci. Technol. 71, 252-258.
https://doi.org/10.5731/pdajpst.2017.007575

Rathore, A.S., Bansal, R., 2019. Modeling the Degradation of mAb Therapeutics. BioPharm Int.,
BioPharm International, January 2023 32, 41-45.

Renteria Gamiz, A.G., De Soete, W., Heirman, B., Dahlin, P., De Meester, S., Dewulf, J., 2019a.
Environmental sustainability assessment of the manufacturing process of a biological active
pharmaceutical ingredient. J. Chem. Technol. Biotechnol. 94, 1937-1944.
https://doi.org/10.1002/jctb.5975

Doctoral thesis — Duc-Nam LUU 187



Renteria Gamiz, A.G., Dewulf, J., De Soete, W., Heirman, B., Dahlin, P., Jurisch, C., Krebser, U.,
De Meester, S., 2019b. Freeze drying in the biopharmaceutical industry: An environmental
sustainability assessment. Food Bioprod. Process. 117, 213-223.
https://doi.org/10.1016/j.fbp.2019.06.010

Rocha, C.S., Antunes, P., Partidario, P., 2019. Design for sustainability models: A multiperspective
review. J. Clean. Prod. 234, 1428-1445. https://doi.org/10.1016/j.jclepro.2019.06.108

Rockstrém, J., Steffen, W., Noone, K., Persson, A., Chapin Ill, F.S., Lambin, E.F., Lenton, T.M.,
Scheffer, M., Folke, C., Schellnhuber, H., 2009. Planetary Boundaries: Exploring the Safe
Operating Space for Humanity. Ecol Soc 14.

Rodriguez, R., Espada, J.J., Pariente, M.I., Melero, J.A., Martinez, F., Molina, R., 2016. Comparative
life cycle assessment (LCA) study of heterogeneous and homogenous Fenton processes for
the treatment of pharmaceutical wastewater. J. Clean. Prod. 124, 21-29.
https://doi.org/10.1016/j.jclepro.2016.02.064

Rogge, P., Muller, D., Schmidt, S., 2015. The Single-Use or Stainless Steel Decision Process.
BioProcess Int. 13, 10-15.

Romasanta, A.K.S., van der Sijde, P., van Muijlwijk-Koezen, J., 2020. Innovation in pharmaceutical
R&D: mapping the research landscape. Scientometrics 125, 1801-1832.
https://doi.org/10.1007/s11192-020-03707-y

Roschangar, F., Zhou, Y., Constable, D., Colberg, J., Dickson, D., Dunn, P., Eastgate, M., Gallou,
F., Hayler, J., Koenig, S., Kopach, M., Leahy, D., Mergelsberg, I., Scholz, U., Smith, A.,
Henry, M., Mulder, J., Brandenburg, J., Dehli, J., Senanayake, C., 2018. Inspiring process
innovation: Via an improved green manufacturing metric: IGAL. Green Chem. 20.
https://doi.org/10.1039/C8GC00616D

Rossi, M., Germani, M., Zamagni, A., 2016. Review of ecodesign methods and tools. Barriers and
strategies for an effective implementation in industrial companies. J. Clean. Prod. 129, 361—
373. https://doi.org/10.1016/j.jclepro.2016.04.051

Rossi, M., Marconi, M., Menghi, R., Papetti, A., 2020. A Knowledge Repository to Support
Ecodesign Implementation in Manufacturing Companies, in: Rizzi, C., Andrisano, A.O.,
Leali, F., Gherardini, F., Pini, F., Vergnano, A. (Eds.), Design Tools and Methods in
Industrial Engineering, Lecture Notes in Mechanical Engineering. Springer International
Publishing, Cham, pp. 651-661. https://doi.org/10.1007/978-3-030-31154-4_55

Rossignol, K., Drais, E., Favaro, M., 2016. Assessing the organisation of occupational risk
prevention. Terrains Trav. 28, 153-173.

Rousseaux, P., Gremy-Gros, C., Bonnin, M., Henriel-Ricordel, C., Bernard, P., Floury, L., Staigre,
G., Vincent, P., 2017. “Eco-tool-seeker”: A new and unique business guide for choosing
ecodesign tools. J. Clean. Prod. 151, 546-577. https://doi.org/10.1016/j.jclepro.2017.03.089

Roy, A., Geetha, R.V., Magesh, A., Vijayaraghavan, R., Ravichandran, V., 2021. Autoinjector — A
smart device for emergency cum personal therapy. Saudi Pharm. J. 29, 1205-1215.
https://doi.org/10.1016/j.jsps.2021.09.004

Ryan, J., Wiggins, B., Edney, S., Brinkworth, G., Luscombe-March, N., Carson-Chahhoud, K.,
Taylor, P., Haveman-Nies, A., Cox, D., 2021. Identifying critical features of type two
diabetes prevention interventions: A Delphi study with key stakeholders. PLOS ONE 16,
€0255625. https://doi.org/10.1371/journal.pone.0255625

Sacha, G., Clemmer, W., Abram, K., Akers, M., 2010. Practical fundamentals of glass, rubber, and
plastic ~ sterile  packaging systems. Pharm. Dev. Technol. 15, 6-34.
https://doi.org/10.3109/10837450903511178

Sacha, G., Rogers, J.A., Miller, R.L., 2015. Pre-filled syringes: a review of the history, manufacturing
and challenges. Pharm. Dev. Technol. 20, 1-11.
https://doi.org/10.3109/10837450.2014.982825

Saesen, R., Lejeune, S., Quaglio, G., Lacombe, D., Huys, I., 2020. Views of European Drug
Development Stakeholders on Treatment Optimization and Its Potential for Use in Decision-
Making. Front. Pharmacol. 11. https://doi.org/10.3389/fphar.2020.00043

Safon, M.-O., Suhard, V., 2021. La politique du médicament en France : aspects historiques et
réglementaires 211.

Doctoral thesis — Duc-Nam LUU 188



Saldanha, M., Shelar, A., Patil, V., Warke, V.G., Dandekar, P., Jain, R., 2022. A case study:
Correlation of the nutrient composition in Chinese Hamster Ovary cultures with cell growth,
antibody titre and quality attributes using multivariate analyses for guiding medium and feed
optimization in  early  upstream  process  development.  Cytotechnology.
https://doi.org/10.1007/s10616-022-00561-z

Salvioni, D.M., Almici, A., 2020. Transitioning Toward a Circular Economy: The Impact of
Stakeholder Engagement on Sustainability Culture. Sustainability 12, 8641.
https://doi.org/10.3390/su12208641

Sandle, T., 2012. Closures for Pharmaceutical Preparations: A Review of Design and Test
Considerations. URL https://www.biopharminternational.com/view/closures-
pharmaceutical-preparations-review-design-and-test-considerations (accessed 8.28.22).

Saurabh, S., Kalonia, C., Li, Z., Hollowell, P., Waigh, T., Li, P., Webster, J., Seddon, J.M., Lu, J.R.,
Bresme, F., 2022. Understanding the Stabilizing Effect of Histidine on mAb Aggregation: A
Molecular Dynamics Study. Mol. Pharm. 19, 3288-3303.
https://doi.org/10.1021/acs.molpharmaceut.2c00453

Savage, G.T., Nix, T.W., Whitehead, C.J., Blair, J.D., 1991. Strategies for assessing and managing
organizational stakeholders. Acad. Manag. Perspect. 5, 61-75.
https://doi.org/10.5465/ame.1991.4274682

Schéfer, M., Ldéwer, M., 2021. Ecodesigh—A Review of Reviews. Sustainability 13, 315.
https://doi.org/10.3390/su13010315

Schmidt, J., Sarangee, K., Montoya, M., 2009. Exploring New Product Development Project Review
Practices*. J. Prod. Innov. Manag. 26, 520-535. https://doi.org/10.1111/j.1540-
5885.2009.00678.x

Schuhmacher, A., Wilisch, L., Kuss, M., Kandelbauer, A., Hinder, M., Gassmann, O., 2021. R&D
efficiency of leading pharmaceutical companies — A 20-year analysis. Drug Discov. Today
26, 1784-1789. https://doi.org/10.1016/j.drudis.2021.05.005

Sen-Crowe, B., McKenney, M., Elkbuli, A., 2021. Disparities in global COVID-19 vaccination rates
& allocation of resources to countries in need. Ann. Med. Surg. 68, 102620.
https://doi.org/10.1016/j.amsu.2021.102620

Shao, H., Li, S., Xu, L., Yang, S., Thomas, N.J., Mir, M.U., Guo, Z., Ning, B., Shi, L., 2015. Mapping
and Analyzing Stakeholders in China’s Essential Drug System by Using a Circular Model:
Who We Should Deal with Next? Value Health Reg. Issues 6, 111-117.
https://doi.org/10.1016/j.vhri.2015.03.007

Sharma, R.K., Sarkar, P., Singh, H., 2020. Assessing the sustainability of a manufacturing process
using life cycle assessment technique—a case of an Indian pharmaceutical company. Clean
Technol. Environ. Policy 22, 1269-1284. https://doi.org/10.1007/s10098-020-01865-4

Sharma, S., Singh, K., Arya, V., 2021. Innovation and employee turnover in biotechnology
companies: rethinking the role of strategic human resource management. World Rev. Entrep.
Manag. Sustain. Dev. 17, 291-305. https://doi.org/10.1504/WREMSD.2021.114435

Sheldon, R.A., Woodley, J.M., 2018. Role of Biocatalysis in Sustainable Chemistry. Chem. Rev.
118, 801-838. https://doi.org/10.1021/acs.chemrev.7b00203

Shepherd, C., Ahmed, P.K., 2000. NPD frameworks: a holistic examination. Eur. J. Innov. Manag.
3, 160-173. https://doi.org/10.1108/14601060010341166

Sherwin, C., 2004. Design and sustainability. J. Sustain. Prod. Des. 4, 21-31.
https://doi.org/10.1007/s10970-006-0003-x

Shire, S.J., 2015. 8 - Development of delivery device technology to deal with the challenges of highly
viscous mAb formulations at high concentration, in: Shire, S.J. (Ed.), Monoclonal
Antibodies. Woodhead Publishing, pp. 153-162. https://doi.org/10.1016/B978-0-08-
100296-4.00008-7

Siegert, M., Lehmann, A., Emara, Y., Finkbeiner, M., 2020. Addressing the use and end-of-life phase
of pharmaceutical products in life cycle assessment. Int. J. Life Cycle Assess. 25.
https://doi.org/10.1007/s11367-019-01722-7

Siegert, M.-W., Finkbeiner, M., Emara, Y., Lehmann, A., 2019. Product Category Rules (PCR) for
pharmaceutical products and processes (Report). https://doi.org/10.14279/depositonce-9143

Doctoral thesis — Duc-Nam LUU 189



Siegert, M.-W., Saling, P., Mielke, P., Czechmann, C., Emara, Y., Finkbeiner, M., 2020. Cradle-to-
grave life cycle assessment of an ibuprofen analgesic. Sustain. Chem. Pharm. 18, 100329.
https://doi.org/10.1016/j.scp.2020.100329

Silva, L.M. da, Bitencourt, C.C., Faccin, K., lakovleva, T., 2019. The Role of Stakeholders in the
Context of Responsible Innovation: A Meta-Synthesis. Sustainability 11, 1766.
https://doi.org/10.3390/su11061766

Sims, E.K., Carr, A.LJ., Oram, R.A., DiMeglio, L.A., Evans-Molina, C., 2021. 100 years of insulin:
celebrating the past, present and future of diabetes therapy. Nat. Med. 27, 1154-1164.
https://doi.org/10.1038/541591-021-01418-2

Singh, P.K., Sarkar, P., 2019. Eco-design Approaches for Developing Eco-friendly Products: A
Review, in: Shanker, K., Shankar, R., Sindhwani, R. (Eds.), Advances in Industrial and
Production Engineering, Lecture Notes in Mechanical Engineering. Springer, Singapore, pp.
185-192. https://doi.org/10.1007/978-981-13-6412-9 17

Snyder, H., 2019. Literature review as a research methodology: An overview and guidelines. J. Bus.
Res. 104, 333-339. https://doi.org/10.1016/j.jbusres.2019.07.039

Souza, H., Costa, R., Quadra, G., Fernandez, M., 2019. How Can We Help to Prevent Medicines
From Polluting the Environment? Front. Young Minds 7.
https://doi.org/10.3389/frym.2019.00081

Souza, H. de O., Costa, R. dos S., Quadra, G.R., Fernandez, M.A. dos S., 2021. Pharmaceutical
pollution and sustainable development goals: Going the right way? Sustain. Chem. Pharm.
21, 100428. https://doi.org/10.1016/j.scp.2021.100428

Starr, D., 2012. Blood: An Epic History of Medicine and Commerce. Knopf Doubleday Publishing
Group.

Stevanato Group, 2022a. Glass Cartridges - Stevanato Group [WWW Document]. URL
https://www.stevanatogroup.com/en/offering/drug-containment-solutions/cartridge-
systems/ (accessed 8.30.22).

Stevanato Group, 2022b. Glass Syringes Bulk and EZ-fill® - Stevanato Group [WWW Document].
URL  https://www.stevanatogroup.com/en/offering/drug-containment-solutions/syringe-
systems/ (accessed 8.28.22).

Stone, W.L., Leavitt, L., Varacallo, M., 2022. Physiology, Growth Factor, in: StatPearls. StatPearls
Publishing, Treasure Island (FL).

Stouten, J., Rousseau, D.M., De Cremer, D., 2018. Successful Organizational Change: Integrating
the Management Practice and Scholarly Literatures. Acad. Manag. Ann. 12, 752-788.
https://doi.org/10.5465/annals.2016.0095

Su, D., Zhang, D., 2021. Linker Design Impacts Antibody-Drug Conjugate Pharmacokinetics and
Efficacy via Modulating the Stability and Payload Release Efficiency. Front. Pharmacol. 12.

Suh, N.P., 1990. The Principles of Design. Oxford University Press.

Taylor, D., Senac, T., 2014. Human pharmaceutical products in the environment — The “problem” in
perspective. ~ Chemosphere, = PHARMACEUTICAL PRODUCTS IN THE
ENVIRONMENT: FOR A MORE RELIABLE RISK ASSESSMENT 115, 95-99.
https://doi.org/10.1016/j.chemosphere.2014.01.011

Tcvetkov, P., 2022. Small-scale LNG projects: Theoretical framework for interaction between
stakeholders. Energy Rep., 2021 The 8th International Conference on Power and Energy
Systems Engineering 8, 928-933. https://doi.org/10.1016/j.egyr.2021.11.195

The Shift Project, 2022. Notre ambition - The Shift Project, think tank de la transition carbone
[WWW Document]. Shift Proj. URL https://theshiftproject.org/ambition/ (accessed
9.13.22).

The Shift Project, 2021. Décarboner la santé pour soigner durablement.

