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Environmental Metrics to Drive a Cultural
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Abstract: A novel Green Chemistry Process Scorecard was developed to assess the environmental impact of
chemical production processes to manufacture the Active Pharmaceutical Ingredients (API) within our portfolio.
These new metrics not only cover the resource consumption from the overall chemical synthesis, but also con-
sider the use of Substances of Concern and the number of chemical transformations. The Process Mass Intensity
(PMI), i.e. the ratio of accumulated kilogram quantities of materials per kilogram of API, is used to quantify the
resource consumption. An ‘eco-label’ for specific APIs is used to visualize the environmental impact from their
chemical synthesis. For an overview of the environmental impact of a complete product portfolio, a diagram of
PMI or total waste quantity vs. the number of synthetic steps can also be used as a visualization tool to identify
chemical syntheses with a high need for process improvements. Implementation of this process led to a dramatic
change of mindset within the organization. It now supports and drives the decision making at Chemical and

Analytical Development, and helps to trigger new projects more readily for sustainability reasons.
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1. Introduction

Developing a sustainable chemical synthesis is one of the
ultimate missions of chemical development.[!l About a decade
ago, the Chemical and Analytical Development Green Chemistry
Focus Group introduced the well-accepted Process Mass Intensity
(PMI), as an index for measuring the greenness of a process.[2 The
PMI is intended to understand how much mass of material (in-
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cluding starting materials, reagents, solvents and water) is needed
to manufacture one kilogram of a product. The quantitative as-
sessment can be used to establish a benchmark, to identify areas
for improvement and to measure achievements made in process
development. While the implementation of this first set of metrics
helped us significantly raise awareness on the criticality of our
environmental footprint, some of us felt a limited sense of urgency
and criticality within the organization. This brought us to the idea
of designing our own concept, to not only address the technical
needs via a quantitative aspect, but also affect the mindset and con-
tribute to a change of culture in a qualitative manner. In an attempt
to further strengthen our social responsibility in the environmental
area, we indeed envisioned to expand on this concept and establish
a more readily understandable and impactful process. The new
business process, the Green Chemistry Process Scorecard, ulti-
mately led to a standardized approach and a portfolio overview of
the environmental impact of all our processes (see Fig. 1).

Our goal was to design an environmental sustainability label
to rapidly visualize environmental impact (‘greenness’ of the
process). The tool and business process is intended to be easily
understandable for every associate within our large organization,
from scientists of various backgrounds, to managers, colleagues
in finance or legal... and can even be used for outside communica-
tion. It is user-friendly, allowing project teams to rapidly recog-
nize areas for improvement.

2. Raising Awareness and Engagement via Designing
our own Eco-label

At the onset of our efforts, we were conscious of the im-
portance to get the buy-in from the whole organization. It was
critical to engage our co-workers in this cultural journey to have
a chance to make a significant and sustainable impact. Our strat-
egy to address this point was to include early in our efforts di-
verse populations (various generations, e.g. baby-boomers, Gen
X, Y, millennials, various areas of expertise ...) without bound-
aries across the technical expertises. The temptation would in-
deed have been to make it a restrictive technical exercise that
we would subsequently struggle to communicate clearly and
efficiently. Our first practical inclusive exercise consisted in en-
gaging the organization in creating our own design for the green
label. Inspired by the standard A/B/C/D/E eco-scale utilized for
cars or electrical appliances for example, we aimed at measur-

ing the sustainability of our processes with a Novartis’ specific
image that would promote pride and engagement in our midst.
We constituted a group of a dozen professionals taken from vari-
ous line functions, both technical (research, chemical develop-
ment, production, biological, toxicological), and non-technical
(project manager, human resources expert, communication ex-
perts). Through this process, we collected feedback and various
thoughts that opened our minds and seeded novel ideas. From this
first round of brainstorming, the need for a common currency ap-
peared critical. While we would have simply utilized the standard
scientific jargon, it became clear that we should utilize a currency
that would speak to anyone for optimal accessibility. The current
public pressure had allowed such opportunity to implement the
carbon dioxide (CO,) release as such common currency and we
decided to follow this trend. Indeed, this is now a well-accepted
scale on daily basis, and an important criteria for selection for
cars, fridges, ... (see Fig. 2)

2.1 Carbon Dioxide Equivalent and CO, Release

The various contributions can be translated into the release of
carbon dioxide as a common currency to best communicate with
all external stakeholders. Thus the quantity of carbon dioxide re-
leased to atmosphere per kilogram of API produced can be used
as a universal unit of measurement for the ecological footprint.
All contributors to the environmental footprint were assessed and
clustered into four main categories:

From an analysis of several chemical manufacturing processes
developed internally, the main contributor (>90%) to the carbon
dioxide release is clearly the incineration of organic waste; or-
ganic solvents accounting for about two thirds of mass utilization.

Another significant contribution is the wastewater treatment
which in the worst case is done by incineration.

Energy consumption by manufacturing operations contributes
to no more than 1% of the carbon dioxide release. This came after
careful evaluation of several benchmark processes and is regularly
revisited to make sure no critical input is omitted. It nevertheless
seems that standard chemical processes do not consume meaning-
ful amounts of energy compared to the various other footprints.
For the sake of simplicity, this is therefore currently omitted in
most processes.

Transport, operation of building facilities, plant cleaning,
packaging and any lab process development activities were not
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Fig. 1. Overview of our overall concept and visualization.
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Fig. 2. Evolution of our visualization concept.

considered in this assessment as considered too specific to the
plants and their mode of operation (dedicated plant, or multi-pur-
pose plant with more or less fast turn-over required).

The real cultural breakthrough that came from our inclusive
approach was the power of engaging and aligning the organi-
zation when working on a topic of intrinsic interest. This was
indeed the case here, not just with the scientific and technical
peers whose daily business essentially rely on implementing best
sustainable practices, but also for the non-technical colleagues.
The latter came as very passionate on the topic and great contrib-
utors, although not necessarily impacted by the outcome of the
exercise. The passion and further drive such focus could generate
were obvious bonuses that we did not want to miss. We therefore
started elaborating and proposing options for our green label un-
til a couple of specific advanced options were identified. At this
stage, we asked our global chemical development organization
to select via a vote the label we would be implementing. It is of
course not quantitatively demonstrated how much we gained in
this inclusive process, but more than four years after its imple-
mentation, we can see that the penetration and adherence to the
business process are effective, despite minimum governance and
no hierarchical push.

3. Dimensions of a Process Scorecard

Each chemical manufacturing process has an ecological im-
pact on the environment, due to the consumption of raw materials
including reagents, solvents and water, the disposal of process
waste, the abatement of wastewater and due to energy consump-
tion (e.g. for pumps and heating/cooling operations).

As basic guidelines, and based on the twelve principles of
green chemistry,[!dl factors that improve the greenness of the
chemical synthesis for an API should be taken into consideration:
the number of chemical transformations should be minimized,
functionalities that do not contribute to the API (e.g. protecting
groups, chiral auxiliaries) should be minimized and catalysis con-
sidered instead, molar yield should be maximized, mass should
be utilized optimally: solvent and water amounts should be mini-
mized, and further recycled and/or reused, excess of reagents and
catalyst loading should be minimized, and solvent and reagents
should be carefully selected utilizing, for example, the great meth-
odologies that the chemical community has came up within the
past few years.

3.1 Raw Materials

Many of the raw materials used for the manufacture of an
API have been produced by organic synthesis. Therefore each of
them already carries with it its own contribution to the ecological
footprint of the API synthesis. While under the term ‘Life Cycle

Analysis’ estimates exist for the environmental impact of some
common raw materials, it is unknown for most purchased raw
materials. Sufficient information to estimate their impact is hard
or impossible to obtain from the suppliers. We are currently work-
ing on a way to accurately assess their footprint, and this impact
is yet not taken into account, striving to go back as far as possible
within synthesis to measure the largest possible fraction of the
overall chemical footprint.

3.2 Organic Waste

If not converted into the desired product, raw materials end up
as organic process waste which is typically dissolved in organic
solvents. If no recovery and recycling is performed, the waste has
to be incinerated. The carbon dioxide release from incineration for
typical organic compounds is between 1.5 and 3 kg carbon diox-
ide per kg waste. The carbon dioxide release from incineration of
a representative solvent mixture such as a THF/methanol/heptane
mixture results in 2.3 kg carbon dioxide per kg. This figure is now
being used as an approximation for the carbon dioxide release for
typical organic solvent waste.

3.3 Wastewater

Whereas process water is abundant and its use does not cause
severe harm to the environment, it will end up as process waste-
water. The wastewater contains salts and/or organic components
which require treatment, in order to avoid causing harm to the
environment.