Thompson, 1., Lange, J., 2013. Pen and Autoinjector Drug Delivery Devices, in: Kolhe, P., Shah, M.,
Rathore, N. (Eds.), Sterile Product Development: Formulation, Process, Quality and
Regulatory Considerations, AAPS Advances in the Pharmaceutical Sciences Series.
Springer, New York, NY, pp. 331-356. https://doi.org/10.1007/978-1-4614-7978-9 13

Torelli, R., Balluchi, F., Lazzini, A., 2019. Greenwashing and environmental communication:
Effects on stakeholders’ perceptions. Bus. Strategy Environ. 29, 407-421.
https://doi.org/10.1002/bse.2373

Doctoral thesis — Duc-Nam LUU 190



Trim, J.C., 2004. A review of needle-protective devices to prevent sharps injuries. Br. J. Nurs. Mark
Allen Publ. 13, 144, 146-153. https://doi.org/10.12968/bjon.2004.13.3.12111

Tucker, J.L., 2006. Green Chemistry, a Pharmaceutical Perspective. Org. Process Res. Dev. 10, 315-
319. https://doi.org/10.1021/0p050227k

Turan-Pelletier, G., Zeggar, H., 2014. La distribution en gros du médicament en ville.

Turner, N.J.,, O’Reilly, E., 2013. Biocatalytic retrosynthesis. Nat. Chem. Biol. 9, 285-288.
https://doi.org/10.1038/nchembio.1235

Tyl, B., Vallet, F., Bocken, N.M.P., Real, M., 2015. The integration of a stakeholder perspective into
the front end of eco-innovation: a practical approach. J. Clean. Prod. 108, 543-557.
https://doi.org/10.1016/j.jclepro.2015.07.145

Tzschucke, C.C., Markert, C., Bannwarth, W., Roller, S., Hebel, A., Haag, R., 2002. Modern
Separation Techniques for the Efficient Workup in Organic Synthesis. Angew. Chem. Int.
Ed. 41, 3964-4000. https://doi.org/10.1002/1521-3773(20021104)41:21<3964::AlD-
ANIE3964>3.0.C0O;2-3

UN, 2022. World Population Prospects - Population Division - United Nations [WWW Document].
URL https://population.un.org/wpp/Download/Standard/MostUsed/ (accessed 11.24.22).

UN, 2019. Growing at a slower pace, world population is expected to reach 9.7 billion in 2050 and
could peak at nearly 11 billion around 2100 | UN DESA | United Nations Department of
Economic and Social Affairs [Www Document]. URL
https://www.un.org/development/desa/en/news/population/world-population-prospects-
2019.html (accessed 9.15.21).

UN, 2015. THE 17 GOALS | Sustainable Development [WWW Document]. URL
https://sdgs.un.org/goals (accessed 2.23.22).

UniHA, 2021. A quels marchés votre hoépital peut-il adhérer pour limiter son impact sur
I’environnement ?

Universidad Rey Juan Carlos, Diaz-lglesias, S., Blanco-Gonzalez, A., Universidad Rey Juan Carlos,
Orden-Cruz, C., Universidad Rey Juan Carlos, 2021. THEORETICAL FRAMEWORK FOR
SUSTAINABILITY, CORPORATE SOCIAL RESPONSIBILITY AND CHANGE
MANAGEMENT. J. Sustain. Sci. Manag. 16, 315-332.
https://doi.org/10.46754/jssm.2021.08.025

Uribe, D.F., Ortiz-Marcos, |., Uruburu, A., 2018. What Is Going on with Stakeholder Theory in
Project Management Literature? A Symbiotic Relationship for Sustainability. Sustainability
10, 1300. https://doi.org/10.3390/su10041300

U.S. Department of Health & Human Services, 2021. Vaccine Types [WWW Document]. HHS.gov.
URL https://www.hhs.gov/immunization/basics/types/index.html (accessed 11.22.22).

US EPA, OAR, 2015. Greenhouse Gas Equivalencies Calculator [WWW Document]. URL
https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator (accessed 9.17.21).

US EPA, OCSPP, 2015. About Green Engineering [WWW Document]. URL
https://www.epa.gov/green-engineering/about-green-engineering (accessed 7.28.22).

U.S. National Library of Medicine, 2022. Drawing medicine out of a vial: MedlinePlus Medical
Encyclopedia [Www Document]. URL
https://medlineplus.gov/ency/patientinstructions/000530.htm (accessed 8.30.22).

Vallet, F., Eynard, B., Millet, D., 2014. Proposal of an Eco-design Framework based on a Design
Education Perspective. Procedia CIRP, 21st CIRP Conference on Life Cycle Engineering
15, 349-354. https://doi.org/10.1016/j.procir.2014.06.011

Vallet, F., Eynard, B., Millet, D., Mahut, S.G., Tyl, B., Bertoluci, G., 2013. Using eco-design tools:
An overview of experts’ practices. Des. Stud. 34, 345-377.
https://doi.org/10.1016/j.destud.2012.10.001

Van Ginneken, E., 2010. Implications of future EU policy on the provision of medicines and on
actors in the European pharmaceutical sector. Verl. Univ. TU Berl. ISSN 1869-6287.
https://doi.org/10.14279/depositonce-2657

Van Noort, J., 2020. CHOOSING THE RIGHT LABEL MATERIAL FOR PREFILLED
SYRINGES. ONdrugDelivery. URL https://www.ondrugdelivery.com/choosing-the-right-
label-material-for-prefilled-syringes/ (accessed 8.28.22).

Doctoral thesis — Duc-Nam LUU 191



Methods and Tools: An Overview and Applicability to Packaging. Environ. Res. Eng.
Manag. 76, 32-45. https://doi.org/10.5755/j01.erem.76.4.27448

Veasey, R., Ruf, C.A., Bogatirsky, D., Westerbacka, J., Friedrichs, A., Abdel-Tawab, M., Adler, S.,
Mohanasundaram, S., 2021. A review of reusable insulin pens and features of TouStar—a
new reusable pen with a dedicated cartridge. Diabetol. Metab. Syndr. 13, 147.
https://doi.org/10.1186/s13098-021-00763-z

Vedsmand, T., Cooper, R., Kielgast, S., 2016. Integrating Agile with Stage-Gate® — How New
Agile-Scrum Methods Lead to Faster and Better Innovation. InnovationManagement.se.

Verhulst, E., Boks, C., Stranger, M., Masson, H., 2007. The Human Side of Ecodesign from the
Perspective of Change Management, in: Takata, S., Umeda, Y. (Eds.), Advances in Life
Cycle Engineering for Sustainable Manufacturing Businesses. Springer, London, pp. 107—
112. https://doi.org/10.1007/978-1-84628-935-4 19

Vetter, V., Denizer, G., Friedland, L.R., Krishnan, J., Shapiro, M., 2018. Understanding modern-day
vaccines: what you need to know. Ann. Med. 50, 110-120.
https://doi.org/10.1080/07853890.2017.1407035

Vos, T., Lim, S.S., Abbafati, C., Abbas, K.M., Abbasi, M., Abbasifard, M., Abbasi-Kangevari, M.,
Abbastabar, H., Abd-Allah, F., Abdelalim, A., Abdollahi, M., Abdollahpour, I., Abolhassani,
H., Aboyans, V., Abrams, E.M., Abreu, L.G., Abrigo, M.R.M., Abu-Raddad, L.J.,
Abushouk, A.l., Acebedo, A., Ackerman, I.N., Adabi, M., Adamu, A.A., Adebayo, O.M.,
Adekanmbi, V., Adelson, J.D., Adetokunboh, O.O., Adham, D., Afshari, M., Afshin, A.,
Agardh, E.E., Agarwal, G., Agesa, K.M., Aghaali, M., Aghamir, SSM.K., Agrawal, A.,
Ahmad, T., Ahmadi, A., Ahmadi, M., Ahmadieh, H., Ahmadpour, E., Akalu, T.Y.,
Akinyemi, R.O., Akinyemiju, T., Akombi, B., Al-Aly, Z., Alam, K., Alam, N., Alam, S.,
Alam, T., Alanzi, T.M., Albertson, S.B., Alcalde-Rabanal, J.E., Alema, N.M., Ali, M., Ali,
S., Alicandro, G., Alijanzadeh, M., Alinia, C., Alipour, V., Aljunid, S.M., Alla, F., Allebeck,
P., Almasi-Hashiani, A., Alonso, J., Al-Raddadi, R.M., Altirkawi, K.A., Alvis-Guzman, N.,
Alvis-Zakzuk, N.J., Amini, S., Amini-Rarani, M., Aminorroaya, A., Amiri, F., Amit,
AM.L., Amugsi, D.A., Amul, G.G.H., Anderlini, D., Andrei, C.L., Andrei, T., Anjomshoa,
M., Ansari, F., Ansari, ., Ansari-Moghaddam, A., Antonio, C.A.T., Antony, C.M.,,
Antriyandarti, E., Anvari, D., Anwer, R., Arabloo, J., Arab-Zozani, M., Aravkin, A.Y.,
Ariani, F., Arldv, J., Aryal, K.K., Arzani, A., Asadi-Aliabadi, M., Asadi-Pooya, A.A.,
Asghari, B., Ashbaugh, C., Atnafu, D.D., Atre, S.R., Ausloos, F., Ausloos, M., Quintanilla,
B.P.A., Ayano, G., Ayanore, M.A., Aynalem, Y.A., Azari, S., Azarian, G., Azene, Z.N.,
Babaee, E., Badawi, A., Bagherzadeh, M., Bakhshaei, M.H., Bakhtiari, A., Balakrishnan, S.,
Balalla, S., Balassyano, S., Banach, M., Banik, P.C., Bannick, M.S., Bante, A.B., Baraki,
A.G., Barboza, M.A., Barker-Collo, S.L., Barthelemy, C.M., Barua, L., Barzegar, A., Basu,
S., Baune, B.T., Bayati, M., Bazmandegan, G., Bedi, N., Beghi, E., Béjot, Y., Bello, A.K.,
Bender, R.G., Bennett, D.A., Bennitt, F.B., Bensenor, .M., Benziger, C.P., Berhe, K.,
Bernabe, E., Bertolacci, G.J., Bhageerathy, R., Bhala, N., Bhandari, D., Bhardwaj, P.,
Bhattacharyya, K., Bhutta, Z.A., Bibi, S., Biehl, M.H., Bikbov, B., Sayeed, M.S.B., Biondi,
A., Birihane, B.M., Bisanzio, D., Bisignano, C., Biswas, R.K., Bohlouli, S., Bohluli, M.,
Bolla, S.R.R., Boloor, A., Boon-Dooley, A.S., Borges, G., Borzi, A.M., Bourne, R., Brady,
0O.J., Brauer, M., Brayne, C., Breitborde, N.J.K., Brenner, H., Briant, P.S., Briggs, A.M.,
Briko, N.I., Britton, G.B., Bryazka, D., Buchbinder, R., Bumgarner, B.R., Busse, R., Buitt,
Z.A., Santos, F.L.C. dos, Camera, L.L.A., Campos-Nonato, I.R., Car, J., Cardenas, R.,
Carreras, G., Carrero, J.J., Carvalho, F., Castaldelli-Maia, J.M., Castafieda-Orjuela, C.A.,
Castelpietra, G., Castle, C.D., Castro, F., Catala-Lo6pez, F., Causey, K., Cederroth, C.R.,
Cercy, K.M., Cerin, E., Chandan, J.S., Chang, A.R., Charlson, F.J., Chattu, V.K,,
Chaturvedi, S., Chimed-Ochir, O., Chin, K.L., Cho, D.Y., Christensen, H., Chu, D.-T.,
Chung, M.T., Cicuttini, F.M., Ciobanu, L.G., Cirillo, M., Collins, E.L., Compton, K., Conti,
S., Cortesi, P.A., Costa, V.M., Cousin, E., Cowden, R.G., Cowie, B.C., Cromwell, E.A.,
Cross, D.H., Crowe, C.S., Cruz, J.A., Cunningham, M., Dahlawi, S.M.A., Damiani, G.,
Dandona, L., Dandona, R., Darwesh, A.M., Daryani, A., Das, J.K., Gupta, R.D., Neves, J.
das, Davila-Cervantes, C.A., Davletov, K., Leo, D.D., Dean, F.E., DeCleene, N.K., Deen,