If wastewater contains mainly biodegradable components
and limited salt content, it can usually be released to an Effluent
Treatment Plant (ETP) which is available at most chemical manu-
facturing sites. After biological treatment, which releases some
carbon dioxide, it is usually safe to release the purified wastewater
into streams or into the sea. If the wastewater quality is not ade-
quate for release to an ETP, it has to be disposed of by other means
which can involve special techniques such as wet-air oxidation or
incineration. Often wastewater incineration requires the addition
of extra fuel which may be waste solvent or heavy oil (150 kg of
fuel per metric ton of wastewater). The typical carbon dioxide
release from wastewater incineration was estimated to 0.628 kg
carbon dioxide /kg wastewater.

In the current version of the Scorecard, there is no distinc-
tion made between the wastewater released to ETP or wastewater
incinerated. The calculations are based on the assumption that
the process wastewater is incinerated as a worst-case scenario.
Further changes to this evaluation process are being implemented
to introduce greater granularity.

Overall, this led us to the following definition of the total car-
bon dioxide release (TCR):
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Total CO, Release (TCR) = (PMI organic x 2.3 + PMI water
x 0.63 ) per kg API

" " uantity of raw materials input (k.
With Process Mass Intensity = & Z f put (kg)
Quantity of bulk API out (kg)
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4. Rating of Carbon Dioxide Release Data

Various options were considered to rate the carbon dioxide
release. For example, kilogram waste per kilogram of API pro-
duced, or kilogram waste per patient and therapy, or kilogram
waste taken as an absolute figure, e.g. to obtain the environmental
impact for a manufacturing site.

The kilogram waste per kilogram of API produced ultimately
translated into carbon dioxide release was eventually selected as
a more meaningful and instructive unit.

4.1 Simplified Approach for Carbon Dioxide

Contributions to the Scorecard
Contributions to the environmental impact from raw materi-

als and waste are complex. The following simplifications were

therefore introduced to enable a simple and robust workflow to
generate a process scorecard:

e The carbon dioxide release from a chemical synthesis is used
as the key figure to quantify the ecological impact from raw
materials, the disposal of waste and the disposal of wastewater.

*  When looking at the kg-based figure of the PMI alone, the
contributions from wastewater may be over-estimated (or-
ganic waste has a superior footprint compared to water for
example). Therefore the PMI figure is also converted into kg
carbon dioxide released per kg API, differentiating the various
contributions. The calculated TCR is used to determine the
Scorecard rating.

* As previously mentioned, energy consumption for processing
operations is currently neglected because of its small contribu-
tion to the total carbon dioxide release.

* The scope of the scorecard includes all chemical steps to pro-
duce the API for which Novartis owns the specific chemical
process know-how.

* Plant cleaning operations are out of scope. They highly depend
on the equipment, campaign duration, scale, and paradigm use
of the specific plant.

» For simplicity reasons, all other activities not directly related
to the chemical synthesis (transport, operation of building fa-
cilities, packaging and any lab process development activities)
are considered out of scope in the first generation of our tool.

* Process wastewater is assumed to be incinerated as a worst-
case scenario, i.e. there is no credit given if it can be released
via an ETP. This results in a very conservative approach as a
basic guidance for our tool (we want to capture opportunities
and be as critical as possible).

4.2 Substances of Concern

Substances with major health concerns (mutagenic, teratogen-
ic, reprotoxic or displaying other toxic properties) or with other
major concerns for the environment (e. g. highly volatile solvents)#l
are undesired in a chemical synthesis. The use or formation of
such substances of concern should be avoided, e.g. by replacing
toxic reagents with less toxic ones.!5!

There is no simple approach to identify such substances of
concern or to assign ratings to substances according to the im-
pact to the environment. For the Green Chemistry Scorecard, a
simple qualitative approach was adopted to systematically report
any undesirable chemical entity used, independent of its role and
quantity (catalyst, reagent, solvent, reactant) The rationale was
to flag systematically the use of undesirable chemicals, thus edu-

cating the more junior associates especially, and simply trigger

further questions.

The current process is the following:

e Compounds which are either listed in the candidate list of
substances of very high concern (SVHC) at the European
Chemicals Agency (ECHA), or flagged by the US
Environmental Protection Agency (EPA)...,31 or which have
been labeled as problematic for use through our internal ex-
perience are considered as Substances of Concern. They are
captured into our scorecard template and also includes their
Chemical Abstracts registry numbers. The severity and extent
of the list can be adapted based on organization culture and
overall guidance.

* Each substance of concern present in a chemical synthesis is
highlighted on the eco-label purely visually as a black label.
The scorecard rating itself is not influenced by the substances
of concern.