Doctoral thesis — Duc-Nam LUU 192



A., Degenhardt, L., Dellavalle, R.P., Demeke, F.M., Demsie, D.G., Denova-Gutiérrez, E.,
Dereje, N.D., Dervenis, N., Desai, R., Desalew, A., Dessie, G.A., Dharmaratne, S.D.,
Dhungana, G.P., Dianatinasab, M., Diaz, D., Forooshani, Z.S.D., Dingels, Z.V., Dirac, M.A.,
Djalalinia, S., Do, H.T., Dokova, K., Dorostkar, F., Doshi, C.P., Doshmangir, L., Douiri, A.,
Doxey, M.C., Driscoll, T.R., Dunachie, S.J., Duncan, B.B., Duraes, A.R., Eagan, A.W.,
Kalan, M.E., Edvardsson, D., Ehrlich, J.R., Nahas, N.E., Sayed, |l.E., Tantawi, M.E.,
Elbarazi, 1., Elgendy, 1.Y., Elhabashy, H.R., El-Jaafary, S.I., Elyazar, I.R., Emamian, M.H.,
Emmons-Bell, S., Erskine, H.E., Eshrati, B., Eskandarieh, S., Esmaeilnejad, S.,
Esmaeilzadeh, F., Esteghamati, A., Estep, K., Etemadi, A., Etisso, A.E., Farahmand, M.,
Faraj, A., Fareed, M., Faridnia, R., Farinha, C.S. e S., Farioli, A., Faro, A., Farugue, M.,
Farzadfar, F., Fattahi, N., Fazlzadeh, M., Feigin, V.L., Feldman, R., Fereshtehnejad, S.-M.,
Fernandes, E., Ferrari, A.J., Ferreira, M.L., Filip, I., Fischer, F., Fisher, J.L., Fitzgerald, R.,
Flohr, C., Flor, L.S., Foigt, N.A., Folayan, M.O., Force, L.M., Fornari, C., Foroutan, M.,
Fox, J.T., Freitas, M., Fu, W., Fukumoto, T., Furtado, J.M., Gad, M.M., Gakidou, E., Galles,
N.C., Gallus, S., Gamkrelidze, A., Garcia-Basteiro, A.L., Gardner, W.M., Geberemariyam,
B.S., Gebrehiwot, A.M., Gebremedhin, K.B., Gebreslassie, A.A.A.A., Hayoon, A.G.,
Gething, P.W., Ghadimi, M., Ghadiri, K., Ghafourifard, M., Ghajar, A., Ghamari, F.,
Ghashghaee, A., Ghiasvand, H., Ghith, N., Gholamian, A., Gilani, S.A., Gill, P.S,,
Gitimoghaddam, M., Giussani, G., Goli, S., Gomez, R.S., Gopalani, S.V., Gorini, G.,
Gorman, T.M., Gottlich, H.C., Goudarzi, H., Goulart, A.C., Goulart, B.N.G., Grada, A.,
Grivna, M., Grosso, G., Gubari, M.1.M., Gugnani, H.C., Guimaraes, A.L.S., Guimar&es,
R.A., Guled, R.A., Guo, G., Guo, Y., Gupta, R., Haagsma, J.A., Haddock, B., Hafezi-Nejad,
N., Hafiz, A., Hagins, H., Haile, L.M., Hall, B.J., Halvaei, I., Hamadeh, R.R., Abdullah,
K.H., Hamilton, E.B., Han, C., Han, H., Hankey, G.J., Haro, J.M., Harvey, J.D., Hasaballah,
A.l., Hasanzadeh, A., Hashemian, M., Hassanipour, S., Hassankhani, H., Havmoeller, R.J.,
Hay, R.J., Hay, S.I., Hayat, K., Heidari, B., Heidari, G., Heidari-Soureshjani, R., Hendrie,
D., Henrikson, H.J., Henry, N.J., Herteliu, C., Heydarpour, F., Hird, T.R., Hoek, H.W., Hole,
M.K., Holla, R., Hoogar, P., Hosgood, H.D., Hosseinzadeh, M., Hostiuc, M., Hostiuc, S.,
Househ, M., Hoy, D.G., Hsairi, M., Hsieh, V.C., Hu, G., Huda, T.M., Hugo, F.N., Huynh,
C.K., Hwang, B.-F., lannucci, V.C., Ibitoye, S.E., Ikuta, K.S., llesanmi, O.S., llic, .M., llic,
M.D., Inbaraj, L.R., Ippolito, H., Irvani, S.S.N., Islam, M.M., Islam, M., Islam, S.M.S.,
Islami, F., Iso, H., lvers, R.Q., lwu, C.C.D., lyamu, 1.0., Jaafari, J., Jacobsen, K.H., Jadidi-
Niaragh, F., Jafari, H., Jafarinia, M., Jahagirdar, D., Jahani, M.A., Jahanmehr, N.,
Jakovljevic, M., Jalali, A., Jalilian, F., James, S.L., Janjani, H., Janodia, M.D., Jayatilleke,
A.U., Jeemon, P., Jenabi, E., Jha, R.P., Jha, V., Ji, J.S., Jia, P., John, O., John-Akinola, Y.O.,
Johnson, C.O., Johnson, S.C., Jonas, J.B., Joo, T., Joshi, A., Jozwiak, J.J., Jirisson, M.,
Kabir, A., Kabir, Z., Kalani, H., Kalani, R., Kalankesh, L.R., Kalhor, R., Kamiab, Z.,
Kanchan, T., Matin, B.K., Karch, A., Karim, M.A., Karimi, S.E., Kassa, G.M., Kassebaum,
N.J., Katikireddi, S.V., Kawakami, N., Kayode, G.A., Keddie, S.H., Keller, C., Kereselidze,
M., Khafaie, M.A., Khalid, N., Khan, M., Khatab, K., Khater, M.M., Khatib, M.N.,
Khayamzadeh, M., Khodayari, M.T., Khundkar, R., Kianipour, N., Kieling, C., Kim, D.,
Kim, Y.-E., Kim, Y.J., Kimokoti, R.W., Kisa, A., Kisa, S., Kissimova-Skarbek, K.,
Kivimaki, M., Kneib, C.J., Knudsen, A.K.S., Kocarnik, J.M., Kolola, T., Kopec, J.A., Kosen,
S., Koul, P.A., Koyanagi, A., Kravchenko, M.A., Krishan, K., Krohn, K.J., Defo, B.K.,
Bicer, B.K., Kumar, G.A., Kumar, M., Kumar, P., Kumar, V., Kumaresh, G., Kurmi, O.P.,
Kusuma, D., Kyu, H.H., Vecchia, C.L., Lacey, B., Lal, D.K., Lalloo, R., Lam, J.O., Lami,
F.H., Landires, I., Lang, J.J., Lansingh, V.C., Larson, S.L., Larsson, A.O., Lasrado, S., Lassi,
Z.S., Lau, K.M.-M,, Lavados, P.M., Lazarus, J.V., Ledesma, J.R., Lee, P.H., Lee, S.W.H.,
LeGrand, K.E., Leigh, J., Leonardi, M., Lescinsky, H., Leung, J., Levi, M., Lewington, S.,
Li, S., Lim, L.-L., Lin, C., Lin, R.-T., Linehan, C., Linn, S., Liu, H.-C., Liu, S., Liu, Z.,
Looker, K.J., Lopez, A.D., Lopukhov, P.D., Lorkowski, S., Lotufo, P.A., Lucas, T.C.D.,
Lugo, A., Lunevicius, R., Lyons, R.A., Ma, J., MacLachlan, J.H., Maddison, E.R.,
Maddison, R., Madotto, F., Mahasha, P.W., Mai, H.T., Majeed, A., Maled, V., Maleki, S.,
Malekzadeh, R., Malta, D.C., Mamun, A.A., Manafi, A., Manafi, N., Manguerra, H.,
Mansouri, B., Mansournia, M.A., Herrera, A.M.M., Maravilla, J.C., Marks, A., Martins-

Doctoral thesis — Duc-Nam LUU 193



Melo, F.R., Martopullo, I., Masoumi, S.Z., Massano, J., Massenburg, B.B., Mathur, M.R.,
Maulik, P.K., McAlinden, C., McGrath, J.J., McKee, M., Mehndiratta, M.M., Mehri, F.,
Mehta, K.M., Meitei, W.B., Memiah, P.T.N., Mendoza, W., Menezes, R.G., Mengesha,
E.W., Mengesha, M.B., Mereke, A., Meretoja, A., Meretoja, T.J., Mestrovic, T.,
Miazgowski, B., Miazgowski, T., Michalek, .M., Mihretie, K.M., Miller, T.R., Mills, E.J.,
Mirica, A., Mirrakhimov, E.M., Mirzaei, H., Mirzaei, M., Mirzaei-Alavijeh, M., Misganaw,
A.T., Mithra, P., Moazen, B., Moghadaszadeh, M., Mohamadi, E., Mohammad, D.K,,
Mohammad, Y., Mezerji, N.M.G., Mohammadian-Hafshejani, A., Mohammadifard, N.,
Mohammadpourhodki, R., Mohammed, S., Mokdad, A.H., Molokhia, M., Momen, N.C.,
Monasta, L., Mondello, S., Mooney, M.D., Moosazadeh, M., Moradi, G., Moradi, M.,
Moradi-Lakeh, M., Moradzadeh, R., Moraga, P., Morales, L., Morawska, L., Velasquez,
I.M., Morgado-da-Costa, J., Morrison, S.D., Mosser, J.F., Mouodi, S., Mousavi, S.M.,
Khaneghah, A.M., Mueller, U.O., Munro, S.B., Muriithi, M.K., Musa, K.I., Muthupandian,
S., Naderi, M., Nagarajan, A.J., Nagel, G., Naghshtabrizi, B., Nair, S., Nandi, A.K., Nangia,
V., Nansseu, J.R., Nayak, V.C., Nazari, J., Negoi, I., Negoi, R.1., Netsere, H.B.N., Ngunjiri,
J.W., Nguyen, C.T., Nguyen, J., Nguyen, Michele, Nguyen, Minh, Nichols, E., Nigatu, D.,
Nigatu, Y.T., Nikbakhsh, R., Nixon, M.R., Nnaji, C.A., Nomura, S., Norrving, B., Noubiap,
J.J., Nowak, C., Nunez-Samudio, V., Otoiu, A., Oancea, B., Odell, C.M., Ogbo, F.A., Oh,
I.-H., Okunga, E.W., Oladnabi, M., Olagunju, A.T., Olusanya, B.O., Olusanya, J.O.,
Oluwasanu, M.M., Bali, A.O., Omer, M.O., Ong, K.L., Onwujekwe, O.E., Orji, A.U.,
Orpana, H.M., Ortiz, A., Ostroff, S.M., Otstavnov, N., Otstavnov, S.S., @verland, S.,
Owolabi, M.O., A, M.P., Padubidri, J.R., Pakhare, A.P., Palladino, R., Pana, A., Panda-
Jonas, S., Pandey, A., Park, E.-K., Parmar, P.G.K., Pasupula, D.K., Patel, S.K., Paternina-
Caicedo, A.J., Pathak, A., Pathak, M., Patten, S.B., Patton, G.C., Paudel, D., Toroudi, H.P.,
Peden, A.E., Pennini, A., Pepito, V.C.F., Peprah, E.K., Pereira, A., Pereira, D.M., Perico,
N., Pham, H.Q., Phillips, M.R., Pigott, D.M., Pilgrim, T., Pilz, T.M., Pirsaheb, M., Plana-
Ripoll, O., Plass, D., Pokhrel, K.N., Polibin, R.V., Polinder, S., Polkinghorne, K.R., Postma,
M.J., Pourjafar, H., Pourmalek, F., Kalhori, R.P., Pourshams, A., Poznanska, A., Prada, S.I.,
Prakash, V., Pribadi, D.R.A., Pupillo, E., Syed, Z.Q., Rabiee, M., Rabiee, N., Radfar, A.,
Rafiee, A., Rafiei, A., Raggi, A., Rahimi-Movaghar, A., Rahman, M.A., Rajabpour-Sanati,
A., Rajati, F., Ramezanzadeh, K., Ranabhat, C.L., Rao, P.C., Rao, S.J., Rasella, D., Rastogi,
P., Rathi, P., Rawaf, D.L., Rawaf, S., Rawal, L., Razo, C., Redford, S.B., Reiner, R.C.,
Reinig, N., Reitsma, M.B., Remuzzi, G., Renjith, V., Renzaho, A.M.N., Resnikoff, S.,
Rezaei, N., Rezai, M. sadegh, Rezapour, A., Rhinehart, P.-A., Riahi, S.M., Ribeiro, A.L.P.,
Ribeiro, D.C., Ribeiro, D., Rickard, J., Roberts, N.L.S., Roberts, S., Robinson, S.R., Roever,
L., Rolfe, S., Ronfani, L., Roshandel, G., Roth, G.A., Rubagotti, E., Rumisha, S.F., Sabour,
S., Sachdev, P.S., Saddik, B., Sadeghi, E., Sadeghi, M., Saeidi, S., Safi, S., Safiri, S., Sagar,
R., Sahebkar, A., Sahraian, M.A., Sajadi, S.M., Salahshoor, M.R., Salamati, P., Zahabi, S.S.,
Salem, H., Salem, M.R.R., Salimzadeh, H., Salomon, J.A., Salz, |., Samad, Z., Samy, A.M.,
Sanabria, J., Santomauro, D.F., Santos, I.S., Santos, J.V., Santric-Milicevic, M.M.,
Saraswathy, S.Y.l., Sarmiento-Suérez, R., Sarrafzadegan, N., Sartorius, B., Sarveazad, A.,
Sathian, B., Sathish, T., Sattin, D., Sbarra, A.N., Schaeffer, L.E., Schiavolin, S., Schmidt,
M.l., Schutte, A.E., Schwebel, D.C., Schwendicke, F., Senbeta, A.M., Senthilkumaran, S.,
Sepanlou, S.G., Shackelford, K.A., Shadid, J., Shahabi, S., Shaheen, A.A., Shaikh, M.A.,,
Shalash, A.S., Shams-Beyranvand, M., Shamsizadeh, M., Shannawaz, M., Sharafi, K.,
Sharara, F., Sheena, B.S., Sheikhtaheri, A., Shetty, R.S., Shibuya, K., Shiferaw, W.S.,
Shigematsu, M., Shin, J.1., Shiri, R., Shirkoohi, R., Shrime, M.G., Shuval, K., Siabani, S.,
Sigfusdottir, 1.D., Sigurvinsdottir, R., Silva, J.P., Simpson, K.E., Singh, A., Singh, J.A.,
Skiadaresi, E., Skou, S.T.S., Skryabin, V.Y, Sobngwi, E., Sokhan, A., Soltani, S., Sorensen,
R.J.D., Soriano, J.B., Sorrie, M.B., Soyiri, I.N., Sreeramareddy, C.T., Stanaway, J.D., Stark,
B.A., Stefan, S.C., Stein, C., Steiner, C., Steiner, T.J., Stokes, M.A., Stovner, L.J., Stubbs,
J.L., Sudaryanto, A., Sufiyan, M.B., Sulo, G., Sultan, I., Sykes, B.L., Sylte, D.O., Szdcska,
M., Tabarés-Seisdedos, R., Tabb, K.M., Tadakamadla, S.K., Taherkhani, A., Tajdini, M.,
Takahashi, K., Taveira, N., Teagle, W.L., Teame, H., Tehrani-Banihashemi, A.,
Teklehaimanot, B.F., Terrason, S., Tessema, Z.T., Thankappan, K.R., Thomson, A.M.,

Doctoral thesis — Duc-Nam LUU 194



Tohidinik, H.R., Tonelli, M., Topor-Madry, R., Torre, A.E., Touvier, M., Tovani-Palone,
M.R.R., Tran, B.X., Travillian, R., Troeger, C.E., Truelsen, T.C., Tsai, A.C., Tsatsakis, A.,
Car, L.T., Tyrovolas, S., Uddin, R., Ullah, S., Undurraga, E.A., Unnikrishnan, B., Vacante,
M., Vakilian, A., Valdez, P.R., Varughese, S., Vasankari, T.J., Vasseghian, Y.
Venketasubramanian, N., Violante, F.S., Vlassov, V., Vollset, S.E., Vongpradith, A,
Vukovic, A., Vukovic, R., Waheed, Y., Walters, M.K., Wang, J., Wang, Y., Wang, Y.-P.,
Ward, J.L., Watson, A., Wei, J., Weintraub, R.G., Weiss, D.J., Weiss, J., Westerman, R.,
Whisnant, J.L., Whiteford, H.A., Wiangkham, T., Wiens, K.E., Wijeratne, T., Wilner, L.B.,
Wilson, S., Wojtyniak, B., Wolfe, C.D.A., Wool, E.E., Wu, A.-M., Hanson, S.W., Wunrow,
H.Y., Xu, G., Xu, R., Yadgir, S., Jabbari, S.H.Y., Yamagishi, K., Yaminfirooz, M., Yano,
Y., Yaya, S., Yazdi-Feyzabadi, V., Yearwood, J.A., Yeheyis, T.Y., Yeshitila, Y.G., Yip, P.,
Yonemoto, N., Yoon, S.-J., Lebni, J.Y., Younis, M.Z., Younker, T.P., Yousefi, Z.,
Yousefifard, M., Yousefinezhadi, T., Yousuf, A.Y., Yu, C., Yusefzadeh, H., Moghadam,
T.Z., Zaki, L., Zaman, S.B., Zamani, M., Zamanian, M., Zandian, H., Zangeneh, A.,
Zastrozhin, M.S., Zewdie, K.A., Zhang, Y., Zhang, Z.-J., Zhao, J.T., Zhao, Y., Zheng, P.,
Zhou, M., Ziapour, A., Zimsen, S.R.M., Naghavi, M., Murray, C.J.L., 2020. Global burden
of 369 diseases and injuries in 204 countries and territories, 1990-2019: a systematic
analysis for the Global Burden of Disease Study 2019. The Lancet 396, 1204-1222.
https://doi.org/10.1016/S0140-6736(20)30925-9

Wang-Erlandsson, L., Tobian, A., van der Ent, R.J., Fetzer, |., te Wierik, S., Porkka, M., Staal, A.,
Jaramillo, F., Dahlmann, H., Singh, C., Greve, P., Gerten, D., Keys, P.W., Gleeson, T.,
Cornell, S.E., Steffen, W., Bai, X., Rockstrém, J., 2022. A planetary boundary for green
water. Nat. Rev. Earth Environ. 1-13. https://doi.org/10.1038/s43017-022-00287-8

Wendler, R., 2012. The maturity of maturity model research: A systematic mapping study. Inf. Softw.
Technol., Special Section on Software Reliability and Security 54, 1317-1339.
https://doi.org/10.1016/j.infsof.2012.07.007

Wernet, G., Conradt, S., Isenring, H.P., Jiménez-Gonzalez, C., Hungerbihler, K., 2010. Life cycle
assessment of fine chemical production: a case study of pharmaceutical synthesis. Int. J. Life
Cycle Assess. 15, 294-303. https://doi.org/10.1007/s11367-010-0151-z

Wheeler, D., Sillanpéa, M., 1998. Including the stakeholders: The business case. Long Range Plann.
31, 201-210. https://doi.org/10.1016/S0024-6301(98)00004-1

Whitford, W.G., Petrich, M.A., Flanagan, W.P., 2019. Environmental Impacts of Single-Use
Systems, in: Single-Use Technology in Biopharmaceutical Manufacture. John Wiley &
Sons, Ltd, pp. 169-179. https://doi.org/10.1002/9781119477891.ch13

WHO, 2022. Blood products [WWW Document]. URL https://www.who.int/health-topics/blood-
products (accessed 8.14.22).