4.3 Number of Synthesis Steps and Chemical
Transformations

The chemical complexity of a compound obviously has a
large impact on resource consumption during its manufacture by
chemical synthesis. Thus it is expected that the PMI for the syn-
thesis increases with the number of processing steps. This is actu-
ally the case, however with large variations (Fig. 3). Benchmarks
of hundreds of syntheses collected from the literature have al-
lowed the generation of a good understanding of the standard
correlation between the number of steps and the PMI. This is
of course subject to specificity but for the most part, as demon-
strated since then by other pharmaceutical leaders in the field,
such a hypothesis proves valid and supports the decision-making
processes in most cases.
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Fig. 3. Process Mass Intensity vs. number of process steps in chemical
synthesis for a portfolio (assessment made in 2011).

5. The Scorecard Template and the Green Eco-Label

The current template to be used for the calculation of score-
card ratings is shown for reference. It is based on a PMI analy-
sis. Another simple template can be found from the ACS Green
Chemistry Pharmaceutical Industry Roundtable.

The cumulative PMI (all materials used) is calculated for all
processes. In order to get the carbon footprint for the process (i.e.
the total carbon dioxide release, TCR), the PMI for organic com-
pounds (leading to organic waste) and the PMI for water (com-
ing from wastewater incineration) are calculated separately. The
PMIs are multiplied by 2.3 (2.3 kg carbon dioxide / kg organic
waste) and 0.628 (0.628 kg carbon dioxide / kg waste water), re-
spectively, and the sum is the total carbon dioxide release. This
number is used to determine the Scorecard rating. This latter scor-
ing has been constructed into a simple Excel spreadsheet to auto-
matically provide the outcome (Fig. 4).
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Scorecard input (fill in): 1

Confirm that the calculated PMI Summary Table below is valid =~ YES
Enter the substances of concern (list all, select from menu):

Number of chemical transformations 1

Scorecard results

FMI / tetal COZ2 release 142 kolkg API 218 kg CO2 / kg AP
Waste dimension T7 halkg API 177 kg COZ / kg API
Water dimension 65 kg/kg API 41 kg CO2 / kg API
Substances of concern 0 Q) substance(s)
Number of steps assessed 2
Number of chemical transformations 1
PMI Sum mary Table - main chain
Step Name/Number 2 3
Mass Substrate (kg or g) 53 16
Mass Rsagents (kg or g) 169 0
Mass Solvents (kg or g) 1768 -
Mass Aquacus (kg or g) 1729 764
lﬁ:lual amount of product (kg or g} 46 38
Factor intermediate / substrate 0874 | 0833
Cumulated ratio intermediate / 1st intermediate 3 0874 0833
Step R-factor 9.1 1.2
Step PMI Substrate, Reagents, Solvents 47.7 209
|Step PMI Solvents 385 197
|$ta|g PMI Aqueous 37.7 19.9
Step PMI 8.4 20.8
Cumulative R-factor 9.1 10.9
Cumulative PMI Substrate, Reagents, Solvents 47.7 77.0
Cumulative PM| Solvents 385 65.9
Cumulative PMI Aqueous 37.7 65.2
Cumulative PMI 854 142.2
NOTE: DO NOT MODIFY THIS TABLE. All cells have been set to ize the inf ion in the individual As each late is d, the appropriate information will be displayed. If major modifcations are
made 1 a given belaw, itis that the cell references are still valid, THIS TABLE IS ONLY VALID FOR THIS STRING OF 11 TEMPLATES. steps or col gent sy P y
will not be accuratsly depicted in this table.

Fig. 4. Example for a Process Mass Intensity calculation scheme as used for the generation of a process scorecard.

In order to obtain the PMI and carbon dioxide figures in the
scorecard, the outcome generated above is put in perspective of
the number of chemical transformations.

For this, based on an analysis of our chemical portfolio over
about a decade, specific scorecard ratings were assigned ac-
cording to the TCR for the synthesis and the required number
of transformations. Green labels ratings range from A (excellent
footprint, low environmental impact and burden), which is the
most favorable eco-label score, to E (poor footprint, high environ-
mental impact and burden) (see Fig. 5).