WHO, 2021. WHO model list of essential medicines - 22nd list, 2021.

Wieland, T., Bodanszky, M., 2012. The World of Peptides: A Brief History of Peptide Chemistry.
Springer Science & Business Media.

Wilkinson, J.L., Boxall, A.B.A., Kolpin, D.W., Leung, K.M.Y ., Lai, RW.S., Galban-Malagén, C.,
Adell, A.D., Mondon, J., Metian, M., Marchant, R.A., Bouzas-Monroy, A., Cuni-Sanchez,
A., Coors, A., Carriquiriborde, P., Rojo, M., Gordon, C., Cara, M., Moermond, M., Luarte,
T., Petrosyan, V., Perikhanyan, Y., Mahon, C.S., McGurk, C.J., Hofmann, T., Kormoker, T.,
Iniguez, V., Guzman-Otazo, J., Tavares, J.L., Figueiredo, F.G.D., Razzolini, M.T.P.,
Dougnon, V., Gbaguidi, G., Traoré, O., Blais, J.M., Kimpe, L.E., Wong, M., Wong, D.,
Ntchantcho, R., Pizarro, J., Ying, G.-G., Chen, C.-E., Paez, M., Martinez-Lara, J., Otamonga,
J.-P., Poté, J., Ifo, S.A., Wilson, P., Echeverria-Saenz, S., Udikovic-Kolic, N., Milakovic,
M., Fatta-Kassinos, D., loannou-Ttofa, L., Belusova, V., Vymazal, J., Cardenas-Bustamante,
M., Kassa, B.A., Garric, J., Chaumot, A., Gibba, P., Kunchulia, I., Seidensticker, S.,
Lyberatos, G., Halldorsson, H.P., Melling, M., Shashidhar, T., Lamba, M., Nastiti, A.,
Supriatin, A., Pourang, N., Abedini, A., Abdullah, O., Gharbia, S.S., Pilla, F., Chefetz, B.,
Topaz, T., Yao, K.M., Aubakirova, B., Beisenova, R., Olaka, L., Mulu, J.K., Chatanga, P.,
Ntuli, V., Blama, N.T., Sherif, S., Aris, A.Z., Looi, L.J., Niang, M., Traore, S.T., Oldenkamp,
R., Ogunbanwo, O., Ashfaq, M., Igbal, M., Abdeen, Z., O’Dea, A., Morales-Saldafia, J.M.,
Custodio, M., Cruz, H. de la, Navarrete, I., Carvalho, F., Gogra, A.B., Koroma, B.M.,

Doctoral thesis — Duc-Nam LUU 195



Cerkvenik-Flajs, V., Gomba¢, M., Thwala, M., Choi, K., Kang, H., Ladu, J.L.C., Rico, A.,
Amerasinghe, P., Sobek, A., Horlitz, G., Zenker, A.K., King, A.C., Jiang, J.-J., Kariuki, R.,
Tumbo, M., Tezel, U., Onay, T.T., Lejju, J.B., Vystavna, Y., Vergeles, Y., Heinzen, H.,
Pérez-Parada, A., Sims, D.B., Figy, M., Good, D., Teta, C., 2022. Pharmaceutical pollution
of the world’s rivers. Proc. Natl. Acad. Sci. 119. https://doi.org/10.1073/pnas.2113947119

Wirth, T., Parker, N., Yla-Herttuala, S., 2013. History of gene therapy. Gene, 50 years of gene
therapy - a contribution of Waclaw Szybalski to science and humanity 525, 162-169.
https://doi.org/10.1016/j.gene.2013.03.137

Zheng, J.Y., Janis, L.J., 2006. Influence of pH, buffer species, and storage temperature on
physicochemical stability of a humanized monoclonal antibody LA298. Int. J. Pharm. 308,
46-51. https://doi.org/10.1016/j.ijpharm.2005.10.024

Zhou, T., Wang, L., Zhang, Z., Jin, M., 2019. An enhanced regeneration strategy to improve
microbial control and prolong resin lifetime for Protein A resin in large-scale monoclonal
antibody (mAb) purification. J. Biotechnol. 289, 118-125.
https://doi.org/10.1016/j.jbiotec.2018.11.022

Zhu, X., Ho, C.-H., Wang, X., 2020. Application of Life Cycle Assessment and Machine Learning
for High-Throughput Screening of Green Chemical Substitutes. ACS Sustain. Chem. Eng.
8, 11141-11151. https://doi.org/10.1021/acssuschemeng.0c02211

Doctoral thesis — Duc-Nam LUU 196



Appendix
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1 List of PhDs of the LCPI since 2000

2 Perimeter of the pharmaceutical LCA assessed in the manuscript

3 List of IPCC GWP 100a results values of the LCAs assessed

4 List of stakeholders identified with the related harmonized family

5 2021 benchmark of the eco-design strategies of 20 pharmaceutical companies

6 Semi-structured interview

7 Example of the calculation of the second experimentation, with a focus on Global
warming indicator

8 Breakdown by lifecycle stage of the level of influence of the deliverables of the
medicine NPD, for the freshwater eutrophication, freshwater ecotoxicity and
water scarcity footprint per Lifecycle steps (API, formulation, packaging,
distribution and use & end of life), based on 263 deliverables assessed

9 Unstructured interview, list of topics raised

10 Unstructured interview, profile of the interviewee

11 survey, list of questions

12 User tests, list of profiles

13 User tests, list of statements to assess

14 First prototype, meso level — list of practices

15 survey, characteristics of respondents

16 survey, verbatim to the perceptions of which choices during the project phases
have impacts on the environmental profile of the final product

17 survey, verbatim to the option “other” of the “constraints regarding Eco-design
implementation”

18 Second prototype proposition, matrix levels of Eco-design maturity with the
organizational and operational dimensions

19 User tests, results & calculation

20 List of excipients used for the marketed mAbs

21 Suggestions of the levels, for each dimension, that could be formalized in further
research
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Appendix

Appendix 1

List of PhDs of the LCPI since 2000

Author Year |Title

Eco-design approach in business: a challenge, building consistency
Marc JANIN 2000 | between tools and processes

Contribution to the integration of end-of-life recovery from the

design of a product: a method based on the multi-criteria evaluation
Fabrice of the recyclability of the product and on the identification of its
MATHIEUX 2002 | weak design points

Development of a material removal model by granulation using high
Alain CORNIER | 2004 | pressure water jet: application to tire dismantling

Stéphane LE
POCHAT

2005

Integration of eco-design in SMEs: proposal of a method of
appropriation of know-how for the environmental design of
products

Nizar HAOUES

2006

Contribution to the integration of disassembly and recycling
constraints from the first phases of product design

Proposal of recommendations for the efficient integration of

CHARBUILLET

2009

Virginie Industrial Design in technocentric design: Application to the
HYERARD 2007 | innovative helicopter
El Arbi Quality in research: proposal for a joint development of quality and
HASSANI 2007 | research processes
Erwan Development of environmental accounting oriented towards value
HARSCOET 2007 | creation: application to pollution prevention investment
Céline Modeling the exploration phase of the product design process, for
MOUGENOT 2008 | increased creativity
Stéphanie Design of a balanced performance model: innovative levers in terms
IBANEZ 2008 | of people management
Development of a methodology for making environmental decisions
more reliable in the context of life cycle analyzes based on the
Yann LEROY 2009 | analysis and management of uncertainties on inventory data
Carole
MAUDET- Proposal of tools and approach for the integration of plastics

recycling sectors in the automotive supply chain

Wassim DAOUD

2009

Development of an integrated management system for the eco-
design of medium voltage electrical equipment

Brigitte Considering the variability of field emissions in the life cycle
LANGEVIN 2010 | analysis of agricultural systems: application to slurry spreading
Nathalie Optimization of the design process: proposal of a method selection
LAHONDE 2010 | model for decision support
Aurélia How to design a protocol for the application of laser and nanogel
CHEVALIER 2010 | technologies for the conservation/restoration of paintings on canvas
Modeling multidisciplinary creative activity in user-centered
Héon SONG 2010 | architectural design: application to emergency housing
Simone DA Proposal for a multi-project risk management method: application to
VEIGA 2010 | Institut Curie - Hospital
Promoting the creation of new objects through materials and
Anne processes within a traditional house with a strong identity: the case
BERANGER 2011 | of Hermes
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Frédéric

Contribution to the integration of a collaborative environment in the

SEGONDS 2011 | upstream design of products
Lorraine Innovation and design: contribution of design to the expansion of
BERGERET 2011 | the identity of materials

Julien NELSON

2011

Contribution to the prospective analysis of uses in innovation
projects

Modeling of cognitive and affective processes in upstream design:
application to mental categorization operations present during the

Jieun KIM 2011 | generative phases

Development of an eco-design method based on the modeling and
Léonard evaluation of recovery channels: application to the automotive
CHEMINEAU 2011 | sector
Marion Development of an environmental decision support tool based on
PRINCAUD 2011 | life cycle analysis integrated into the design process

Innovate for and through disability. Product design methodology
Ornella PLOS 2011 | adapted to niche markets: application to the motor disability market.

Consideration of tactile perception in the design of representations

Estelle COSTES | 2012 | of works of art for people with visual disabilities

Kerstin

BONGARD- User experience in upstream design: from idea generation to
BLANCHY 2013 | evaluation

Sébastien

VOISEMBERT 2013 | Design and modeling of an ultralight robotic arm

Virginie Contribution to an ontological modeling of information throughout
FORTINEAU 2013 | the product life cycle

loana Cristina

The aesthetic experience and the culture of innovation: the aesthetic
experience of designers and the influence of design for a culture of

OCNARESCU 2013 | innovation
Optimization of innovation performance: an approach combining
Marc TRELA 2013 | technical inventiveness and the search for commercial success

Vincent RIEUF

2013

Modeling and computation of the trend analysis process via virtual
reality technology

Tatiana Margarita

HERNANDEZ The "how" of entrepreneurship: towards a useful roadmap of critical
RICO 2013 | inputs and outputs of business creation

Francis

RASAMOELINA | 2014 | Development of a user model for linking Kansei and Eco-design

Contribution to the modeling of lean green integration applied to
waste management for a balanced performance (economic,

Alain FERCOQ 2014 | environmental, social)

Elisabeth Eco-design by a Multicriteria Approach of a

MARIS- Polymer/Tracers/Detector System for automated sorting by UV-VIS
FROELICH 2014 | fluorescence spectrometry to increase the recyclability of products
Alexandre Definition and representation of intentions related to the user
GENTNER 2014 | experience in the upstream phase of the product design process

Keys to technical and economic progress of lithium-ion batteries for

Gaétan PATRY 2014 | automobile traction

Romain Formalization of a design and innovation model in the field of bio-
LORENTZ 2014 | industries: case of clay particles

Mathieu Driving Complexity: Using DSM and Allen's Interval Algebra for
BAUDIN 2014 | Collaborative Planning
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Yacine Contribution to improving the process of designing innovative
BENABID 2014 | products: Development of tools to help choose processes

Towards new tools for anticipating user needs: methodological
Jessy BARRE 2015 | contributions for prospective ergonomics
Pathum BILA Systemic approach to creativity: Tools and methods to address
DEROUSSY 2015 | complexity in upstream design

Formalization of a model to improve the sustainability of a portfolio
Djamel of luxury packaging and innovation: Structuring and Structural
YOUSNADJ 2015 | Dimensions
Paula CARDOSO The integration of users in the innovation process for the design of
GONCALVES 2015 | new luxury products

Processes and methods for solving interdisciplinary problems and
Malte SCHOFER | 2015 | integrating technologies in knowledge-based fields

Proposal of a methodology that integrates cultural aspects in the
Anne SOUZA implementation of Lean Management: Comparative study France-
MARTINS 2016 | Brazil

Designing with Additive Manufacturing: A proposal for the
Floriane upstream integration of knowledge relating to a technological
LAVERNE 2016 | innovation

Baptiste HERVE

2016

Service design in product-oriented companies based on data
valuation systems

Proposal of a unified Cloud Manufacturing modeling and

Asma TALHI 2016 | implementation methodology, based on inference ontologies
Technical-economic and environmental assessment of methane

Ovidiu Mihai storage of renewable energies, in the specific conditions of Romania

BALAN 2016 | and in a generic European case

Oscar RAMIREZ Optimization and management of the medicalex innovation process:

SERRANO 2016 | application to custom-made orthopedic implants

Everton Sidnei

AMARAL DA Design, Technology and Perception: Connecting sensory, semantic

SILVA 2016 | and emotional design with texture and materials

Pierre-Emmanuel

Innovation through bio-inspired design: proposal of a model
structuring biomimetic methods and formalization of a knowledge

FAYEMI 2016 | transfer tool
Development of a Kansei methodology through physical and digital
Théo MAHUT 2017 | interactions

creativity by and for additive manufacturing: proposal of a tooled

Anne-Lise RIAS | 2017 | methodology
Etienne Open-Design. Modeling the open design process in the development
BOISSEAU 2017 | of tangible products
Study of the miscibility of polymers by the grain coalescence
Sara AID 2017 | method for the recycling of WEEE by rotational molding
Thibault
VALLET 2017 | Design of a drug acceptability assessment tool

Baptiste PICLET

2017

Product, process and organization innovation in the field of
orthopedics

Contribution to the improvement of the preliminary design of a

Brahim product: Approach based on the implementation of optimization
MAHIDDINI 2019 | techniques

Edouard

TAPISSIER 2019 | Design of a knowledge management system for an SME
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Proposal of a multi-domain evaluation process to improve product

Kévin AUDOUX | 2019 | design
Anthony
BRANDY 2019 | optimization of a design process by guantification of use
Development and implementation of a collaborative design
Cédric methodology on perceived quality by integrating sensory perception
AVANZINI 2020 | analysis
The development of a design tool for a virtual store based on the
ALAA Elboudali | 2020 | behavioral experience of the consumer
bio-inspired innovation: modeling of an interdisciplinary tooled
biomimetic design process and integration of a new actor, the
Eliot Graeff 2020 | Biomimetician
Jean-Thomas Modeling of an organization re-design approach with integration of
CORNELIS 2021 | the consistency factor.
Chawki EL
ZANT 2021 | Industry 4.0 process — Which model for a successful integration
Contribution to the development of the methodological framework
of biomimetic design: integration of the expertise of profiles trained
Anneline in Design to promote the deployment of the approach in design and
LETARD 2021 | innovation practices
Jean-Marc Formalization of a prescriptive model for deploying an optimal
VASNIER 2021 | value creation strategy. Application to the field of SMEs

Clara GANDREZ

2022

Behavioral model for identifying limit situations in autonomous
driving

Armand HUET

2022

Proposal of an intelligent assistant dedicated to design rules for the
manufacturing industry

Arava
SANDFORD

2022

Proposal for a method for designing and managing inter-subsidiary
collaborative structures: Application to the creation of innovative
offers for the territories of tomorrow.

Armand LANG

2022

Methodology for integrating additive manufacturing as a source of
creativity for the manufacturing industry

Bouha EL
MOUSTAPHA

2023

Formulation and study of a thermal energy accumulator geopolymer
in the context of the eco-construction of buildings
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Appendix 2

Perimeter of published pharmaceutical LCA assessed in the manuscript

Manufacturin
Galenic
form

API Packaging / device

Reference
Raw material
Waste
Distribution
Use

Vial

mADb
Vaccine
Enzyme
Tablet
Freeze
dry
Blister
Inhaler

End of life

Bruggin
k 2006

Curzons
2007

X| X| X| X| Chemical

X X| X| X
X X X| X

(Nielsen
et al.,
2007)

X
X
X

Henders
on 2008

Kim X X
2009

Ponder X X

Raymon
d 2010

Wernet X X
2010

Belboom X
2011

X X| X| XX

Pfizer X X
2011

Cook
2012

Kohler
2012

De Soete X
2013

Pietrzyk | X X X
owski
2013

Brunet X
2014

Ott 2014 X

Cespi X X
2015

Elzanfal
y 2016

Bunnak X X
2016

X X| X| X|X| X

Lee 2016 | X X
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McAlist X X X
er 2016

Oott2016 | X X X

Raju X X
2016

Rodrigu X
ez 2016

Savelski X
2017

Hindiye X
h 2018

Hénsel X X X X X
2019

Jeswani X X X X
2019

Li 2019

Parvatke | X X X
r 2019

Renteria | X X
2019

Renteria X
2019

Grimaldi | X X X
2020

Sharma X
2020

Siegert X
2020

Siegert
2020

Zhu
2020

Fulford
2021

x| X| X| X
X

Kong
2021

Wang X
2021

X X| X X| X| X

Yang
2021

Bassani
2022

Budzins
ki 2022

X X| X| X

Mohan
2022

Schulte X
2022

Sharma X X X
2022
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Appendix 3

List of IPCC GWP 100a results values of the LCAs assessed

Harmonized
Functional | categories

Name Family Scope |Value |unit unit FU Reference
Dexmede Cradle kgCO2-eq (Parvatker et
tomidine | Chemical |to gate 3006 |/ kg None None al., 2019)
Morphin Cradle kgCO2-eq (Parvatker et
e Chemical |to gate 1506 |/ kg None None al., 2019)
Hydromo Cradle kgCO2-eq (Parvatker et
rphone | Chemical |to gate 799 |/ kg None None al., 2019)
Midazola Cradle kgCO2-eq (Parvatker et
m Chemical |to gate 444 |/ kg None None al., 2019)
Phenylep
hrine (Parvatker et
hydrochl Cradle kgCO2-eq al., 2019)
oride Chemical | to gate 171/ kg None None
Rocuroni
um Cradle kgCO2-eq gliarglgilse)zr et
Bromide |Chemical |to gate 144 |/ kg None None B
Ketamin Cradle kgCO2-eq (Parvatker et
e Chemical |to gate 140 |/ kg None None al., 2019)
Remifent Cradle kgCO2-eq (Parvatker et
anil Chemical |to gate 103 |/ kg None None al., 2019)

Cradle kgCO2-eq (Parvatker et
Fentanyl | Chemical |to gate 96 |/ kg None None al., 2019)
Ephedrin
e (Parvatker et
Hydrochl Cradle kgCO2-eq al., 2019)
oride Chemical |to gate 82|/kg None None
Glycopyr Cradle kgCO2-eq (Parvatker et
rolate Chemical |to gate 76|/ kg None None al., 2019)
Ondanset Cradle kgCO2-eq (Parvatker et
ron Chemical |to gate 371/kg None None al., 2019)
Ropivaca Cradle kgCO2-eq (Parvatker et
ine HCI | Chemical |to gate 36|/Kkg None None al., 2019)
Epinephr Cradle kgCO2-eq (Parvatker et
ine Chemical |to gate 34|/kg None None al., 2019)
Lidocain Cradle kgCO2-eq (Parvatker et
e Chemical |to gate 29|/ kg None None al., 2019)
Bupivaca Cradle kgCO2-eq (Parvatker et
ine HCI | Chemical |to gate 23|/ kg None None al., 2019)
Neostig
mine (Parvatker et
methylsu Cradle kgCO2-eq al., 2019)
Ifate Chemical |to gate 22|/ kg None None

Cradle kgCO2-eq (Parvatker et
Propofol |Chemical |to gate 21|/ kg None None al., 2019)
Sugamm Cradle kgCO2-eq (Parvatker et
adex Chemical |to gate 12|/ kg None None al., 2019)
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Succinyl Cradle kgCO2-eq (Parvatker et
choline | Chemical |to gate 11|/ kg None None al., 2019)
production
of 100 mg in
100 mL of
Morphin Cradle kgCO2-eq | intravenous | Product (McAlister et
e Chemical |to gate 2040 | / kg morphine oriented al., 2016)
Z- Cradle kgCO2-eq (Ottetal.,
isomeric | Chemical | to gate 2250/ kg None None 2014)
Penicillin Cradle kgCO2-eq (Brunet et al.,
\ Chemical |to gate 6,02 |/ kg None None 2014)
to produce a
reaction
mixture
4-D- containing
Erythron 49.6 kg of
olactone 4-DEL
(Batch Cradle kgCO2-eq | within 5 Batch (Lee etal.,
process) |Chemical |to gate 14|/ kg days oriented 2016)
to produce a
reaction
4-D- mixture
Erythron containing
olactone 49.6 kg of
(Conituo 4-DEL
us Cradle kgCO2-eq | within 5 Batch (Leeetal.,
process) |Chemical |to gate 21|/ kg days oriented 2016)
producing 1
kg of
sitagliptin
sitaglipti Cradle kgCO2-eq | monophosp | API (Zhu et al.,
n Chemical |togate | 547,76|/Kkg hate oriented 2020)
treatment of
an adult in
Germany
with the
Eudorlin Cradle purpose of (M.-W.
(Ibuprofe to kgCO2-eq | pain relief | Function Siegert et al.,
n) Chemical | grave 36,25 |/ kg for 4 days | oriented 2020)
A
massbased
functional
unit of 1 kg
of 7-ACA
was chosen
7-ACA - as the basis
Chemical Cradle kgCO2-eq | for the API (Henderson et
route Chemical |to gate 387 |/ kg comparison | oriented al., 2008)
A
massbased
functional
7-ACA - unit of 1 kg
Enzymati Cradle kgCO2-eq|of 7-ACA | API (Henderson et
croute |Chemical |to gate 205 |/ kg was chosen | oriented al., 2008)
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as the basis

for the
comparison
Cradle kgCO2-eq API (Wernet et al.,
Chemical | Chemical | to gate 67,6 |/ kg 1 kg of API | oriented 2010)
Cradle kgCO2-eq (Hindiyeh et
Tablet Chemical |to gate 7,71 |/ tablet None None al., 2018)
Cradle kgCO2-eq (Hindiyeh et
Tablet Chemical | to gate 2,06 | / tablet None None al., 2018)
- 1 kg of
pig live
weight :
6,70
- 1 kg of
pig
carcass
after - 1 kg of pig
dressing live weight
8,75 - 1 kg of pig
-1 kg of carcass after
lean dressing
Conjugated |Cradle [ meat: |kgCO2-eq|-1 kg of Function
Improvac | protein to gate | 15,82 /FU lean meat oriented (Pfizer, 2012)
Inhaler -
pMDI Cradle
(Berodua to 16,484 kgCO2-eq (Hénsel et al.,
I®) Device grave / unit None None 2019)
Inhaler -
pMDI Cradle
(Atroven to 14,585 kgCO2-eq (Héansel et al.,
t®) Device grave / unit None None 2019)
Inhaler -
Respimat
® Cradle 0,784
(Berodua to kgCO2-eq (Hansel et al.,
I®) Device grave / unit None None 2019)
Inhaler -
Respimat
® Cradle 0,775
(Spiriva to kgCO2-eq (Héansel et al.,
®) Device grave / unit None None 2019)
delivery of 1
HFC- Cradle dose of (Jeswani and
134a to kgCO2-eq | inhaled Patient Azapagic,
pMDI Device grave 0,263 |/ dose medicine’. | oriented 2019)
delivery of 1
HFC- Cradle dose of (Jeswani and
227ea to kgCO2-eq | inhaled Patient Azapagic,
pMDI Device grave 0,697 |/ dose medicine’. | oriented 2019)
delivery of 1 (Jeswani and
HFC- Cradle dose of Azapagic,
152a to kgCO2-eq | inhaled Patient 2019)
pMDI Device grave 0,02 |/ dose medicine’. | oriented
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delivery of 1

(Jeswani and

Cradle dose of Azapagic,
to kgCO2-eq | inhaled Patient 2019)
DPI Device grave 0,009 |/ dose medicine’. | oriented
Enzyme,
PGYL
petroleu
m based Cradle kgCO2-eq (Kimetal.,
glycerin | Enzyme to gate 25|/ kg None None 2009)
Enzyme, (Kimetal.,
BGYL_ 2009)
M
biobased Cradle kgCO2-eq
glycerin | Enzyme to gate 23|/ kg None None
Enzyme, (Kimetal.,
BGYL_S 2009)
biobased Cradle kgCO2-eq
glycerin | Enzyme to gate 16|/ kg None None
Bacterial
alphaam Cradle kgCO2-eq (Nielsen et
ylase Enzyme to gate 1|/kg None None al., 2007)
Fungal (Nielsen et
glucoam Cradle kgCO2-eq al., 2007)
ylase Enzyme to gate 6,8 |/ kg None None
Fungal Cradle kgCO2-eq (Nielsen et
phytase | Enzyme to gate 2|/kg None None al., 2007)
Bacterial Cradle kgCO2-eq (Nielsen et
protease | Enzyme to gate 4,11/ kg None None al., 2007)
Bacterial Cradle kgCO2-eq (Nielsen et
protease | Enzyme to gate 10,1 |/ kg None None al., 2007)
mADb the set of
operations
required to
Fill and
Finish
(F&F)a20
ml vial,
stoppered
and capered
which
contains
608.8 mg of
freeze dried
infliximab
powder (Renteria
Monoclonal | Cradle kgCO2-¢eq | (including | Product Gamiz et al.,
antibody to gate 31000 |/ kg excipients). |oriented 2019a)
mADb Monoclonal | Cradle kgCO2-eq (Budzinski et
antibody to gate 22700 |/ kg None None al., 2022)
Doctoral thesis — Duc-Nam LUU 207




mAb

Monoclonal
antibody

Cradle
to gate

20000

kgCO2-eq
/ kg

2.5 ml of the
Pre-
Formulated
Bulk (PFB)
—the drug
substance
formulated
to the
desired final
composition
— containing
100 mg of
API which
is
equivalent
to the
required
API content
per unit
dose (vial).

Product
oriented

(Renteria
Gamiz et al.,
2019a)

mAb

Monoclonal
antibody

Cradle
to gate

276600

kgCO2-eq
/ kg

a provision
of the
annual mAb
demand to
the Japanese
market

(Amasawa et
al., 2021)

mAb

Monoclonal
antibody

Cradle
to gate

137235

kgCO2-eq
/ kg

a provision
of the
annual mAb
demand to
the Japanese
market

(Amasawa et
al., 2021)

Polymer
vials
system

Packaging

Cradle
to
grave

5,05E-
02

kgCO2-eq
/ unit

The
functional
unit used for
further
calculation
consists

of a
thousand
vials.

Batch
oriented

(Belboom et
al.,, 2011)
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Glass
vials
system

Packaging

Cradle
to
grave

6,56E-
02

kgCO2-eq
[ unit

The
functional
unit used for
further
calculation
consists

ofa
thousand
vials.

Batch
oriented

(Belboom et
al., 2011)

Blister
Alu-alu

Packaging

Cradle
to
grave

409,6

kgCO2-eq
/ FU

The
functional
unit is taken
as

material
required for
packing 1
lakh
(1,00,000),
500mg of
paracetamol
tablets.

Batch
oriented

(Raju et al.,
2016)

Blister
packing

Packaging

Cradle
to
grave

102,4

kgCO2-eq
/ FU

The
functional
unit is taken
as

material
required for
packing 1
lakh
(1,00,000),
500mg of
paracetamol
tablets.

Batch
oriented

(Raju et al.,
2016)

Paraceta
mol -
tablet

Process

6,09

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

2,78

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

2,78

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’

Batch
oriented

(Sharma et
al., 2020)
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paracetamol
tablets.

Paraceta
mol -
tablet

Process

7,21

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

51

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

3,31

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

2,42

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

1,23

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

0,322

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)
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Paraceta
mol -
tablet

Process

1,23

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

1,23

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

0,023

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

1,67

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

5,47

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

1,37

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

1,37

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’

Batch
oriented

(Sharma et
al., 2020)
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paracetamol
tablets.

Paraceta
mol -
tablet

Process

7,09

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

4,38

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

1,65

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

1,2

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

0,61

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

0,161

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)
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Paraceta
mol -
tablet

Process

0,61

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

0,61

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

0,0118

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Paraceta
mol -
tablet

Process

0,824

kgCO2-eq
/ FU

the API
required to
produce
‘one
hundred
thousand’
paracetamol
tablets.