Transformations TCR-AB | TCR-BC | TCR-CD | TCR-DE
i | 13 28.6 104 390
2 26 57.2 208 780
3 39 85.8 312 1170
4 52 114.4 416 1560
5 65 143 520 1950
6 78 171.6 624 2340
7 91 200.2 728 2730
8 104 228.8 832 3120
9 117 257.4 936 3510
10 130 286 1040 3900
11 143 314.6 1144 4290
12 156 343.2 1248 4680

For example, for a seven-transformation synthesis, a TCR be-
low 91 will give an eco-label of A, while a TCR between 200 and
728 will give a label C. The boundaries were defined a priori
and refined within a couple of years in the pilot of our scorecard
to discriminate sufficiently well our portfolio, and to result sys-
tematically in a manageable number of projects where activities
should be triggered based on sustainability aspects.

The data for a complete portfolio can be visualized in a semi-
logarithmic plot of total carbon dioxide release and the number
of transformations.

TCR
10000 g E
1000:
100 g
10 + . transformations

12 3 45 6 7 8 910

Fig. 5. Eco-label ratings: Boundaries between A, B, C, D, E ratings depending on the number of transformations and TCR, and Total Carbon Release

as a function of the number of Chemical Transformations.
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Fig. 6. Total CO, Release data vs. the number of chemical transforma-

tions for the CHAD portfolio in 2016.

The data can also be represented in annual kg quantities of
waste (for the predicted peak sales volume per project) in or-
der to visualize the actual impact on the environment. Such dia-
grams may support decisions to set priorities for chemical pro-
cess development and improvement on those projects where the
expected improvement in terms of absolute waste reduction is
high (Fig. 6).

5.1 Eco-label and Visualization for a Product Portfolio
In order to support decisions and trigger activities, we ana-

lyze our portfolio by calibrating it to the absolute amount of API
required at peak volume. Such an approach allows us to focus on
real impactful projects, in an absolute manner, and not necessar-
ily get carried away on very low volume projects where there is
little to gain ultimately. Fig. 7 indicates the expected annual waste
volume from API manufacture at peak sales. This visualization
strongly supports decisions on priorities for process improvement
work since it shows where the highest potentials for the reduction
of waste quantities are. A standard situation is exemplified below
and our thought process is the following:

* For the low volume project 1, although the label is rather me-
diocre (D), one can see that the overall impact once put in
perspective of the demand of the project at estimated peak sale
is very low and somewhat inconsequential.

* In contrast, project 2, that has a slightly better green eco label
(C), has more impact from an environmental aspect; the same
holds true for project 3, despite the even better green eco-label

0% | 10 100 1000

AP| Tonnage (t/a)

Fig. 7. Eco-labels as a function of expected annual tonnage at peak
sales.

(B). In such situations, our priorities would therefore go to
project 3 first, then to 2, and finally 1.

* A similar type of analysis can be made to rationalize the priori-
ties between projects 4 and 5. As a rule of thumb, we endeavor
to do all critical high volume projects as even minute improve-
ment can result in significant benefits in the final environmen-
tal footprint.

5.2 Business Process

The business process to generate, evaluate, and report the
scorecard has been designed to educate as many associates as pos-
sible through the process, while maximizing synergies and oppor-
tunities for exchange. We have favored cross-functional exchang-
es, linking laboratory and pilot chemists to generate together the
outcome. These chemists define the synthesis and manufactur-
ing processes for the synthetic intermediates, including materials
used and the mass balances. For each campaign, the plant chemist
calculates the PMI and the total carbon dioxide release using the
PMI tool which are reported in a Campaign Experience Report.

Based on this information, a departmental Green Chemistry
Champion uses the scorecard methodology to assign an eco-label
(A, B, C, D or E) with total carbon dioxide release and Substances
of Concern as supplementary information. This process is also
applied for projects coming from early development activities.
To share the results with the project team, the Green Chemistry
Champion reports them to the project leader, who communicates
results back to his/her team. A central Green Chemistry Champion
was seen as critical to ensure consistency, and anchor the organi-
zation behind such an important process.

The scorecard label with total carbon dioxide release and the
number of chemical transformations is also used to conduct a pe-
riodic portfolio analysis by the Green Chemistry Champion. The
result of the analysis is visualized as reported in Fig. 6 and, in
alignment with scientific experts, recommendations to manage-
ment are made to trigger activities in projects with poor and highly
impactful environmental performance.

6. Outlook

The reported methodology in its first generation has now been
going live for several years and drastically changed the mindset,
providing a frame and a purpose behind our efforts in the field. It
was important to us to start rapidly even with a less than perfect
methodology, even just to raise awareness, the sense of urgency
and responsibility within our population. The overall process be-
ing amenable to further improvement without significant changes
is going through constant challenge and continuous improvement
that we will report in due time.
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