Batch
oriented

(Sharma et
al., 2020)

Freeze
drying
process

Process

Gate
to gate

0,098

kgCO2-eq
/ vial

2.5 ml of the
Pre-
Formulated
Bulk (PFB)
—the drug
substance
formulated
to the
desired final
composition
— containing
100 mg of
APl which
is
equivalent
to the
required
API content
per unit
dose (vial).

Product
oriented

(Renteria
Gamiz et al.,
2019b)
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Homoge
neous
system

Waste

End of
life

0,144

kgCO2-eq
/ FU

the
functional
unit for both
processes
was fixed as
environment
al impacts in
removing 1
g of COD
per litre of
treated
wastewater.

Function
oriented

(Rodriguez et
al., 2016)

Heteroge
neous
system

Waste

End of
life

0,025

kgCO2-eq
/ FU

the
functional
unit for both
processes
was fixed as
environment
al impacts in
removing 1
g of COD
per litre of
treated
wastewater.

Function
oriented

(Rodriguez et
al., 2016)
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Appendix 4

List of stakeholders identified with the related harmonized family

Harmonized Geel
Stakeholder Family family framework | Country Reference
Research
academic clinicians Research network Europe Saesen
Patients & the | Societal
patient organization Public groups Europe Saesen
Public Public
regulators authorities authorities | Europe Saesen
health technology Purchasers & | Financial
assessment agency Payers network Europe Saesen
Purchasers & | Financial
payer Payers network Europe Saesen
pharmaceutical Pharmaceutical | Producer
industry industry network | Europe Saesen
Individual member of Patients & the | Societal
the public IPCO+ Public groups Europe Hines
Patient or consumer Patients & the | Societal
organisation IPCO+ Public groups Europe Hines
Patients & the | Societal
Advocacy group IPCO+ Public groups Europe Hines
Health care
professional Health care User
organisation HCP professional groups Europe Hines
Health care Health care User
professional HCP professional groups Europe Hines
Health care User
Veterinarian HCP professional groups Europe Hines
Research
Academic researcher | Research Research network | Europe Hines
Research
Learned society Research Research network | Europe Hines
European research Research
infrastructure Research Research network | Europe Hines
Other scientific Research
organisation Research Research network | Europe Hines
EU Regulatory partner Public Public
/ EU Institution Public body authorities authorities | Europe Hines
Health technology Public Public
assessment body Public body authorities authorities | Europe Hines
Public Public
Payer Public body authorities authorities | Europe Hines
Pharmaceutical
industry (individual
company, SME, trade Public Public
association) Public body authorities authorities | Europe Hines
Ministére des
solidarités et de la Public Public
santé Public health actors authorities authorities | France AVISE
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Public Public
CNS Public health actors authorities authorities | France AVISE
Public Public
HCSP Public health actors authorities authorities | France AVISE
Public Public
HAS Public health actors authorities authorities | France AVISE
Public Public
Santé publique France | Health agency authorities authorities | France AVISE
Research
IRDES Research institutes Research network France AVISE
Research
INSERM Research institutes Research network France AVISE
Research
INC Research institutes Research network France AVISE
Resource centers and Societal
Choum observatories Societal groups | groups France AVISE
Resource centers and Societal
FNORS observatories Societal groups | groups France AVISE
Resource centers and Societal
PAPS observatories Societal groups | groups France AVISE
Resource centers and Societal
C@rto Santé observatories Societal groups | groups France AVISE
Purchasers & | Financial
Mutualité Francaise Health mutuals Payers network France AVISE
Health, Social,
medico-social Societal
ADMR organizations Societal groups | groups France AVISE
Health, Social,
medico-social Societal
FEHAP organizations Societal groups | groups France AVISE
Health, Social,
medico-social Societal
FNCS organizations Societal groups | groups France AVISE
Health, Social,
medico-social Societal
UNA organizations Societal groups | groups France AVISE
Health, Social,
medico-social Societal
UNIOPSS organizations Societal groups | groups France AVISE
Public Public
ARS Public establishments | authorities authorities | France AVISE
Public Public
Assurance maladie Public establishments | authorities authorities | France AVISE
Public Public
Banque des territoires | Public establishments | authorities authorities | France AVISE
Societal
CFF Fondations Societal groups | groups France AVISE
Fondation Crédit Societal
agricole Fondations Societal groups | groups France AVISE
Societal
Fondation de France | Fondations Societal groups | groups France AVISE
Societal
MACIF fondation Fondations Societal groups | groups France AVISE
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Fondation Médéric Societal
Alzheimer Fondations Societal groups | groups France AVISE
Specialst of health Societal
BPI France support actors Societal groups | groups France AVISE
Specialst of health Societal
CCA support actors Societal groups | groups France AVISE
Specialst of health Societal
France eHealth tech | support actors Societal groups | groups France AVISE
Specialst of health Societal
Autonom'lab support actors Societal groups | groups France AVISE
Specialst of health Societal
Bond'innov support actors Societal groups | groups France AVISE
Specialst of health Societal
Lecentsept support actors Societal groups | groups France AVISE
Specialst of health Societal
ICM support actors Societal groups | groups France AVISE
Specialst of health Societal
La paillasse support actors Societal groups | groups France AVISE
Specialst of health Societal
Prevent 2care lab support actors Societal groups | groups France AVISE
Specialst of health Societal
Forum LLSA support actors Societal groups | groups France AVISE
Solidarity funds and
social security Societal
CNAV organizations Societal groups | groups France AVISE
Solidarity funds and
social security Societal
CARSAT organizations Societal groups | groups France AVISE
Solidarity funds and
social security Societal
CNSA organizations Societal groups | groups France AVISE
Solidarity funds and
social security Societal
MSA organizations Societal groups | groups France AVISE
Solidarity funds and
social security Societal
Agircetarrco organizations Societal groups | groups France AVISE
Solidarity funds and
social security Societal
AG2R la mondiale organizations Societal groups | groups France AVISE
Solidarity funds and
social security Societal
Malakoff médéric organizations Societal groups | groups France AVISE
Policy makers & Public Public
Politicians authorities authorities | Australia | Ryan
Policy makers & Public Public
Politicians authorities authorities | Australia | Ryan
Policy makers & Public Public
Politicians authorities authorities | Australia | Ryan
Policy makers & Public Public
Politicians authorities authorities | Australia | Ryan
Policy makers & Public Public
Politicians authorities authorities | Australia | Ryan
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Policy makers & Public Public
Politicians authorities authorities | Australia | Ryan
Purchasers & | Financial
Purchasers & Payers | Payers network Australia Ryan
Purchasers & | Financial
Purchasers & Payers | Payers network | Australia |Ryan
Purchasers & | Financial
Purchasers & Payers | Payers network Australia Ryan
Purchasers & | Financial
Purchasers & Payers | Payers network | Australia |Ryan
Purchasers & | Financial
Purchasers & Payers | Payers network Australia Ryan
Purchasers & | Financial
Purchasers & Payers | Payers network | Australia |Ryan
Research
Principal Investigators | Research network | Australia | Ryan
Research
Principal Investigators | Research network | Australia |Ryan
Research
Principal Investigators | Research network | Australia | Ryan
Health care User
Health Care Providers | professional groups Australia | Ryan
Health care User
Health Care Providers | professional groups Australia | Ryan
Health care User
Health Care Providers | professional groups Australia | Ryan
Health care User
Health Care Providers | professional groups Australia | Ryan
Health care User
Health Care Providers | professional groups Australia | Ryan
Health care User
Health Care Providers | professional groups Australia | Ryan
Health care User
Health Care Providers | professional groups Australia | Ryan
Health care User
Health Care Providers | professional groups Australia | Ryan
Pharmaceutical | Producer
Product Makers industry network | Australia | Ryan
Pharmaceutical | Producer
Product Makers industry network | Australia | Ryan
Pharmaceutical | Producer
Product Makers industry network | Australia | Ryan
Pharmaceutical | Producer
Product Makers industry network | Australia | Ryan
Pharmaceutical | Producer
Product Makers industry network | Australia | Ryan
Pharmaceutical | Producer
Product Makers industry network | Australia | Ryan
Pharmaceutical | Producer
Product Makers industry network | Australia | Ryan
Pharmaceutical | Producer
Product Makers industry network | Australia | Ryan
Patients & the | Societal
Patients & the Public | Public groups Australia Ryan
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Patients & the | Societal
Patients & the Public | Public groups Australia | Ryan
Patients & the | Societal
Patients & the Public | Public groups Australia Ryan
Patients & the | Societal
Patients & the Public | Public groups Australia | Ryan
Patients & the | User
Consumers Consumers Public groups us Niles
Patients & the | User
Employers Employers Public groups Us Niles
Health care User
Hospitals Hospitals professional groups Us Niles
Nursing and Nursing and
residential care residential care Health care User
facilities facilities professional groups Us Niles
Physicians and other | Physicians and other
healthcare healthcare Health care User
practitioners practitioners professional groups Us Niles
Home healthcare Home healthcare Health care User
services services professional groups us Niles
Outpatient care Outpatient care
centers and centers and
ambulatory healthcare | ambulatory healthcare | Health care User
services services professional groups us Niles
Health care User
Laboratories Laboratories professional groups Us Niles
Public Public
Government Government authorities authorities | US Niles
Purchasers & | Financial
Insurance companies | Insurance companies | Payers network Us Niles
Educational and Educational and Societal
training organisations | training organisations | Societal groups | groups Us Niles
Research Research Research
organizations organizations Research network | US Niles
Professional Professional Societal
associations associations Societal groups | groups Us Niles
Pharmaceutical Pharmaceutical Pharmaceutical | Producer
companies companies industry network | US Niles
Public Public
Central government | Central government | authorities authorities | China Shao
Provincial Provincial Public Public
governments governments authorities authorities | China Shao
Public Public
local governments local governments authorities authorities | China Shao
Health care User
Medical institutions Medical institutions professional groups China Shao
Pharmaceutical Pharmaceutical Pharmaceutical | Producer
manufacturers manufacturers industry network China Shao
Delivery enterprises | Delivery enterprises | Supplier Suppliers | China Shao
Patients & the | User
Patients Patients Public groups China Shao
Medical insurance Medical insurance Purchasers & | Financial
institutions institutions Payers network China Shao
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Societal

Mass media Mass media Societal groups | groups China Shao
Societal
Community Community Societal groups | groups China Shao
Health care User
the Drug stores the Drug stores professional groups China Shao
Patients & the | User
Members of the public | Members of the public | Public groups Africa Kamau
Patients & the | User
Patients Patients Public groups Africa Kamau
Patients' family, Patients' family, Patients & the | User
friends friends Public groups Africa Kamau
Health care User
Clinicians, counselors | Clinicians, counselors | professional groups Africa Kamau
Health care User
Care providers Care providers professional groups Africa Kamau
Research
Researchers Researchers Research network | Africa Kamau
Health care User
Healthcare facilities | Healthcare facilities | professional groups Africa Kamau
Biomedical service Biomedical service Health care User
providers providers professional groups Africa Kamau
Purchasers & | Financial
Health insurers Health insurers Payers network | Africa Kamau
Patients & the | User
Communities Communities Public groups Africa Kamau
Societal
Population groups Population groups Societal groups | groups Africa Kamau
Societal
Educators Educators Societal groups | groups Africa Kamau
Funders Funders Purchasers & | Financial
(African/International) | (African/International) | Payers network | Africa Kamau
Public Public
Global policy makers | Global policy makers | authorities authorities | Africa Kamau
Regional policy Regional policy Public Public
makers makers authorities authorities | Africa Kamau
National policy National policy Public Public
makers makers authorities authorities | Africa Kamau
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Appendix 5

2021 benchmark of the eco-design strategies of 20 pharmaceutical companies

No specific goals

Targets

No specific goals

Actions known or claimed

No clear ecodesign targets

2027 target design: "Amgen has created a portfolio of
projects and initiatives to achieve the targeted
reductions by 2027. We track the results of these
projects and initiatives as progress towards the
reduction targets, counting results where reduction is
confirmed through a formal measurement and
verification process. We believe that this approach
provides more thoughtful and transparent progress.
towards our targets.”

target at launch

By 2025: 90% of API syntheses meel resource efficiency |

No official target & No KPI

- Tool for solvent selection
(available with ACS GCIPR)

-LCAs performed
- LCAs performed - Ecodesign tool developed
- No official target & No KPI I No official target & No KPI -Claim to use iGaL metric (by Quantis but not mentioned
Green Chemistry) on the website of BI)
|- Claims to have a life cycle
- __No clear ecodesign targets approach

- Mainly green chemistry, not ecodesign
By 2020 »90% of new products in R&D portfolio, and
packaging of prioritized products, assessed for improved

environmental impact

No specific goals

-By 2030 25% environmental impact reduction for
product and packaging throughout its whole life cycle

- By 2021 Remove PVC in all secondary packaging . By
2025 Health Care 100% product packaging
recyclable/reusable where quality and safety permits
(Ellen McArthur membership)

-By 2030 Eliminating single use plastics in our
operations (excluding plastics critical to RD, HS , and

requlatory obligations)

- FLASCtool (since 2002)
-2009:500 FLASC
assessments

-LCAs performed

- WRAP tool (since 2002)

Mo clear ecodesign targets but claims to work on steps
jof Life cycle (except Eol and use)

claims to work on steps of life
cycle (except Eol and use)

- New and existing products representing 20% of
Johnson & Johnson revenue achieve EARTHWARDS
recognition for sustainable innovation improvements
-Claim to have Eco-design process for consumer product|

Targets

Increase the recyclability of our Consumer product
packaging to 90+% (on a weight basis) via design and
partnerships in five key markets where mature
recycling infrastructure exists (Canada, France,
Germany, UK and U.S.)

Actions known or claimed

Claim to perform LCA

[No specific goals

No specific goals

[No specific goals (integrate sustainability by 2030)

No specific goals

[No official target & No KPI

- 2025 : Elimination of PVC in packaging (except
primary) and reduce waste disposal by half versus 2016
levels

2030: Be plastic neutral with all new products meeting
sustainable design principles.

- Workshop with ADELPHE
on-going (ie : primary
packaging blister PVC/alu)

LCA Breezhaler (focus
caz)

Claims to work on devices
recovery / recycling (pilot take|
back scheme in 2020)

~Have performed LCA

-By 2030 100% of top-20-selling products

No specific goals I No specific goals - LCAs performed g
- By 2020: Score 10 products
-By 2030: Products (Improve Product Stewardship I No official target & No KPI -
score) - 50%
= In2016: French award :
- By 2025 Eco-design for 100% of new products - LCAs performed « Dscar de l'emballage »

By 2030 Eco-packaging for 100% of products

-Workshop with ADELPHE on-
going (ie : blister)

-Workshop for devices

[ Claims to apply circular
leconomy principles
Claims to consider product in a

life cycle perspective

No approach in a life cycle
perspective

No clear ecodesign targets
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Appendix 6
Semi-structured interview
Product portfolio:
* What is the range of products that the division / business unit / department develops /
manage? Main API technology, association galenic forms/packaging.

*  API: Which technologies are used (proposition based on literature: synthetic organic
chemicals, cell culture, egg-based cultivation, conjugate vaccines, plant-base
extraction, animal and human derived)? What are criteria used to differentiate
between API (technologies, effect, formulation)?

»  Which galenic forms are associated with which format/type of packaging?

* Galenic forms: liquids (liquids, teas, pressurised aerosols), semi-liquids
(gels and sols, ointments, creams), Injections(ampoule, pre-filled syringe,
vials, cartridges & pens, infusions) , solid (powders & granulates, tablets,
coated tablets, capsules)

» Packaging: Liquids (aerosols, bulbs/ampoule, bottle packs, soft capsules,
bottles, pouch, capsules, pouch), injections (pouch, bottle syringe, cartridge
& pens, bulbs, capsule/ampoule, bottle, vials), solid (blister, strip, pillbox,
box, roller, bottle, sachet), semi-solids (tube, blister, jar)

Repartition of the portfolio:
* In your everyday projects, how many of them do you consider as evolutions of existing
product ranges?

*  With minor changes: renew the product range packaging, new delivery mode?
«  With major changes (e.g. new distribution markets ?)

* How would you define an innovative projects? A new APIl/galenic form, a new production
path for an APl/galenic form?

New product:
* What are the circumstances which lead to a new market authorisation? Is this always
associated to a new product design?

»  For the following case, do you consider that a product is redesigned?
* Industrialisation of new API/Galenic form/Packaging on a new production line
* Change of ingredients, raw materials (for cost, safety, supply reasons)?
» Change of product delivery mode / packaging ?
*  New test requirements for market authorisation?

Synthesis:
«  With all those questions in mind, do you have a different development cycles depending on
the type of design changes for you product?

Key competencies in a design team
*  What are the key competencies or trade needed when putting together a design team at each
specific moment (early design / R&D / Innovation)?
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* What are their day to day activities? Bench work? Simulation? Interaction with
suppliers....

» Inthose core competencies / trade, do you know if other Sanofi branch rely on them?

Trade common to Sanofi business model
* In the core design team, is there a trade/craft that is also present in other units of Sanofi or
that is mutualized across several units?

* For example, do you have your own packaging experts or do you rely on Sanofi
packaging team?

» For test and simulation, do you sometimes use Sanofi shared facilities and staff?
How to exchange information with them (format of test results)?..

Use of trade outside of the unit
»  When and how do you interact with Sanofi stakeholders outside of your core team?

* Ex: when do you start working with packaging designers? When you interact with
decision makers, how to you facilitate your exchanges?

»  Are there moments in the design process when you rely on external stakeholders to support
the process? External stakeholders can be outside your unit or outside Sanofi.

Indicators followed form start to finish
* What are the KPIs to follow throughout the project?

*  Are they modified depending on the project stage?

Gate dependent indicators:
» What indicators are used to inform the decision to continue the process at a gate review?

Design specific indicators:
» Do you have indicators used at a specific design stage?

*  What are the KPIs that are documented at the end of the design process (to be used for next
projects, such as experience feedback)?

Format:
» Do you have a document / a tool that consolidates all those indicators and that follows the
project through the design gates?

Consolidation KPIs
* What type of data do you use to consolidate the KPIs mentionned above?

» Do you account for uncertainty of data in early stage of product development?

* Do you rely on KPPI, and if yes at which stage and how? Who is responsible for integrating
KPPIs data into the product design process?

Key moments for environmental data (when 1% define — by who; when modify - by who; when last
modify - by who) — always ask if the information is documented in a digital format
* Raw materials:

* At the beginning of the process, do you pre-identify raw materials candidates and
processing/synthesis routes?

Doctoral thesis — Duc-Nam LUU 223



*  When do you start the discussion with suppliers / manufacturing facilities?

* Do you audit the suppliers / manufacturing facilities when transitioning from bench
development to industrialization? On what aspects?

* What and how are raw materials tested?
e Formulation:

* What are in the handover documents from API development to API/Galenic form
formulation?

* If adjustment are needed on the APl when formulating the product, how is the
information feed back to the API development team

*  When and how is the formulation tested?
*  When is the manufacturing facilities definitely fixed?
» Packaging / Transport / Storing:

* How do you transmit the storing constrains for the API/Galenic form to the
packaging expert?

* When and how is the product /packaging tested?
* Usage
*  When do you define the use case (dosage, galenic form...)?
* End of Life
*  When do you test for toxicity and what is the format for documentation?

Updating data
*  When do you review the data already input to define KPIs to check if there is no deviation?
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Appendix 7

Example of the calculation of the second experimentation, with a focus on Global warming indicator.
1. A score was set regarding the life cycle steps of a medicine (API, formulation, packaging,
distribution, end of life) for each deliverable of each phase (research, early development, late

development, market) of the NPD process.

Non exhaustive examples of deliverables and related potential environmental scoring

Phase Deliverable SaPI SFormulation SPackaging Sbistribution SEnd of life
Define strategy for
Early )
proposed starting 4 4 2 1 1
development ;
materials.
Early Confl_rm suppliers 3 3 3 3 3
development  selection
Define Drug
product -
Commercial
Late formulation &
development  Process 3 3 4 3 2
P Define Drug
product -
Commercial
primary container
2. With the formula below, a breakdown was then calculated
. S
For the Life Cycle step Sapi: %ophase 4 = 2 Sap1 of phase “/ Supr
In this example:
e For the Life Cycle step Sapi: % Eearly development = (4+3) / (4+3+3) =70 %
e For the Life Cycle step Sari: % Late development = (3) / (4+3+3) = 30 %
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Appendix 8

Breakdown by lifecycle stage of the level of influence of the deliverables of the medicine NPD, for
the freshwater eutrophication, freshwater ecotoxicity and water scarcity footprint per Lifecycle steps
(API, formulation, packaging, distribution and use & end of life), based on 263 deliverables assessed

Freshwater eutrophication

36% 36%

32%
29%

29%

21%
18%

21%

27%
15%  16%

Formulation

Packaging

35% 35%

27%

22%

31%
19%
16%

Distribution Use & End of life

16%

.,31%

9/I

28%

Packaging

21%

21%

18%

34% 35%
28%
17%  16%

Formulation

21%

Freshwater ecotoxicity

35% 34%

31%
27%
0,
I | I |

Distribution Use & End of life

22%

16%

40%

26%

Izo%

Packaging

38% 38%
20% 21%
17%  16%

23% 24%
I 7% I I

Formulation

Water scarcity footprint

21%

37% 36%
30%
26%
0,
19% 6%

Distribution Use & End of life

14%

I Recsearch [ Early development [l Late development ] Market
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Appendix 9

Unstructured interview, list of topics raised

R&D strategies
R&D organization
R&D functions
R&D stakeholders
Project governance

Appendix 10

R&D process & iterations
Potential structure for an Eco-design maturity model for the pharmaceutical R&D
Potential applicability / use of an Eco-design maturity model for the pharmaceutical R&D

unstructured interview, profile of the interviewee

Role & function within the pharmaceutical company of the interviewee
Pharmaceutical R&D objectives
Current trends regarding biotechnology and chemistry

Transformation of sites from Chemistry to Biotechnology
Industrialization: from R&D lab scale to mass production

e Pharmacist

Economy in pharma
R&D

Affiliation Background Environmental =~y | Scope of
knowledge missions
Pharmaceutical |e 20 years in pharma R&D in | Conducted a project | France | International
industry diverse phases of Circular

Appendix 11
survey, list of questions
Introduction

oM~ E

1, etc.)

Eco-design of new medicine

What is your job title?
For which R&D function are you working for?
What is your role within this function?

How many scientific R&D projects are you and have you been working on?
For how long have you been working in R&D?
Are you familiar with the global R&D value chain? (e.g. : Research, Pre-clinical trials, phase

7. What means Eco-design for you?
8. In your opinion, Eco-design is: Important / The future / A better way to develop drugs /
complicating the process / Something you would like to know more about
9. Based on your experience, do you think that Eco-design is currently implemented within
your project(s)? - If "Yes", why? / If "No", what prevent you from doing it?
10. What are the constraints that you might face regarding the integration of Eco-design

Eco-design Implementation

11. What do you perceive to be the biggest hurdle to implementing Eco-design in the R&D

processes?

12. In your experience, which choices during the project phases have impacts on the

environmental profile of the final product?
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13. The Eco-design maturity represents the level of a specific project regarding the integration
of eco-design practices within its processes, such as the use of all the Eco-design tools
available.

How would you like to be kept up to date regarding the evolution of the Eco-design maturity
of your project?
14. In your opinion, which governance committees should integrate Eco-design informations?
15. If "Strategic Sourcing Committee" is selected, please specify the committee you are thinking
about.

Further comments
16. Do you have any additional comments?
17. If you would be willing to talk with us more about this topic, please leave your contact details
in the box below.

Appendix 12:
User tests, list of profiles
User Background Environmental Country Sc_op_e of
number knowledge missions
User 1 *19 vyears in pharma | None Germany | International

R&D in diverse phases
¢ PhD chemistry
User 2 e22 vyears in pharma | None France International
R&D in diverse phases
e Pharmacist

User 3 e 2 years in R&D None Germany | International
¢ PhD immunology

User 4 ©20 years in pharma | None France | International
R&D in diverse phases

User 5 e 18 years in pharma | None France International
R&D in diverse phases
e PhD Organic
chemistry

User 6 ¢10 years in pharma | None China International
R&D in diverse phases

User 7 e11 years in pharma | None France International

R&D in diverse phases

Appendix 13:

User tests, list of statements to assess

S1. Overall, I am satisfied with how easy it is to use this system.

S2. It is simple to use this system.

S3. | can effectively complete my work using this system.

S4. 1 am able to complete my work quickly using this system.

S5. 1 am able to efficiently complete my work using this system.

S6. | feel comfortable using this system.

S7. It was easy to learn to use this system.

S8. I believe I became productive quickly using this system.

S9. Whenever | make a mistake using the system, | recover easily and quickly.
S10. The information (on-screen messages, documentation) provided with the system is clear.
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S11. It is easy to find the information I need.

S12. The information provided with the system is easy to understand.
S13. The organization of information in the system is clear.

S14. The interface of the system is pleasant.

S15. I like using the interface of this system.

S16. This system has all the functions and capabilities | expect it to have.
S17. Overall, | am satisfied with this system.

Appendix 14:

First prototype, meso level — list of practices
Leadership & Tactical Integration
e Integration

1.

2.

3.

4.

5.

6.

The integration of Eco-design is analyzed and followed-up with the Eco-design
management tools in place.

The dimensions of Eco-design are fully integrated into all planning perspectives. Eco-
design indicators are fulfilled and followed-up during the R&D phase / project.

Results of the Eco-design tools are provided all along the drug development process and
allow the optimization of the environmental performance of the product.

Eco-design practices and tools are systematically incorporated into the development of
products and processes.

Product environmental footprint goals are deployed among employees of different levels
at the project / function.

The environmental performance of the product/process is checked during the identified
governance committees in a systemic manner.

e Monitoring & Control

7.
8.
9.

10.

Eco-design related data are considered at the same level as the benefit-risk balance.
Eco-design aspects and environmental goals are part of the product target specification.
The collaborative network allowing the process of identifying Eco-design opportunities
and risk is facilitated by a systemic process.

Environmental aspects in the identification/qualification of potential suppliers are
considered.

Eco-Design Training & Resources
e Training

11.

12.
13.

Awareness and understanding of the environmental issues throughout the life cycle of
the product.

The knowledge on the Eco-design approach and practices is disseminated.

The improvement of Eco-design leadership, such as training, coaching programs,
responsibility taking skills, etc., is encouraged by the managers (the stakeholders are
trained about Eco-design).

e Resources

14.

15.

16.
17.

Resources have been allocated for your project for Eco-design activities that were
identified as necessary by your project team.

Technologies allowing a better environmental performance are documented and made
available to R&D stakeholders.

Ensure commitment and support to conduct the activities related to Eco-design.

The combined Eco-design tools are used contributing to the integration of environmental
aspects into the New Product Development.

Collaboration & Communication
e Collaboration

18.

R&D stakeholders demonstrate environmental values leading Eco-design internal
initiatives and directly engaging in collaborative networks.
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19. R&D stakeholders consider the close relationship between several actors from different
sectors and departments (multidisciplinary team) to be very important to manage

projects.

20. Open, direct and collaborative communication among all members, without repressing

initiatives, opinions, and ideas is promoted by the management.

e Communication

21. Feedback from eco-design integration is shared within the company. A feedback system
is used to evaluate and provide feedback to employees, particularly regarding

environmental improvement efforts.

22. Various forms of dialogue and interaction with stakeholders guided by environmental

aspects are promoted.

Appendix 15: survey, characteristics of respondents

Role

GPH
5%

Other

Project leader

/ 33%

Project Manager/
6% 16%
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Role: Other

TA Head Development

Head GPPM

Manager of PMs

Global Development Project Management Head
Head of Device Regulatory

PM Head

PDR

Preclinical Safety Project Team Member
RA

Global Medical Lead

GRA CMC China

Clinical Research Director

planning manager

risk management expert

Non clinical safety project representative
Lead Clinical Research Director

Global Regulatory Team Lead
Supporting function (Bioanalytical)

CRD

Heath Value Translation Lead

TMlead

Member of project team

Demand & Supply Leader

Study Medical Manager

PPM

Pharmacovigilance Scientist

Cl analyst

head of function

OPCM

Drug Product Team Leader

GSO

GSM/PM

Managing the collection of clinical data
USRA

Risk Management Expert

Global Regulatory Team Lead
Nonclinical Lead
Pharmacokinetics Project Expert
Area Expert

Leader of a team of Global Study Managers
GSM

Study Medical Manager

Project leader for CRO Japan
global study manager

cluster head

Global Study manager

Project Team member Team Head
CSO OPCM, Clinical Science Operation Operational
Planning & Capactity Management
Function
45
40
35
30
25
20
15
10 I I
: 11 1
0 |
X o ) 2 . ) N ) <
& & & & & N ‘\Q}* S & E & &
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Function: Other

PDR

Preclinical Safety

T0

PID&HVT

Global operations
TMED

Device Development
Research

Trial Operations

CSO trial operation

associate Global Study Manager

CMC project management

Number of Projects involved in

Less than 2
23%

Ve

More than 8
2%

~__ Between 3 and 5
23%

Between 6and 8
12%

Years of Experience

Less than 2
14%

Between 3 and 5

/ 16%

\_ Between 6 and 8
7%

Appendix 16: survey, verbatim to the perceptions of which choices during the project
phases have impacts on the environmental profile of the final product
different manufacturing milestones comes to mind, but also the way we select to conduct

pre-clinical and clinical studies
Impact become bigger with project advancement
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Design of the overall commercial model - sourcing, manufacturing, logistics, packaging,
launch country selection

manufacturing process, choice of contractors (do they comply with eco-design aspects?)
CMC Manufacturing processes, Supply-Chain details (packaging, distribution, storage-
conditions, etc.)

location of manufacturing

Primary container design and IMP components selection, including devices.

discovery: synthesis of new compounds; development: set up the manufacturing process
packaging design, device design, overly conservative with technical studies run
Manufacturing, destruction of assets

the chemical synthesis pathway; the manufacturing, analysis, packaging on different sites
leading to shipment of the product

Every phase

API manufacturing process definition, definition of manufacturing lines cleaning processes,
definition of secondary packaging (need for autoinjector), definition of box types, definition
of shipment routes and distribution center locations,

packaging

Lab in research, lab in parallel to clinical development (bioanalysis, biomarkers...), choice
of the dose, transition to industrialization, expedition of compound....

all CMC and manufacturing decisions. l.e. sites,...

clinical results

the competitive products environment

choice of manufacturing and location

CMC development, packaging, commercialization strategy etc.

- selection of formulation
- route of administration
- device selected

Starting materials and synthesis processes.

Device choices, chices of Sites to produce commercial products, production lines

the use of CMos in China whereas API/impurities could be manufactured locally in Europe
or US.

transport

Design Input

CMC process, DS/DP manufacturing, IMP supply and destruction process

All

integrated development from early stages, development tool choice

Synthesis of the molecule, manufacture of the product, primary container, other packaging
materials

almost all but maisnly CMC, commercialization and distribution and clinical development,
The type of chemical entity e.g. small molecule, monoclonal antibody, etc, ....; How the drug
is manufactured and where; Route of administration and the device used to administer it;
Product packaging choices; Where we conduct our clinical trials (some countries manage
carbon footprint more than others)

Choices about formulation, packaging and very importantly storage temperature,...

All steps, from selection of the intermediates for chemical design (or comparable steps for
biologics) through packaging and marketing of approved compounds.

manufacturing

drug manufacturing
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Packaging choices; storage conditions; manufacturing sites

mainly manufacturing processes

CMC process

Raw material and their sourcing. Composition and formulation, then metabolites that are
rejected. Packaging and transport between different continents are also major impacts.
dosage form, manufacturing set up, manufacturing process (e.g., yield), distribution
decisions, constraints on specifications

device / packaging choice

the global design at the IDP strategy design stage
probably differences across the therapeutic areas

design of manufacturing process, choice of manufacturing locations and product distribution
routes (supply chain).

Phase 2 and 3

all phases

Choice of CRO/vendor. But is should also be part of the discussion when a preferred
provider is chosen. I don't know if this is a standard part of vendor selection, I was not
involved in this.

Raw materials, single use technology, location of clinical trials, packaging,

All

use of disposables

Choice as part of the risk management strategy to implement a digital tool to communicate
key safety messages with patients and HCPs (instead of paper)

Raw materials, devices, manufacturing process, packaging....

Supply chain for the «clinical and to be commercialized product
Choice of the package
Reducing wastage when defining dose and method of administration

- Supply chain
- Selection of vendors/CROs for externalized activities

No comment as [ need more understanding of Eco-Design..

Formulations and drug delivering systems, ...

way of administration and associated material used to product it, location of production,
shipment of the drugs/investigational product

Reduce the number of data collected, chose vendors with multiple offices/warehouses
worldwide to limit waste and shipments of samples. Design IMP containers that reduces
waste.

Packaging.

packaging and manufacturing

At the time of final formulation preparation in P3, .

product discovery phase

Cell line, timelines, resources; degree of single-use material use

It needs to be considered right from the start of a program. Changing afterwards or during
development cost much higher resources and efforts compared to make it eco-friendly from
the beginning.

All steps involved in the life cycle of an asset have an impact on the profile.

NDA route selection
Commercial packaging selection

I guess it's mainly for the drug substance synthesis process (at least for synthetics)

RM supplier/ DS/DP manufacturing/transport and up-to date facilities
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starting material, synthesis process, suppliers and subcontractors selection and control
Earlier the phase, the better. Likely in discovery

CMC

All but in crescendo from Ph 1 to registration
choice of participating countries, central versus local lab, decentralized CT

Appendix 17: survey, verbatim to the option “other” of the “constraints regarding Eco-
design implementation”

Facing Constraints: Other

about...
budget

No information received at this point
Need to change our mindset to incorporate these considerations at all steps.

eco design is not a driver.

process actually in progress but not yet implemented
| just started at Sanofi

We have not yet defined the strategic goals.
Integrating the QR Code via the ePl company initiative a created new role
and new processes for which there is not yet a GxP business System/Process
owner which make difficult the E2E process consolidation
Decision not within my scope

Lack of capacity of packaging industry, induced Costs
some concrete exemples may help understand what we can do, think

would like to understand the CO2 print foot.
more time might be required to develop new process vs projects timelines
to be met

timelines are the most critical aspect and prohibit a lot of activities

at this stage of my project, integrating eco-design would mean allocate
resources to it and increase project cost not the current trend...
| am not really sure what is possible.

See response to Q12

Appendix 18: Second prototype proposition, matrix levels of Eco-design maturity with
the organizational and operational dimensions

hoc, to fix a specific problem or to
accomplish a specific task, but without
formalization and systematization

o Eco-design strategy set (high level)

e Eco-design is pushed by support functions
(e.g.: HSE)

Level | Organizational Operational
1 o Eco-design practices are not applied or are | No use of Eco-design tools
applied in an incomplete way by the R&D
functions
¢ No clear Eco-design targets
¢ No involvement of management (high &
middle management)
2 ¢ Eco-design practices and tools are applied ad |e The tools allow the Eco-design approach of

at least one life cycle step of the product

¢ The tools are generic

eThe tools provide guidance regarding
current regulations and future short-term
regulations

¢ The tools do not allow a quantified approach
for each project
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¢ Responsibility of support functions (e.g.:
HSE) & involvement of high managers
e Some tools / guides are used

3 e Eco-design practices are applied in some
specific sectors (e.g.. CMC, analytical
department) and/or phases (e.g.: phase 2a) of
the R&D processes, but without strategic
control and monitoring

o Eco-design is pushed by development teams
and support functions help them (e.g.: HSE)

o Rules / procedures /standards implemented

e The tools allow the Eco-design of several
life cycle steps of the product

e The tools are developed and/or adapted to
fulfil the development team’s needs &
constraints

e The tools provide guidance regarding future
mid-term regulations

e The tools allowed quantified approach

4 o Eco-design practices are applied within the
different R&D functions and process phases,
in a formalized and controlled way

o Eco-design is pushed by the Business

¢ Responsibility shared within all activities

¢ Tools and guidelines widely used

e The tools allow the Eco-design of the
product life cycle from Cradle-to-grave

e The tools are developed and/or adapted to
fulfil the external stakeholders’ expectations

e The tools provide guidance regarding future
long-term regulations

e The tools allowed a systemized quantified
approach

5 o Eco-design practices are applied during all
of the development process of a drug, in a
systemic, holistic and collaborative way.
R&D process stakeholders are trained and
are aware of the environmental impacts of
their product and processes

e Environmental parameters are embedded at
the same level as economic, safety for the
patient, quality aspects

eThe tools allow a global Eco-design
appraoch, not only focused on
environmental aspects, but also on the
economy, safety, etc

Appendix 19

User tests, results & calculation
Scoring of the different users

User | User | User | User | User | User | User
From one (fully disagree) to seven (fully agree) 1 2 3 4 5 6 7
1. Overall, | am satisfied with how easy it is to use this 4
system. 6 6 6 6 5
2. It is simple to use this system. 6 | 6 | 6 | 6 |5 |6 |5
3. | can effectively complete my work using this system. 6 6 5 6 6 3
4. 1 am able to complete my work quickly using this system.| 6 6 5 6 - 3
5. 1 am able to efficiently complete my work using this 3
system. 6 6 6 5 6 6
6. | feel comfortable using this system. 5 6 5 6 3
7. 1t was easy to learn to use this system. 6 6 6 6
8. | believe | became productive quickly using this system. 6 6 5 5
9. Whenever | make a mistake using the system, | recover 5
easily and quickly. 5 4 6
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10. The information (on-screen messages, documentation) 5
provided with the system is clear. 5 4 4

11. It is easy to find the information | need. 6 5 4 6 S
12. The information provided with the system is easy to 5
understand. 5 4 5 6

13. The organization of information in the system is clear. 6 5 6 5 S
14. The interface of the system is pleasant. 6 | 6 | 5|6 |°
15. | like using the interface of this system. 6 6 4 6 S
16. This system has all the functions and capabilities | 5
expect it to have. 5 4 4 5

17. Overall, | am satisfied with this system. 6 6 6 - 4
Calculation

] ] Y. users scorings
Satisfaction level (%) =
Scoremax X Nygers X MNgtatement

Description Value

Y. users scorings = Score S1 for user 1 + | 673

Score S1 for user 2 + ... + Score S1 for user 6 +

... + Score S17 for user 7

Score max = highest score to be set by one user | 7

for one statement

Nysers = NUMber of users in the study 7

Nstatemene = NUMber of statements to assess 17
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Appendix humber 20

List of excipients used for the marketed mAbs

Number of
marketed forms | % of marketed
with the forms with the
Excipient CAS number excipient excipient
Water for injection 7732-18-5 188 79%
Polysorbate 80 9005-65-6 154 64%
L-Histidine 71-00-1 111 46%
Sucrose 57-50-1 94 39%
L-Histidine hydrochloride monohydrate 5934-29-2 81 34%
Polysorbate 20 9005-64-5 64 27%
Sodium chloride 7440-23-5 62 26%
Sodium hydroxide 1310-73-2 51 21%
Trehalose dihydrate 6138-23-4 43 18%
Citric acid 77-92-9 35 15%
Acetic acid 64-19-7 33 14%
Sodium citrate dihydrate 6858-44-2 33 14%
Hydrochloric acid 7647-01-0 30 13%
L-Methionine 63-68-3 26 11%
EDTA 6381-92-6 25 10%
L-Arginine 74-79-3 22 9%
Mannitol 69-65-8 21 9%
Sorbitol 50-70-4 20 8%
Sodium acetate trihydrate 6131-90-4 16 7%
Glycine 56-40-6 12 5%
Sodium Phosphate, Monobasic 10049-21-5 12 5%
Succinic acid 110-15-6 9 4%
Disodium phosphate dihydrate 10028-24-7 8 3%
L-Proline 147-85-3 8 3%
Sodium dihydrogen phosphate dihydrate 13472-35-0 8 3%
Sodium phosphate dibasic heptahydrate 7782-85-6 8 3%
Trisodium citrate dihydrate 6132-04-3 7 3%
Poloxamer 188 9003-11-6 6 3%
Adipic acid 64-19-7 5 2%
dibasic sodium phosphate heptahydrate 7782-85-6 5 2%
Sodium phosphate 7601-54-9 5 2%
Disodium hydrogen phosphate anhydrous 7558-79-4 4 2%
Disodium phosphate dodecahydrate 10039-32-4 4 2%
hyaluronidase (human recombinant) 757971-58-7 4 2%
Sodium dihydrogen phosphate monohydrate 10049-21-5 4 2%
Disodium succinate hexahydrate 6106-21-4 3 1%
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D-sorbitol 50-70-4 3 1%
L-Aspartic acid 56-84-8 3 1%
L-Glutamate 142-47-2 3 1%
Pentetic acid 67-43-6 3 1%
Potassium chloride 7440-09-7 3 1%
Potassium dihydrogen phosphate 7778-77-0 3 1%
Calcium acetate 62-54-4 2 1%
L-Lysine, Hydrochloride 657-27-2 2 1%
Macrogol 25322-68-3 2 1%
Nitrogen 7727-37-9 2 1%
Sodium acetate 127-09-3 2 1%
1, 1, 3, 3-propane tetraphosphonic acid,

tetrasodium salt, dihydrate (PTP) 119733-46-9 1 0,4%
2-(N-morpholino) ethane sulfonic acid (MES) | 4432-31-9 1 0,4%
Dextran 40 3371-50-4 1 0,4%
Diethylenetriaminepentaacetic acid 67-43-6 1 0,4%
Human Serum Albumin 70024-90-7 1 0,4%
Maltose 133-99-3 1 0,4%
Monosodium glutamate 142-47-2 1 0,4%
Sodium dihydrogen phosphate, anhydrous 7558-80-7 1 0,4%
sodium phosphate dibasic dihydrate 10028-24-7 1 0,4%
Sodium phosphate, dibasic 7558-79-4 1 0,4%
Stannous chloride dihydrate 10025-69-1 1 0,4%
Tris hydrochloride (2-amino-2-hydroxymethyl-

1,3-propanediol hydrochloride) 1185-53-1 1 0,4%
Tromethamine 77-86-1 1 0,4%
Anhydrous sodium succinate 150-90-3 1 0,4%
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Appendix number 21

Suggestions of the levels, for each dimension, that could be formalized in further research

stakeholders of
the value chain
are engaged,
without a
systemic
manner (e.g.:
share of LCA
results on
demand)

Soft side Macro Meso Micro
Level 1 e Environmental | e No strategy e Practices and ¢ No quantified
considerations tools not approach
are linked to implemented e Tools answer
the own value within regulatory
of the development concerns
employees teams
o External e No
stakeholders involvement of
are not management
considered
Level 2 e Sensibilization | e Strategy setat | e Eco-design ¢ Tools consider
are performed high level practices and one life cycle
o Employees are (e.g.: tools are step
aware of the Sustainable applied ad hoc | e Generic tools
Eco-design leader in the e Eco-design is used
challenges field) pushed by one | e Tools do not
o External function in the allow
stakeholders company quantified
are ¢ Responsibility approach
of Eco-design
delegate to one
function
Level 3 e Trainings are e Quantified e Eco-design e Tools consider
performed strategy set practices several steps
e Clients and with a date applied by key of the life
consumers are (e.g.: reduction functions cycle
sensibilize of the carbon without ¢ Tools allow
regarding Eco- strategic guantified
designed control and approach
products monitoring
e Partnerships e Eco-design is
with pushed by

development
teams

e Rules /
procedures/
standard are
implemented
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are engaged

e The company
contribute to
the Eco-design
knowledge
within the
community

the same level
as economic,
quality
parameters

Level 4 e Partnerships e Each e Eco-design e Tools consider
with management practices are the whole life
stakeholders of layer of the applied by cycle
the value chain company has concerned e Tools allow a
are engaged, objectives functions in a systemized
with a related to Eco- formalized and quantified
systemic design controlled way approach
manner (e.g.: e Eco-design is
elementary pushed by
flow of LCA business teams
dataset shared
for each
product
supplied)

Level 5 eThe e Strategy is e Eco-design e Tools allow
environmental intrinsically practices optimization
aspects are part of the applied by the and integrate
fully business whole other aspects
embedded in model and organization such as
the mindset of plan of the e Systemic, economy,
the employees company holistic, and safety

o Cross sectorial | e Eco-design collaborative
partnerships embedded at approach
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